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ABSTRACT

The exponential increase in energy crises along with rising health issues is causing enormous risks
to the survival of human life on Earth. Immense research is being undertaken currently to find an
ideal solution to overcome these global challenges. Employing electrochemical energy
technologies are thus in high demand to mitigate the growing energy requirements along with
fabricating newer electrocatalysts that are cheap, efficient, and durable for utilization of such
devices for large-scale commercial applications. Although several catalyst materials are being
periodically studied, there is a need for more advanced studies in this direction. In the present
study, newer catalyst fabrication techniques are introduced to develop application-specific
catalysts for hydrogen and ammonia production. Also, with the broadening scope of the 3D-
printing technology in recent times, electrocatalysts fabrication via this technology towards
electrocatalytic applications such as hydrogen production, ammonia synthesis, and carbon dioxide
mitigation are discussed in detail. In addition to catalysis, the current thesis also evaluates the
potential possibilities of using 3D-printing technology for healthcare applications such as
electrochemical sensors and emergency applications. In short, the thesis aims to provide an
understanding of the recent advancements in electrocatalyst fabrications along with providing a
fundamental foundation in designing, and engineering active electrode materials for energy

conversion and electrochemical sensing applications.



ABSTRAKT

Exponencialni nartiist potfeby energie spolu s rostoucimi naroky na zdravotnicky sektor zptisobuje
velka rizika pro preziti lidstva na Zemi. V soucasné dob¢ probihd intenzivni vyzkum s cilem nalézt
idedlni feSeni k ptrekonani téchto globalnich vyzev. Vyuziti elektrochemickych energetickych
technologii je velmi zadané pro zmirnéni rostoucich energetickych pozadavkll ve spojeni s
vyrobou nov¢jSich elektrokatalyzatorti, které jsou levné, u¢inné a odolné pro vyuziti takovych
zatfizeni pro komer¢ni aplikace ve velkém méfitku. Ackoli se opakované studuje nékolik
katalytickych materidlii, existuje potfeba dal§iho vyzkumu katalyzatord. V této studii jsou
predstaveny nové techniky pfipravy katalyzatori pro vyvoj aplikaci téchto katalyzatorti pro
vyrobu vodiku a amoniaku. S rozsifujicim se rozsahem technologie 3D tisku je také podrobné
diskutovana vyroba elektrokatalyzatorti prostfednictvim této technologie s dlrazem na
elektrokatalytické aplikace, jako je vyroba vodiku, syntéza amoniaku a redukce oxidu uhlicitého.
Kromé¢ katalyzy tato prace také hodnoti potencidlni moznosti vyuziti technologie 3D tisku pro
biomedicinské aplikace, jako jsou elektrochemické sensory. V sourhnu, prace si klade za cil
vyzkum pokrocilych elektrokataliiyzatora spolu s poskytnutim vhledu do navrhovani a konstrukci

materiald aktivnich elektrod pro pfeménu energie a aplikace elektrochemickych sensort.
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1. Introduction

Energy has always been a very important aspect for the sustenance of life on earth. Although
the energy demands have been supported by non-renewable sources over generations, the
excessive utilization of it has led to disastrous impacts. In the present scenario, the rapid
growth in the population, increasing consumption of fossil fuels, and climate change hazards
have resulted in a massive global energy crisis.! Further, rising carbon dioxide (CO.) and
methane (CH4) levels are worsening the conditions.*® Live statistics provided by NASA's
global climate change, on temperature rise, inclining CO; and CHj4 levels, rise in sea level and
ocean warming are clear signs of the forthcoming disaster.’ For mitigating the above concerns,
along with countering the huge demand for energy in the near future, stringent and quick

measures are therefore the need of the hour.'®!!

Developing green and sustainable electrochemical technology such as energy storage and
conversion can be a viable solution to this crisis.!>!* To run these electrochemical energy
devices, electrocatalysis at the electrodes is essential. Also, electrocatalysis has significant
merits over conventional techniques, accounting to its ideal operational conditions at ambient
temperatures and pressures.'*!7 Further, in order to carry out electrocatalysis efficiently, the
need for electrocatalysts are vital as these electrocatalysts minimize the overpotential of
various reactions during the oxidation and reduction reactions. Finding catalysts beyond the
state-of-the-art by evaluating several classes of bulk and layered materials,'®?° downsizing
and modifying them via various strategies to fabricate application specific catalysts using

23,24

possible technological advancements such as 3D-printing,?!** doping, anchoring,”

26.27 patterning®® etc., are some of the approaches taken by the researchers to

functionalizing,
find a feasible solution to the rising concerns. Also, such studies are crucial for their

commercialization of these technologies as well.



In short, a large amount of scientific work today is exploring the possibility of obtaining
abundant, clean, renewable, efficient, and eco-friendly strategies for energy related
applications. The focus of our studies also extends to developing strategies towards efficient
storage/conversion of renewable sources, to make them available on demand. Hitherto,

20,29

hydrogen production, ammonia synthesis,*® CO; reduction,’” CO; capture continue to be

high end topics, that are employed to resolve the energy crisis and environmental issues.

Subsequently, the healthcare community has evolved during the years and immense studies
and research are currently operational for fighting health issues, and also finding solutions for
rapid detection and diagnosis of various diseases. For instance, increased concentration of
sugar in the blood can lead to a chronic long lasting disorder called diabetes mellitus.>!** In
extreme cases they can lead to stroke and damage to various internal and external human
organs such as eyes, nerves, and kidneys. Statistically, there is a rapid increase in the number

of diabetic patients across the globe,*>3

and the traditional approach of detecting sugar levels
will have to be improved. Electrochemical sensing could be considered as an effective strategy
to diagnose diseases and disorders.** Various studies are underway to fabricate devices/
electrodes that are rapid, cheap, accurate, and easy to handle. Currently, although glucose
oxidase enzyme based electrochemical biosensors are used for blood glucose detection®>-
yet, researchers are more curious in broadening the scope towards non-enzymatic glucose
sensors.’”® The non-enzymatic glucose sensors are interesting as they eliminate the problems
related to the complexity in using enzymes accounting to issues such as denaturation, poor
stability, immobilization issues etc. Yet, in the present conditions, it's well evident that the
field has to progress a lot in terms of sensitivity and selectivity. Electrode surfaces are a key

parameter in the enhancing performance of the non-enzymatic glucose sensor.**” Employing

more advanced techniques such as 3D-printing as a tool for fabricating electrochemical



sensors could be interesting. The potential scope of 3D-printing technology will be discussed

in subsequent sections.

1.1. Electrochemical energy technologies

Electrochemistry deals with the study of the relationship between electricity and chemical
reactions wherein it acts as an effective tool to probe reactions associated with electron
transfer. Vast studies associated with the production of electrical energy from chemical
reactions and/or chemical changes associated with given electrical current are branched to
several other domains. These electrochemical energy technologies are discussed in detailed
in following sections. Furthermore, depending upon the intended product or application,

electrocatalysts are designed to drive the electrochemical reactions.

1.1.1 Hydrogen production

Considering the above discussions on the importance of fuels, molecular hydrogen gas (Hz)
can be regarded as an efficient and appropriate fuel, pertaining to its significance in mitigating
the expected energy crisis in the future.?®* Electrocatalytic hydrogen evolution reaction
(HER) can be considered as a promising and feasible approach towards H» production via
‘water splitting” or ‘water electrolysis’, which has been of interest to the scientific community
over the past several years.!34042 Also, its ability to deliver carbon free clean energy products
makes it highly desirable, and can be a promising alternative to fossil fuel. Electrochemical
water splitting involves two main processes where water (H20) breaks down into H> and
oxygen (O2) upon the application of electric current. During the process (Figure 1), H" (two
protons) ions are reduced at cathode (HER: 2H" + 2¢~ = H>), and oxidation of H>O occurs at

the anode (OER: 2H,0 = O, + 4H" + 4¢").!® In short, electrochemical water splitting can be
7



considered as an ideal, efficient, clean and sustainable strategy towards H> production.*>**

The main advantage of H» is its high calorific value and the byproduct it delivers on
combustion such as pollution-free water, making it highly attractive as an energy carrier and
promising for future low-carbon energy systems.?®?#14> Hence, efficient, clean and
renewable techniques to deliver H» is a key strategy towards effective accomplishment of the
hydrogen based energy technology.

A—

© (V)<
_/

Cathode Separator Anode

HER OER

O ,® d <o

hydrogen water oxygen

Figure 1. Schematic representation of electrochemical water splitting process.

Several studies have already been conducted in this domain, yet strategies for improving the
technique, and/or catalyst material are being conducted regularly, for designing
electrocatalysts exhibiting enhanced performance for large scale applications. For instance,
platinum (Pt)-based catalysts are found to be ideal for this application, yet limitations such as

high cost, and low abundance, calls for newer approaches.***® In short, several researchers



today are focusing on the direction of designing catalysts that are cost-effective, deliver high
activity, high surface area, good electrical conductivity, efficient, durable, and eventually

employable for large scale commercialization.

Efficiency of the HER catalysis and mechanism is further evaluated using Tafel slopes.* It
represents the increment in overpotential that is needed to enhance current density by one
order of magnitude. The kinetics of the catalyst is evaluated by three major pathways based
on their ability to convert protons in aqueous media to hydrogen molecules electrochemically.
The Tafel equation is given by the formula;  =blog |j| + a, where | = overpotential, b =Tafel
slope, and j=current density. Further, according to the Tafel analysis, the slope values are

identified from the slow-rate step in the HER mechanism which is given by 2%

1) Volmer reaction (hydrogen adsorption)
H30" + e — Hags + H2O; b~ 120 mV dec™
2) Heyrovsky reaction (electrochemical hydrogen desorption desorption)
H30" + Hags + € — Ho + H2O; b= 40 mV dec!
3) Tafel reaction (recombination of adsorbed hydrogen atoms; desorption)
Hads + Hags — Ha; b=~ 30 mV dec™!

In principle, smaller Tafel slopes accounts to better HER catalysis.*’ Stability, activity,
selectivity are other crucial factors that are evaluated systematically to understand the
potential of electrocatalysts.’!>> The H> generated via HER can be employed as fuel for
electricity, automobiles, internal fuel cells in electric motor vehicles etc. In short, water
electrolysis can be ideally used for production of cheap, carbon free and sustainable H» at a

large scale. Zero carbon emission and high energy density are other added advantages of



hydrogen energy. However, this approach, although interesting, has a long way to go in
resolving limitations associated with technique or finding alternatives to lower the entire cost
of the set up with better efficiency. For instance, electrochemical splitting in aqueous systems
is inhibited by multiple factors, and thus will require an additional potential to enhance/drive

the reaction forward called overpotential.

1.1.2 Ammonia synthesis

Ammonia production is also considered to be a very crucial and most impactful discovery of
the last century, owing to its vast applications benefit for various industrial and non-industrial
purposes.’*>* Interestingly, ammonia is considered to be an important next generation energy
carrier accounting to high gravimetric energy density (3 kWh kg '), and high hydrogen storage
capacity (17.65 wt.%) and added advantages such as convenient storage and transportation,
make them highly desirable and in demand.!! Conventional techniques such as Haber-Bosch
are typically employed for large-scale ammonia production.’®> However, harsh operating
conditions, energy-intensive processes with excessive emission of CO> calls for better and
improved techniques. Although, electrochemical nitrogen reduction reaction,*® is considered
as a possible remedy, especially due to its mild operating conditions, high energy consumed
for breaking nitrogen triple bonds, the competitive HER, low selectivity and faradaic
efficiency (FE) and have made researchers to put forward better approaches.!! Nitrate
reduction to ammonia (NRA) (Figure 2) is one such potential field wherein appropriate
utilization of technology would pave way towards a two-fold advantage for addressing both
the issues of energy crisis and also strategies to mitigate excessive nitrate, especially in the
water bodies. NRA involves a complex 8 electron (e7) transfer process, where multiple

nitrogen-containing species from +5 to —3 valence states are involved and proceed via a series

10



of complex routes. The general mechanism of NRA with respect to standard hydrogen

electrode (SHE) is illustrated in equation 1 along with its respective reduction potential.

NO; +9H"+8¢ —NH3+3H20, E’=—0.12V vs. SHE  ...ovvvn..... (1)
9H*
8e”
Nitrate Ammonia

Ammonia production

Figure 2. Schematic representation of electrochemical reduction of nitrate to ammonia.

In principle, designing electrocatalysts for NRA is now gaining massive attention, with
several catalysts being periodically studied for delivering appreciable FE, and stability that
are required for practical applications. From an experimentation point of view, the classical
approach to conduct NRA experiments includes the use of electrolytic experiments at various
potentials in specific experimental cells (such as H cells).!!>” The electrocatalysts are usually
assembled at the cathodic end of the experimental cell along with the reference electrode,
while the counter electrode is assembled at the other end of the cell. After the electrolysis
experiments, the products at the cathodic end are quantified for ammonia, nitrate and nitrite
using ultraviolet—visible (UV—-vis) spectroscopy.’’>® Quantification of each product such as
ammonia, nitrate, nitrite is carried out using specific reagents and the final results would
deliver information on the potential of the electrocatalysts employed for NRA. 'H NMR

11



experiments are also conducted to compare the reliability of colorimetric methods and to

confirm the sources of ammonia.

1.1.3 Carbon dioxide mitigation strategies

CO», a major greenhouse gas, has significantly impacted the present climatic conditions and
affects the innate carbon cycle of the Earth.>>° Combustion of fossil fuel is one of the
predominant sources of the rising CO; levels in the atmosphere. Although several strategies
(decarbonization, carbon sequestration, carbon recycling etc.,) and technological
advancements are happening from time to time, the field is still at its infancy.’
Electrochemical CO; reduction is an advanced approach to mitigate the CO; level wherein
the CO> produced is efficiently converted to low-carbon fuels, chemicals etc., to be used as
an industrial feedstock. COsz is a very stable molecule and its reduction to respective products
are generally thermodynamically uphill reactions, accounting to high chemical and
electrochemical stability of C=0O bond. Thus, to enhance the kinetically slow reduction

reaction, the need for ideal active electrocatalysts is significantly necessary.’1-63

12



CO:

23 3 M

Ha CH3OH HCHO C2Ha C2Hs

2 3 R %@

CHsCHO C2HsOH CH:COOH HCOOH

Figure 3. Schematic representation of electrochemical CO> reduction reaction and possible
products as part of the reaction. Reproduced with permission from reference.” © 2023 The

Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH.

The task is to find an ideal electrocatalysts to minimize the overpotential for C=0O, and drive
the reaction ideally towards targeted products. Cathodic electrochemical reduction of CO2

(ERCO2) is given by the following general expression (2)
xCO2 + nH" + ne” — product+ yH2O ..................... ()

Electrochemical half reaction for ERCO; undergoes various electron pathways to deliver
various products (Figure 3). The electrode potential of ERCO; (versus SHE) is shown in Table

1.7

13



Electrochemical CO; reduction Electrode potentials
(possible half-reactions) (V vs SHE) at pH 7
CO2(g) +e — *COO —-1.90
CO; (g) +2H" +2¢ — HCOOH (1) —0.61
CO2 (g) + H2O (1) +2¢” —» HCOO™ (aq) + OH” —0.43
CO, (g) +2H" +2e¢” — CO (g) + H20 (1) —0.53
CO2(g) + H2O (1) +2e — CO (g) + 20H" —0.52
CO: (g) +4H" +2e¢” — HCHO (1) + H20 (1) —0.48
CO2 (g) +3H20 (1) + 4e” — HCHO (1) + 4OH —0.89
CO: (g) + 6H" (1) + 6 — CH30H (1) + H20 (1) —0.38
COz (g) + SH20 (1) + 6e” — CH30H (1) + 60H —0.81
CO2 (g) + 8H" + 8¢~ — CH4 (g) + 2H20 (1) —-0.24
CO2 (g) + 6H20 (1) + 8¢” — CHa4 (g) + 8OH™ —-0.25
2C0O2 (g) + 12H" + 12¢” — C2Ha (g) + 4H20 (1) 0.06
2CO2 (g) + 8H20 (1) + 12¢” — CoHa (g) + 120H™ —-0.34
2CO: (g) + 12H" + 12" — CH3CH:20H (1) + 3H20 (1) 0.08
2CO2 (g) + 9H20 (1) + 12¢” — CH3CH:0H (1) + —0.33
120H ()

Table 1. Electrochemical potentials corresponding to various electrochemical CO> reduction
reactions and resulting products. Adapted with permission from reference.** © 2017 The

Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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1.2 3D-Printing technology

3D-Printing, also called additive manufacturing has received massive attention both from
industries and academic circles owing to its rapid prototyping ability.!!"%-%7 Advantages such
as fabricating customised and complex printed structures with varied geometry, shape and
size, low waste generation, scalability etc are the added advantages of this technique. Today,
this technology has advanced to several domains mitigating and overcoming several issues
faced by the conventional manufacturing technologies. The expansion of this technology to
various disciplines has prompted the current study to employ 3D-printed electrocatalysts

substrates as active catalysts/substrates for electrochemical'”-**® and sensing applications.*

A B C

CAD G-code file 3D printing

| q

Figure 4. Schematic representation of electrode fabrication A) modeling B) G code file format

configuration C) 3D-Printing of modeled structure. Reproduced with permission from
reference.!! © 2023 The Authors. Advanced Materials Technologies published by Wiley-

VCH GmbH.

In short, material design based on the targeted applications is an added asset towards the

fabrication of electrocatalysts and/or sensors for desired applications.!! Modeling desired 3D
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structures is the initial task conducted. This is usually executed using a using computer-aided

design (CAD) 3D modeling software. Post modeling of the 3D structure (Figure 4A), it is

converted to a standard format file called stereolithography file format (STL). This is followed

by slicing of designed structure using another software, to procure G code file (Figure 4B).

This file constitutes the key information of the modeled design and instructions for printing.

Later, the G code is opened in the 3D printer and is set for final printing. During printing,

active material components are oriented sequentially on top of each other, until the final

modeled 3D structure is procured (Figure 4C).

Filament for
extrusion

'emperature contro
Extrusion nozzle =

Print bed :
3D printed

model

C

Elevator/Platform Scanning mirror

o Lenses UV Laser
A ). i

>

Photopolymer resin

Resin tank

D

Powder bed |
supply

=P Ink chamber

Scanning mirror
UV Laser

Powder

Lenses

Levelling roller

¥

Build platform

Figure 5. Schematic representations of various 3D-printing techniques: A) fused deposition

modeling, B) direct ink writing, C) stereolithography, and D) selective laser sintering.

Reproduced with permission from reference.!! © 2023 The Authors. Advanced Materials

Technologies published by Wiley-VCH GmbH.
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The precursor materials, involve carbon/polymer, metal/polymer based filaments,
composites, ceramics etc. The printing technology have advanced with time and some of the
well-known techniques include extrusion based fused deposition modeling (FDM; Figure 5SA)
and direct ink writing (Figure 5B), stereolithography (Figure 5C) metal based selective laser

sintering (Figure 5D), selective laser melting, electron beam melting, etc.

Out of the several 3D-printing techniques, extrusion based FDM or fused filament fabrication
(FFF) is considered as one of the ideal approaches towards designing 3D-printed electrodes,
catalyst, substrate, and sensing platforms. In this technique filaments are extruded in a layer-
by-layer fashion until a final 3D-printed structure is obtained.!!?>7%7! At laboratory scale,
FDM Prusa 3D-printer is employed for fabricating 3D-printed electrodes (Figure 6A). Figure
6B depicts graphene/polylactic acid (PLA) (black magic) filaments and Figure 6C showcases
the image of 3D-printed carbon electrodes (3D-CE) procured from black magic filament.
Figure 6D represents the spool of metal/PLA filament which is copper (Cu)/PLA, and Figure

6F represents the image of the 3D-printed Cu electrodes.

Figure 6. A) Prusa FDM 3D printer employed for printing B) Spool of commercial
graphene/PLA filament C) 3D-printed carbon electrodes D) Spool of commercial copper/PLA

filament E) 3D-printed copper electrodes.
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PLA helps for ideal extrusion of filaments and provides structural integrity to the printed
structure. However, the 3D-printed electrodes possess poor electrocatalytic properties
accounting to the non-conductive PLA along with the carbon matrix. Hence, it calls for post-
printing treatments such as activation techniques that can aid towards improving the surface
properties by lowering the amount of PLA in the printed matrix and increasing the overall
conductivity of the printed structure.”>’”* Employing solvent such as dimethylformamide
(DMF) is one of the well-known techniques that are employed towards activation of carbon
based electrodes. Meanwhile, sintering is the ideal technique employed towards removing of

PLA from metal substrates.

1.2.1 3D-Printing technology towards electrocatalysis

Serval electrocatalytic application has been briefly introduced in the above sections of 1.1. It
is well known that electrocatalysts play a vital role in enhancing the reaction to obtain the
desired product. Several materials are being evaluated by researchers, periodically, to develop

7475 Surface

ideal, scalable, and cost-effective catalysts for various applications.
modifications, material engineering, doping, integrating nanoparticles, etc., are employed to

fabricate active electrode materials for desired applications, and evaluated systematically.?

Interestingly, with the increasing demand for designing electrocatalysts, there has been a rapid
advancement in newer technologies in the past few years for devising catalysts and/or
substrates such as the 3D-printing technique.!”**’%"7 The widening potential of 3D-printing
technology is one such aspect which can help towards the fabrication of 3D-printed structures
towards various electrocatalytic applications owing to the advantages such as quick

fabrication, easiness and flexibility in design of complex structures, waste minimization,
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scope for mass customization etc. They are also interesting due to their ability to overcome
the shortcomings faced using conventional methods such as high cost, intensive labor, and
immense time consumption for the fabrication of active structures. Also recently, several
studies have come up with employing 3D-printed electrocatalysts as active substrates towards
energy conversion applications.!”>’%77  Specifically, this includes HER,”®” CO;

78081 and very recently towards ammonia synthesis.'!*? Nanostructuring of both

reduction
metal or carbon based electrodes surfaces can further enhance the catalytic properties of 3D-
printed structures for various catalytic applications.!! Geometry, porosity, size, post-printing
treatments are also crucial parameters in devising active material substrates. Hence, enhancing
the scope of this field could be vital, with technological advancements in the domain of 3D-

printing improving the possibilities of this field towards fabrication of complete electrolysis

cells or reactors for energy production.

1.2.2 3D-Printing technology towards electrochemical sensing applications

Interestingly, along with catalysis, today the advancements in 3D-printing technology can
also aid towards the fabrication of non-enzymatic 3D-printed sensors for multiple
applications, including the detection of sugar level in blood.* The diabetic condition results
from a rise in the amount of sugar concentration in blood. The concentration range from 3.9—
6.2 mM is considered to be normal. The level of blood sugar can be measured using several
devices. However, the development of newer and efficient devices to detect the level of blood
sugar can be highly advantageous. Scientists today are eyeing towards formulating sensors
that are time-specific, quick, less expensive, and efficient in monitoring the sugar level. The
concept of non-enzymatic sensors that can be used to design 3D-printed substrates via certain

improvements, introduces a technique that is faster, reliable, and precise for sensing
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applications.®® In short, by employing ideal strategies such as surface modification of 3D-
printed electrode using specific materials can aid in fabrication of an active 3D electrode
substrate making this technology ideal for electrochemical sensing (such as sugars) and for

several other applications as well.
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2. State —of-the-Art

2.1. Hydrogen evolution reaction

HER is considered to be the most studied reaction in electrocatalysis, and fabricating ideal
electrocatalysts to minimize the HER overpotential is in huge demand currently. In other
words, lower the overpotential better the HER activity, wherein electrocatalysts play a vital
role towards lowering the overpotential and increase efficiency for HER.48384
Conventionally, Pt based electrocatalysts are shown to be superior towards HER,3>8¢

delivering ideal hydrogen binding energy and Gibbs free energy for atomic hydrogen

adsorption, low overpotential, low Tafel slope, and high exchange current density for HER.

II'87’88 d89,90

Further, electrocatalyst materials such as and Ru-base materials have also been

reported for HER. However, high-expense and limited abundance has called for newer cost-
effective, and durable catalyst materials, to produce hydrogen for large scale applications.”!
Interestingly, non-noble metals (transition metals) were later found to take up the momentum
as active HER catalysts, as they are low cost, abundant, varied combinations, comparable
electronic structure, and showcased promising and stable HER activity under large current
densities.”*** This sets of catalysts includes self-supported,”>”® doped,’”*® single atom

9100 etc. 2D materials catalysts are also actively employed for HER

catalysts
applications.?!°:192 Despite all these advancements in this field, massive research is still
being undertaken relentlessly toward the fabrication of clean, and efficient electrocatalysts

via various technologies that can aid towards minimizing the overpotential, and enhancing

hydrogen production.

Thus, in this work, studies are carried out on 2D material engineered electrocatalysts such as
graphene,”® MXenes,* transition metal dichalcogenides (TMDs), and a multiple set of MAX

phases based materials.'®
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Figure 7. Schematic representation of hydrogen production via nanoparticle anchored N-
doped graphene-based catalyst. Reproduced with permission from reference.?> © 2022

Wiley-VCH GmbH.

For instance, variation in the synthesis strategies in electrocatalysts fabrication, with
palladium (Pd) nanoparticle nucleation and varied nitrogen (N) dopants over reduced
graphene oxide (RGO) is studied towards HER, and such studies are expected to aid towards
designing application specific catalysts (Figure 7).>> Newer approaches of integrating active
materials with the advanced technologies such as 3D-printing for H> production is studied.
Such integrations can be vital and interesting for the fabrication of cost-effective, on demand
electrocatalysts for catalytic applications. For instance, surface modification via dip coating
of active 2D MXene (Ti3Cz), and TMDs such as molybdenum sulfide (MoS.), tungsten sulfide
(WS2), molybdenum selenide (MoSe»), and tungsten selenide (WSe), is carried out over 3D-

printed carbon substrates for catalysis applications.** Also, works focusing on their parent
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MAX phase remain critically low especially for electrocatalysis applications such as HER.
Hence, multiple MAX phases constituting single (Ti2AlC, Ta;AlC, TioSnC, Ti3SiCa, V2AIC,
CnAIC ) and dual transition metal (Mo,TiAlC,) phases were studied for HER, in order to

understand the potential of MAX family for H> production.'®

2.2 Nitrate reduction to ammonia

Electrochemical NRA can be considered as an interesting approach that inhibits several
limitations accounting to conventional techniques such as Haber Bosch, and nitrogen
reduction to ammonia.'® 1% The NRA also helps in strategically eradicating excess nitrate
ions from the water bodies, and also a vital contributor to the energy sector by enhancing
ammonia production.

107109 4nd immense

Among transition metals, Cu is reported to be ideal for NRA applications,
studies are reported in recent times using this material. Some of them also claim that copper
oxide is very effective for the NRA, when compared to its metallic state. Also, in another recent
study, electrolyte engineering of titanium electrodes for NRA was conducted, wherein the
catalysts delivered 82% FE at —1 V vs reversible hydrogen electrode (RHE). Also the catalysts
gave a partial current density to ammonia at around —22 mA cm 2.!' NRA using iron (Fe) based
single atom catalysts was recently reported by a group of researchers, wherein the catalyst
delivered ~75% FE at —0.66 V vs RHE and yield rate of ~20,000 pg h™! mgcat.”! at —0.85V vs
RHE.!!"" Similarly, several other catalysts are fabricated and studied periodically to achieve

catalysts with high FE, enhanced selectivity, sensitivity, and high surface area for ammonia

production.

Interestingly, although there are reports on 2D materials and composites employed for NRA

112,113

application, still the studies are at a very early stage and require more optimizations for
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fabrication of ideal catalysts. For instance, reports on metal organic frameworks (MOF) based
materials for NRA are available in literature.!'*''® Also, most of the fabricated MOFs that
serve as electrocatalysts for NRA result from anchoring, functionalizing, or doping of active
components. Interestingly, in the current thesis, influence of thermal activation on Fe MOFs
for ammonia synthesis is evaluated. Such studies could be an interesting for researchers to
further understand the potential scope of the activating MOF based materials for NRA. The
results and observation of such material enhancement are reported in the thesis, in chapter 5,

section 5.1.3

Figure 8. Integrated 3D-printed electrocatalysts and devices for ammonia synthesis A)
electrolyzer B) H cell. Reproduced with permission from reference. !' © 2023 The Authors.

Advanced Materials Technologies published by Wiley-VCH GmbH.

Further, engineering electrocatalysts for NRA via employing technological advancements
such as 3D-printing has started gaining attention. For instance, employing 3D printed

7 and metal® based substrates for ammonia were recently reported. The key

carbon'!
advantage of this technology accounts to the freedom of users in designing structures
accounting to the experimental conditions. Further geometry, size, activation techniques,

post-printing treatments such as nanostructuring of electrodes can also influence the

electrocatalyst properties. Such customization can enhance the fabrication of efficient
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electrocatalysts for ammonia production. The current thesis reports, the potential possibility
of using 3D-printed Cu electrodes for NRA,'!! as a proof of concept which shall be discussed
in the following sections chapter 5, section 5.3.1. Such reports can create a breakthrough in
devising newer active materials for ammonia synthesis and can be integrated to various

devices as shown in Figure 8.

2.3 CO2 reduction and mitigation

Technologies associated with COz reduction are coming up massively in recent times, as its
increased level in the atmosphere can significantly affect the ecological balance.6%!!8:11
Among various mitigation strategies, ERCO; continues to get attention owing to its mild
operational conditions, and controllable reaction conditions, along with it being an
economical and ecologically feasible technique together with renewable energy sources.’
ERCOz related studies have been introduced since several decades. Several catalysts such as
Cu,'?° silver (Ag)!'® and gold (Au), carbon-supported catalysts,'?! hybrid catalysts,'? etc.,
have been investigated in recent time for this application. Devising ideal electrocatalysts is
important as the catalytic reaction can lead to formation of various products accounting to its
multi-proton multi-electron reaction mechanism (Figure 3). Interestingly, the 3D-printing
community has become inquisitive about employing 3D-printed structures for CO, mitigation
applications. In a report by Eva et al.,*° Cu electroplated 3D-printed electrodes from PLA-
carbon nanotube were employed as electrocatalyst for CO2RR. Similarly, metal-based SLM
3D-printing was employed in another study, followed by an electrochemical dealloying
approach resulting in 3D hierarchically porous CuAg bimetallic catalyst.!?* The catalyst was

later employed for syngas production. Variations in the performance of catalysts subjected to

variation in structure of electrocatalyst was evaluated and compared with other noble and non-
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noble electrocatalyst. It was observed that 3D hierarchically porous CuAg catalyst exhibited
an interesting mix of durability and syngas gas production rate, thus making 3D-printing

technology interesting for CO> mitigation reaction.

2.4 Electrochemical sensing

3D-Printing technology towards devising electrocatalyst for energy conversion application
has been well discussed in the above section. Interestingly, the possibilities of 3D-printing
technology can also be employed and extended towards decentralize fabrication of non-
enzymatic metal coated 3D-CE for sugar sensing.*> Modifying the electrode surface can be
crucial towards improving the property of the surface. Although, fabrication of electrocatalyst
has opened up several possibilities, such as via atomic layer deposition (ALD) technique,'?*

yet they face certain setbacks. For instance, techniques such as ALD require costly setup,

skilled experts, and limited precursors.

Interestingly, electrodeposition of 3D-CE can be considered as a facile approach of devising
active material substrates instead of relying on high-end high-cost equipment.* This could be
considered as a excellence of this technology for developing cheaper conducting structures
and employing a economical approach to modify 3D-CE substrate for non-enzymatic sugar
(glucose and sucrose) sensing applications. Hence, a much simpler but effective metal
electroplating technique could be employed over a 3D-CE, that would enhance the surface
properties, conductivity of printed substrates, and eventually be active for desired

applications.
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Figure 9. Schematic representation of metal plating 3D-printed carbon electrode for
electrochemical sensing of sugars. Reproduced with permission from reference.?* © 2020 The

Author(s). Published by Elsevier B.V.

Several studies have been previously reported on employing nanoparticles, oxide or
hydroxide of active material, serving as an active non-enzymatic catalytic site.!>>1?° Also,
employing metals such as Cu and nickel (Ni) has aided towards the fabrication of low cost
electrocatalysts, rather than employing costly metals such as Pt, Au, Ag. The current study
reported in thesis focuses on the metal plating of Cu and Ni over a 3D-CE to procure a metal
plated 3D-printed non-enzymatic nanocarbon electrode substrate followed by employing

them for sugar sensing applications (Figure 9).*3
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3. Aim of thesis

3.1 Objective

This doctoral thesis will be focused on systematically evaluating various 2D based
materials, assessing their respective advantages and disadvantages in conjunction with
potential applications such as hydrogen production and ammonia synthesis. This involves
understanding the influence of material fabrication approaches, such as synthesis strategies,

and material activation techniques in designing electrocatalysts for specific applications.

Additionally, we aim to optimize 3D-printing techniques for the purpose of electrochemical
energy technologies, sensing, and for other potential applications. This includes discussion
on the importance of nanostructuring of electrodes, the role of activation techniques/post-
printing treatments in improving electrode surfaces for sensing/catalytic applications, and

some potential scope of this technology for prospective future applications.

3.2 Hypothesis

To achieve the above objectives, the following strategies will be employed. Designing
electrocatalysts via a suitable synthesis strategy and investigating the influence of
activation-based techniques for enhancing material properties are expected to be vital for
various electrocatalytic applications. Further, by integrating 2D and/or related materials
with 3D-printing technology, and using the potential of 3D-printing technology alone, we
hypothesize that the design of novel electrocatalysts will lead to significant advancements

in mitigating electrocatalytic challenges in health and energy-related applications.
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3.3 Organization/Structure of thesis

Overall, the thesis is divided into nine chapters, where chapter 1 introduces multiple topics
covered in the thesis. Chapter 2 discusses the state-of-the-art related to electrocatalyst
fabrication for electrocatalysis and sensing applications. Chapter 3 describes the aim of the
thesis and Chapter 4 deals with the information related to electrode materials and
experimental details in brief. Chapter 5 includes the results and discussion section
associated with investigations carried out, and also a summary is provided in the following
paragraph. Chapter 6, 7, and 8 includes conclusions, references, and a list of conferences
attended/achievements of the author respectively. In Chapter 9 (appendix-A), a study on the
critical evaluation of the origin of activity in layered FePSe; materials for H> production is

done.

The work presented in the thesis focuses on designing electrocatalysts for energy conversion
applications and patterning/modifying 3D-printed electrode surfaces for both energy
conversion and electrochemical sensing applications. They are explained in detail in
Chapter 5, Results and Discussions section. Chapter 5.1 discusses the importance of
synthesis strategies and activation-based techniques for fabricating electrocatalysts for
enhanced electrocatalytic application. Precisely, section A (5.1) deals with electrocatalysts
fabrication for hydrogen production (5.1.1 & 5.1.2) and ammonia synthesis (5.1.3).
Extending the electrocatalysts fabrication to newer technologies such as 3D-printing
technology, section 5.2 discusses employing 3D-CE for H» production (5.2.1) and
electrochemical sugar sensing (5.2.2) via surface modification of electrode surface, and
section 5.3 covers the discussion on future prospects of employing 3D-printing technology
for both energy (5.3.1 & 5.3.2) and emergency healthcare application (5.3.3). A brief outline

of all sections and subsections of chapter 5 is given below:
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Section-A

5.1. Designing electrocatalysts towards hydrogen and ammonia production

In this section, we discuss strategies of engineering electrocatalysts via various techniques
for hydrogen production and ammonia synthesis. Initially in section 5.1.1, we evaluate the
potential scope of synthesis techniques in fabricating two different Pd anchored N doped
graphene-based materials, while 5.1.2 deals with the understanding of the potential of
various layered MAX phases as electrocatalysts for HER applications. Electrocatalysts are
also vital for ammonia synthesis, and the influence of temperature on PCN-250-Fe; MOF-
based electrocatalysts for ammonia synthesis applications is evaluated in section 5.1.3. The

following sections are categorized as follows:

5.1.1.  Grafting of Pd on N-doped graphene for HER
5.1.2.  Electrocatalytic activity of layered MAX phases for HER

5.1.3.  Fe-MOF electrocatalyst for nitrate to ammonia conversion

Section-B

5.2 Employing 3D-printing technology towards novel electrocatalysts fabrication for
energy and healthcare applications

In this section, discussions on integrating 2D materials and/or related materials with 3D-
printing technology via surface modification of 3D-CE will be carried out to understand the
scope of this technology for energy and sensor-based applications. In section 5.2.1, surface
modification of 3D-CE using 2D materials was carried out, and eventually studied for HER
applications. Meanwhile, 5.2.2 put forth observations of surface modification of 3D-CE
using metal nanoparticles for sugar sensing applications. The following sections are
categorized as follows:
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5.2.1. 2D materials patterned 3D-printed electrodes for HER

5.2.2. Metal plated 3D-printed carbon electrodes for sugar sensing applications.

Section-C

5.3. Future advancement of utilizing 3D-printing technology for energy and
emergency healthcare application (Perspective reports)

Beyond surface modification of 3D-printed structures (Section 5.2), there also are several
other potential possibilities of using 3D-printing technology for diverse applications,
especially accounting for its merits such as tunable geometry, porosity, size, customizations
etc. In this section 5.3, the potential scope of 3D-printing technology towards diverse
applications such as ammonia synthesis (5.3.1), CO: mitigation (5.3.2), and
healthcare/emergency applications such as COVID-19 pandemic (5.3.3) are carried out. The
following sections aim to motivate the researchers to understand the scope of utilizing this
technology for future energy and healthcare applications. The following sections are

categorized as follows:

5.3.1.  Advancements in 3D-printing towards ammonia synthesis

5.3.2.  3D-printing technology towards CO; reduction and capture

5.3.3.  3D-printing technology towards emergency healthcare application
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4. Electrode materials and experimental details

The following section aim to provide a very brief overview of the materials employed in the
current thesis along with catalyst fabrication approaches. The detailed reports of synthesis,
analysis and experimentation conditions can be procured in chapter 5, section 5.1, 5.2, 5.3 and

Appendix A.

4.1 Novel electrocatalysts material design
4.1.1 Graphene derivatives

Graphene is a sheet of single layer of carbon atoms that are tightly bound in a hexagonal
honeycomb lattice. There has been a rapid increase in the employment of these types of

materials to various fields,'?""'%

since its discovery. Further, it is an allotrope of carbon, with
sp?> hybridized atoms. Graphene and its various derivatives is widely studied for
electrochemical applications. Among them, RGO, is well known for catalysis applications

130131 a5 anchoring agents, native defect

owing to its superior conductivity, high surface area,
sites, high adsorption capacity, etc. make them an interesting candidate for catalysis
applications.”> Techniques such as doping involves introduction of impurity/foreign atoms
which can modify the properties of the base catalyst.?*!3%133 Among the dopants N, sulfur,
phosphorous, boron are known be active participants for heteroatom doping, where addition
can enhance the electrocatalytic effect, and in some cases retard the activity. Interestingly, N
doping is known to increase the free charge carrier density of carbon based material and
enhance their conductivity.'**!35 They also serve as anchoring sites for metal nanoparticles.

In short, addition of external atoms to the carbon lattice is always correlated to the application

that they would be employed for. In the current thesis, as detailed in section 5.1.1, two
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different synthesis strategies (covalent and non-covalent based) will be employed for the

fabrication of Pd anchored N-doped graphene electrocatalysts for hydrogen production.

4.1.2 MAX phases and MXenes

MAX phases are ternary transition metal carbides and nitrides with a formula (Mn+1AX,),
where M stands for an early transition metal, A is the element from IIIA, and IVA group, X
is carbon (C) or N and n = 1, 2, or 3.1%!37 This class of materials show excellent properties
owing to its good thermal and electrical conductivity, damage tolerance, high strength, high
Young’s modulus, low hardness, ready machinability, oxidation resistance etc. Interestingly,
due to their layered structure and chemical bonding they show bifunctional properties of both
metals and ceramics.!*® Stronger chemical bonding in MAX phase, calls for stronger etching
conditions (to etch A layer) to procure an interesting set of 2D material called MXene, which
is currently a very interesting field of study, especially for energy related applications.
Although a number of studies on electrocatalytic properties of MXenes have been conducted,
very few works are known that focus on using this set of material for catalytic applications.
In the current study, electrocatalytic activity of a set of MAX is evaluated towards hydrogen

production'® as detailed in section 5.1.2.

Moving to another fascinating class of materials, MXene are transition metal carbides,
nitrides, carbonitrides that have today expanded to a large family, where they are produced
by etching of A element atom from their respective MAX (Mu+1AX,) precursor
material >>!31% They possess a general formula of Mn+1XaTx, Where M = early transition
metal, X = C/N, and Tx = —OH, —F, and —O—, and n = 1-4. Their family is continuing to
expand and developing newer materials for various applications. Post graphene, this is one

among the most discussed and anticipated class of materials by the researchers, owing to its
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unique properties such as tunable structure, diverse chemical, electrical, optical and
mechanical properties. MXenes have made significant contributions in the field of
electrochemistry on account of its tunable surface and surface chemistry, making it promising
both as an electrode material for energy storage and as catalysis applications. In the current
study of the thesis, Ti3CoTx MXene will be used to modify the surfaces of 3D-CE and
eventually the performance of the 3D-printed MXene based catalyst will be evaluated for

HER (Section 5.2.1).

4.1.3 Transition metal dichalcogenides

Intriguing structural and electronic properties has made metal chalcogenides interesting for
electrocatalysis applications.'*!"'4? Being a large family of materials, metal chalcogenides can
be further classified into layered TMDs* and non-layered metal chalcogenides (NMCs) in
their 2D form. This class of 2D TMD based electrocatalysts are found to be highly efficient
towards developing cheap and high-performing electrode material for catalysis applications.
Typically, they are semiconductors of MX> type, where M is a transition metal atom and X is
a chalcogen atom. In the current study of the thesis, sulfides and selenides of Mo and W will
be used to modify the surfaces of 3D-CE. The resultant electrodes will be eventually evaluated

for HER (Section 5.2.1).

4.1.4 MOFs

MOFs are interesting class of crystalline materials with ultrahigh porosity, enormous internal
surface areas, employed for wide range of applications. '4*~!%° In the current study, PCN-250-
Fe; MOF was used as an active catalyst material that are known to be fabricated from

precursor Fes-p3-oxo metal cluster and tetratopic azobenzene-based ABTC linkers (ABTC =
37



3,3',5,5"-azobenzenetetracarboxylate). 143146147 In the current study of the thesis, the influence

of temperature on Fe based MOF materials for nitrate to ammonia was studied (Section 5.1.3).

4.1.5 Trichalcogenphosphites

Transition metal trichalcogenphosphites (MPX3; M= transition metal, P= phosphor, and X=
chalcogenide) are another interesting class of 2D materials gaining attention in the recent
times towards electrocatalytic and photocatalytic properties. FePSes is one such class of
material belong to this family.!*® This layered crystal is held by van der Waals (vdW)
interaction, and is a semiconductor with an optical band gap of 1.3 eV (bulk phase), while its
monolayer band gap is still being investigated. The origin of activity of FePSe; layered

materials for HER was evaluated and is detailed in chapter 9, appendix A.
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4.2 Experimental Section
4.2.1 Preparation of Pd anchored N -doped electrocatalysts

Synthesis of Pd anchored covalently modified N-doped graphene (Pd@Amm.Hyd-
(N)@RGO) and Pd anchored non-covalently modified N-doped graphene (Pd@Pyrene-
(N)@RGO) catalyst fabrication for are detailed in reference?® of our publication which is part

of the thesis.

4.2.2 Fabrication of 3D-printed electrocatalysts

Autodesk Fusion 360 software was used to design the electrodes, and later the procured file
is fed into the Prusa i3 MK3s printer. FFM/FDM based extrusion based 3D-printing of
commercial graphene/PLA filament is carried out for the studies discussed in this thesis. The
carbon based filaments are extruded down the nozzle at a temperature of 220 °C. The bed
temperature during the process is around 60 °C. Post-printing techniques are employed to
enhance the conductivity of the carbon substrates. The 3D-CE are then activated by immersing
in DMF for a fixed interval of time. This is followed by rinsing the carbon electrodes with
ethanol and water until the insulating PLA is removed from the surface. The 3D-CE are then

dried in an oven at 65 °C for 120 min and further employed for respective studies.

4.2.3 Dip-coating 3D-CE

Patterning techniques such as spray, spin, dip coating helps in fabricating low cost, scalable,
techniques to fabricate active material electrocatalysts. Owing to the lower complexity of the
equipment required for modifying/fabricating electrodes, and less complications involved in
slurry formulation, techniques such as dip coating becomes interesting for fabricating newer
electrocatalysts. Active material of MXene (Ti3C,Tx) and TMDs (MoS>, MoSe>, WS», and

39


mailto:Pd@Amm.Hyd-(N)@RGO
mailto:Pd@Amm.Hyd-(N)@RGO

WSe) are dip coated over the 3D-printed electrode surfaces to modify the surface of the 3D-
CE. # Slurries of sample in in DMF are prepared and sonicated for 0.5 h. Later the activated
3D-CE is dip coated using the prepared slurries for 3 h and allowed to dry overnight. Further,

they are subjected to morphological and electrochemical studies.

4.2.4 Electroplating 3D-CE

Electroplating, electrochemical deposition or metal plating is a very well-known technique
employed towards metal coating of active material over a solid substrate. Reduction of cations
from the metal containing solution, on application of electric current results in a fine uniform
coating of active material over the substrate. The protocol associated with the metal plating
of activated 3D-CE using Cu and Ni electrolyte solution is detailed in reference,* of our

publication which is part of the thesis.
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Section-A

5.1. Designing electrocatalysts towards hydrogen and ammonia production

HER is vital for the future of renewable energy. However, finding newer electrocatalysts
is important to minimize the overpotential required for efficient performance and hence
calls for newer strategies of electrocatalyst fabrication to favor the reaction effectively
with maximum efficiency. Evaluating the HER performance of fabricated electrocatalysts
via various strategies is the central idea of one part of the following section. For instance,
understanding the importance of synthesis strategy in fabricating Pd anchored N-doped
graphene electrocatalysts for HER is detailed in 5.1.1. Meanwhile, section 5.1.2 covers
the interesting behavior of single and double transition metal MAX carbide for HER
applications. Thus, studies discussed in sections 5.1.1 and 5.1.2 revolve around evaluating
the fabricated electrocatalyst for H2 production. Further, as ammonia synthesis is another
important electrocatalytic application, section 5.1.3 discusses strategies for enhancing the
catalyst property via activating Fe-MOF electrocatalysts for ammonia synthesis. The

discussion carried out in the section are published and the details are as follows:

5.1.1.  Grafting of Pd on N-doped graphene for HER

Akshay Kumar K. Padinjareveetil, O. Alduhaish, S. F. Adil, Martin Pumera*, Grafting

of Pd on Covalently and Noncovalently Modified N-Doped Graphene for
Electrocatalysis, Adyv. Mater. Interfaces, 2022, 2102317,

doi.org/10.1002/admi.202102317, (IF=6.38).

5.1.2.  Electrocatalytic activity of layered MAX phases for HER

Akshay Kumar K. Padinjareveetil, O. Alduhaish, Martin Pumera*, Electrocatalytic
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activity of layered MAX phases for the hydrogen evolution reaction, Electrochem.

Commun. 2021, 125, 106977, https://doi.org/10.1016/j.elecom.2021.106977, (1IF=5.44).

5.1.3 Fe-MOF electrocatalyst for nitrate to ammonia conversion

Akshay Kumar K. Padinjareveetil, Juan V. Perales-Rondon, Dagmar Zaoralova, Michal

Otyepka, Osamah Alduhaish, and Martin Pumera* Fe-MOF Catalytic Nanoarchitectonic
toward Electrochemical Ammonia Production, ACS Appl. Mater. Interfaces, 2023, 15,

40, 47294-47306, https://doi.org/10.1021/acsami.3¢c12822, (IF: 9.5).
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5.1.1: Grafting of Pd on N-doped graphene for HER
Motivation

Designing and fabrication of application-specific electrocatalysts are crucial for
electrocatalysis, to minimize the overpotential for H> production. Interestingly, synthesis
strategies can also play a vital role in designing efficient electrocatalysts. Thus, in the current
study two different synthesis strategies are employed for the fabrication of electrocatalysts

and evaluated for H> production.

Objective

Electrocatalysts were designed by anchoring Pd nanoparticles on the surface of N-doped RGO
materials synthesized via two different approaches. Two different material fabrication
technique was employed, wherein covalent and non-covalent attachment of N source to
graphene is conducted, followed by nucleation of Pd nanoparticles. Morphological and
physicochemical characteristic studies will be carried out and evaluated. Further,

electrocatalytic activity of these fabricated catalysts toward HER will be evaluated using LSV.

Outcome

Pd anchored N covalently doped catalyst gave a better HER activity over the Pd anchored
non-covalently N doped graphene electrocatalysts, thereby showcasing importance of

synthesis techniques towards electrocatalyst fabrication for HER applications.
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Contribution

Investigation, methodology, conceptualization, formal analysis, data curation,
characterizations, experimentation, validation, discussions, funding acquisition, writing

(original draft, review and editing).

Article

The article was published and the details of the article are as follows:

Akshay Kumar K. Padinjareveetil, O. Alduhaish, S. F. Adil, Martin Pumera*, Grafting of Pd

on Covalently and Noncovalently Modified N-Doped Graphene for Electrocatalysis, Adv.

Mater. Interfaces, 2022, 2102317, doi.org/10.1002/admi.202102317.

45



RESEARCH ARTICLE

M) Check

ADVANCED
MATERIALS

INTERFACES

www.advmatinterfaces.de

Grafting of Pd on Covalently and Noncovalently Modified
N-Doped Graphene for Electrocatalysis

Kandambath Padinjareveetil Akshay Kumar, Osamah Alduhaish, Syed Farooq Adil,

and Martin Pumera™>

Hydrogen evolution reaction (HER) is considered to be a fundamental
solution for procuring clean energy. Palladium is one of the most catalyti-
cally active metals toward HER. Here, an electrocatalyst is designed where
palladium nanoparticles (Pd NPs} are immobilized on the surface of nitrogen-
doped reduced graphene oxide. A comparative study of two different nitrogen
doping strategies is employed wherein covalent incorporation of nitrogen (N)
source and noncovalent attachment of 1-aminopyrene to graphene lattice is
carried out. The morphological and physicochemical characteristic studies
confirmed that the doping is successful over the carbon lattice, followed by
nucleation of Pd NPs over N sites. Electrocatalytic activity of these two dif-
ferent catalysts toward HER is examined using the linear sweep voltammetry
technique. It is found that Pd anchored covalently N modified carbon outper-
forms the T-aminopyrene based catalyst. These findings will have a profound
impact upon the designing of application specific electrocatalysts.

1. Introduction

The urgency pertaining to control the rapid depletion of finite
fossil fuels, and scarcity of energy resources calls for a quick
and feasible solution with a long-term and sustained effect.!"-!
These intensifying sustainability issues are being periodi-
cally monitored and tackled to find possible solutions seeking
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clean, abundant, renewable, eco-friendly,
and efficient strategies for energy related
applications. Among others, hydrogen
(Hz) offers a significant solution to this
global energy crisis and is presumed to be
a polential successor of the conventional
fossil fuels, in the future®? Though a
technique centuries old, electrolysis of
water, with its effective potential of com-
bating the energy crisis is sought to be the
most convenient source Of C]Eaﬂ Energ}‘
carriers.®1 The prime significance of
hydrogen energy production is its capacity
to deliver high energy density and zero
carhon  emission"” " Electrochemical
water splitting (2H,0(1) — 2H,(g) + Oy(g))
proceeds via two half-cell reactions where
reduction of H™ ions occurs at cathode
{hydrogen evolution reaction, HER) and
oxidation of water at the anode (oxygen evolution reaction,
OER).I"'" However, efficient splitting in agqueous media can
get shightly retarded due to certain factors, and will require an
additional potential to drive the reaction, This minimum ther-
modynamic potential to produce 1, is called overpotential [7!8)
Thus, designing a clean, efficient, and cost-effective electrocata-
lyst that can help in lowering the overpotential of the system,
and thereby result in increased hydrogen production become
vital.

Conventionally, platinum (Pt) based electrocatalyst has been
the most widely preferred catalyst due to its low overpotential
and high energy density for HER "2 However, its low abun-
dance calls for an alternate solution which is inexpensive,
durable, and efficient to mitigate the drawbacks associated
with the former. Palladium (Pd), a member of the Pt family, is
considered to be cheaper when compared to Pt. Also, its high
affinity for hydrogen makes it an ideal catalyst for HER.I*-2
Several 2D materials have been identified as efficient conduc-
tive support material catalysts for water splitting./324-28.29]
Graphene and its derivatives are known to be most widely used
for energy conversion applications. ™3 Qut of it, reduced gra-
phene oxide (RGO) that exhibits properties similar to that of
the graphene is well known for catalysisl**l owing to its high
surface area. Furthermore, superior conductivity, high adsorp-
ton capacity, native defect sites, and the ability to act as ideal
carbon support to metallic nanoparticles (NPs) or organic
molecules are added advantages of using RGO.'®¥l Several
approaches have been developed to fully exploit the catalytic
activity of hybrid materials via incorporating metal NPs over
carbon supports. #3801
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A systematic solution is sought by introducing the bridging
ligands or heteroatoms that can integrate well with carbon
support and hold the NPs. Known as doping*™ this pro-
cess involves the deliberate addition of foreign atoms which
modifies the surface properties, alters the electronic proper
ties and the elemental composition of the host matrix. Atoms
of nitrogen (N), phosphorus (P), boron (B), and sulfur (S) are
active participants for heteroatom doping.[*"* Of them, N as
a dopant is preferred to enhance the free charge carrier den-
sity of carbon material and increase its conductivity.**! Modi-
fication of these nitrogen-doped carbon support with precious
metals such as ruthenium **?! cobalt,"2-% nonprecious bime-
tallic Co-Cr nanostructures, chromium nitride NPg,"0 etc.,
are well known in literature, wherein these catalysts showcased
an enhanced catalytic activity. Also, in a study by Sarkar et al,,
galvanic electroless deposition of Pd on Ru nanocrystals were
carried out on N-doped graphene (Pd-Ru@NG), wherein Pd
leads to enhancement of the electrocatalytic performance of the
catalyst towards HER.®!

Interestingly, N sources help in preventing NP apgregation,
formed during loading of Pd NPs over carbon supports, and
assist in uniform nucleation of the NPs,I"®%l and thus acts as
an anchoring hotspot. Among several nitrogen dopants avail-
able, nitrogen groups in both l-aminopyrene and ammonium
hydroxide are known to exhibit the aforementioned properties
of anchoring and balancing the system to serve as an efficient
electrocatalyst. 1-Aminopyrene, being a polycyclic aromatic
hydrocarbon, induces a noncovalent s interaction with the
conjugated basal planes of carbon lattice.09-5% The protruding
nitrogen of the amino group in this I-aminopyrene, serves as
specific binding sites for Pd NPs and helps in uniform nuclea-
tion.*® Similarly, the usage of strong reducing agents such as
ammonium hydroxide helps in the reduction of the functional
groups over the carbon surface and also introduces N groups
in the carbon lattice. This would enhance conductivity®* along

1. Hydrazine Hydrate
2. Ammonium Hydroxide
3. Pdsalt
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with introduction of N anchoring sites, that facilitate uniform
dispersion of NPs.* Thus, although NPs, dopants, and sub-
strates are important factors for designing an efficient and
robust electrocatalyst, the synthesis strategy employed remains
equally vital.

In this article, we investigated the ability of two different Pd
immobilized nitrogen (N) dopant sources such as ammonium
hydroxide (Pd@Amm.Hyd-(N)@RGO) and l-aminopyrene
(Pd@Pyrene-(N)@RGO) over RGO substrate for electrocata-
Iytic application. Fach of these nitrogen dopants acted in dif-
ferent ways, where the former catalyst was doped covalently,
and the latter one noncovalently. The prepared catalysts were
characterized using SEM, TEM, EDX, and BET analysis. ICP
analysis gave information on the concentrations of elements
within the sample and XPS gave information on the elemental
composition and their respective oxidation states. Further, the
electrochemical performance of the catalyst toward HER was
studied using linear sweep voltammetry and also with other
techniques in acidic medium.

2. Results and Discussions

The synthesis route of palladium (Pd) anchored cova-
lently and nencovalently modified nitrogen-doped graphene
(Pd@(N)@RGO) is depicted in detail in Scheme 1. Graphene
oxide (GO) serves as a precursor material of RGO, which acts
as a suitable carbon substrate for catalysis. Several defective
sites are generated over the GO surface during the synthesis
pathway from graphite which causes disruption in sp’ states
and affects conductivity. 463

The conductivity of defective carbon surface is restored on
treatment with reducing agents to obtain RGO. Aggregation
of these carbon sheets are mitigated by doping nitrogen (N}
sources into the carbon lattice, where eventually lone pairs of

433 —

Pd@Amm.Hyd-(N)@RGO

-~ S

1. Hydrazine Hydrate
2. 1-Aminopyrene
3. Pd salt

Q%; |

HER

Pd anchoring
nitrogen
sources

“Pd nanoparticles

Pd@Pyrene-(N)@RGO

Scheme 1. Synthesis pathway adopted for preparing two different PAd@ (N) @RGO catalysts.
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Figure 1. SEM images of A) RGO, B) Pd@Amm.Hyd-(N)@RGO, and C) Pd@Pyrene-(N) @RGO.

nitrogen conjugate with 7« electrons of carbon. This process
improves the properties of designed electrocatalysts.[%%] Ini-
tially, morphological studies on the surface of synthesized sam-
ples were carried out using the scanning electron microscopy
(SEM) technique. The black powdered RGO synthesized via the
thermal treatment of GO, exhibited a fluffy and wrinkled struc-
ture as shown in Figure 1A. The changes on the surface of RGO
were evident upon its subjection to doping of N in ammonium
hydroxide (Figure 1B) and l-aminopyrene (Figure 1C), followed
by nucleation of Pd nanoparticles (NPs) on both surfaces. Both
the doped samples showed 3D interconnected structures with
stacked sheets.

Elemental distribution over the sample surface and compo-
sition were confirmed using the energy dispersive X-ray spec-
troscopy (EDX) technique. Uniform distribution of carbon and
oxygen is seen throughout the RGO sample surface (Figure 2A)
using EDX mapping. While other two samples, such as Pd@
Amm.Hyd-(N)@RGO (Figure 2B) and Pd@Pyrene-(N)@RGO
(Figure 2C) showed presence of C, O, N, and Pd elements over
the catalyst surface. The presence of N and Pd elements in
samples confirms the fact that doping and anchoring of NPs
were successful. Also, the distribution of Pd NPs over (N)@
RGO suggests an excellent ability of carbon support to act as

C1is

a catalytic substrate. The EDX spectral details of samples are
depicted in Figure S1 (Supporting Information) where RGO
(Figure S1A, Supporting Information) has shown a prominent
carbon peak and oxygen peak. Both Pd@Amm.Hyd-(N)@RGO
(Figures S1B, Supporting Information) and Pd@ Pyrene-(N)@
RGO (Figure S1C, Supporting Information) showed peaks of C,
O, N, and Pd elements.

Further, TEM is done to understand the morphology
and size of Pd NPs on the surface of the N-doped elec-
trocatalysts. Based on the analysis of particles in
Pd@Amm.Hyd-(N)@RGO electrocatalyst, spherically shaped
uniform dispersion of Pd NPs was evident over crumpled
sheets of (N)@RGO. The mean average particle size is about
30-40 nm in diameter (Figure S2A, Supporting Information).
While, in the case of Pd@Pyrene-(N)@RGO electrocatalyst, Pd
NPs with mean average particle size of 75-85 nm in diameter
were evident over Pyrene-(N)@RGO surface (Figure S2B, Sup-
porting Information). Thus, from TEM results it was evident
that size of Pd NP is higher in Pd@Pyrene-(N)@RGO elec-
trocatalyst than the Pd@Amm.Hyd-(N)@RGO electrocatalyst.
X-ray photoelectron spectroscopy (XPS) was employed to per-
form compositional analyses, and to identify the chemical state
and electronic structure of synthesized samples. The wide

N1s Pd 3d

Figure 2. SEM and EDX elemental maps of A) RGO, B) Pd@Amm.Hyd-(N)@RGO, and C) Pd@Pyrene-(N)@RGO.
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Figure 3. XPS survey spectrum of samples.

gpectrum analysis of samples confirmed the successful doping
over RGO, where distinguishable peaks of N were evident over
bath electrocatalyst sutface (Figure 3).

The quantitative analysis of Pd@Amm.Hyd-(N)@RGO
catalyst showed the presence of C 1s, Pd 3d, N 1s, and O 1s
elements with atomic weights of 88.88%, 0.30%. 2.42%,
and 8.40%, respectively. While in the Pd@Pyrene-N@RGO
catalyst, the elements C 1s, Pd 3d, N 18, and O 1s elements
showed atomic weights of 90.12%, 0.64%, 3.14%, and 6.11%,
respectively, RGO showed the presence of carbon and oxygen
with 98.83% and 1.17%, respectively. A high-resolution Pd
3d spectra of the Pd@Amm.Hyd-(N)@RGO catalyst showed
peaks at 335.2 and 335.9 eV corresponding to Pd 3d;;,, while
peaks at binding energy of 340.5 and 341.3 eV corresponds
to Pd 3dy;; states (Figure $3A, Supporting Information).** "
Also, the shoulder peak at 338.1 eV and 343.1 eV is reported
in literature.®l The deconvoluted N 1s spectrum showed
pyridinic, pyrrolic, and graphitic peaks at 398.9 eV (Peak a),
400.2 eV (Peak b), and 401.7 eV (Peak c), respectively, as shown
in Figure S3A (Supporting Tnformation).]®*7! The pyrrolic N
at binding energy of 400.2 eV (Peak b) assists in donating their
nelectrons, and the Pd metal is known to form a stable struc-
ture on binding with the pyrrolic N.I%72| Further, the graphitic
N peak at 401.7 eV (Peak ¢) affirms doping.”*™ C 1s spectra in
Figure S3A (Supporting Information) showed distinct peaks,
where 284.6 eV (Peak a) represents the C—C bond with sp?
hybridization, confirming the presence of graphite like carbon
and peaks at 285 eV (Peak b) attributing to the sp? C=N
bond."” Thus a strong covalent functionalization of N-sp? C
bond is evident on the surface of carbon,”™7*! further enabling
the nitrogen to serve as active sites for Pd nanoparticles. The
shoulder peaks at 285.9 eV (Peak ¢), and 288 eV (Peak d), cor-
responds to C—0, and C=0 groups. On further evaluation of
O 1s spectra, four peaks were observed at 530.6 eV (—C=0)
(Peak a), 531.9 eV (oxygen-bonded Pd (Pd—0)) (Peak b).
533.4 eV (—C—OH) (Peak c), as shown in the Figure S3A (Sup-
porting Information). The peak at 535.8 eV (Peak d) could pos-
sibly be due to the chemisorbed oxygen (carboxylic groups),
and /or water,**7%
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Similarly, deconvoluted high-resolution spectra of Pd 3d in
Pd@Pyrene-(N)@RGO gives peaks at 3379 eV, and 343.1 eV
corresponding to Pd 3ds; and Pd 3d;,; states, as shown in
Figure $3B (Supporting Information). " The difference in the
binding energy of 5.2 eV further confirms the presence of Pd
{0) or metallic Pd. The individual peaks of pyridinic, pyrrolic,
and graphitic peaks from deconvoluted N 1s spectra at binding
energies of 398.6 eV (Peak a), 399.7 eV (Peak b), and 401.2 eV
(Peak ¢) are in accordance with the literature.**7" Non cova-
lent functionalization of T-aminopyrene group with carbon
lattice via the 77 interaction is confirmed from the binding
energy of N 1s peak at 399.7 eV (Peak b).77 The graphitic
N peak at binding energy of 401.2 eV (Peak c) corresponds to
the successful doping of C atoms in the hexagonal rings of the
graphene lattice by N atoms. The C 1s spectra in Figure S3B
(Supporting Information) gave signals al 284.6 eV (Peak a) and
285.3 eV (Peak b) corresponding toe C—C, and C—0O peaks. The
peak at 288.1 eV (Peak ¢} corresponds to the —C—NH, bond
which further confirms the noncovalent functionalization of
l-aminopyrene over the surface of highly reduced carbon lattice
as ascribed in literature.?™ Thus, the above XPS results confirm
successful reduction and noncovalent functionalization with
carbon surface. Deconvolution of O 1s spectra gave two peaks at
531.8 and 533.6 ¢V, as shown in the S3B (Supporting Tnforma-
tion).*%7* Thus, the above XPS results are in good agreement,
confirming successful reduction, doping of carbon surface and
nucleation of Pd NPs.

Difference in the synthesis strategy of covalent and noncova-
lent bonding has resulted in variations in loading of Pd over the
electrocatalyst. This was substantiated by the inductively coupled
plasma (ICP) analysis, wherein the amount of Pd in Pd@Amm.
Hyd-(N)@RGO was around 16.6 wt% while the Pd@Pyrene-
(N)@RGO catalyst gave around 1.52 wt% of Pd. Thus, strong
covalent bonding helps 1o increase loading of more Pd NPs in
Pd@Amm.Hyd-(N)@RGO catalyst, while weaker noncovalent
bonding in Pd@Pyrene-(N)@RGO results in lesser loading
of Pd NPs. Further, BET studies were carried out in order to
understand the surface area, and pore size of the malerial. The
surface area of Pd@Amm.Hyd-(N)J@RGO catalyst was found
to be 355.39 m? ¢!, with a pore size around 2545 nm. Based
on the adsorption—desorption isotherms, the sample showcased
Type TV isotherms, aligning to the mesoporous nature of the
catalyst. ) In Pd@Pyrene-(N)@RGO catalyst, they exhibited a
higher surface area of 553.44 m? g7, and a pore size of around
20 nm. Also, these results accounts for the mesoporous nature
of the catalyst.*8

We further proceeded toward investigating the catalytic
performance of these electrocatalysts. Electrocatalytic activity
toward hydrogen evolution reaction (HER] was studied over
an unmodified glassy carbon (GC) electrode surface via linear
sweep voltammetry (LSV) technique. Commercial Pt/C was also
used as a reference to evaluate the performance of other synthe-
sized samples. The HER activity of Pd@Amm.Hyd-(N)@RGO,
Pd@ Pyrene-(N)@RGO, RGO, and Pt/C is shown in Figure 4A.
To evaluate the performance of various catalysts, overpotentials
at a current density of =10 mA cm™? were set as a reference indi-
cator based on the solar constant, where a lower overpotential
signifies better HER activity. Pt/C showed the lowest averpoten-
tial of —0.064 V versus RHE. Among Pd@(N)@RGO samples,
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Figure 4. A) Linear sweep voltammograms of GC and synthesized samples at a scan rate of 5 mV s™ in 0.5 M H,S0,. B) Tafel plots of corresponding

samples.

we found that Pd@Amm.Hyd-(N)@RGO (-0.324 V) showed
lower onset potential over Pd@Pyrene-(N)J@RGO samples
(—0.727 V) 4t —10 mA cm™, On the other hand, the RGO exhib-
ited a very high potential, as shown in Figure 4A,

The LSV experiments were repeated multiple times
for both the electrocatalysts and the potential was meas-
ured and plotted based on the ability of catalysts to procure
—10 mA cm™? (Figure 84, Supporting Information). A possible
reason for the better catalytic activity of Pd@Amm.Hyd-(N)@
RGO catalyst could be ascribed to the N source in the catalyst.
Also, higher Pd loading owing to covalent synthesis strategy
makes it a better electrocatalyst for HER. To further explain
the mechanism of hydrogen evolution, the Tafel slope was
calculated as shown in Figure 4B. Three major pathways are
given below which describe the kinetics of catalyst in elec-
trochemically converting proton in water media to hydrogen
molecules, given as:

H0"+e — H,, +H,0 (1)
b=120 mV dec ' (Adsorption; Volmer reaction)

H;O' +H,, +e — H, +H,0; (2)
b=40mV dec’ {Desorption, Heyrovsky reaction )

Hag +Haa & Hg; (3)
b =30 mV dec' (Desorption, Tafel reaction)

Tafel slope values (b) were obtained from the Tafel equation
(1 =a+ blog |]). where 1 is the overpotential, and j is the cur-
rent density. The Tafel slope values of Pt/C showed 40 mV dec,
and RGO showed around 258 mV dec™!. Out of Pd@ (N)@RGO
catalysts, Pd@Amm.Hyd-(N)@RGO showed a Tafel slope of
201 mV dec” while Pd@ Pyrene-(N}@RGO showed a very high
Tafel slope of 489 mV dec ™. In short, PA@Amm.Hyd-(N)@RGO
exhibited a low overpotential value, and adsorption is observed
to be the limiting step of this reaction. During the LSV meas-
urements of Pd@Amm.Hyd-(N)J@RGO samples, a reduction
peak was clearly evident near —0.1 V versus RHE. To further
understand the electrochemical behavior of the catalysts, cyclic
voltammetry (CV) measurement was carried out at 50 mV s in
0.5 m H,50, solution (Figure 85, Supporting Information). In

50

Pd@Amm.Hyd-(N)@RGO catalyst, a cathodic and anodic peaks
were observed, wherein reduction peak around 0.1 V accounts
to the underpotential deposition of hydrogen (UPD-H, ), owing
to the adsorption of H on Pd surfaces (Figure S5, Supporting
Information). The oxidation peak corresponds to the desorp-
tion of H from Pd surfaces. There are reports that substantiate
this observation on the underpotential deposition of hydrogen
(UPD) H,gs/Hyos shown by Pd systems.”*! Thus, in ammonium
hydroxide samples, hydrogen intercalation peaks are evident
owing to their strong covalent bonding and efficient nuclea-
ton of Pd nanoparticles. However, reduction peaks were not
abserved in Pd@Pyrene-(N)@RGO samples during CV meas-
urements under similar conditions. This is possibly due to the
low amount of Pd loading in Pd@Pyrene-(N)@RGO electro-
catalyst, confirmed from ICP analysis. Low amount of Pd may
result in the dilution of UPD-H 4 /UPD-Hy,, signals in the
background signals.

Durability test for both Pd@Amm.Hyd-(N)@RGO and
Pd@Pyrene-(N)@RGO electrocatalyst were carried out via
chronoamperometric technique at the potentials procured at
~10 mA cm2 The experiments were conducted for 12 h, as
shown in Figure $6 (Supporting Information). It was observed
that although both the catalysts remained stable without any
decline in the performance with time, Pd@Amm.Hyd-(N)@
RGO was found to be better in terms of durability. The elec-
trochemical active surface area (ECSA) (cm?) of electrocatalyst
was evaluated from the double layer capacitance!™ (the cal-
culations are given in Section S7, Supporting Information).
Further, electrochemical impedance spectroscopy (EIS) meas-
urements were carried out for both the electrocatalysts using
the three-clectrode setup in 0.5 m H;S0, solution. EIS spectra
of both the electrocatalysts were recorded at the open-drcuit
potential and the plots are shown in Figure S8 (Supporting
Information). It is very well evident that the R, value of Pd@
Pyrene-(N)@RGO catalyst is higher than the Pd@Amm.
Hyd-(N)@RGO, affirming the higher conductive property of
the latter catalyst. The turnover frequency (TOF), which is a
measure of intrinsic activity of a catalyst, is also calculated for
both electrocatalysts (the calculations are given in Section 59,
Supporting Information). Post catalysis experiments, the
catalysts were subjected to XPS characterizations, in order to
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Figure 5. SEM and EDX elemental maps of A) Pd@Amm.Hyd-{N) @RGO and B) Pd@Pyrene-(N) @RGCO post catalytic study.

identify if any difference in oxidation states had occurred in the
course of the experiment. The Pd in Pd@Amm.Hyd-(N)@RGO
retained the 0 and +2 oxidation states while Pd@ Pyrene-(N)@
RGO retained 0 oxidation state (Figure S10, Supporting Infor-
mation). More detailed information on the binding energies is
given in Table S11 (Supporting Information). The deconvoluted
Pd 3d XPS spectra of Pd@Amm.Hyd-(NJ@RGO and Pd@
Pyrene-(N)@RGO electrocatalyst is given in the Figure S10
(Supporting Information) as well. In short, XPS analysis con-
firms that the catalyst has not undergone any major difference
in the oxidation state in the course of the experiment.

Further, EDX mapping of electrocatalyst was carried out
post stability measurements. The presence of Pd nanoparti-
cles over the electrocatalyst surface has been confirmed for
both the catalysts Pd@Amm.Hyd-(N)@RGO (Figure 5A) and
Pd@Pyrene-(N)@RGO (Figure 5B), along with the presence of
other elements such as C, N and O, elements.

3. Conclusions

In this study, reduced graphene oxide was successfully modi-
fied covalently and noncovalently using nitrogen sources that
further facilitated nucleation of Pd NPs over its surface. Mor-
phological studies gave an insight into these synthesized mate-
rials, and XPS measurements gave a better understanding
of the composition and oxidation states of the catalysts. ICP
analysis confirmed that covalently bonded electrocatalyst was
successful in loading more Pd than the noncovalent electro-
catalyst and TEM analysis confirmed that the size of Pd NPs in
Pd@Amm.Hyd-(N)@RGO to be smaller than the Pd@Pyrene-
(N)@RGO catalyst. Linear sweep measurements revealed that
the Pd@Amm.Hyd-(NJ@RGO showed lower overpotential
and lower Tafel slope when compared to Pd@Pyrene-(N)@
RGO. The bifunctional property of ammonium hydroxide, both
as a dopant and a strong reducing agent, is an added advan-
tage to the fabricated catalyst to project high catalytic activity.
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Further, covalent synthesis strategy employed using ammo-
nium hydroxide also results in a higher loading of Pd NPs,
making it active for HER. In short, the objective of anchoring
more active Pd NPs over the catalyst surface is correlated to the
differences in the synthesis strategy employed, wherein this
technique could help in designing an ideal electrocatalyst for
various catalytic applications. Thus, grafting of similar active
nanoparticles over the catalyst surface could be an interesting
approach toward designing application specific electrocatalyst.

4. Experimental Section

Materials and Characterization: Graphite powder (99.99%) was
purchased from Alfa Aesar, USA. All other materials and organic
solvents such as concentrated sulfuric acid (H;SOy, 98%), potassium
permanganate (KMnOy, 99%), sodium nitrate (NaNOj, 99%) hydrogen
peroxide (H,0; 30 wt%), hydrazine hydrate (N;H,), ammonia
hydroxide solution (NH.OH), l-aminopyrene (97%), and palladium
(1) chloride (PdCl;, 99.99%) were purchased from Sigma-Aldrich
and used without further purification. The surface morphology was
observed using a scanning electron microscopy (SEM, TESCAN LYRA
3) and MIRA3-XMU. The elemental analysis and mapping was carried
out by energy-dispersive X-ray spectroscopy (EDX, MIRA). In addition,
chemical compositional analyses were performed by XPS (Kratos AXIS
Supra instrument) using a monochromatic Al Kex (1486.7 eV) excitation
source. The X-ray power was 225 W. The data were analyzed using Casa
XPS software. The Pd amount in synthesized samples was analyzed
using inductively coupled plasma optical emission spectrometry
(IPC-OES, Arcos MY, SPECTRO Analytical Instruments, Kleve,
Germany). Transmission electron microscopy was carried out using
TEM, JEOL 7600F, Japan.

Preparation of Graphene Oxide (GO): GO was synthesized from
graphite powder using a modified Hummers method.®&! |nitially, a
mixture of graphite powder (0.5 g) and NaNO; (0.5 g) was added to
conc. H;S0; (23 mL) and stirred continuously for 10 min in an ice bath.
Subsequently, KMnO, (3 g) was slowly added to the above mixture until it
turned dark green. The mixture was later transferred to a water bath and
heated to 35 — 40 °C for 1 h to obtain a thick paste. Afterward, deionized
water (40 mL) was added to the above system and was stirred for 30 min
at =90 °C. Next, about 100 ml of deionized water was added, followed
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by slow addition of H;0; (3 mL) which turns the dark brown mixture to
yellowish. Post cooling, the mixture was filtered and washed thrice using
deionized water. The thick brown paste obtained is dispersed in water
(100 mL) and centrifuged for 2 min at 1000 rpm. The above step was
repeated 4-5 times until all unsettled/floating particles were removed.
Later they were centrifuged at a higher speed (8000 rpm) to remove
smaller pieces of GO. Finally, the resultant paste was dispersed in water
and sonicated well to obtain GO selution.

Preparation of Palladium-Anchored Covalently Modified N-Doped
Graphene  (Pd@Amm, Hyd-(N)@RGO): In a typical procedure,®
reduction of graphene oxide was carried out using a previously reported
method. To procure graphene oxide (GO) sheets, initially, synthesized
graphite oxide (200 mg)} was dispersed in distilled water (40 mL) and
sonicated for 30 min. The suspension obtained was transferred to an
RB flask and simultaneously, hydrazine hydrate {4 mL), NH,OH {4 mL),
PdCl; (100 mg) was added. The reaction flask contains a well-sealed
condenser, The dispersion was stirred for 3 h in a water bath at 30 °C
and allowed to cool down. The resultant black solid precipitate was
collected, filtered and washed with DI water multiple times to remove
excess hydrazine hydrate residues. The same was re-dispersed in water
via sonication and the suspension was centrifuged at 4000 rpm for
30 min more. Finally, the product was collected using simple decantation
and was then dried at 40 °C under vacuum.

Preparation of Palladium-Anchored Noncovalently Modified N-Doped
Graphene (Pd@ Pyrene-(N)@RGCO): Reduction of GO was carried out
using a previously reported method.B2 Initiall, GO (100 mg) was
dispersed in water (30 mL) and sonicated for 30 min, This was followed
first by the heating of the suspension obtained up to 100 “C and later, by
the addition of hydrazine hydrate (3 mL). The suspension was subjected
to a stirring of 24 h, after the temperature was lowered to 98 °C. The
black powder obtained as a result, was filtered and the excess hydrazine
was removed by washing it multiple times. The leftover bulk graphite
was removed by centrifuging the suspension at a speed of 4000 rpm
for 3-4 min. With further filtration and drying under vacuum, the final
product was collected.

Next, a functionalized RGO with T-aminopyrene was synthesized
as previously reported.’™ Briefly, a dispersion of RGO (25 mg) was
prepared in methanol (10 mL) via sonication for 30 min. The above
dispersion is then added to a solution containing l-aminopyrene
(25 mg) in methanol (10 mL). Further, this mixture was stirred at
room temperature for 48 h, followed by sonication for 6 h at 20 °C,
and centrifugation of 3 h, for removing excess l-aminopyrene from
the reaction mixture. Further purification of unreacted l-aminopyrene
was carried out by re-dispersing black mixture in methanol (5 mL) and
sonicating at 20 °C for 30 min. The resulting black suspension was
subjected centrifugation for about 1 h and thus separated on decanting
the acquired mixture. This procedure was duplicated several times till
a colorless supernatant was obtained in the centrifuge tube and the
product was then dried overnight under a vacuum.

The palladium-graphene  composite  (Pd@Pyrene-(N)@RGO)
was then prepared by mixture of 5 mL dispersion of 1-aminopyrene
functionalized RGO in ethanol (1 mg RGO/mL of ethanel), and 5 mL
solution of Na;PdCly in ethanol (5 mg). After sonication for 1 h, the
product was finally isolated by centrifugation (9000 rpm) and later
re-dispersed in water (10 mL) for other purposes.

Electrochemical Measurements: The procured samples (2 mg mL)
were dispersed in a solution containing 400 ulL isopropancl and
distilled water in a ratio of 3:2, respectively. 16 pL of Nafion binder
was added to the mixture and sonicated for 45 min. 10 plL of resultant
sonicated sample was drop-casted over glassy carbon (GC) and dried.
The experiment was carried out at room temperature using Ag/AgCl
{1 m KCl) as the reference electrode and graphite rod as the counter
electrode. Electrochemical measurements were conducted using a
potentiostat (PGSTAT 204, Metrohm Autolab) operated by Nova 2.14
software. Hydrogen evolution reaction (HER) was investigated by linear
sweep voltammetry (LSV) at a scan rate of 5 mV s in 0.5 m H,50,.
The reference electrode was calibrated versus the reversible hydrogen
electrode (RHE), where Epye = Enggager + Eagpage + 0.059 % pH.
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Supporting Information is available from the Wiley Online Library or
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Figure S2. TEM images of A) Pd@Amm.Hyd-(N)@RGO B) Pd@Pyrene-(N)@RGO samples.
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S7. Calculation of electrochemical surface area (ECSA)

ECSA of electrocatalysts were evaluated from the double layer capacitance given by the
equation, ECSA= Cpr/C, (HH

where, Cpy is the slope of anodic current in the non-faradaic region of the CV measurement
and Cs is the specific capacitance of the active Pd electrode material (23.1 pF cm ) ™! under

similar electrolyte conditions. C'V measurements of both the electrocatalyst were carried out
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m the non-faradaic region between 0.05 V and 0.25 V (vs. Ag/AgCl). The anodic current

procured at the mid-point of the potential window was extracted and plotted against the scan
rate to obtain the slope (Cpr) of each electrocatalyst. The Cpp values for Pd@Amm Hyd-
(N)@RGO and Pd@Pyrene-(N)@RGO electrocatalyst was obtained around 2.73 mF and 1.73
mF giving an ECSA value of 118.18 cm”and 74.8 cm’, respectively.
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Figure S8. EIS measurements of electrocatalysts in 0.5 M H>SO, solution.

S9. The TOF of the catalysts is calculated using the following formula (2)™

TOF = jS/2+F +n

...................

where j is the current density obtained at -0.15 V vs. RHE, S is the geometric surface area of

working electrode, F 1s Faraday constant, and n is the number of moles of the active sites of
the catalyst. The TOF value for Pd@Amm. Hyd-(N)@RGO came out to be around 0.015 s™
site ™ for H, production and for Pd@Pyrene-(N)@RGO around 0.046 s™ site .
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Table S11. Binding energy values of deconvoluted Pd 3d XPS specttum of samples post

catalytic experiments

Samiples Pd 3ds, Pd 3ds»
0 +2 0 +2
Pd@Amm. Hyd-(N)@RGO 3353eV 336eV 340.8 eV 341.8eV
Pd@Pyrene-(N)@RGO 337.8eV 342.8 eV
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5.1.2: Electrocatalytic activity of layered MAX phases for HER
Motivation

There has been curiosity to investigate new active materials for Ha evolution. Interestingly,
MAX phases exhibit an intermediate electrocatalytic performance towards H» generation and
studies on this class of material remain unexplored. Hence, evaluating the performance of
MAX phase catalysts can be interesting to device newer electrode materials, and further
knowledge on the active MAX transition metal can be used as a foundation to synthesize their

daughter MXenes for similar applications.

Objective

Morphological and electrochemical characterization of MAX (Ti2AIC, TaxAlC, Ti2SnC,
Ti3S1C,, V2AIC, and Cr2AIC) and double transition metal carbide (Mo2TiAlC,,) will be
carried out. LSV measurements of the catalysts would provide information on the catalyst that
deliver lowest overpotential for H> production. Chronoamperometry measurements would
provide information on the stability of electrocatalyst. Further, kinetics of these catalysts

towards Hz production will be evaluated using the Tafel slope analysis.

Outcome

Mo:TiAlIC: showed better HER activity over other MAX phases. Meanwhile, among single
transition metal carbide, V2AIC gave the best HER activity, while Ti3SiC> gave very high
overpotential for Hz production. Tafel slope analysis showcased that proton adsorption is the

rate-limiting step in all studied electrocatalysts.
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The hydrogen evolution reaction (HER) is important for the advancement of next-generation electrochemical
energy devices. The search for an alternative inexpensive catalyst for energy conversion to replace expensive and
rare noble metals is of high priority. There has been a significant push to investigate electrocatalysis of various
layered materials for hydrogen evolution. However, the electrocatalytic activity of layered MAX phases remains
largely unexplored. Herein, electrocatalytic activity studies of MAX (TizAIC, TagAlC, TiaSnC, TizSiCa, VaAIC,

Mo,TiAIC,, and CrpAlC) phases are conducted. Material and electrochemical characterization are carried out to
understand the morphology and catalyric activity, respectively, From Tafel slope analysis, it was found that
proton adsorption is the rate-limiting step for all the MAX phases studied. Double transition-metal MAX carbides
(Mo TiAIC;) showed better catalytic activity for HER than single transition-metal MAX carbides,

1. Introduction

Exploring clean, renewable, and efficient strategies for energy pro-
duction is a major challenge in the present situation, Natural resources
are being depleted at an alarming rate and the use of sustainable energy
sources is encouraged [|-4]. Among the available sustainable energy
sources, electrochemical energy is an ideal and efficient method to
address the present energy crisis. Hydrogen energy is attracting
immense attention due to its zero carbon emission and high energy
density (5], Flectrochemical splitting of water to generate hydrogen via
the hydrogen evolution reaction (HER) is an ideal step towards efficient
electrocatalysis [3.6-8). Noble metal catalysts such as platinum are
considered to be the most efficient catalysts for HER, but face major
disadvantages for large-scale hydrogen production due to their scarcity,
and high cost [9]. Thus, dependence on expensive noble metals has been
significantly reduced while the use of alternative inexpensive catalysts
has been encouraged 3,101,

In addition, a number of two-dimensional (2D) materials such as

graphene [11,12], transition metal dichalcogenides (TMDs) [12-15],
transition metal phosphides | 17.1%], and heavy pnictogens [ 19] such as
As, Sb, and Bi have been shown to be promising electrocatalysts.
Although 2D nanomaterials have been extensively used for energy
conversion applications, some have faced a setback due to their poor
intrinsic activity, low density of active sites, or weak conductivity |20].
These nanomaterials have been tuned to improve their properties for
fast catalytic reaction kinetics. Beyond this, there is another class of
layered materials known as MAX phases that remain largely unexplored
for hydrogen evolution applications.

About 150 MAX phases are known and the family continues to
expand |21.22]. MAX phases are layered carbides and nitrides with the
general formula M, 1AX,, where n = 1-3, M represents an early transi-
tion metal, A is an element of group 13-14 and X is carbon or nitrogen
[23.25], Studies have also shown the successful synthesis of (M,
M"),1AlC, ordered phases, where two M’ layers sandwich one or two
M" layers | 26,27 |, MAX phases show the properties of both ceramics and
metals due to their layered structure and the intrinsic nature of their
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chemical bonding. They exhibit good electrical and thermal conduc-
tivity, have a high elastic modulus, thermal shock resistance, damage
tolerance, are readily machinable, and resistant to both oxidation and
corrosion |21,268-31]. The bonding of layers in MAX phases is stronger
and requires a stronger etching and exfoliation method to convert them
to another set of interesting materials called MXenes |32,33]. They are
presently a hot topic in the scientific community and in industry due to
their energy-related applications [1,34-56],

We have studied the electrocatalytic activity of a set of MAX phases
for their possible energy conversion applications as these have not yet
been investigated. Morphological studies were carried out using a
scanning electron microscopy (SEM) and the elemental composition was
confirmed from EDX spectra. The distribution of constituent elements
was analyzed using EDX mapping. Linear sweep voltammetry (LSV) was
carried out to study the catalytic properties of the material towards HER.
Herein, we add new candidates to the existing list of known layered
materials for electrochemical and electrocatalytic applications.

2. Experimental section
2.1. Materials and characterization

MAX phases (TizAlC, TaAlC, TiySnC, TigSiCy, V,AIC, Mo, TiAlC,,
and CrAlC) were purchased from Laizhou Kai Kai Ceramic Materials
Co., Ltd, China. Sulfuric acid (H2S04) of analytical grade, isopropanol,
and Nafion were procured from Sigma Aldrich, Germany. The surface
morphology of the MAX phases was observed using a scanning electron
microscopy (SEM, TESCAN LYRA 3). The elemental analysis and map-
ping were carried out with an energy-dispersive X-ray (EDX) detector
(BRUKER XFlash 5010) within the SEM.

2.2. Electrochemical measurements

MAX phases (5 mg mL™") were dispersed in a solution containing
isopropanol and distilled water in a ratio of 3:2, respectively. 40 uL of
Nafion binder was added to the mixture. Prior to drop-casting the
mixture over glassy carbon (GC), the mixture was subjected to ultra-
sonication for 60 min to obtain a well-dispersed suspension. 10 pL of
the suspension was then drop-casted over GC electrode and left to dry at
room temperature. Voltammetry measurements were conducted using a
potentiostat (PGSTAT 204, Metrohm Auto lab) operated by Nova 2.14
software. The hydrogen evolution reaction (HER) was investigated by
linear sweep voltammetry (LSV) at a scan rate of 5 mV stin0.5M
HS04. The measurements were carried out at room temperature with
Ag/AgCl (1 M KCl) as the reference electrode (RE) and platinum wire as
the counter electrode (CE). The reference electrode was calibrated
versus the reversible hydrogen electrode (RHE), where Epyp = Eag/agel
+ ['.“,\g,,\gcl + 0.059 x pH. Chronoamperometry measurements were
carried out using a rotating disk electrode (RDE) in 0.5 M H2SO4
solution.

3. Results and discussion

The morphology of the MAX phases was analyzed using a scanning
electron microscopy (SEM) as shown in Fig. 1. The TisAlC, V5AIC,
TagAlC, and CrpAlC MAX phases show stacked configurations with
sheet-like layers, whereas other sets of MAX phases such as Ti»SnC,
TiSiCs and MosTiAlC,; exhibited structures that were round and
clumpy. The EDX spectral analysis confirmed the presence of the con-
stituent elements (Iig. 1) and the elemental ratios calculated from
atomic percentage followed the stoichiometry of the samples (Tahle S1).

The EDX elemental maps confirmed the uniform distribution of el-
ements over the sample surface (Fig S1).After analysis of the
morphology and elemental compositions of the MAX phases, we further
explored the properties of the materials as catalysts for the electro-
chemical splitting of water. Previous studies show that MAX/MAB
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Fig. 1. SEM and EDX spectra of MAX phases.
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phases possess catalytically active basal planes that make them ideal for
electrochemical applications | 25,27 . Linear sweep voltammetry (LSV)
measurements were used to study the electrocatalytic performance of
the MAX phase. Unmodified glassy carbon (GC) was used as a reference
to evaluate the electrocatalytic performance of the materials. Over-
potential at a current density of —1 mA em~2 was used for comparison of
the different phases, where a lower overpotential signifies better HER
activity. LSV measurements of drop-casted MAX phases over GC elec-
trode are shown in Fig 2A, where the measured overpotentials of the
MAX phases (TipAIC, V2AIC, TasAlC, CraAlC, TisSnC, Mo, TiAIC,) were
lower than GC, with the exception of Ti3SiCy (—~0.85 V vs. RHE).

The difference in the electrochemical behavior of the materials is
related to the surface atoms. In Mo;TiAlCy, the Ti atoms are sandwiched
between two molybdenum (Mo) layers that, in turn, are adjacent to the
aluminum (Al) planes. This results in a Mo-Ti-Mo-Al-Mo-Ti-Mo stacking
order with carbon atoms retaining their positions in the octahedral sites
between the M layers [26]. The presence of Mo atoms over the outer
layers of the M sites in MosTiAlC; results in different surface properties
compared to regular Ti-Alcontaining solid solutions [ 35| such as Ti,AlC.
Thus, in Fig. 2A, we observe that TiAlC has a higher overpotential
(-0.76 V vs. RHE) and Mo,TiAlICy a low overpotential (-0.57 V vs.
RHE), In a study conducted by Anasori et al. on the ordered double-
transition metal MXene, it was found that the electrochemical
response of Mo,TiCoT, was dominated by the surface Mo layers [39].
The HER mechanism involved in these measurements was analyzed
using the Tafel equation = blog |j| + a (Fig. 2B), where 1 is the
overpotential, j is the current density and b is the Tafel slope. Tafel
slopes are determined by the rate-limiting steps of HER as follows [40)
42]:

Adsorption (Volmer step):

HiO" + ¢ — Hyge + Ha0; b = 120 mV dec ™! m
Desorption (Heyrovsky step):

Hags + HiO" + ¢ — Ha + Hx0; b =40 mV dee ™! (6]
Desorption (Tafel step):

Hadgs + Hage — Ha: b= 30 mV dec ™' 3

Ti,SnC showed the lowest Tafel slope of 104 mV dec * while TisSiCy
had the highest Tafel slope value of 186 mV dec !, The Tafel slope
values of the other MAX phases MosTiAICy, VoAIC, CraAlC, TazAlC,
TiAlC are 127, 127, 129, 129, and 138 mV dec! respectively. Thus, it
could be inferred from the Tafel slope values that the rate-determining
step of MAX phases is due to the Volmer adsorption process as the
slope is around/more than 120 mV dec .

The stability of the electrodes was evaluated using the chro-
noamperometry technique, where a constant potential needed to obtain
~1 mA em™ of current density was applied based on LSV measurements
in 0.5 M HS04. A rotating disk electrode (RDE) with a rotation speed of
600 rpm was used to measure the current continuously for 120 min to
monitor the stability of the catalyst. The use of RDE involved continuous
rotation of the working electrode to prevent blocking of the catalyst
surface by the evolved gas bubbles. However, as the measurement
proceeded the bubbles continued to hinder the active area, leading to a
rapid decay in the current {43]. The fluctuations in current are observed
when the bubbles are removed/formed during the reaction (Fig. S2A-C).
For the analyzed MAX phases, the catalyst was found to be stable only
for a very short time. In general, the above observations suggest that the
MAX phases possess intermediate electrocatalytic performance
compared to other reported layered materials,

4. Conclusions

In summary, various combinations of elements [rom the periodic
table result in changes to the electronic structure of the material and in
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turn alter its catalytic and electrochemical properties. Morphological
analysis of these layered materials using SEM provided an overview of
the material. The electrocatalytic activity of MAX phases (TiAlC, V,AIC,
TasAlC, CraAlC, TizSnC, Moz TiAlIC,, and Ti35iCy) was successfully ana-
lysed using linear sweep voltammetry (LSV). Molybdenum containing
layered ternary carbide (Mo,TiAIC,) showed a low overpotential at a
current density of —1 mA cm * while TisSiC; showed a high over-
potential. New materials will play a vital role in the development of
novel, low-cost and efficient electrocatalysts for HER to fuel a sustain-
able energy system in the future.
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Fig. S1. SEM, EDX mapping of MAX phases (A) Ti»AIC (B) T1:SnC (C) TizSiC> (D) V2AIC
(E) Ta2AIC (F) Cr2AIC (G) Mo THAIC
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Table S1. Atomic percentage of MAX phases from EDX spectral analysis

Ti2AIC 49.97 21.74
Ti:SnC 49.43 23.14 27.43
TisSiC2 57.95 19.23 18.02
V2AIC 49.50 24.08 26.43
Ta:AIC 52.58 23.01 23.41
CrAIC 44.96 27.68 27.36
Mo:TIAIC: 26.63 (Mo) / 12.91 (Ti) 11.84 48.63
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Fig. S2. Chronoamperometric measurements of MAX phase over GC for 120 minutes in 0.5 M H>SOs.
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5.1.3 Fe-MOF electrocatalyst for nitrate to ammonia conversion

Motivation

With the search for newer electrocatalyst material for catalytic applications, MOF has
emerged as an active electrode material in recent times. Merits such as enhanced structural,
compositional integrity along with enhanced activity during catalytic reduction makes
them desirable for catalytic applications. Evaluating the performance of MOF
electrocatalyst upon subjection to thermal activation could be interesting for ammonia

production.

Objective

Pristine and thermally activated PCN-250-Fe; MOF will be examined for electrocatalytic
NRA. As a part of this study, cyclic stability, MOF stability in solvents, NRA at various

concentrations, and theoretical studies will be carried out for both catalysts.

Outcome

Employing newer and simpler strategies such as thermal activation of MOF samples was
shown to enhance ammonia production. Such approaches are vital for enhancing the
material properties, especially towards electrocatalysis, rather than relying on time
consuming material modification approaches. In short, the following studies open newer
possibilities to tailor catalyst surfaces for catalytic applications such as ammonia

synthesis.
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ABSTRACT: Electrochemical reduction of nitrate into ammonia has lately been identified as one among the promising solutions to
address the challenges triggered by the growing global energy demand, Exploring newer electrocatalyst materials is vital to make this
process effective and feasible. Recently, metal—organic framework (MOF)-based catalysts are being well investigated for
electrocatalytic ammonia synthesis, accounting for their enhanced structural and compositional integrity during catalytic reduction
reactions. In this study, we investigate the ability of the PCN-250-Fe; MOF toward ammonia production in its pristine and activated
forms. The activated MOF catalyst delivered a faradaic efficiency of about 90% at —1 V vs RHE and a yield rate of 2.5 x 107 mol
em™ h~!, while the pristine catalyst delivered a 60% faradaic efficiency at the same potential. Theoretical studies further provide
insights into the nitrate reduction reaction mechanism catalyzed by the PCN-250-Fe; MOF catalyst. In short, simpler and cost-
effective strategies such as pretreatment of electrocatalysts have an upper hand in aggravating the intrinsic material properties, for
catalytic applications, when compared to conventional material modification approaches.

KEYWORDS: metal—organic framework, PCN-250-Fe;, ammonia synthesis, thermal activation, electrochemical nitrate reduction,
electrocatalysts

1. INTRODUCTION process,'""" where both nitrogen and hydrogen are subjected
to high-temperature (400—500 °C) and high-pressure (150—

The ex tial growth in the global lation has led t
s e S S e el e B g 300 atm) conditions in the presence of a heterogeneous iron

significant decline in the availability of fossil fuels and

increased energy demands, especially in a low-carbon
economy, Exploring clean, secure, and renewable energy
sources therefore has become a matter of serious concem for
the scientific community across the world.'™ Studies have
shown ammonia to be a potential carbon-free candidate to
mitigate the growing energy demand, owing to its high
gravimetric energy density (3 kWh kg™') and high hydrogen
capacity (17.65 wt %), facilitating ease in storage and
transportation, along with clean emissions.” ™’ Along with
being a green hydrogen-rich fuel, ammonia is also fundamental
to the production of fertilizers in modern agricultural sectors
and finds diverse applications in fields such as pharmaceuticals,
textiles, refrigeration, etc. The conventional strategy employed
for the large-scale production of ammonia is the Haber—Bosch

© XXXX The Authors. Published by
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(Fe)-based catalyst. However, being an energy intensive
process, involving large emissions of carbon diexide (CO,),
there have been rigorous attempts in finding alternatives to this
method.'”™" Electrochemical ammonia synthesis has emerged
as a suitable technique for ammonia production, with nitrogen
reduction reaction being the most extended and studied
method.'”™*" Although the process has evolved with time, yet
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limitations such as low solubility, high bond dissociation
energy of N=N (941 kJ mol™), low selectivity at high current
densities, modest faradaic efficiency (FE), low yield rate,
competitive hydrogen evolution reaction (HER), and sluggish
kinetic hamper its frequent use.” ™ The limitations therefore
invite further improvements and newer techniques for enabling
large-scale production under mild conditions.

Alternative techniques such as nitrate reduction into
ammonia (NRA) have gained momentum for ammonia
synthesis, addressing several limitations faced by the
aforementioned techniques."'""' Recognizing the extensive
presence of nitrate ions, in the environment, especially as a
pollutant in waters, it has been considered as a perfect
alternative nitrogen source for ammonia synthesis as well.”
Designing a strategy to eradicate a water pollutant like nitrate,
which also brings a serious threat to human health, represents
an advantage in terms of both energy production and
addressing environmental issues. Thus, the nitrate electro-
reduction can be considered as an eco-friendly and efficient
approach of converting aqueous waste nitrate into ammonia
under favorable operating conditions.”” The conversion of
nitrate to ammonia involves an eight-electron transfer that
proceeds throusih multiple reaction pathways at a definite
potential region "' However, side reactions such as HER can
also occur in this region and result in the consumption of
electrons for hydrogen generation and eventually in decreased
FE and selectivity. Thus, the necessity for designing specific
electrocatalysts is of utmost importance, which dismisses both
N=N bond formation and competitive HER, and also
efficiently reducing nitrate into ammonia is of utmost
importance. Electrocatalysts such as transition metals,”""
their oxides,”” metal single-atom catalysts, “ or alloys"'" have
been studied for ammonia production from nitrate. Tailoring
the surface of the electrocatalysts is also another strategy to
enhance the properties of the catalyst. For instance, surface
modifications of electrocatalysts with negatively charged
species are known to suppress the HER interference during
the reaction, resulting in enhanced activity and selectivity for
NRA applications.™ In another stady, 2D Ti,C,T, MXene was
also used as a suitable substrate to disperse and anchor copper
(Cu) over it, resulting in molecular Cu@MXene catalysts. ™
The catalyst gave around a 94% ammonia selectivity and 90.5%
nitrate conversion rate, thereby opening up newer strategies to
develop electrocatalysts for NRA.

From the past two decades, metal—organic frameworks
(MQFs) have gained significant recognition owing to their
porous nature, crystalline structure, tunable functionality, and
high surface area within the single entity of the material. ™
The members of this emerging group are synthesized by self-
assembling of organic ligands with desired metal centers,
having several potential applications.” Previously, MOFs have
been well studied for gas storage, separation, energy storage,
and multiple other applications. However, only fewer studies
have been reported on MOFs for the ammonia production via
NRA. In a recent study, a MOF-derived cobalt (Co)-doped
Fe/Fe,0, catalyst has been reported by Zhang et al. for
electrochemical nitrate reduction.”” The electronic structure of
the Fe d band center was tuned via Co doping, resulfing in the
modulation of adsorption energy of intermediates and
inhibiting hydrogen formation. This Co-doped Fe/Fe,0,
MOF electrocatalyst resulted in a 99% ammonia selectivity,
an FE of 85.2%, and a high nitrate removal capacity of 100.8
mg N/g., h. In another recent work by Qin et al, RuO,
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clusters anchored on nickel (Ni) MOFs (RuNi-MOFs) were
studied for electrocatalytic NRA."' The catalyst achieved an FE
of 73% at —1.2 V vs Ag/AgCl for NH," and NH,"—N yield
rates of 274 ug h™' mg., ™" at —1.7 V vs Ag/AgClL

The above works clearly discuss the possibility of engineer-
ing MOFs via heteroatom doping and anchonng molecular
catalysts for efficient electrocatalytic NRA. However, since this
study is still in its infancy, exploring the further possibility of
modifying MOFs without any doping or anchoring of active
components becomes relevant to understand the real potential
of MOFs in this field. For instance, studies on the differences
in the intrinsic material property when subjected to thermal
activation have never been undertaken before, especially for
electrocatalytic applications such as ammonia production. Such
observations can be vital, especially in enabling direct
enhancement of material toward ammonia synthesis, without
any additional and time-consuming techniques such as doping,
substitution, functionalization, etc.

In this study, an Fe metal center-based MOF, known as the
PCN-250-Fe; MOF, has been examined for electrocatalytic
NRA in both its pristine and activated forms. The activated
material gave a substantial improvement in FE (~90% at —1.0
V vs reversible hydrogen electrode (RHE)) when compared to
its pristine form. Cyclic stability and MOF stability in solvents
with time are also assessed as a part of this study. The
thermodynamic feasibility of the PCN-250-Fe; MOF catalyst
toward NRA is cormroborated by density functional theory
(DFT) calculations as well. This study is a breakthrough in
NRA using MOF materials, especially in understanding the
importance of material pretreatments for catalytic applications.

2. EXPERIMENTAL SECTION

2.1. Reagents and Materials. All chemical reagents, such as
potassium nitrate (KNO;), sodium sulfate (Na,SO,), hydrochloric
acid (HCl), sulfamic acid (H;NSO;), p-aminobenzenesulfonamide
(H,NCH,SO,NH,), N-(l-naphthyl)ethylenediamine dihydrochlor-
ide (C;,H,NHCH,;CH;NH,:2HCl), phosphoric acid (H:PO4),
sodium hydroxide (NaOH), ammonium chloride (NH,CI), citric
acid (HOC(COOH)(CH,COOH),), salicylic acid (2-(HO)-
CeHyCOyH), sodium hypochlorite solution (NaClO, 6-14%),
sodium nitroferricyanide (Na,[Fe(CN);NO]), and sodium nitrite
(NaNO,), were used as received from Merck and Sigma-Aldrich Co.,
Ltd, without further purification. The PCN-250-Fe; MOF also was
procured from commercial sources, called framergy. All solutions were
prepared by using ultrapure water (182 ME em resistivity at 25 °C).

2.2. Characterization. The scanning electron microscopy (SEM)
images were obtained from a LYRA 3 SEM (TESCAN) and Verios
460L (Thermo Fisher Scientific, USA). The energy-dispersive X-ray
spectroscopy (EDS) images were obtained with a Bruker XFlash 5010
detector attached with the LYRA. Xeray photoelectron spectroscopy
(XPS) was measured using a Kratos AXIS Supra instrument with
monochromatized Al K, excitation (1486.7 €V), and the data were
analyzed using CasaXPS software. The X-ray diffraction (XRD)
measurements were conducted with a diffractometer (SmartLab 3
kW, Rigaku) with a Bragg—Brentano geometry (Cu K, radiation; 4 =
0.15418 nm) operated at a voltage of 40 kV and a current of 30 mA.
The ultraviolet—visible (UV—vis) absorbance spectra from the
wavelength range 190 to 900 nm were measured on a double-beam
Jasco Co. Model V-750. 'H NMR experiments were conducted using
a 500 MHz Bruker, ADVANCE NEO 4500 de.

2.3. Sample Preparation. The MOF samples were activated
using a vacuum oven at 150 °C for 3 h. Further, the MOF samples
were measured to obtain a 1 mgmL™ concentration in 10 mL of
distilled water. To obtain an optimal dispersion, the solution was
sonicated using an ultrasonic homogenizer probe for 30 min at an
amplitude of 70%, 20 s of sonication, and 10 s of resting. To this
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Scheme 1. (A, B) Chemical Structure of the ABTC Linker with the Fe;-(s£;-0)(COO)¢ Node. (C) Crystallographic Structure
of the PCN-250-Fe; MOF (Carbon Atoms Are Gray, Oxygen Red, Nitrogen Blue, Hydrogen White, and Iron Orange). (D)
Schematic Representation of Thermal Activation of the MOF
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dispersion, 40 uL of Nafion binder (~3% in a mixture of lower
aliphatic alcohols and water) is added and sonicated well. From the
stock solution, 10 yL of sample is drop-casted over the glassy carbon
(GC) electrode and dried prior to assembling it in the H cell. Studies
on pristine/nonactivated samples were carried out by direct
sonication of MOF samples in the similarly ascribed concentration
range and further analyzed for NRA.

2.4. Electrochemical Measurements. The electrochemical
measurements were carried out using an Autolab PGSTAT204
(Metrohm) operated by Nova 2.14 software. The electrolysis
experiments were conducted in an H-type electrolytic cell with a
frit separation. The PCN-250-Fe; MOF over GC served as the
working electrode at the cathodic end of the H cell along with the
commercial Ag/AgCl reference electrode, while platinum wire served
as the counter electrode at the anodic end. The electrolytic
experiments were conducted at multiple potentials (0.6 to —1.4 V
vs RHE), with each experiment carried out for 1 h with a constant
magnetic stirring rate (100 rpm). All potentials were recorded against
the RHE. The conversion of Ag/AgCl to RHE is carried out via the
following equation: Egyp = Ej, aga + 0.0591 pH + 0.199.

2.5. Colorimetric Determination of lon Concentrations.
Quantification of the ion concentration of different products was
carried out using well-known colorimetric methods. A UV—vis
spectrophotometer was used to detect the concentration of different
reagents/products of pre- and post-electralysis experiments.

2.6. Determination of Ammonia. Ammonia (NH;) concen-
tration after electrolysis was determined by the well-known
indophenol blue method." Once the electrolytic experiment was
performed, an aliquot of the electrolyte was taken out from the cell,
and a proper dilution to 600 uL of solution was done. Subsequently,
600 pL of a 3 M NaOH solution containing 10 wt % salicylic acid and
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10 wt % sodium atrate was added to the solution. After that, 300 uL
of 0.20 M NaClO and 60 yuL of 20 wt % C;FeNyNa,O (sodium
nitroferricyanide) solution was also added to the solution. The
resulting solution was allowed to rest for 2 h, after which the UV —vis
absorption spectrum was taken. NH; concentration was determined
by the formation of the indophenol blue product that was quantified
using the absorbance at a wavelength of 655 nm. The corresponding
calibration curve was obtained using standard solutions of ammonium
chloride.

2.7. Determination of Nitrite. A previously reported quantitative
protocol was used to carry out nitrite (NO,”) determination.*"" To
do so, a color reagent containing p-aminobenzenesulfonamide (0.4 g),
N-(1-naphthyl)ethylenediamine dihydrochloride (0.02 g), ultrapure
water (S mL), and phosphoric acid (1 mL, p = 170 g/mL) was
prepared. Post electrolysis, a certain volume of electrolyte was taken
out from the cell and diluted to 1.5 mL to the detection range. After
that, 50 uL of the color reagent was added into the 1.5 mL solution,
followed by the addition of 100 yL of phosphoric add (p = 1.70 g/
mL), and mixed uniformly. The absorption intensity at a wavelength
of 540 nm was recorded after the solution rested for 20 min. The
calibration curve concentration—absorbance was carried out by using
a series of standard sodium nitrite solutions.

2.8. Determination of Ammonia by the 'H NMR Quantita-
tive Method and Isotopic Labeling Experiment. Post
electrolysis, an aliquot of the electrolyte was collected from the H
cell. Concentrated H,S0, (250 yL) was added to 5 mL of electrolyte
to ensure a high acidic condition that is ideal to be quantified by 'H
NMR and using maleic acid as an internal standard. The calibration
curve was carried out as follows: a series of standard solutions of
known concentrations of “*“NH," (50, 100, 150, 200, and 250 ppm)
were prepared in 0.5 M Na,5O; + 0.1 M KNO,. Next, 5 mL of each
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pristine Fe-based MOF sample toward NH; and NO,™ at different concentrations of KNO;.

solution was mixed with 0.002 g of maleic acid. To carry out the involved in the electrochemical reaction (8 for NH; and 2 for NO, "),
measurement, S00 uL of this solution was placed in an NMR tube, t is the electrolysis time (1 h), A is the area of the electrode, and Q is
and 50 4L of deuterium oxide (D,0) was added to it for the NMR the total charge measured during the electrolytic experiment.
detection. The calibration curve was achieved by using the peak area 2.10. Computational Study Details. Ground state structures of
ratio between "*NH," and maleic acid. all investigated species were optimized by the M06-L method"! in
29. Calculation of Different Parameters to Evaluate the combination with the Def2TZVP basis set’” utilizing the Gaussian 16
Performance of the Electrocatalysts. software.™ The MOG6-L functional is recommended for calculations of
P transition metal complexes and inorganic and organometallic
Faradaic efficiency = — NP 100% systems.'! It displayed also a good performance in calculations of

(1) hydrocarbon adsorption on Fe-MOF-74"" and alkane oxidative
dehydrogenation by Fe;Me MOF nodes.'” The spin-unrestricted
TiNn, formalism was applied in all calculations. The solvent effects were

Y= A (2) considered by applying the universal continuum model based on
electron density.” The computational hydrogen electrode meth-

where F is the faradaic constant (96485 C mol™), nyy, o no; is the 0d***" was applied to calculate reaction energies assuming that the
number of mol of NH; or NO,7, n is the number of electrons chemical potential of electron—proton pair (yt,,”) is equal to the
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Deconvoluted XPS spectrum of (H) Fe 2p and (I) C 1s; (J) XRD pattern of both activated and pristine MOF samples.

chemical potential of 1/2 H, (g5 ). The structure of PCN-250
consists of trimetallic nodes bridged by ABTC linkers (ABTC =
3,3',5,5"-azobenzenetetracarboxylate; Scheme 1AB). A cluster model
of the Fes-(41:-O)(COO); node with ABTC linkers replaced by
formate ions was utilized in all calculations (Figure S§4). This cluster
model was found to give results with a sufficient accuracy.’™ The
trimetallic node consists either of three Fe(1ll) centers (Fe;([11)OH
model; Figure S4A) or of two Fe(Ill) and one Fe(II) center
(Fey (1) Fe(IL); Figure S4B).""% In the former case, to maintain
neutrality of the network, counterions such as OH™ (considered
here), F7, and CI” are usually added to one of the Fe(Ill) atoms. The
spin multiplicity 16 of the Fe;(IIl) model and spin multiplicity 15 of
the Fe,(III)Fe(II) model were considered according to ref 48.

3. RESULTS AND DISCUSSION

Pristine MOF toward Ammonia Synthesis. The PCN-
250-Fey MOF was used as a base catalyst.” ™ This Fe-based
MOF is formulated as an outcome of the reaction between
precursor Fe;-y;-oxo metal cluster and tetratopic azobenzene-
based ABTC linkers (ABTC = 3,3',5,5'-azobenzenetetracar-
boxylate). The orange crystals of the PCN-250-Fe; MOF
constitute three Fe(I1I) octahedra atoms that share one oxygen
atom (u3-oxo) with each other, subsequently connected by six
ABTC ligands (Scheme 1A—C).

Scheme 1D showcases the overall outline of this study in
employing Fe-based MOF electrocatalysts for the ammonia
production. The morphology of the material was primarily
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assessed by SEM (Figure S1A), and EDS mapping confirms
the presence of Fe, carbon (C), nitrogen (N), and oxygen (O)
elements over the material surface, as shown in Figure S1B—E,

XPS was conducted on a pristine PCN-250-Fe; MOF
catalyst. The survey spectrum showed prominent sharp peaks
of Fe 2p, C 15, N 15, and O Is at their respective binding
energies of 710, 284.6, 399.7, and 531.7 eV upon analysis from
0 to 1200 eV (Figure 1A). The quantitative analysis of the
catalyst showed the presence of Fe 2p, C 15, N 1s, and O Is
elements in the atomic percentage (at.%) of 2.14, 65.32, 6.09,
and 26.45%, respectively. On deconvolution of the Fe 2p
spectrum, the two peaks at 711.4 and 724.9 €V were obtained,
which correspond to the Fe 2ps;, and 2p,, states, respectively
(Figure I1B). This clearly attributes to the +3 oxidation state of
Fe centers in the PCN-250-Fe; MOF catalyst. The satellite

peaks of Fe 2p;, and 2p,, are also observed in the
deconvoluted spectra at 716.6 and 729.4 eV.”"* The C 1s
spectra also gave three peaks at 284.6, 285.7, and 2884 eV,
which correspond to the C=0 (peak a), C—N (peak b), and
C=C/C—C (peak c), respectively (Figure 1C). The O Is
spectra also show the Fe—O (peak a) and O—H (peak b)
bonding peaks as well shown in Figure §2. The XPS results of
pnshne/nonactrvated MOF samples well match with literature
data as well.

Electrocatalytic activity of the pristine PCN-250-Fe; MOF
toward NRA was primarily investigated using the linear sweep
voltammetry (LSV) technique. The experiments were carried
out with and without KNO, in a 0.5 M Na,SO, electrolyte.
The electrocatalytic performance of these MOFs was studied
in a three-electrode setup by drop-casting the MOF over GC,
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which served as the working electrode substrate. From the LSV
curves, it is evident that the MOF electrocatalysts can reduce
the NO,~ ions in the electrolyte, owing to the low onset
potential and high current density, in comparison to electrolyte
systems without NO;~ (Figure 2A). The current has been
normalized with the geometrical surface area of the electrode.
The area of the electrode was calculated using the equation
I, where r = L5 mm. The obtained current value via
experimentation was divided by the area of the electrode
surface. The major objective of the study is to track the
behavior of the catalyst toward NRA via electrolysis in the
proposed working potential range and to identify the peak
potential that delivers the maximum FE in the procured
volcano-shaped curve. The electrolysis measurements were
executed in a H-type electrolytic cell with the cathodic and
anodic compartments well separated by a frit. At the cathodic
compartment of the cell, the electrocatalyst PCN-250-Fe,
MOF drop-casted over the GC serves as the working electrode,
along with the reference electrode, while the counter
electrodes were held at the anodic compartment. Each
electrolytic experiment was carried out for 1 h at room
temperature with continuous magnetic stirring (100 rpm) at
the potential range previously mentioned. Post electrolysis,
solution samples from the cathodic part were collected and
quantified for ammonia and nitrite using the standard
colorimetric method.”*"***

Upon identifying the interesting behavior of the Fe-based
MOF from the LSV measurements, NRA was performed
sequentially via electrolysis in an H-type cell at potentials
ranging from —0.6 to —1.4 V vs RHE. The concentration of
NH, and NO, ™ was then analyzed using the colorimetric assay
to calculate the FE of the catalyst toward these compounds.
The results are plotted in Figure 2B. The nonactivated pristine
MOF samples gave a maximum FE of 65% at —1.2 V vs RHE,
and the FE was much lower at other measured potentials.
Moreover, the stability of the electrocatalysts was assessed
using six continuous chronoamperometry experiments for 1 h
each, where no obvious decay in FE was seen (Figure 2C).
Experiments were also repeated at different nitrate concen-
trations, using the nonactivated pristine MOF samples at —1.2
V vs RHE, as shown in Figure 2D. A decrease in FE was
observed when the concentration of KNO, reaches lower
values (0.01 M), while 0.1 and 0.05 showcased a reasonable
FE.

Activated MOF toward Ammonia Synthesis. The
MOFs were thermally activated in vacuum at 150 °C for 3 h
and used for the subsequent characterization and electro-
catalytic studies. Morphological and structural analysis of the
activated PCN-250-Fe; MOF material was carried out using
SEM, EDS, XPS, and XRD studies and compared with the
nonactivated pristine MOF to confirm if the structural integrity
remains intact, as suggested by previous studies, The
morphology of the material was primarily assessed by SEM,
where dodecahedral-shaped crystals could be clearly identified,
as shown in Figure 3A. A further magnified structure of the
PCN-250-Fe; MOF is given in Figure 3B. Elemental
distribution over the sample surface was carried out by using
EDS elemental mapping, where Fe, O, N, and C showed a
uniform distribution over the sample surface (Figure 3C—F).

XPS was conducted for detailed elemental analysis of the
activated PCN-250-Fe, MOF for a better understanding of the
electronic structure of the material and chemical states of the
atoms in the material. The survey spectrum was measured for

the elemental identification in the range of 0 to 1200 eV.
Prominent sharp peaks of Fe 2p, C Is, N 1s, and O 1s were
observed at their respective binding energies, as shown in
Figure 3G. The at. % Fe 2p, C Is, N 1s, and O Is elements
were procured in the order of 3.93, 63.01, 5.06, and 26%,
respectively. The deconvoluted Fe 2p spectrum displayed two
peaks at 711.53 and 7249 ¢V for Fe 2py, and 2py,
respectively (Figure 3H). The satellite geaks are also evident in
the deconvoluted Fe 2p spectra,’ " The C 1s spectrum
depicts three peaks at 284.6, 285.6, and 288.6 eV, which
correspond fo the C=0 (peak a), C—N (peak b), and C=C/
C—C (peak c), respectively (Figure 31). The XPS results are in
compliance with those previously reported in the literature.™
Further, XRD measurements were carned out for under-
standing the crystal structure and lattice arrangements of the
material. The XRD patterns obtained from the activated PCN-
250-Fe; MOF material exhibited a crystalline nature, as shown
in Figure 3]. The activated MOFs were further compared with
the pristine form to identify if the former has undergone any
possible alteration upon thermal activation. Based on this
result, it is inferred that the activation has not brought any
major changes to the material, in terms of its structural
integrity, and has also retained the framework of the PCN-250-
Fe; MOES" Y Thus, the above characterization results
showed that the structure of the material remains intact and is
further evaluated by using the electrochemical experiments,

As in the case of the nonactivated pristine sample, the NRA
of activated samples was preliminarily analyzed using the LSV
technique. Figure 4A illustrates the electrochemical activity of
the activated MOFs with and without nitrate in electrolyte
systems containing 0.5 M Na,SO; A difference in LSV
measurements could be identified between the activated and
pristine samples (Figure 2A), where the thermally activated
samples exhibit a slightly lower overpotential over prnstine
samples. Further, we extend our studies toward NRA via a
couple of experimental demonstrations to understand the
performance of the activated PCN-250-Fe, MOF electro-
catalyst, This typically includes understanding the relevance of
activation of the MOF prior to its use as an electrocatalyst for
ammonia synthesis. Upon analysis, it was interesting to note
that the activated catalyst delivered an FE of about 90% for
ammonia at —1 V vs RHE and around 80% for ammonia
production at the potential range between —0.8 and —1.4 V vs
RHE, as shown in Figure 4B. Thus, the ability of the
electrocatalyst to produce a reasonably high FE, via thermal
activation, enables the potential of engineering and modifying
multiple other MOF or similar materials for ammonia
production. In addition, post electrolysis, morphological
analysis of the activated Fe-based MOF catalyst was conducted
to evaluate differences in the material structure. SEM and EDS
mapping of the activated Fe-MOF electrocatalyst structure was
carried out, The Fe-MOF catalyst retained its structure (Figure
S3A) postcatalytic activity and further exhibited a uniform
distribution of Fe, C, O, and N elements throughout the
sample surface (Figure S3B—E). Figure 4C represents the yield
rate, where a clear and proportional increase in the ammonia
production with respect to the cathodic potential is observed,
which is also expected.

Chronoamperometry tests were also conducted via con-
tinuous electrolysis cycles for 6 h at —1 V vs RHE to evaluate
the stability of the electrocatalyst toward NRA. Ammonia and
nitrite concentrations were measured, and FEs for all these
samples were calculated. Ficure 4D depicts the electrocatalytic
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Figure 5. (A) Comparison of the FE of pristine and activated MOFs, respectively. (B) "H NMR spectra at various concentrations corresponding to
a calibration curve. (C) Calibration curve for ammonia determination using the '"H NMR method (the measured sample is depicted in orange).
(D) UV calibration curve for ammonia determination using the colorimetric indophenol blue method (the measured sample is depicted in orange).

stability of the PCN-250-Fe, MOF electrocatalyst, where no
obvious decay in FE after six cycles is seen. This further
demonstrates the potential of the PCN-250-Fe; MOF for real
applications such as for NRA. The above results of the PCN-
250-Fe; MOF delivering maximum FE at —1 V vs RHE in 0.1
M KNO, have prompted us to carry out experiments at various
nitrate concentrations such as 0.5, 0.05, and 0.01 M to further
evaluate the efficiency of the electrocatalyst toward NRA
(Figure 4E). Tt was observed that the FE of the electrocatalyst
at 0.5 and 0.05 M was slightly lower than 0.1 M; however, they
are within the error range of FE at 0.1 M. Notably, at a higher
concentration of nitrate (0.5 M), the FE of NO, ™ is found to
be high compared with 0.1 and 0.05 M. This could be possibly
due to the fact that in concentrated nitrate solution, hydrogen
adsorption is hindered®” due to excessive amounts of nitrate,
resulting in an increased FE of NO,” when compared to other
systems. However, in the case of NH;, the FE remains almost
the same or slightly decreased when compared to 0.1 M. On
the other hand, a severe decline in FE for NH; was obtained at
0.01 M, most probably due to the competitive adsorption of
the supporting electrolyte (SO,*"). As described in the case of
other metals, the mechanism of the reaction is influenced by
the presence of strong adsorbates such as sulfate.” When the
nitrate concentration is 0.01 M or lower, sulfate acts as a
competitive anion for active sites with a consequent decrease
in FE for both NH; and NO, ™ at the optimal potential. This
result accords with other observations in the literature."’
Furthermore, stability assessment of activated MOF samples
was camied out by analyzing their FE toward ammonia
production after storing them for 10 days under room
temperature in aqueous media. No major difference in the
FE of MOF electrocatalysts was observed during its storage for

the ascribed duration (Figure 4F), confirming the stability of
the activated sample.

Evaluating Fe MOFs for Ammonia Production. The
literature has often emphasized on the importance of activating
MOFPFs via multiple techniques (conventional heating and
vacuum, solvent-exchange, supercritical CO, exchange, freeze-
drying, chemical treatment, etc.) for their enhanced perform-
ance, owing to its increased porosity and surface area”'™™
Activation involves the removal of guest molecules such as
volatile solvents or trapped entities from the MOF without
affecting the structural integrity of the active material.
Interestingly, the literature suggests that subjecting the Fe-
MOF to varying pressures and temperatures can aid in
enhancing its properties for targeted applications. A pressure-
induced sequential phase transformation of the MOF was
studied by Yuan et al, and the implications for MOF
densification were analyzed, which showed a significant
increase in the volumetric CH, uptake (by 21%).”" Another
interesting study was conducted by Day et al,, where variation
in activation temperature played a vital role in improving the
MOF properties.”’ In the above study, the thermal activation
of the MOF carried out at 150 and 250 °C was employed
toward acetylene adsorption. Notable observations put forward
by the group include the removal of guest molecules such as
volatile solvents from the MOF at 150 °C and decarboxylation
of the ligand in open metal site formation at 250 °C, along
with the formation of the mixed valent state of Fe(II/III) in
the latter. This mixed valence can also aid in the enhancement
of the gas adsorption performance. Hence, such investigations
can play a vital role in improving the MOF properties and
fabrication of application-specific catalysts.

On analyzing the FE of MOF samples, a clear increase in FE
was observed in activated samples, compared to the pristine
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nonactivated MOF, at every corresponding potential (Figure
5A). In other words, the nonactivated pristine MOF samples
gave a maximum FE of 65% at —1.2 V vs RHE, while the
potential of activated samples that delivered maximum FE was
much lower (=1 V vs RHE) and delivered around 90% FE.
Also, an evident increase in FE was observed at each
corresponding potential of the activated MOF compared to
the pristine samples. Thus, the observation on FE emphasizes
the improvement in MOF properties upon activation,
indicating this approach to be ideal for enhancing the material
property. The possibility of enhancement in the PCN-250-Fe,
MOF via the mixed vnleme state of Fe(II/II) is expected at
very high temperatures.”’ Thus, without subjecting the Fe-
MOF sample to a very high temperature of 250 °C, there was
an increment in FE via the removal of volatile solvent
molecules/guest molecules. In short, from an electrocatalytic
point of view, the activation of samples is speculated to result
in the exposure of more active Fe sites that are accessible for
the nitrate ions in the electrolyte for ammonia production. The
presence of the highly charged trivalent Fe(I1I) metal cation
aids toward a strong metal-ligand coordination bond,
eventually enhancing the thermostable properties of the Fe-
MOF. With 650 “C known to be its decomposition
temperature, the activation was employed only to 150 "C
(around 1/4 of its decomposition temp), yet an enhancement
in PE was evident in the studied MOF samples. Thermogravi-
metric studies on PCN-250-Fe; MOF molecules also confirm
that below 100 “C, the sharp weight loss could be attributed to
the removal of ﬂurfnce—adsorbed water molecules,** ™" and/or
subsequent heating, which aid toward removal of trapped
entities, owing to the synthesis conditions. Thus, thermal
activation is expected to remove the trapped entities on the
pores, eventually exposing the catalytically active sites that are
accessible for electrolyte ions for ammonia production. In
principle, the activation of the MOF can modify the porosity of
the material by increasing the active sites”™"” and thus creating
more room for electrolyte accessibility for ammonia
production.

Such activation-based approaches are evident toward carbon
dioxide (CO,) based-reaction as well For instance, some
recent works emphasize the role of the microenvironments in
the modulation of activity of different catalysts for relevant
energy-related reactions such as CO, reduction reaction. '~
In fact, one of the factors relevant in the microenvironment's
modulation is the porosity of the material, wherein engineering
the electrocatalyst structure appropriately can t;ulor the
selectivity toward a specific C, or C, product.”' Likewise,
the thermal activation of the MOF can enhance the efficiency
ofthe material toward ammonia production. In short, although
there are studies explaining the importance of activation, a
better clarity can be brought via such experimental
demonstrations that shall be helpful in understanding the
potential of the electrocatalyst involved in the study. Carrying
out such conclusive studies can also be beneficial in designing
newer electrocatalysts by paying special attention to the careful
activation of pristine materials for similar applications and/or
for other interesting applications in the future. Furthermore, a
comparison of various Fe-based catalyst systems has been
detailed in Table SI, constituting their experimental
conditions, FE, and yield rate in reducing nitrate to ammonia.
To further confirm the reliability of colorimetric methods in
determining the ammonia content, 'H NMR experiments were
conducted. Figure 3B shows the lH NMR spectra at various
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NH,Cl coucentrauons (ppm), delivering a typical triplet
corresponding to the "H NMR signal of the equivalent H in
"“NH,". Figure SC depicts a calibration curve obtained by
plotting the area of the 'H signal divided by the area of the
signal corresponding to maleic acid (intemal standard) as a
function of the NH,Cl concentration. On comparing the
calibration curve with the one procured using the colorimetric
indophenol method (Figure SD), a similar concentration value
was obtained (59.52 yM for the colorimetric method and
58.72 uM for 'H NMR) with an error percentage of 1.4%. It
was observed that the ammonia content, determined by two
different methods, yielded a similar value (orange symbol in
both calibration curves), providing additional confirmation of
the accuracy of the colorimetric method used for ammonia
quantification.

Theoretical Studies. To obtain a deeper understanding of
the NRA reaction mechanism catalyzed by the PCN-250-Fe,
MOF, step-by-step geometry optimizations of NO,~, NH,, and
all intermediate species adsorbed on a cluster model of the
PCN-250 catalyst were performed using DET methods. Since
the unit cell of PCN-250 consists of 416 atoms and
calculations of the whole unit cell would be computationally
ineffective, a cluster model of the Fey-(43-0)(COQ)s node
with ABTC linkers replaced by formate ions was utilized in all
calculations (Figure S4).

The trimetallic node consisted of three Fe centers either all
in oxidation state 11T (Fe;(1II)OH model; Figure S4A) or two
in oxidation state III and one in II (Fe-.(III)Fe(lI), Figure
548) following the methodology of similar studies. " In the
former case, to maintain neutrality of the network, the OH™
counterion is usually placed close to one of the Fe(III) atoms,

Using the Fe;(III)OH model, we have evaluated the energy
profiles of different reaction routes that lead either to the
formation of the desired NH; or to the formation of other
products (NO,, NO, N,O, N,, and HNO,; Figure S5).
Considered reaction routes were based on the study of Wu et
al.’™" The most probable reaction mechanism of the NRA
reaction (Figure 6) was calculated both in the gas phase and in
the aqueous environment, which corresponded more to the
used experimental conditions. It was initiated by a solution-
mediated proton transfer to the NO;™ to form HNO; (reaction
energy AE; = 0.67 eV in the gas phase and 1.35 eV in water;
Figure 6B, step 0). The reaction then proceeded through eight-
proton and eight-electron transfers (Figure 6A,B and Figure
S6A,B, steps 1—8). Generally, all reaction steps were more
favorable in the aqueous environment, which indicates that the
presence of a solvent with a certain polarity facilitated the
electron transfer and thus promoted the NRA reaction. It is
worth noting that similar results were obtained by using the
Fey(III)Fe(11) model of the PCN-250 MOF (Figure S6) with
one exception in step 4, which was slightly endothermic in the
gas phase (AEg = 0.27 eV). In short, these DFT results
substantiate the feasibility of the NRA reaction mechanism of
the studied reaction system.

4. CONCLUSIONS

In this study, we investigated the potential ability of PCN-250-
Fe, MOF electrocatalysts toward enhanced ammonia produc-
tion via thermal activation. The activated MOF catalyst was
successful in delivering a high FE of 90% at —1 V vs RHE,
while pristine samples gave about 60% at the same potential. A
clear enhancement in FE was observed for activated PCN-250-
Fe; MOF catalysts over the pristine material at every
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Figure 6. (A) Reaction mechanism of NRA catalyzed by PCN-250
(Fe (N OH model). The brown values are the reaction energies
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(B) Diagram of the NRA reaction energies for the reaction steps in
the gas phase and water.

corresponding potential. The theoretical results are also in
good accordance with the experimental results toward NRA by
the PCN-250-Fe; MOF electrocatalysts. Further, the stability
of the activated material with time was also assessed for
understanding the potential of the material. Thus, the above
studies and observation can open up possibilities for
researchers to tailor or surface engineer catalyst surfaces for
fabricating the desired electrocatalyst for catalytic applications.
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Figure S1. (A) SEM image of pristine PCN-250-Fes MOF sample. (B-E) EDS mapping of
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Figure S2. Deconvoluted O 1s XPS spectra of pristine PCN-250-Fes MOF sample.
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Figure S3. (A) SEM image of Fe MOF catalyst post electrocatalytic experiments. EDS

mapping of (B) Fe, (C) N, (D) C, (E) O elements.
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Table S1. Nitrate to ammonia conversion results using various Fe based catalysts.

Material NHs; FE / Yield rate Electrolyte Reference
Potential conditions
Fe single-atom
catalysts (Fe-PPy ~100% at 295 0.1 M KOH/
SACs) -0.7Vvs mgyms h'em2at | 0.1 MKNO; 1
RHE —0.7 V vs RHE
2D Fe-based cyano-
coordination ~90.4% at 42.1 mgh'mges? |1 M KOH/
polymer nanosheets —05Vs at—0.5VvsRHE | 0.1 MKNO; .
(Fe-cyano NSs) RHE
Fe-doped Co0304 95.5% at 0.624 mg mgeat.”! 0.1 M PBS/
nanoarray —-0.7Vvs h™'at—0.7 Vvs 50 mM NOs~ 4
RHE RHE
Atomically
dispersed FeMo-N- 94.7% at 18.0 umol cm™ h™* 0.05 M PBS/
C SAC catalyst —0.45Vvs 0.16 M =
RHE KNO3
86% at
Fei/NC at 900 °C —0.7V vs 18.8 mgnms h™' mg 0.1 M K>SO,
RHE cat ~at—09V /0.5M J
KNOs
Single-atom Fe- 97.1% at
doped V-0s -0.7 Vvs 125mgh™! em™ 1 M KOH/ J
RHE at-0.7Vv 0.1 M KNO;
Cu-Fe bimetallic
catalysts ~70% at 365.9 ug hlmgeas? 0.1 M PBS/
(CusFes/OMC) —0.5Vvs at —0.8 V vs RHE 500 ppm 7
RHE KNO3
Fe single atom ~T75% at ~20,000 ugh™ mg | 0.5 MKNOs/
catalyst —0.66V vs cat ' at—0.85V vs 0.10 M
RHE RHE K>S04 g
Co-doped Fe/Fe>03 85.2+0.6% 1,505.9+130.5 pug 0.1M
at —0.75V h™! cm™ at —0.95 Na>SO4 with ?
vs RHE V vs. RHE NaNO;
PCN-250-Fe; MOF ~90% at 2.5x 10™ mol 05M This
(Activated) —1Vs. em2htlat—-1V Na>S04/ 0.1 work
RHE vs. RHE M KNO:
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Fes(IlI)OH Fe,(I1)Fe(ll)

Figure S4. Cluster models of PCN-250. A) Model with all three Fe atoms in oxidation state
+II1. The OH" group is added to maintain the system neutral. B) Model with two Fe atoms
oxidation state +III and one Fe atom in oxidation state +II. Carbon atoms are grey, oxygen red,

iron orange and hydrogen white.
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Figure SS. Possible reaction pathways of the NOs™ reduction reaction based on the study of Wu
et al.>* catalyzed by PCN-250 represented as a Fe3(III)OH model (Figure S4A) in the gas phase.
Numbers under/next to arrows are reaction energies (AE) in eV, Reaction pathway marked by

green arrows 1s depicted in Figure 6 and discussed in the main text.
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Figure S6. A) The reaction mechanism of the NRA catalyzed by the PCN-250 (Fe»(III)Fe(II)
model). Brown values are reaction energies (AEr) in the gas phase, blue values in water. B)
Diagram of the NRA reaction energies. The multiplicities (M) of species are also reported.

Carbon atoms are grey, oxygen red, nitrogen blue, iron orange and hydrogen white.
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Section-B

5.2 Employing 3D-printing technology towards novel electrocatalysts fabrication for
energy and healthcare applications

This section evaluates strategies for employing 3D-printed electrode materials for energy
and healthcare applications. 3D-printing technology is advancing accounting to its easiness
in catalyst fabrication, customizations, and it provides the user with the freedom of
fabricating structures based on the targeted applications. Thus, the study on fabricating 3D-
printed 2D material substrates for HER is discussed in 5.2.1. Employing a dip coating
strategy of modifying 3D-CE surfaces has enhanced the possibilities of rapid, quick
electrode fabrication for H» production. Also, 3D-printing technology has significantly
advanced in various domains beyond energy. 5.2.2 discusses evaluating the scope of 3D-
printing technology in fabricating electrode material for sugar sensing applications via
modifying the surface of 3D-CE with a metal plating approach. The idea revolves around
the electrochemical detection of carbohydrates via modifying 3D-printed electrodes using
electrodeposition of Cu and Ni nanoparticles. In short, the following studies have shown
strategies for electrode modification of 3D-CE, eventually making them ideal for HER and
sugar sensing applications. The discussion carried out in the section are published and the

details are as follows:

5.2.1. 2D materials patterned 3D-printed electrodes for HER

Akshay Kumar K. Padinjareveetil, K. Ghosh, O. Alduhaish, Martin Pumera*, Dip-coating of

MXene and transition metal dichalcogenides on 3D-printed nanocarbon electrodes for the
hydrogen  evolution  reaction, Electrochem. Commun. 2021, 122, 106890

doi.org/10.1016/j.elecom.2020.106890, (IF=5.44).
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5.2.2.  Metal plated 3D-printed carbon electrodes for sugar sensing applications

Akshay Kumar K. Padinjareveetil, Ghosh, O. Alduhaish, Martin Pumera*, Metal-plated 3D-

printed electrode for electrochemical detection of carbohydrates, Electrochem. Commun.

2020, 120, 106827, https://doi.org/10.1016/j.elecom.2020.106827, (IF=5.44).
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5.2.1 2D materials patterned 3D-printed electrodes for HER

Motivation

Pristine/activated 3D-CE are not ideal for catalysis. Employing material coating/patterning
techniques such as dip coating of 3D-printed electrodes is expected to deliver a new rapid and
cost-effective approach of fabricating electrocatalysts for catalytic applications such as H»

production.

Objective

Electrocatalytic active materials such as TMDs (MoS2, MoSez, WS», and WSez) and MXene
(TizC2) were used for the modification of 3D-CE via dip coating. Morphological
characterization of electrode surface is carried to confirm the coating of active material over
3D-CE. LSV was carried to evaluate the H> production ability of patterned 3D-CE and

kinetics were evaluated using the Tafel slope analysis.

Outcome

2D material patterned 3D-CE gave a higher HER activity over pristine 3D-CE, affirming the
surface modification of 3D-CE to be successful. MXene coated electrode gave a better HER
activity over TMDs. Thus, a facile, cost-effective, binder-free approach of modifying 3D-CE

is demonstrated for catalysis-based application.
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ARTICLE INFO ABSTRACT

Keywords: 3D-printing technology is widely accepted as a scalable and advanced manufacturing procedure for the fabri-
Fused deposition modeling cation of electrodes for electrochemical applications. 3D-printed carbon-based electrodes can be used for elec-
Dip-coating trochemical analysis, replacing conventional carbon electrodes. However, a bare 3D-printed carbon electrode
m:e exhibits poor electrochemical performance. Herein, a post-treatment of 3D-printed electrodes was carried out

using catalytically active materials to improve their electrochemical performance. We used a dip-coating tech-
nique which is a more universal, facile, and cost-effective approach compared with other conventionally used
techniques such as atomic layer deposition or electrodeposition. The 3D-printed nanocarbon ¢lectrodes were dip-
coated with MXene (Ti3CyT,) and different transition metal dichalcogenides such as MoSa, MoSes, WSs, and
WSe to study their catalytic activity towards the hydrogen evolution reaction (HER). This study demonstrates a
simple method of improving the catalytic surface properties of 3D-printed nanocarbon electrodes for energy

Hydrogen evolution reaction

conversion applications,

1. Introduction

3D-printing or additive manufacturing is attracting significant
attention because it facilitates customized fabrication and rapid proto-
typing with high accuracy (1 2]. Fused deposition modeling (FDM) or
fused filament modeling (FFM) is a 3D-printing approach in which
thermoplastic filaments are extruded down the nozzle to print structures
in a layer-by-layer manner |3.41. Recently, a commercial conductive
nanocarbon/polylactic acid (PLA) filament has been widely used for
FDM 3D-printing and then for electrochemical applications [5-71. The
carbon surface of 3D-printed electrodes possesses poor electrocatalytic
properties. Several methods of depositing catalysts over 3D-printed
electrodes have been developed, including atomic layer deposition
(ALD) [#], electrodeposition | 9] and spray coating | 10, ALD requires
specialized and expensive equipment, and is not suitable for rapid, low-
cost manufacturing of 3D-printed electrodes. In addition, precursors for
ALD deposition are limited, and thus not all required materials can be

deposited on ALD electrodes. Electrodeposition of catalysts again re-
quires precursor materials ||, which in many cases are not available.
We thus turned to a proven technique of modifying surfaces with any
electrocatalytic material, which is dip-coating [11,12].

Herein, we report the facile, cost-effective, binder-free dip-coating of
a 3D-printed nanocarbon electrode in a slurry of MXene (Ti3C,T,) and
transition metal dichalcogenides (MoSz, MoSea, WSy, and WSes) for the
hydrogen evolution reaction (HER). The modified electrodes are char-
acterized by scanning electron microscopy (SEM), energy dispersive X-
ray (EDX) spectroscopy, and the electrocatalytic activity of the dip-
coated 3D-printed nanocarbon electrodes is assessed via linear sweep
voltammetry (LSV) and chronoamperometry measurements. This dip-
coating of electrocatalytic active materials over 3D-printed nano-
carbon electrodes represents a simple and user-friendly approach to-
wards energy conversion applications.
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61200 Brno, Czech Republic.
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2. Experimental section
2.1, Materials and methods

N,N-Dimethylformamide (DMF), ethanol, sulfuric acid (HsS04),
molybdenum sulfide (MoSs), molybdenum selenide (MoSey), tungsten
sulfide (WSy), and tungsten selenide (WSe;) were purchased from
Sigma-Aldrich, Germany. MXene (Ti3C3) ceramic aqueous paste was
purchased from Y-carbon, Ukraine. All chemicals were of analytical
grade and used as received. The conductive graphene/polylactic acid
(PLA) filament was procured from Graphene Laboratories Inc., New
York, USA.

2.2. Preparation of 3D-printed electrodes

The electrodes were designed using Autodesk Fusion 360 software
and then printed using a Prusa i3 MK3s printer (Prusa Research, Czech
Republic), The commercial graphene/PLA filament was extruded down
the nozzle (Olsson Ruby-tipped 0.6 mm, 3DVerkstan, Sweden) at a
temperature of 220 “C with a bed temperature of 60 "C, The 3D-printed
electrodes were then activated to improve their conductivity by
immersing in DMF for 4 h and rinsed with ethanol and water to remove
theinsulating PLA |13 16]. The electrodes were then dried in an oven at
65 “C for 2 h and used for dip-coating.

2.3. Dip-coating of 3D-printed nanocarbon electrodes

Initially, slurries of MXene (Ti3CyTy) and the TMDs (MoSy, MoSes,
WS,, and WSep) were prepared by adding 50 mg of the sample to 200 uL
of DMF and bath sonicating for 30 min. The activated 3D-printed
nanocarbon electrodes (3D-CEs) were then dipped into the respective
slurry at room temperature for 3 h, as depicted in Scheme 1. The final
electrodes were dried and subjected to morphological and electro-
chemical characterization. These dip-coated 3D-printed electrodes are
referred to as TizCoT,@3D-CE, MoS,@3D-CE, MoSe,@3D-CE,
WS»@3D-CE, and WSe,@3D-CE in later sections.

2.4. Characterization

The surface morphology of the dip-coated activated 3D-printed
nanocarbon electrodes was studied using SEM, TESCAN LYRA 3. The
elemental composition and mapping were examined using an EDX de-
tector (BRUKER XFlash 5010) attached to the SEM. The electrochemical
measurements were carried out using a potentiostat (PGSTAT 204,

—_——
Solvent activation

FDM 3D-printing
e l [lJ l e
Dip-coated Slurry of Activated
electrode MXene or TMDs  electrode

Scheme 1. Schematic representation of the dip-coating of activated 3D-printed
nanocarbon electrade in a slurry of MXene or TMDs.
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Metrohm Autolab, Netherlands) operated by NOVA 2.1 software, where
the dip-coated 3D-printed nanocarbon electrode (activated) was used as
the working electrode (WE), with a platinum wire as the counter elec-
trode (CE), and Ag/AgCl (1 M KCI) as the reference electrode (RE) in 0.5
M H3S04 electrolyte. The specific current (mA/g) was calculated by
dividing the current (mA) by the amount of active material (in grams)
deposited on the electrode surface. The mass of the deposited material
was calculated by measuring the mass of the nanocarbon electrodes
before and after the dip-coating. All electrochemical measurements
were carried out at ambient conditions in the open air and no other
special conditions were used.

3. Results and discussion

The FDM technique was employed to fabricate a 3D-printed nano-
carbon electrode using a commercial graphene/PLA filament followed
by surface activation using DMF to improve the conductivity of the
electrode surface [13.16,17,22], The activated electrodes were then dip-
coated in a slurry of layered materials as shown in Scheme 1.

A SEM image of the solvent-activated 3D-printed nanocarbon elec-
trodes, which were subsequently used as substrates for dip coating, is
shown in I'ig. S1. The dip-coating method enables a binder-free coating
of active materials to be achieved, due to the physisorption of layered
materials on the surface of the 3D-printed electrode. An SEM micro-
graph and EDX spectrum of TizCoT@3D-CE are shown in Fig. 1A and B,
respectively. It was found that the surface of the dip-coated 3D-printed
nanocarbon electrode was attached with TizCaT, layers. . The EDX
spectral analysis confirms the presence of titanium, carbon, oxygen,
aluminum, fluorine, and chlorine with atomic percentages of 39.96,
23.65, 18.46, 9.57, 7.70, and 0.67%, respectively, over the surface of the
dip-coated electrode (Fig. 1B). The presence of F and O on the electrode
surface was ascribed to surface terminations (-F and —-OH) from the
processing of the original MAX phase to MXene [1£-20]. The EDX
mapping images shown in Fig. 1(C-H), further confirm the presence of
the constituent elements Ti, C, O, F, Al, and Cl.

SEM micrographs of the dip-coated nanocarbon electrodes
MoS»@3D-CE, MoSe,@3D-CE, WS,@3D-CE, and WSe,@3D-CE are
shown in fiy. 2A-D, respectively. It was found that the microparticles
are deposited on top of the electrode surfaces in each type of electrode. A

Intensity
counts (a.u)
(2]
=

10

Fig. 1. (A) SEM, (B) EDX spectra of dip-coated MXene (Ti;C;T,) on the 3D-
printed nanocarbon electrode surface (* background peak), (C-H) EDX map-
ping of the individual elements Ti, C, O, F, Al, and CL
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Fig. 2. SEM and EDX spectra of dip-coated electrodes (A, I) MoS,@3D-CE; (B,
1) MoSe,@3D-CE; (C, M) WS,@3D-CE: (D. IV) WSe,@3D-CE; (* back-
ground peak).

spectral analysis was conducted to investigate the surface composition
of the dip-coated nanocarbon electrodes using EDX spectroscopy for
MoS2@3D-CE, MoSex@3D-CE, WSz@3D-CE, and WSep@3D-CE surfaces
as depicted in Fig. 21, 11, 111, and 1V, respectively. The elemental com-
positions of the dip-coated electrodes are shown in Table S1,

Linear sweep voltammetry (LSV) was used to study the cartalytic
activity of the dip-coated 3D-printed nanocarbon electrodes through the
hydrogen evolution reaction (HER) in acidic medium (0.5 M H»S80y4), as
shown in Fig. 3. The measurements were carried out in a potential range
of 0to —1.1 V at a scan rate of 5mV s~! to study the HER. The bare 3D-
CE tends to be a poor catalyst for the HER, as shown in Fig. 2.

The activated dip-coated nanocarbon electrodes showed improved
catalytic performance. It was found that for Ti3CyT@3D-CE, the po-
tential required to attain a current density of —200 mA g~ ' was —0.481
V. In the case of the TMD-based active catalysts, to reach —200 mA g '
of current density the required potential was —0.620 and —0.496 V for
MoS,@3D-CE and MoSe,@3D-CE, respectively, while for WS,@3D-CE
and WSe,@3D-CE the required potential was ~0.622 and -0.496 V,
respectively, This demonstrates that dip-coating MXene (Ti3C;T,) and
TMD (MoS,, MoSes, WS,, and WSe,) over 3D-CE modifies the electrode
in such a way that it acts as an active catalyst material. The HER
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Fig. 3. LSV measurements using the various dip-coated electrodes.

measurements of the modified 3D-CEs were analyzed using the Tafel
equation ] = b log|j| + a, where n is the overpotential, j is the specific
current and b is the Tafel slope [ 21 |. Tafel slopes determine rate-limiting
steps of the HER measurements. The Tafel slope values were found to be
316 mV dec’ for MXene@3D-CE and 335 and 260 mV dec’ for
MoSe;@3D-CE and WSe,@3D-CE, respectively. In the case of
MoS;@3D-CE and WSy@3D-CE, very high Tafel slopes of 647 and 970
mV dec™, respectively, were attained (I'ig. 52). In short, MXene-coated
3D-CE exhibits a low overpotential compared to the TMDs taken for
analysis. Dip-coating of 3D-CEs with sulfide-based transition metals
(MoS3 and WS;) produced high overpotentials and very high Tafel slope
values when compared to the selenides of Mo and W. Furthermore, the
stability of the electrodes was evaluated using the chronoamperometry
measurement continuously for 2.5 h in 0.5 M H;504. Using the data
obtained from the LSV measurement, a constant potential was applied to
the electrodes based on the potential observed at the specific current of
~200 mA g~ From the chronoamperometry measurement, the specific
current versus time plot is drawn for all the electrodes up to 150 min,
leaving an initial stability time of 5 min. (F'ig. 53). The electrodes were
found to be stable throughout the test while MoS,@3D-CE showed some
degradation which is in line with results previously reported by our
group | 10]. The small fluctuations in the specific current may be due to
the detachment of Hj gas from the surface of the electrode and not the
materials themselves. The electrode performance is stable and the ma-
terial is present on the electrode surface even after the electrochemical
reactions, confirming a good affinity between the active material and
the activated electrode (Fig. 54). This technique is shown to be a simple
and scalable prototype method for catalytically activating the nano-
carbon electrode surface using active layered and 2D materials for en-
ergy Conversion purposes.

4. Conclusions

In summary, we have demonstrated a universal, fast, cost-effective
approach for developing binder/surfactant-free modified 3D-printed
electrodes for electrochemical applications. Dip-coating of activated
3D-printed nanocarbon electrodes in a slurry of titanium carbide
(MXene) and transition metal dichalcogenides (TMDs) improved the
catalytic property of the electrodes, as demonstrated for the hydrogen
evolution reaction (HER). This method of fabricating a catalytically
active 3D-printed nanocarbon electrode surface can be used to coat a
variety of substrates, and may be adopted for various electrochemical
applications in the future,
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Table S1. EDX spectral details of transition metal dichalcogenides (A) MoS:@3D-CE (B)

MoSe;@3D-CE (C) WS>@3D-CE (D) WSe;@3D-CE

dip-coated electrode atomic (%)
Mo S C O
MoS;@3D-CE
242 48.74 25.09 1.06
Mo Se C Q)
MoSe;@3D-CE
19.73 44.67 31.37 423
W S C 0]
WS;@3D-CE
26.06 43.00 17.72 13.22
W Se C 0]
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23.95 46.27 27.14 2.64
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Fig. S2. Tafel slopes of the various dip-coated electrodes.
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Fig. S4. Scanning electron microscopy images of dip-coated nanocarbon electrode surface after
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WSe;@3D-CE and (E) TisC;Tx@3D-CE.
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5.2.2 Metal plated 3D-printed carbon electrodes for sugar sensing applications

Motivation

3D-printed electrode are not catalytically active to targeted analytes. Employing ideal
modification approaches to fabricate 3D-printed active electrodes can aid towards on-

demand decentralized sensors.

Objective

A non-enzymatic 3D-CE is fabricated via metal plating of Cu and Ni, to detect
carbohydrates. Morphology analysis was employed to confirm distribution of metal
nanoparticles over electrode surface. Electrochemical characterization via cyclic
voltammetry and chronoamperometry will be employed to confirmed sugar sensing ability

of metal plated 3D-printed electrode.

Outcome

Metal plated 3D-CE was successful for carbohydrate sensing. The studies aid towards
enhancing the possibilities of employing 3D-CE for successful sensing of specific targeted

products.

102



Contribution

Investigation, methodology, conceptualization, formal analysis, data curation,
characterizations, experimentation, validation, discussions, writing (original draft, review

and editing).

Article

The article was published and the details of the article are as follows:

Akshay Kumar K. Padinjareveetil, Ghosh, O. Alduhaish, Martin Pumera*, Metal-plated 3D-

printed electrode for electrochemical detection of carbohydrates, Electrochem. Commun.

2020, 120, 106827, https://doi.org/10.1016/j.elecom.2020.106827, (IF=5.44).

103



Electrochemistry Communications 120 (2020) 106827

Contents lists available at ScienceDirect

Electrochemistry Communications

journal homepage: www.elseviar.com/lacate/elecom

Metal-plated 3D-printed electrode for electrochemical detection of m

carbohydrates

K.P. Akshay Kumar’, Kalyan Ghosh’, Osamah Alduhaish”, Martin Pumera™"""

* Future Energy and Innovation Laboratory, Central European Institute of Technology, Brno University of Technology, Purkyfiova 123, 61200 Brno, Czech Republic
" Chemistry Department PO, Box 2455, Gollege of Science, King Saud University, Riyadh 11451, Saudi Arabia
* Department of Chemical and Biomolecular Engineering, Yonsei University, 50 Yonset-ro, Seodaemun-gu, Seoul 03722, Republic of Korea

4 Department of Medical Research, China Medical U v Hosy

ital, China Medical Uni

ARTICLE INFO ABSTRACT

ity, No. 91 Hsueh-Shih Road, Taichung 40402, Taiwan

Keywords:

Fused deposition modeling
Metal plating

AD-printed electrode
Electroplating

Sugar sensing

The decentralized fabrication of sensors using 3D-printing technology and low power requirements of electro-
chemical detection promise to revolutionize point-of-care sensing. One of the obstacles is that the 3D-printed
devices are often not catalytic to the target analytes. Here, we develop a non-enzymatic printed nanocarbon
electrode sensor to detect sugars (glucose and sucrose) via copper and nickel electroplating over a 3D-printed
conducting electrode, The morphological and spectroscopic characterizations of copper-plated and nickel-plated
3D-printed carbon electrodes were performed. Scanning electron micrographs show the formation of meral

nanoparticles over the surface of a 3D-printed nanocarbon electrode. X-ray photoelectron spectroscopy reveals
the composition and chemical states of the metal coating. Electrochemical characterization via cyclic voltam-
metry and chronoamperometry was carried out, and glucose and sucrose sensing were performed. This method
of on-demand decentralized sensor fabrication and modifications should find broad applications.

1. Introduction

Additive manufacturing or 3D-printing is @ new fabrication ap-
proach of developing a structure with any shape through the layer-by-
layer deposition of materials through a computer-controlled program
[11. The 3D-printing technique benefits to rapid prototyping, custo-
mized design with minimal waste, and large scale manufacturing [ 2,4].
3D-printing techniques have been potentially used for fabricating a
novel electrode for electrochemical sensing devices |4]. Fused deposi-
tion modeling (FDM) is a common method for fabricating an electrode
substrate, where a thermoplastic filament is extruded down the nozzle
and a desired shaped object is printed [5.6]. However, such surfaces
often do not have the desired catalytic properties to enable sensing
applications. Improving the surface properties of these electrodes for
electrochemical applications is the current challenge | 7. Atomic layer
deposition has been used to modify metal electrodes for electrocatalytic
purposes |5 |; however, it requires high-end cleanroom equipment and
is not feasible for decentralized low-cost electrode fabrication. Gold
modification of iron 3D-printed electrodes was shown by us previously
for DNA detection |Y|. The electrodeposition method is facile; however,
metallic 3D printing requires high-end high-cost equipment., We

recently introduced a procedure to electrochemically coat low-cost
FDM electrodes with transition metal dichalcogenides for hydrogen

evolution reaction [10]. Transition metal nanoparticles of copper/
nickel and their oxide/hydroxide serve as an active non-enzymatic
catalytic site |1 1-16]. The above observations and importance of 3D-

printing technology and active metal sites lead us to the inspiration of
coating 3D-printed conducting electrodes by electrodeposition of
copper and nickel for sugar sensing [17-25]. Electroplating of non-
precious metals such as copper and nickel offers a low-cost alternative
to using costly metals such as gold, silver, and platinum. This is the
main attraction of the proposed non-enzymatic biosensor material
[26,27] using a 3D-printed structure. The 3D-printed substrate after
activation serves as an active site for sensing due to porous structure
and high surface area. Metal electroplating on 3D-printed porous
structure helps to improve the surface properties and eliminates the
kinetic barrier | 15]. Further, the presence of carbon support also im-
proves the conduction path of electrons between the analyte and elec-
trode surface [22].

Diabetes mellitus, or diabetes, is a chronic disorder caused by an
increased concentration of sugar in the blood, which may lead to stroke,
heart disease, and damage to the eyes, nerves, and kidneys |28, 29]
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Fig. 1. (A) Scanning electron microscopy (SEM) image of Cu@3D-CE, (B)-(C) Energy-dispersive X-ray spectroscopy (EDX) mapping and EDX spectral analysis of Cu@
3D-CE, (D) SEM image of Ni@3D-CE, (E)-(F) EDX mapping and EDX Spectral analysis of Ni@3D-CE (* background peak).

Around 693 million people are expected to be diabetic by 2045 [30].
The amount of glucose in the blood for non-diabetic patients is in the
range of 3.9-6.2 mM |29]. Traditionally, there are many devices for
detecting blood sugar levels [31]. However, the challenge is to develop
a sensor that is time-accurate, quick, low-cost, and easily monitor sugar
level in the blood. Hence, the concept of non-enzymatic sensors came to
light due to the advantages of being faster, reliable, and precise com-
pared with enzymatic sensors [13,32-35].

We have fabricated the sugar-sensing electrode by employing a
simple and scalable technique. The electrode was fabricated using a
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low-cost conducting substrate and a cost-effective method to electro-
plate 3D-printed nanocarbon electrode for non-enzymatic sugar sen-
sing, specifically glucose and sucrose.

2. Experimental section

2.1. Materials and methods

Copper sulfate pentahydrate (CuSO45H,0), sodium hydroxide
(NaOH), glucose, sucrose, dimethylformamide (DMF), nickel sulphate
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Fig. 2. X-ray photoelectron spectroscopy (XPS) survey spectrum of (A) copper electroplated 3D-printed nanocarbon electrode (Cu@3D-CE). (B) Nickel electroplated
3D-printed nanocarbon electrode (Ni@3D-CE); deconvoluted spectra of (C) Cu 2p of Cu@3D-CE, and (D) Ni 2p of Ni@3D-CE samples.

hexahydrate (NiSO46H20), boric acid (HzBOs), ethanol, and sulphuric
acid (H,S04) were purchased from Sigma-Aldrich, Germany. All che-
micals were of analytical grade and used as received. Commercially
available filament, conductive graphene/ polylactic acid (PLA) filament
(Graphene Supermarket, USA) was used for 3D printing of the elec-
trodes. All stock solutions were prepared with ultra-pure water purified
by a Millipore-Q System, having resistivity not less than 18,2 MQ cm ™.
A fresh solution of desired sugar (either glucose or sucrose) was pre-
pared daily prior to analysis.

2.2. 3D-printing of carbon electrodes using graphene/PLA filament

3D-printing via FDM [1,36,37] was done to print structures based
on the input design assigned to the printer (Prusa 13 MK3 printer, Prusa
Research, Czech Republic) with an Olsson ruby-tipped 0.4 mm nozzle
(3DVerkstan, Sweden). Graphene/PLA filament is extruded down the
nozzle at a temperature of 220 °C and bed temperature around 60 °C.
The 3D-printed electrode consists of a hybridized composition of con-
ductive graphene and non-conductive PLA polymer. To improve the
conductivity of these electrodes, solvent activation was carried out by
immersing the printed nanocarbon electrodes in DMF for four hours.
The electrodes were washed with ethanol and water to remove PLA and
then dried in the oven at 65 ‘C for two hours [5]. The activated 3D-
printed nanocarbon electrode are denored as 3D-CE in the following
sections.
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2.3. Electroplating of carbon electrodes

The dried 3D-printed electrode was electroplated with the re-
spective electrolyte solution. Briefly, the activated 3D-printed carbon
electrode was used as a working electrode (WE), platinum as a counter
electrode (CE), and Ag/AgCl (1 M KCl) with a salt bridge (0.1 M KCI) as
a reference electrode (RE).

Copper Plating. Chronoamperometric measurements were carried
out at a constant potential of —0.5 V for electroplating the carbon
electrode using a mixture of 0.1 M copper(ll) sulfate pentahydrate and
0.5 M sulfuric acid solution for 10 min (Fig. 51). With the application of
constant reduction potential, a fine layer of copper metal is deposited
over the surface of the printed nanocarbon electrode. A change in color
of the electrode (black to brown) was observed. The electrode was al-
lowed to dry at room temperature |14 35].

Nickel Plating. The electrodeposition of metallic nickel on the
nanocarbon electrode was carried out in an electrolyte mixture of 0.1 M
nickel sulphate hexahydrate and 0.5 M boric acid |17]. Cyclic vol-
tammetry (CV) was performed in a potential scan range of 0.0 to =2V
at a scan rate of 50 mV s~ ' (Fig. 52). To ensure complete formation of
the nickel hydroxide layer, the electrode was transferred to a 0.1 M
NaOH solution and cycled 20 times in a potential range of 0.9
to —0.9 V at the scan rate of 100 mV s~ ' (Fig. 52).

2.4. Materials characterization

The surface morphology of the metal (copper/nickel) electroplated
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20 mV s~ ", (D) Analysis of peak current versus sucrose concentration at +0.65 V,

3D-printed nanocarbon electrode was observed using a scanning elec-
tron microscopy (SEM, TESCAN LYRA 3). The elemental analysis was
carried out by energy-dispersive X-ray spectroscopy (EDX). In addition,
chemical compositional analyses were performed by XPS (Kratos AXIS
Supra instrument) using a monochromatic Al Ka (1486.7 eV) excitation
source. The X-ray power was 225 W. The data were analyzed using Casa
XPS software.

2.5. Electrochemical measurements

Cyclic voltammetric and chronoamperometric measurements were
conducted using a potentiostat (PGSTAT 204, Metrohm Autolab) op-
erated by Nova 2.14 software. The measurements were carried out at
room temperature using Ag/AgCl (1 M KCI) with a salt bridge (0.1 M
KC1) as the reference electrode and platinum wire as the counter elec-
trode. The electrolyte comprises varying concentrations of sugar solu-
tion (0.5-10 mM) in 0.1 M NaOH.

3. Results and discussion

We have fabricated a 3D-printed electrode from a graphene/PLA
filament and its surface was activated by dimethylformamide [3.5].
From the SEM image, it was observed that the 3D-printed electrode
contains nanofiber shaped carbon/graphene having a diameter of
80-150 nm and a few micrometers in length. The SEM image is de-
picted in the supplementary imformation (Fig. 54). To improve the
electrocatalytic activity of the 3D-printed nanocarbon electrode for
glucose and sucrose detection, we have electroplated it with non-
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precious metals: copper and nickel. The schematic presentation of sugar
sensing using an electroplated 3D-printed carbon electrode is presented
in Scheme 1.

The ensued metal electroplated 3D-printed carbon electrode (M@
3D-CE) was characterized before the sugar detection tests. The mor-
phology of the resulting copper (F'ig. 1A) and nickel (Fig. 1D) deposi-
tion is characterized using SEM imaging, where the formation of na-
noparticles is evident over the surface of the 3D-printed nanocarbon
electrode. From the size distribution profile, the average particle size
was found to be 2.31 and 1.4 um for Cu@3D-CE and Ni@3D-CE, re-
spectively shown in (Fig. S5).

The EDX analysis was used to study the type of elements present in
the material and their distribution. The formation of copper nano-
particles over the surface of the carbon electrode is evident from EDX
mapping (I1g. 1B). The EDX spectral analysis of copper electroplated
3D-printed nanocarbon electrode (Cu@3D-CE) confirmed the presence
of Cu, C, and O with their atomic percentage as 88.00, 9.31, and 2.69%,
respectively (Fig. 1C), Coverage by these copper nanoparticles on the
3D-printed nanocarbon electrode enhances the electrocatalytic effi-
ciency of the electrode toward sugar sensing. Similarly, the presence of
nickel nanoparticles over the surface of nickel electroplated 3D-printed
nanocarbon electrode (Ni@3D-CE) can be observed from the SEM
image (Fig. 1D) and EDX mapping (Fiz. 1E). The EDX spectral analysis
confirmed the presence of Ni, C, and O with their atomic percentage as
75.33, 24.02, and 0.45%, respectively (Fiz. 1F).

XPS analysis of M@3D-CE was conducted to confirm the composi-
tion and chemical states of the material. Fig. 2A shows the XPS survey
spectrum of copper electroplated 3D-printed nanocarbon electrode
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(Cu@3D-CE) after electroplating. From the wide scan spectrum, the
peaks at 285, 530, and 934 eV are corresponding to C 1s, O 1s and Cu
2p, respectively. The wide spectral analysis showed the atomic % of
copper, carbon and oxygen are 15.00, 40.28, 44.57%, respectively. The
high-resolution Cu 2p core level spectrum shows two characteristic
peaks at the binding energy (BE) of 933.6 and 953.3 eV corresponding
to Cu 2p3/2 and Cu 2p1/2, respectively, (I'ig. 2C) of Cu(ll) state which
is arising most likely from CuO or Cu(OH), | 20]. The strong presence of
Cu®' was further confirmed from the peaks observed at 941.6 and
962.2 eV which are sake-up satellite peaks corresponding to the char-
acteristic d° ground state configuration [21-23.39]. In addition, the
small peaks that appeared at 932.7 and 952.8 eV correspond to the Cu
2p3/2 and Cu 2p1/2, respectively which can be assigned to Cu(0) or Cu
(1) state. However, the Cu(0) state can be separated from Cu(I) state in
XPS analysis due to their overlapping peaks. The possible presence of
Cu(T) is most likely due to the formation of small quantity of Cu0 [40].

Fig. 2B depicts the wide spectral analysis of (Ni@3D-CE), showing
the presence of Ni 2p, C 1s and O 1s peaks. The high-resolution core
level Ni 2p spectrum shows the peak appeared at 855.0 and 872.8 eV
corresponding to the Ni 2p3/2 and Ni 2p1/2, respectively acquainting a
spin-orbit peak separation of 17.8 eV, which can be assigned to Ni**
(Fig. 2D). The presence of Ni*" state is possibly due to the formation of
nickel hydroxide [Ni(OH),] after electrodeposition | 24,25, 291,

After confirming the electrochemically deposited metal coating on
the 3D-printed electrodes, we have investigated the electrochemical
response of enzyme-free sugar sensing of M@3D-CE. The CV analyses of
glucose and sucrose sensing (0.5-10 mM) using Cu@3D-CE are shown
in Iz A and C, respectively. A quantifiable peak is observed on in-
creasing concentration of sugar, From the observed peak current in the
sugar oxidation CV analysis, the current at oxidation potentials of 0.6 V
for glucose and 0.65 V for sucrose were plotted with a range of sugar
concentration from 0.5 to 10 mM, as depicted in I'ig. 2B and D, re-
spectively. Fig. 2B displays the calibration curve of linearity
(R* = 0.9937) over a range of concentrations from 0.5 to 10 mM with a
slope of 0,532 mol™' L A. Fig. 3D displays the linear response
(R* = 0.9807) over a range of concentrations from 0.5 to 10 mM with a
slope of 0.324 mol ~' L A. The obtained plot gives us a clear relation of
concentration and sensitivity of the electrode.

It is well-known that the reactivity of glucose is higher than sucrose
towards Cu(ll) [19], This can be evidenced from the more prominent
oxidation peak as observed from the cyclic voltammograms of glucose
and sucrose at the concentration from 0.5 to 5 mM (Fig. 2A, C). This
difference reactivity of glucose and sucrose towards Cu(ll) can be ex-
plained considering the chemical structures of the glucose and sucrose
which are shown in (Fig. 56). The glucose being a monosaccharide is
easy to oxidize while the sucrose which is a disaccharide, constitutes
glucose and fructose, is less susceptible to oxidize [41]. The electro-
catalytic process for glucose oxidation is mediated by the Cu(1I)/Cu(III)
redox couple in the alkaline solution, where Cu(Ill) species acted as an
electron transfer mediator (42}, The mechanism of glucose sensing
towards Cu(Il) can be explained by formation and decomposition of
intermediate charge transfer complex which is stated as follows
[13,42].

CuO + OH™ = CuOOH + e~ (1)
Cu(ll) — Cu(IIl) + e~ (2)
Cu(IIT)+glucose + e —Cu(Il) + gluconolactone (3)

Hence, at a particular potential, the Cu(lll) on electrode surface
oxidize glucose to gluconolactone and then again return to its initial
state Cu(Il). As the glucose unit of sucrose only show the reactivity
towards Cu(Il), the overall sensitivity of sucrose decreased.
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We further extended our studies on Ni@3D-CE by carrying out CV
measurements at a potential scan range from 0.0 to 1.1 V at a scan rate
of 20 mV s~ ' (Fig. 4A). Chronoamperometric measurements of Ni@3D-
CE were carried out where a sharp increase in current was measured on
successive addition of 500 pL glucose in 0.1 M NaOH. The glucose was
added every 60 s from 1 to 9 mM concentration at a potential
of + 0.85 V (Fig. 4B). Fig. 4C displays the calibration curve
(R* = 0.9909) over a range of concentrations from 1 to 9 mM with a
slope of 0.128 mol ' L A,

It was found that the Cu@3D-CE was sensitive for glucose and su-
crose, while the Ni@3D-CE was sensitive only to glucose. Here, for Ni@
3D-CE, the oxygen atoms on nickel hydroxide [NiO(OH)] easily interact
with the hydroxyl groups of glucose, promoting their dehydrogenation
and conversion of glucose to gluconolactone in alkaline solution [25].
The reactions are stated as follows:

NiO + H; O— NiOOH (4)
NiOOH + glucose — NiO + H,0, + gluconolactone (5)
Gluconolactone — gluconic acid (6)

Gluconic acid 4+ H, O— gluconate™ + H*

To evaluate the glucose-sensing of Ni@3D-CE we carried out eyclic
voltammetric measurements which showed a shift of oxidation poten-
tial of ~ 0.2 V over the range of glucose concentration used. Hence, we
followed a more sensitive approach of chronoamperometric technique
to confirm the glucose-sensing using Ni@3D-CE. The chronoampero-
metric technique being a more precise and sensitive method showed
better linearity and identical error bar throughout the concentration
range. Unfortunately, Ni@3D-CE was not sensitive to sucrose. The
electrode did not show any significant oxidation peak in the range of
sucrose concentration from 1 to 10 mM in the CV measurement. This
result is also in agreement with the previously reported work [473 44].

4. Conclusions

We have demonstrated, for the first time, metal plating of 3D-
printed nanocarbon electrodes for carbohydrate sensing. Thus, this
approach would suggest an easy modification of 3D-printed nanocarbon
substrate as functional electrodes for successful sensing of desired
molecular targets. The metal ions deposited over the active sites of
nanocarbon substrate which can improve the surface properties and
eliminate the kinetic barrier followed by improved sensing between
metal oxides/hydroxides and carbohydrates. The 3D-printing approach
enable to fabricate any customized shaped electrodes as needed. We
believe the employed approach of decentralized electrode fabrication
and the non-precious metal coating is expected to find broad use in
various electrochemical applications such as oxygen evolution reaction
(OER), hydrogen evolution reaction (HER), ammonia reduction, etc,
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Fig. S1. Chronoamperometric deposition of copper over the surface of activated nanocarbon

electrode for 10 min using 0.1 M CuSO4.5H>0 and 0.5 M H>SO4.
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Fig. S2. Cyclic voltammograms of electroplating activated 3D-printed nanocarbon electrodes
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Fig. S3. Cyclic voltammograms of nickel plated nanocarbon electrode from -0.9 V to 0.9 V in
0.1 M NaOH for complete formation of nickel hydroxide layer at a scan rate of 100 mV s~
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Fig. S4. SEM image of 3D-printed nanocarbon electrode
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Fig. S5. Average particle size distribution profile from the SEM images A) Cu@3D-CE (B) Ni@3D-CE.
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Section-C
5.3. Future advancement of utilizing 3D-printing technology for energy and

emergency healthcare application (Perspective reports)

The inclining energy crisis, along with rising global temperature and environmental
imbalances, has significantly triggered the scientific community to find alternate sources.
Electrocatalysts can play a key role in addressing these concerns by minimizing the
excessive potential for respective applications. Eventually, fabrication of these
electrocatalysts via 3D-printing technology would be an interesting domain to mitigate
associated concerns, and such reports could be interesting for researchers working closely
on these disciplines. Thus, Section-C, 5.3 deals with strategies employed in engineering
electrocatalysts towards ammonia synthesis (5.3.1) and CO; mitigation (5.3.2). Precisely,
section 5.3.1 extensively covers a discussion on the fabrication of 3D-printed structures
towards NRA, along with an experimental demonstration of 3D-printed Cu electrodes for
ammonia synthesis. Further, rising CO: levels are major concerns in the present global
context. Section 5.3.2 discusses the advances in 3D-printing technology towards CO-
mitigation via selective conversion of them to specific products and some interesting CO>
capture techniques. Further, section 5.3.3 discusses the role played by 3D-printing
technology during health emergency situations such as the COVID-19 pandemic. The

discussion carried out in the section are published and the details are as follows:

5.3.1 Advancements in 3D-printing towards ammonia synthesis

Akshay Kumar K. Padinjareveetil, Martin Pumera*, Engineering 3D Printed Structures

Towards Electrochemically Driven Green Ammonia Synthesis: A Perspective, Adv.
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Mater. Technologies, 2023 ,10, 8, 2201734, https://doi.org/10.1002/admt.202202080,

(IF=3.8).

5.3.2 3D-printing technology towards CO:2 reduction and capture

Akshay Kumar K. Padinjareveetil, Martin Pumera*, Advances in Designing 3D-Printed

Systems for COz Reduction, Adv. Mater. Interfaces, 2023, 10, 8, 2201734

https://doi.org/10.1002/admi.202201734, (IF=6.38).

5.3.3 3D-printing technology towards emergency healthcare application

Akshay Kumar K. Padinjareveetil, Martin Pumera®*, 3D-Printing to Mitigate COVID-19

Pandemic, Adv. Funct. Mater. 2021, 31, doi.org/10.1002/adfm.202100450, (IF=19.9).
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5.3.1 Advancements in 3D-printing towards ammonia synthesis
Motivation

3D-printing technology has received massive attention for various electrocatalytic
applications such as H», and O> production. Interestingly, the field has stepped into a new
domain of employing 3D-printing structures for ammonia synthesis. Thus, a perspective
article constituting the potential possibilities of this field will be interesting to researchers

venturing into this field.

Objective

The article discusses the scope of employing 3D-printing technology for fabrication of
electrocatalyst with enhanced activity, along with techniques and approaches of catalyst
designing, modification, post-printing treatments, and catalytic mechanism. Further, the role
of 3D-printed metal based, carbon based, alloys, 2D materials composites as catalyst for
nitrate to ammonia conversion will be carried out. Further, an experimental demonstration
of employing 3D-printed metal structures towards ammonia synthesis will be done for the

first time, to analyse the potential of this field.

Contribution

Writing (original draft, review and editing).

Outcome

The article has broadly discussed the factors influencing the electrocatalyst fabrication

towards ammonia synthesis such as shape, size, composition, morphology, post-printing
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treatments. Further, experimental demonstration has showed the real potential of 3D-printed
electrocatalyst for ammonia synthesis, thereby setting up a foundation for further

exploration in this field.

Article
The article was published and the details of the article are as follows:

Akshay Kumar K. Padinjareveetil, Martin Pumera*, Engineering 3D Printed Structures

Towards Electrochemically Driven Green Ammonia Synthesis: A Perspective , Adv. Mater.

Technologies, 2023 ,10, 8, 2201734, https://doi.org/10.1002/admt.202202080, (IF=8.8).
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Engineering 3D Printed Structures Towards
Electrochemically Driven Green Ammonia Synthesis:

A Perspective

Akshay Kumar K. Padinjareveetil, Juan V. Perales-Rondon, and Martin Pumera*

1. Introduction

Broadening scope of 3D printing technology is recently identified as a

The consistent decline in the availabil-

potential strategy to mitigate concerns in the light of rising energy crisis and
environmental imbalances. The importance of ammonia as a hydrogen carrier
is well known and, in the context of 3D printing, designing and fabrication of
electrode substrates for ammonia synthesis from nitrate sources will present
a twofold advantage toward addressing the energy ctisis and also limiting the
harmful effect of excessive nitrate from the environment. Studies in the
direction of employing 3D printed catalysts or reactors for ammonia
production have been rarely reported. Thus, in this perspective article, the
possibilities of engineering several 3D printed electrocatalysts for nitrate
reduction to ammonia via various techniques are discussed and experimental
demonstrations to substantiate the potential of 3D printed electrocatalysts
toward ammonia production are provided, for the first time. In addition,
postfabrication treatments, modification, and patterned coating of 3D printed
substrates using active materials are also discussed along with the
possibilities of fabricating catalysts for ammonia synthesis via nitrogen
reduction reaction. Certain limitations and possible solutions of this printing
technology for ammonia production are discussed along with the future

ity of fossil fuels along with a rapidly
growing population has resulted in a se-
vere energy crisis in most parts of the
world today. Several efforts have been
carried out by the global scientific com-
munity to derive renewable and sus-
tainable energy sources to meet these
growing demands.!"™!) The synthesis of
ammonia at an industrial scale is con-
sidered to be one of the most impact-
ful discoveries of the last century’’! and
its importance is manifold with applica-
tions in agricultural sectors, pharmaceu-
ticals, textiles, refrigeration, and so on.
Being a “green” hydrogen-rich molecule,
ammonia is known to be an impor
tant next-generation energy carrier due
to its high hydrogen content (17.65 wt%)
and high gravimetric energy density

outlook. Such timely discussions will be interesting for researchers and
scientists for enhancing further possibilities toward broadening this field and

toward other catalytic applications.
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(3 kWh kg'), which assists in conve-
nient storage and transportation along
with clean emissions.|” 'l Hence, its pro-
duction requires critical attention, es-
pecially for combatting the increasing
energy shortage. Owing to the environmental concerns, and high
set-up cost for ammonia production via traditional techniques
such as the Haber-Bosch process, researchers are now focusing
on simple, efficient, and alternative approaches for ammonia syn-
thesis.

Interestingly, studies focusing on nitrate ions have recently
gained momentum as a new area of research where they
are known to be a potential source for ammonia production.
The electrochemical reduction of nitrate (NO,™) into ammo-
nia (NH,), abbreviated as NRA, involyes an eight-electron and
nine-proton transfer reaction proceeding through multiple reac-
tion pathways/intermediate steps."">"*l NRA has a reaction po-
tential lower than hydrogen evolution reaction (HER). Further-
more, HER can be an interfering and competitive process during
NRA, where electrons can be consumed for hydrogen generation,
which can significantly limit the Faradaic efficiency (FE) and se-
lectivity of the reaction system. Hence, the fabrication of cata-
lysts becomes a key step in addressing the challenges associated
with NRA, by limiting the N=N bond formation and competitive
HER, aiding selective reduction, and delivering appreciable FE
necessary for practical applications. Although several fabrication
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techniques for catalysts have already been reported,'* "I the de-
mand for newer alternative strategies is increasing.

From the fabrication point of view, traditional formative manu-
facturing techniques such as injection moulding, and subtractive
manufacturing techniques such as drilling, cutting, and milling,
although practiced, have several limitations.!'*"! For instance,
complexity associated in device and electrode fabrication, along
with time consumption and high cost, has slowed the pace toward
fabricating state-of-the-art catalysts. Also, poor selectivity, stabil-
ity, activity, and mass transfer limitations associated with the cat-
alysts limit their usage for catalytic applications directly. Thus,
the need for simpler fabrication approaches that can easily mod-
ulate the internal structure, and print complex geometries, has
increased dramatically. Furthermore, the complexity associated
with traditional techniques, along with high fabrication time, the
need for skilled users, excessive resource wastage, and the need
for advanced operational facilities for material fabrication has led
to further distress.

Advancements like 3D printing technology (known as “addi-
tive manufacturing” technique) have revolutionized the mate-
rial fabrication technique, accounting for its rapid prototyping
ability, and flexibility in designing and printing./**-**! In addi-
tion, this innovative technique has the potential to deliver struc-
tures with myriad geometries, better rigidity, tunable porosity,
and size, thereby mitigating the multiple limitations associated
with conventional fabrication techniques. Modifying designs us-
ing computer-assisted design (CAD) software is relatively sim-
ple; therefore, materials can be easily formulated and examined
on the basis of targeted products and experimental conditions.
Nanostructuring of these 3D printed structures in the microm-
eter (um) resolution can induce porosity and enhance the sur-
face area, delivering nanometric features that can efficiently esca-
late and favor the catalytic reaction./***"] Engineering 3D printed
structures can result in varied geometric morphologies, enhanc-
ing the chances of fabricating active catalyst structures for am-
monia production.

Other advantages such as its user-friendly nature, rapid and
flexible customization, and possibility to formulate and fabricate
complex structures using different catalytic materials, make 3D
printing a highly desirable technology for NRA. Also, this would
be a breakthrough in the design of materials that can be easily in-
tegrated into an electrolyzer, with a consequent easiness in scal-
ability and manufacturing. In other words, the flexible nature of
3D printing technology favors rapid material production, facili-
tating the easy optimization of designs to obtain higher yields.

Inshort, this perspective article discusses the scope of devising
3D printed materials with enhanced activity, selectivity, and con-
siderable yield for ammonia production. This accounts for the
fact that proper formulation, engineering, and postfabrication
treatments of the 3D printed substrates could render active sites
capable of performing NRA, and consequently improve ammo-
nia production. Further, we discuss various strategies for design-
ing 3D printed electrocatalysts, an overview of the catalytic reac-
tion mechanisms, experimentation using 3D printed electrocata-
lysts toward ammonia production as a proof of concept, key chal-
lenges, and a future outlook of this field. The above discussion is
anticipated to provide researchers working in this area with rele-
vant ideas on designing newer electrode materials for ammonia
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synthesis by exploiting the possible benefits of 3D printing tech-
nology.

2. Nutshell on 3D Printing Technology

A bottom-up technique, 3D printing classified under the cate-
gory of automated manufacturing processes that has the poten-
tial to fabricate desired 3D objects by depositing active mate-
rial in a layer-by-layer manner/*"#*?% Right from its inception
in the 1980s, this field of study has made remarkable progress in
terms of providing complete autonomy for designing and print-
ing customized products.””*! Fundamental advantages of this
technology emanate from its features like immediate prototyp-
ing ability, scalability, repeatability, flexibility in structural design,
the capacity of manufacturing complex designs, and minimal
waste generation.!'”#* The technology today has come a long way
from its initial usage of generating prototypes to a full-fledged
3D printing industry based across regions. The principles of 3D
printing techniques have evolved with time based on the precur-
sor materials used, setup cost, and targeted applications. The di-
verse prospects associated with 3D printing make it a reliable
technique for fabricating various industrial tools and its popu-
larity can be measured in terms of its shrinking cost, increas-
ing purchase rates, and its application has broadened to multi-
ple domains such food,*! biosensing,!*’! biomedical,!***"! health
emergency,??! electrochemistry,?**-%! and beyond. Interest-
ingly, today it is also expanding to educational**! and domestic
circles.

The printing process begins with modeling 3D struc-
tures using CAD 3D modeling software, a 3D scanner, or
photogrammetry. 31 After successful modeling of the design
(Figure 1A), it is converted to stereolithography file format (STL),
which is the standard format file, followed by slicing using an-
other software. Postslicing, the final output is obtained in the
form of a G-code file that contains geometrical information of the
modeled design, commands, extrusion and bed temperature de-
tails, number and density of layers, and so on (Figure 1B). The G-
code file can be later transferred to the 3D printer for final print-
ing. While printing, the 2D layers of active/precursor material are
aligned on top of each other sequentially, resulting in the desired
3D structure (Figure 1C). 3D printing techniques and precur-
sor materials, such as metal filaments/powders, thermoplastics,
carbon based filaments, composites, and ceramics, offer multi-
ple possibilities for a diverse range of applications. Certain tech-
niques associated with the technology are discussed below since
a proper understanding of these printing strategies is indeed nec-
essary for designing application-specific devices/electrodes for
targeted applications./?%3%3¢]

2.1. Extrusion-Based Printing

Fused deposition modeling (FDM) or “fused filament fabri-
cation” (FFF) involves the extrusion of active filaments down
the printer nozzle to obtain a rigid 3D printed structure as
shown in Figure 2A.%*!! This printing technique is in high
demand owing to its low cost and flexibility in using differ-
ent materials. Each filament has its specific extrusion temper-
ature capable of melting desired filaments down the printer



ADVANCED
SCIENCE NEWS

AR

www.advancedsciencenews.com

L_.

CAD

G-code file

www.advmattechnol.de

3D printtfvg

—

—

Figure 1. Schematic representations of steps involved in designing and fabrication of 3D structures. A) designing, B) slicing of modeled structure, and

C) 3D printing.
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Figure 2, Schematic representations of 3D printing techniques: A) fused deposition modeling, B) direct ink writing, C) stereolithography, and D) selective

laser sintering.

nozzle to the print bed platform. The precursor material in-
cludes graphene/polylactic acid (PLA) filaments (also known
as “black magic”),/**! carbon-black/PLA (protopasta), metal/PLA
filaments!*” 3! (where metal = copper [Cul, bronze, stainless stee]
[SS], titanium [Ti], iron [Fe}, aluminum [Al], etc)), PLA, acry-
lonitrile butadiene styrene (ABS), customized filaments, and so
on. The directly printed materials are often subjected to post-
fabrication protocols to make them conductive electrode/support
for desired applications. Interestingly, studies on 3D printed
graphene/PLA filament”*' and metal/PLA filaments'*”' have
been reported recently, as ideal electrode substrate for catalytic
applications.
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Furthermore, another interesting extrusion-based technique
commonly used is direct ink writing (DIW, Figure 2B) where
liquid-phase “ink” is dispensed oul of the nozzle and deposited
on the underlying printed layers to fabricate 3D structures.!*”*I
Typically, the inks are electrochemically active materials of
interest in suspension or solution form. Ink formulation is a key
aspect of this printing technique, where electroactive materials
along with additives, binders, solvents, and so on, are optimized
based on their rheological properties in order to develop an ideal
ink capable of extruding down the nozzle. This printing tech-
nology has expanded in terms of printing various materials/*!]
that are difficult to practically realize using FDM techniques,
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thus improving its scope for wider applications. Low cost, easy
operation, and highly functional products are other advantages
of this technology.!'*l

2.2. Photopolymerization

Developed in the 1980s, this technique involves the selec-
tive curing of liquid photopolymer (resin) sequentially using
a specific light source to fabricate active structures. This tech-
nique can be further categorized into stereolithography (SLA,
Figure 2C)!*?l and digital light processing, where in the former,
a thin film of photopolymer resin is solidified using UV light
to obtain a 3D printed structure while the latter uses a digital
light source."’! Good accuracy and resolution, versatility, multi-
color, and multimaterial printing are added advantages of this
technique./*5191

2.3. Powder Bed Fusion

Selective laser sintering (SLS, Figure 2D)/***| uses thermal en-
ergy or high-powered lasers to sinter finely powdered material
together to procure a final solid structure. This method is highly
advantageous as it can function withoutany external aid, has high
accuracy, and constitutes a wide range of materials facilitating
the easy production of complex structures. However, its opera-
tion requires better expertise and is also expensive in terms of
equipment and maintenance costs.

Selective Jaser melting (SLM), on the other hand, uses precur-
sor materials like metal powders, which are heated until the melt-
ing point is achieved.'***!| Upon heating, the metal powder par-
ticles become fused to procure the 3D printed structure , often
a conductive metal or metal alloy. Electron beam melting (EBM)
is yet another quick 3D printing technique, where a computer-
controlled electron gun is used to fabricate 3D structures from
active metal powder in high vacuum conditions.!"”*! Precious
metals and alloys are active materials employed for printing via
this technique. Low cost, faster printing with high build speed,
and reduced waste generation are some notable advantages of
this technique.!'s!

In short, the above techniques can effectively aid in the design
and fabrication of 3D substrates for a broad spectrum of appli-
cations. Furthermore, these 3D printed structures, upon appro-
priate tailoring or postprinting treatments,|*#"! can serve as con-
ductive catalyst substrates and/or catalyst support for electrocat-
alytic applications. 1t is, however, the user’s choice regarding the
type of material and printing technique that will be paramount
in designing substrates. Apart from that, further advancements
in this technology can be advantageous in the designing and fab-
rication of reactor vessels, along with multiple components in
an electrolyzer cell. Thus, research in this direction can make
this technology efficient in devising a complete electrochemical
setup by itself, thus reducing the production cost significantly. In
the following sections, multiple approaches toward designing 3D
printed substrates for ammonia production will be discussed.
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2.4. 3D Printing versus Conventional Techniques

3D printing differs from the traditional manufacturing technique
such as “subtractive manufacturing,” where, in the case of the
latter, the expected final structures are carved out of a bulk ma-
terial via drilling, milling, sawing, broaching, and so on./'%1%%!
The excess waste generated during preparation, immense time
consumption involved in designing complex structure, the re-
quirement of extensive human effort, expensive instrumental
setups, and the inability to alter the volumetric density of the
building material are a few of the drawbacks associated with sub-
tractive manufacturing.!”?! Debates on the efficiency of 3D print-
ing and conventional techniques are ongoing. However, more
than a replacement of established conventional techniques, 3D
printing expects to enhance the existing ones for various appli-
cations. However, in the case of 3D printed substrates for cat-
alytic applications, this technology has an upper hand over other
techniques, espedially due to its ability to fabricate custom-made
catalysts with versatile structures, different shapes, and geome-
try of the 3D printed electrodes, subjected to the experimental
condition.?*#*| For the NRA application, 3D printing can be an
advantageous option to fabricate the required 3D printed elec-
trodes, especially to design a substrate using active materials, al-
ready known for ammonia production. Such possible prototyp-
ing and modifications in 3D printing technology make it more
advanced than other traditional printing techniques, 3D print-
ing industries are also expected to witness a massive hike in de-
signing and printing complete electrolyzer cells or catalytic reac-
tors soon. The precursor materials employed are expected to pos-
sess high chemical resistance toward the electrolytes often used
for electrolysis, making this technology highly promising for de-
signing reactor vessels. However, other advanced printing tech-
niques, such as SLA, SLS, SLM, and so on, are expected to be ef-
ficient technologies for fabricating better reactors for ammonia
production as well. Thus, by mitigating the issues of intensive
energy or labor involved in traditional techniques, 3D printing
can serve as an alternative that is capable of simultaneously 3D
printing an electrolyzer cell comprising both active electrocata-
lysts and a reactor vessel. Finally, it is also worth highlighting the
advantages of 3D printing in the field of electrolyzer development
in terms of less time consumption and ease of iteration of differ-
ent cell designs for prototype optimization.

In general, prototype cell development processes involve a cy-
cle of steps such as design, built, and testing in real conditions
to evaluate performance and to identify the limitations and mod-
ify the subsequent designs until an optimized electrolyzer is ob-
tained according to the requirements of the system under study.
The entire process can be enhanced through the use of 3D print-
ing technology as prototyping and simulation are simpler and
more automated, allowing an optimal construction of devices in
a smaller number of iterations. In other words, it can bypass the
excessive time taken for optimization.

2.5. Summarized 3D Printing Techniques

For a better understanding and appropriate technique selection,
3D printing techniques (discussed so far), associated precursor
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Figure 3. Representation of the reaction mechanism proposed for NRA. Top: The two main mechanisms that explain this reaction taking place at the
surface of a cathode electrode, namely, the adsorbed hydrogen reduction (left) and the electron reduction (right). The reaction mechanism has been
simplified to understand better. Bottom: Schematic of the step-by-step reaction mechanism (electron reduction) with a ball-type structure. Adapted with

permission.[%8l Copyright 2021, Royal Society of Chemistry.

materials, advantages, and limitations associated with each tech-
nique are presented in Table 1.

3. Insights toward NRA and Benchmarking
Protocol

3.1. Significance of NRA

Haber-Bosch is a very well-established method known for large-
scale ammonia production,*>% but is an energy-intensive pro-
cess that involves considerable emission of CO, and harsh oper-
ating conditions. The limitations of this method invite immedi-
ate and alternative solutions for ammonia synthesis. One such
strategy involves the electrochemical nitrogen reduction reaction
(NRR) which operates under mild conditions compared to the
Haber-Bosch. %! However, the significantly high energy con-
sumed during the breakage of N=N , along with the competi-
tive HER, low FE, and selectivity, has compelled researchers to
come up with newer experimental approaches, although studies
on NRR continue on a vast scale. NRA is one such emerging ap-
proaches toward ammonia production which is being extensively
studied by researchers currently.*¢"%5 Discussions on the ad-
vantages of these approaches over conventional techniques are
provided in the Introduction. In the present section, we attempt
to explain the reported reaction mechanism associated with the
NRA. Further examination has revealed that nitrogen (N,) con-
taining sources such as NO,~ ions are present in abundance as
major water contaminants, especially in surface-to-ground-level
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water bodies.!® I This method, interestingly, bypasses several
limitations possessed by previous techniques for ammonia syn-
thesis, and also strategically eradicates the negative effect of ni-
trate ions in the environment, making it a significant contributor
to the energy sector as well.

3.2. Reaction Mechanism

The mechanism of NRA involves a complex eight-electron
transfer process that proceeds through a series of complex
pathways.!"?) Equation (1) explains the mechanism involved in
the nitrate reduction reaction and the respective potential pro-
cured with respect to standard hydrogen electrode (SHE)

NO; +9H" + 8¢~ — NH; +3H,0,E"=—-012Vvs SHE (1)

The mechanism of nitrate electroreduction!/®7# proceeds
via direct electrocatalytic reduction, which includes two main
pathways. The first one is regulated by the active adsorbed hydro-
gen atom (H,4), called hydrogen adsorption reduction, and the
second one comprises the electron reduction from the cathode,
known as the electron reduction pathway. These two main
pathways are illustrated in Figure 3, where the equations of both
electrochemical processes are listed.!™! In the H,, mediated
pathway (Figure 3, top left), the water molecule is reductively
adsorbed on the electrode surface (H, ). Furthermore, nitrate is
reduced directly into NH; by H_ 4, species through a step-by-step
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Table 1. Summary of 3D printing techniques for devising 3D structures for catalytic applications.
3D printing Precursor materials Layer thickness Advantages Disadvantages Refs.
technique
FDM Carbon black/PLA, 50-300um  ® Cheap, scalable. rapid. and casy * Unoptimized extrusion temperature [19.42.48.49)
(Solid Craphene/PLA, prototyping can result in extruder clogging and
based) Carbon black/ABS, * Easy maintenance, controllable bad printing
Graphene/ABS, extrusion conditions and nonlaser * Time-consuming functionalization
PLA, ABS technigue and modification approaches
Thermoplastic filaments, * Multiple postfabrication approaches for  ® Active materials restricted to filament
etc. enhancing printed surface farm
* (E.g., solvent activation, chemical * Exposure to highly corrosive aqueous
activation, electrochemical activation, alectrolytes can degrade the palymer
enzymatic, etc.) caunterparts (e.g., PLA)
* |deal substrate for functionalizing and
patterned coating approaches to madify
electrode surface
* Fabrication of electrochemical cells and
reaction wares
Metal/ PLA: 50-300 pm * Direct fabrication of metal substrates, s ® High sintering temperature and [50.37]
CufPLA, Ti/PLA, Fe/PLA, possible replacement ta castly time.consuming aptimization
stainless steel, etc. conventional metal fabrication conditions
techniques * Solvent-based activation techniques
* Rabust, low cost, higher thermal not ideal for polymer removal
conductivity, and active electrocatalytic
surfaces
* Resilience te bending
* Tunable porosity and praperties upon
subjection to ideal postfabrication
treatments (e.g., sintering)
Multi-material printing: 50-300 pm * Combining multimaterial features to * Complex integration of multiple [19.57]
(composites of enhance the material property filaments in the printing protocal
Metal/PLA, * Possibilities of obtaining alloy like * Comiplex postfabrication protocols
Graphene/PLA structures ® Size limitations
filaments, PLA, etc) * Great possibilities for automatizing the  ® Unoptimized conditions increase
design and preparation of multiple chances of nozzle clogging
components for electrolyzer device
Customized 50-300 um & High chance of customization of ® Time consuming [13:52]
FDM printing (2D materials * Tedious optimization procedures
materials filaments, ® Tunable properties and reduces the
nanomaterial/polymers possibilities of foreign impurities
composites, elc.) * Application-specific devices catalyst
with loading subjected to user's need
DIW Conductive extrudable inks ~ 50-300um  ® Low cost, simple, easy processibility, * Restacking of active material [18,20,53]
{Solid (nanomaterials, glass, and varied choices » Unoptimized rheology aid in
based) metals, etc.) obeying * Tunable compasition with multimaterial clogging and incomplete prints
ideal rheological fabrication facility ® Poor mechanical properties and low
property resolution
SLA Photopolymer-based 1-50 pm ® Easy, quick, and fine printing with ® Time-consuming protocols [19.42)
(liquid materials accuracy and good resolution * Expensive precursors and lack of
based) * No need for support material conductive materials
* Much more complex integration for
electrade fabrication
SLS Metals, ceramics, 20-150pm & Laser-based technique with high * High cost of instrumentation 118,19.42]
{Powder theromoplastics, low accuracy and broad range of material * Time consuming and limited
based) temperature metal alloys avallability scalability
* No need for additional support material ® Poor mechanical properties and
surface finishing
SLM Metal and/or metal alloy 20-150 pm * Highly conductive 3D structures ® Limited precursar availability [19,42,54]
(Powder powders (stainless stegl, * Decreased electrolyte resistance ® Costly instrumentation setup
based) Ticbased, Ag-based, ® Highly desirable for material * Time consuming

Cu-based)

modification
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mechanism using a variety of intermediates such as NO, ..
NO,4.» Ny NH o, NH, ., and so on.|%®]

On the other hand, in the electron reduction pathway
(Figure 3, top right), a similar mechanism occurs without the
intermediation of H,, but the direct cathodic reduction on the
electrode surface.!"® Schematic representation of the electron
transfer mechanism taking place during the electron reduction
pathway is given in Figure 3, bottom. Also, during this reaction
pathway, two intermediate N_,. recombine to form the most sta-
ble N,. Based on theoretical calculations, the migration barrier
of N ;. (0.75 eV) is found to be higher than that of H ;, (0.10
eV). This fact, along with the less feasibility of N-N bond forma-
tion over the N-H bond, enhances the possibility of ammonia
formation over the catalyst surface by the H_,.. In short, the H_ -
mediated pathway could greatly enhance ammonia production
via the adsorption of H on the electrode surface. In the electron-
mediated pathway, NO,™ is initially reduced into NO,~ on the
electrode surface and then reduced into NO_,.. This intermediate
can further result in the formation of either N, or NH; via mul-
tiple complex intermediates such as N,0,,,, HNO_,, H,NO.,..
or NH,0OH,,., wherein NH; is procured as a final product. In
both cases, the most possible stable products are N, and NH,.
However, their prevalence is mainly based on the electrolytic con-
ditions as well as the electrode material selected. For this rea-
son, the careful and rational selection of electrocatalysts should
be done in order to favor the mechanism toward NH, forma-
tion over N,. In addition, although HER is usually perceived as a
competing reaction, its total suppression could hinder ammonia
production because H,, is relevant for the reaction to proceed.
Therefore, catalyst materials exhibiting balanced H and NO, ™ ad-
sorption capabilities are desirable.

3.3, Experimentation and Quantification

To understand and further compare the performance of a catalyst
toward ammonia production, a suitable benchmarking protocol
should be followed. As a general approach, the first step consists
of conducting an electrolytic experiment followed by quantifying
the products generated during an electrolytic experiment. Thus,
the classical method to carry out NRA experiments is via am-
perometry electrolytic experiments in specific experimental cells.
Typically, at a laboratory scale, two-compartment H-type three-
electrodes cells are employed. The electrocatalyst fabricated (here
3D printed electrodes) serves as a working electrode on the ca-
thodic side along with the Ag/AgCl reference electrode while plat-
inum mesh or wire acts as a counter electrode assembled at the
anodic side.

Postelectrolysis, the quantification of products is carried out,
where in general, the most common producls determined in
the reaction are NH, and nitrite (NO,)."* Tn addition, NO,~
content is also determined to track the ability of the electrocata-
lyst to effectively reduce nitrate. Techniques other than UV-vis
spectroscopy have also been proposed in the literature to carry
out these quantifications.”*| However, the colorimetric technique
has gained considerable popularity owing to its ease of usage, low
cost, higher accessibility for instrumentation, and accuracy.

Ammonia is quantified using indophenol blue method, where
its presence is confirmed via quantification of a blue complex that
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results in a slightly green solution with maximum absorbance at
the wavelength of 655 nm.!"?! Nitrite, on the other hand, is deter-
mined by another colorimetric assay where the addition of appro-
priate reagents results in the formation of a complex red-colored
compound measured for its absorbance at 540 nm,!”*"% These
compounds are determined to further calculate FE, considering
the charge measured during the electrolytic experiment. FE, be-
ing a very important parameter to differentiate between several
catalytic materials, is frequently used to benchmark electrocat-
alysts in this field. In addition, selectivity is also an important
parameter in the screening of electrocatalysts and evaluating the
performance of a material toward ammonia production. Measur-
ing the nitrate concentration is necessary to calculate selectivity.
Similar to the quantification approach adopted in ammonia and
nitrite, nitrate concentration is measured using a colorimetric
method using appropriate reagents, and the absorbance of nitrate
is directly measured at 220 nm (subtracting double of absorbance
at 275 nm previously).”*! All these methods are used to obtain the
important parameters for understanding the role of the catalyst
and, ultimately, provide a rational strategy to unequivocally select
the best catalytic material to enhance NRA,

4, Scope of 3D Printing Technology for Ammonia
Production

3D printing technology has garnered significant recogni-
tion in recent years for its multidimensional possibilities,
and escalating scientific advancement toward electrocatalytic
applications. 20431 32777) However, 3D printed electrodes—an
ever-expanding domain with great possibilities—have been sur-
prisingly overlooked for ammonia production although they
have been well explored for HER,*'7% oxygen evolution reaction
(OER),/**#!l carbon dioxide reduction reactions (CO,RR),/'?%!
and CO, capture.l"" In short, the primary objective of this section
is to understand the feasibility of the available 3D printing tech-
nology to fabricate 3D printed structures for NRA efficiently. Ow-
ing to its immense multidisciplinary aspects, 3D printing tech-
nology can flourish in both industry and academia in the near
future, for diverse applications (Scheme 1).

Geometry optimization is a very crucial parameter for fabricat-
ing ideal substrates as they can both facilitate as well as hinder the
evolution and detachment of gaseous products from the electrode
surface."”* For instance, a lack of proper geometric optimiza-
tion or poor design of the substrates can accumulate gascous
products over the electrode surface, resulting in the passivation
of the active electrode and a significant drop in the catalytic re-
sponse. Interestingly, 3D printing technology can be beneficial
for resolving the aforementioned concerns and is expected to be
promising for the fabrication of active functional electrocatalysts
with better accuracy and enhanced performance.

Figure 4 shows 3D printed clectrodes/devices of varying
configurations employed for electrochemical applications.”"*!
These differing complex structures/shapes can be mesh shaped,
basket shaped, ribbon shaped, square shaped, circular electrodes
with void shapes and varying sizes, etc. Hence, similar adoption
and strict optimization can aid in fabricating 3D printed electro-
catalysts for NRA, thereby mitigating the limitations faced in fab-
rication of active catalysts to an extent. Porosity and surface area
of 3D structures are also critical aspects for ammonia production.
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Scheme 1. Multidimensional applications of 3D printed structures toward
ammonia production.

Figure 4. 3D printed electrodes and electrochemical cells of various size
and geometry, A) Selective laser melting 3D printed stainless steel gauze-
shaped and fused deposition modeling 3D printed polylactic acid based
electrochemical cells. Reproduced with permission.(®* Copyright 2017,
Wiley-VCH. B) Helical-shaped 3D printed steel electrode. Reproduced with
permission.!3] Copyright 2015, Wiley-VCH. C) Square-shaped 3D printed
copper electrode, D-F) 3D carbon electrodes of various shape and size.
C-F) Adapted with permission under the term of CC-BY license.["®! Copy-
right 2023, The Authors, Advanced Materials Interfaces published by
Wiley-VCH. G) Square shaped electrode, Adapted with permission, 23]
Copyright 2019, Wiley-YCH.

The advancements in technology can render enhanced surface
area for ammonia production via techniques such as sintering,
solvent activation, chemical activation, and patterning, a detailed
evaluation of which shall be provided in the subsequent sections.

Electrochemical studies on 3D printed electrodes in various
electrolyte systems are available in the literature,”*#¢**| Although
the degradation of polymers such as PLA in addic and alkaline
electrolytes is known, a timely improvement in the fabrication
of newer metal/polymer and carbon/polymer composites may
help to overcome this. Masking 3D printed substrates to mitigate
degradation toward harsh electrolyte conditions could be other
possible strategies.!"”l Employing customized filament fabrica-
tion techniques or other metal 3D printing techniques can serve
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as an immediate solution to this. However, with progress in the
technology, this is expected to be used in designing functional
electrocatalysts and reactors among others. Furthermore, the fol-
lowing sections and critical discussions provide a broader under-
standing of the feasibility of 3D printing technology for ammonia
production.

4.1, Fused Deposition Modeling

Extrusion-based FDM printing is considered one of the funda-
mental strategies for 3D printing electrodes /devices. In the FDM
technique, active materials, typically filaments, are extruded out
of the hot end of the nozzle to obtain a 3D printed structure
(detailed in Section 2).1°l At laboratory scale, Original Prusa
i3 MK38+ 3D printer with a nozzle thickness of 0.4/0.6 mm
is employed, which can extrude various filaments of car-
bon/polymer, metal/polymer, and customized 2D material fila-
ments, via FDM technique (Figure 5A). The choice of filaments
is often application-specific and undergoes specific postprinting
treatments to improve the properties of the printed structures.
Although several established works using 3D printed electrode
substrates via the FDM technique for various electrocatalytic ap-
plications have been reported, **' #7l ammonia production using
3D printed electrodes is a relatively unexplored domain.

In FDM, the filament materials constitute insulating polymer
components along with conductive active fillers. Postprinting,
the 3D printed substrates are further subjected to certain modi-
fication techniques to remove the nonconductive PLA/ABS poly-
mer components and eventually expose more catalytically active
sites over the electrode surface.|****! In addition, sputtering, coat-
ings, and patterning can result in modifying the electrode sur-
faces for desired catalytic applications as explained in detail in
Section 5.

4.1.1. 3D Printed Carbon/Polymer Electrodes

Carbon materials are interesting catalytic materials owing to their
good electrical conductivity, high surface area, and chemical sta-
bility. Interestingly, modifications!®*='! via heteroatom doping,
size, morphology and vacancy engineering, crystal facet regula-
tion, and so on can also render carbon materials active for cat-
alytic applications as well. Multiple studies have been put forth
regarding modifications and surface engineering strategies over
carbon-based substrates for efficient ammonia production.?*
These studies show that suitably modified carbon/graphene sub-
strates are ideal for ammonia production and the scope of
availing carbon/graphene filaments in the context of 3D print-
ing ensures a huge advancement in the field of 3D print-
ing technology for ammonia production. In short, fabricating
3D printed carbon-based macro/microstructures using carbon-
based filaments presents new possibilities in devising electrocat-
alysts and/or substrates for catalytic applications. Graphene/PLA
filament (Figure 5B)**** and carbon-black/PLA ( Figure 5C)
are two types of commercial 3D printable filament material
that are used for printing carbon electrode substrates. Several
works have demonstrated the possibility of easy modification of
these activated 3D printed carbon surfaces for enhanced catalytic
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filament. D) Commercial 3D printable filaments of i) copper, ii) titanium, iii) aluminum, iv) stainless steel, and v) bronze.

properties.|®®1 Speculating that although direct 3D printed car-
bon electrodes may not deliver very high performance like the
conventionally well-known catalyst, they can serve as good sub-
strate material for ammonia production.

For instance, in a study by our group, 3D printed carbon
substrates were evaluated for NRA./%! The two filament sub-
strates of 0D carbon black (Protopasta), and 1D carbon nanotubes
(graphene/PLA) were evaluated systematically. Figure 6A shows
linear sweep voltammetry (LSV) profile of 0D carbon black and
1D carbon nanotubes in electrolyte solution of Na, SO, (with and
without nitrate), conducted at scan rate of 5 mV s~'. It was ob-
served that 0D was inactive, while 1D exhibited nitrate reduc-
tion ability, upon preliminary analysis. Second, electrolysis mea-
surements of the 3D printed carbon 1D catalyst at multiple po-
tentials were done, and the quantitative measurements revealed
that the electrocatalysts showed an increasing yield rate of from
6.8 to 364.5 pg h™' em™ and more than 50% FE at potentials
beyond —1.21 V versus RHE (Figure 6B). Cyclic stability assess-
ments at —1.21 V showed a roughly constant performance of 3D
printed 1D carbon catalyst in terms of both FE and yield rate
(Figure 6C), thereby aiding in devising a cost-effective 3D printed
carbon catalyst for NRA application. Furthermore, the role of
metal oxide impurities (TiO, and Fe;0,), carbon defects (basal
plane, edge plane), and active sites in 3D printed 1D carbon cat-
alyst was further elucidated in the study. The studies affirmed
that a synergistic effect of intrinsic surface features of defective
carbon nanotubes and metallic impurities can enhance the NRA
performance (Figure 6D). Because commercially procured car-
bon filaments may have varying inherent impurities (TiO, and
Fe,0,) that could influence catalytic activities, the researchers
have further employed uniform deposition of manganese oxides
(MnOx) over 3D printed carbon substrates via atomic layer depo-
sition (ALD) technique to procure functionalized carbon frame-
works. LSV was initially employed for a preliminary analysis,
wherein the ALD-coated layer exhibited a better nitrate reduc-
tion ability over the pristine 3D carbon substrate (Figure GE).
Quantification of products postelectrolysis shows that the yield
rate (435.9 pg h™' em~? at —1.21 V; Figure 6F) and FE (64.8%
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at —=1.21 V; Figure 6G) of ALD-coated 3D carbon substrate
(300 cycles) catalyst showed a clear dominance over the pristine
3D printed carbon substrate. Furthermore, it was observed that
the FE and yield progressively increased with increasing ALD
cycles (Figure 6GH), thus displaying the potential of ALD-coated
MnOx layers to modify the surface chemistry of 3D printed car-
bon frameworks for catalytic applications such as NRA,

Thus, it can be assured that these commercially available or
customized carbon substrates will be a benchmark for the 3D
printing industry, specifically for ammonia production. Multiple
studies recommend the modification of 3D printed electrodes via
electrodeposition!*! and patterned coating of active material *°!
in order to achieve better performance. This is explained in Sec-
tion 5 with a major focus on ammonia production. Therefore,
exploiting 3D printed carbon surfaces via appropriate modifica-
tion techniques and optimization can make them ideal electrocat-
alysts for ammonia production and open up further application
possibilities.

4.1.2. 3D Printed Metal/Polymer Electrodes

With the progress in technology, newer, cost-effective, and scal-
able techniques with high build speed have also been devised
to fabricate 3D printed metal structures.!"”! For instance, FDM
can be used to extrude metal/PLA filaments, which is also a pos-
sible replacement for SLA/SLM. However, there is still a long
way to go. The 3D printing hubs have given immense possibil-
ity to procure various metal /polymer filaments of Cu, Ti, Al, SS,
and bronze, leaving users with extensive choices for fabricating
application-specific catalysts (Figure 5D).

Cu/PLA: Among the FDM printable metal/polymer filaments,
Cu/PLA is a well-known commercial filament used for 3D print-
ing Cu substrates.””*# Interestingly, from the catalysis point of
view and previous reports, among transition metals, Cu (CuO or
Cu,0) is considered to be a highly desirable material for ammo-
nia production owing to its high catalytic activity, selectivity, and
high FE. Also, the fact that Cu 3D printed metal electrodes have
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Figure 6. A) LSV profile of 0D and 1D 3D-printed carbon substrates in 0.5 M Na,SO, electrolyte and 0.1 m KNO;/0.5 m Na,SO, mixed electrolyte.
B) NH; yield rate and FE of 3D printed 1D carbon framework at multiple potentials. C) Durability assessments of tests of 3D printed 1D carbon
framework at —1.21 V. D) Schematic representation of enhanced activity of 1D 3D-printed carbon framework, Electrochemical performance of 1D carbon
framework and MnO, ALD-coated 1D carbon framewark: E) LSV curve, F) yield rate, G) FE, and H) effect of varying ALD-coated MnOx thickness over
1D carbon framework for NRA activity. A-H) Reproduced with permission.|?*] Copyright 2023, Elsevier.
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been studied as catalysts for energy conversion applications'*’!
substantiates the high possibilities of their use as electrocatalysts
for ammonia production as well. Cu as a precursor material is
also known to be cheap and nontoxic along with exhibiting good
electrochemical activity toward reduction reactions, high sensi-
tivity, and lower overpotential for reductive electron transfer.*l
In Cu/PLA metal filaments, Cu fillers provide good strength and
high conductivity to the printed electrodes while PLA ensures
structural integrity to filaments both before and after printing.

However, postprinting treatment of these 3D printed metal
electrodes is conducted to improve the conductivity of electrodes
for enhanced catalytic activity. For instance, sintering 3D printed
Cu electrodes increases the contact between Cu metal particles to
eventually realize a conductive Cu metal electrocatalyst.]*® This
approach can also aid in controlling the morphology of the metal
electrode substrate. For instance, in a recent study, 3D printed
Cu electrodes were sintered at various temperatures, and their
elemental states at different temperatures were examined using
X-ray photoelectron spectroscopy (XPS).**! From such observa-
tions, it is expected that researchers proceeding toward electro-
catalyst fabrication would need to optimize the sintering condi-
tions because variations in conditions such as temperature could
modulate the composition of the Cu in printed electrodes. In-
deed, such optimization can provide a viable strategy to fabricate
and activate 3D printed metal electrodes that could be integrated
into electrolyzers for enhanced NRA. Overall, research focusing
on these metal 3D printed parts for ammonia production would
be highly beneficial for the 3D metal printing industries and fu-
ture electrochemical applications.

Ti/PLA: Transition metals such as Ti are interesting, owing to
its cost-effectiveness, robustness, abundant availability, and be-
ing a poor HER catalyst. In addition, its electrochemical potential
stability window is quite large, making Ti highly selective for ni-
trate anion reduction, In a study by Jaramillo and co-workers,'”’!
electrolyte engineering was carried out using Ti electrodes for the
efficient NRA. The effect of various electrochemical conditions
on selectivity and electrochemical activity at Ti cathode for am-
monia production was examined using this study. The catalyst
was successful in delivering 82% FE (=1 V vs RHE) and a partial
current density to ammonia was also recorded at around —22 mA
cm™ (nitrate concentration of 0.4 m; pH ~ 0.77). Today, 3D print-
ing technology allows the advanced facility of 3D printing Ti elec-
trodes via FDM using Ti/PLA filaments. Commercial filaments
for extrusion are available from sources like The Virtual Foundry.
Employing postfabrication strategies such as sintering would re-
sult in the successful elimination of the possible nonconductive
PLA from 3D printed Ti/PLA structures. This approach can re-
sultin constituting more than 90% Ti metal counterpart, making
them suitable prototypes for catalysis such as NRA. Tuning the
geometry, size, and porosity of 3D Ti printed structures can avail
easy access to fabricate active Ti catalysts for NRA.

Fe/PLA: Fe-based catalytically active centers are long known to
be capable of ammonia production, such as in the Haber-Bosch
process.™ In a very recent study by Wu et al.|'”! Fe single atom
catalyst was used for NRA and showcased interesting results. In
the context of 3D printing, we find that this technology gives the
possibility of fabricating 3D printed Fe substrates via extrusion-
based printing of Fe/PLA filaments'®’! at around 185-195 °C and
bed temperature of around 50 “C. The possibility for rapid proto-
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typing of electrodes with varying geometry, porosity, and employ-
ing specific activation techniques to these printed platforms can
make the 3D printed Fe substrates active for NRA applications.

4.1.3. Experimental Demonstration

To validate the possibility of ammonia production via 3D printed
electrodes, an experimental demonstration is carried out by au-
thors with their expertise in 3D printing devices/electrodes and
ammonia electrocatalysis. A detailed study on 3D printed Cu elec-
trodes for NRA is beyond the scope of this article, as the authors
expect to show only a working model in this new domain, as no
studies have been reported in this field, to date.

Original Prusa i3 MK3S+ 3D printer (Figure 7A), with
a nozzle thickness of 0.6 mm (nozzle temperature [T, ..
= 230 °C, print bed temperature [T, = 60 °C) was em-
ployed for 3D printing of Cu/PLA filaments. Commercial
Cu/PLA filament (Figure 7B) was procured from the Virtual
Foundry, USA, which was used for 3D printing Cu electro-
catalyst substrates via FDM (Figure 7C). Sintering of the 3D
printed Cu/PLA electrode substrate was further carried out
at following temperature ramp: 0-300 °C at 5 °C min’};
300-1010 °C at 3 °C min~', 10101060 °C at 1 °C min~'. Finally,
the Cu electrodes were held at 1060 °C for 60 min and the oven
was allowed to cool down to room temperature (Figure 7D). This
protocol was carried out to reduce the nonconductive PLA coun-
terpart in printed structures and eventually expose more conduc-
tive Cu active sites. Postactivation, the 3D printed electrodes were
employed for NRA and quantification studies (Figure 7E).

Initially, the electrocatalytic activity of the 3D printed Cu elec-
trodes toward NRA was evaluated using the LSV technique. The
experiment was carried out in a three-electrode setup wherein,
a 3D printed Cu electrode served as the working electrode,
Ag/AgCl as the reference electrode, and platinum as the counter
electrode. The LSV was performed in 1 M KOH electrolyte sys-
tems both with and without NO,~ at a scan rate of 20 mV s™'.
Analysis of the LSV curves revealed that the 3D printed Cu elec-
trode was successful in reducing nitrate ions in the electrolyte at
low onset potential.

Furthermore, the electrocatalysts displayed a very high cur-
rent density in electrolyte systems containing NO, ™ (j,.., = 36
mA cm~?), while the catalyst delivered high onset potential and
low current density in electrolyte solutions without NO,~
(Figure 8A). Hence, from the preliminary analysis, it becomes
well evident that 3D printing Cu electrode substrate and subse-
quent activation treatment results in devising newer conductive
active substrate for NRA applications. Further, NRA experimen-
tation was performed on 3D printed electrocatalysts in an H-type
cell at —0.92 V versus RHE. This is done to evaluate if the 3D
printed electrocatalysts are ideal for delivering FE of a reason-
able amount upon electrolysis. The electrolysis experiment was
carried out for 1 h at room temperature with continuous mag-
netic stirring at 100 rpm.

Postelectrolysis, the analyte samples from the cathodic side
were taken and quantified for ammonia as shown in Figure 8B,
using the standard colorimetric method. Interestingly, the
electrocatalysts delivered about more than 85% of FE and high
yield rate. Thus, this experimental demonstration validates the
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potential of 3D printing technology toward ammonia production.
Engineering of these catalysts and ideal optimization conditions
can deliver FE and yield, beyond the one reported above. Fur-
thermore, researchers and scientists are expected to explore
the possibilities of this technology to fabricate multiple other
electrocatalysts for ammonia production in the near future.

4.1.4. Customized Filament Fabrication

Besides commercially available carbon and metal-based fila-
ments, the advanced research today provides the possibility of
on-demand filament fabrication using various active materials,
2D materials, and nanomaterial composites, based on the user's
choice."”! For instance, in a recent work published by our group,
filaments of 2D material were fabricated using a slurry contain-
ing MoS,, graphite, activated charcoal, and multiwalled carbon
nanotubes.|*? The slurry prepared from the above mixture was
dried at room temperature and fed into a filament extruder (Felfil
Evo, Italy, Figure 9A) to obtain MoS, /C/PLA filament. The resul-
tant filament was successfully FDM 3D printed to electrodes, ac-
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tivated using optimized technique and further studied for electro-
chemical applications. Thus, advancements in 3D printing tech-
nology have given users the freedom to create their own 3D print-
able filaments of 2D transition metal dichalcogenides (TMDs).

TMDs such as MoS,!'"™ !l with suitable modifications, are
found to be ideal for ammonia conversion as well. Thus, the
aforementioned observation gives a clear pathway to fabricate
MaS, [carbon filaments that are either modified or engineered,
and later 3D printed and activated to fabricate a 3D printed MoS,
electrocatalysts for NRA.

Literature also shows that TMDs other than MoS§, are also be-
ing noticeably used as catalysts for ammonia production. Hence,
appropriate optimizations and the adaptation of previous stud-
ies can result in designing and fabricating various 3D printed
substrates/ catalysts other than MoS,.'"”! Since filament fabri-
cation using graphene and TMDs is already shown to be suc-
cessful, we expect that this approach can be expanded toward de-
signing several similar electrocatalysts using other active materi-
als such as MXenes! "%l MAX phases,/'" MOFs,'%! COFs, other
layered materials,|'"! and so on. Such customized fabrication of
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from different perspective.

filaments with the desired composition is expected to provide a
huge advancement in the preparation of electrode materials for
ammonia production. Also, it would truly be a landmark case if
such customized filaments can be used for practical applications
and provide users with extensive choices.

Furthermore, fabricating filaments using metal particles and
polymers is highly beneficial in achieving active 3D printed sub-
strates for various applications via FDM. For instance, in an arti-
cle by Hwang et al., Cu and Fe particles were mixed with ABS
thermoplastic to fabricate corresponding metal/polymer com-
posite filaments.!'%] Based on the loading of metal particles in the
fabricated filaments (i.e., Cu/ABS and Fe/ABS), tensile strength
and thermal conductivity were analyzed along with the optimiza-
tion of parameters such as temperature and fill density. The in-
vestigation showcases the importance of both metals and poly-
mers in filaments for enhancing conductivity and structural in-
tegrity, respectively. However, postfabrication approaches can re-
solve the conductivity issues without compromising the property
of the active metal based material. Proper optimization of com-
position will lead to the fabrication of an ideal 3D printed metal
substrate, which in turn can serve as an active electrocatalyst for
NRA.

4.1.5. Multimaterial Printing and Catalytic Reactors

Multimaterial (MM) FDM 3D printing is another interesting
printing technique that allows the users to sequentially extrude
multiple filaments of entirely different compositions simulta-
neously (Figure 9B-D).""'"81%] This can be considered a ma-
jor revolution in the field of 3D printing, as earlier 3D print-
ers were capable of extruding only one filament at a time. MM
FDM 3D printing can be interesting for a wide range of applica-
tions, especially for catalysis, anticipating a synergistic effect of
materials in these 3D printed hybrid electrode systems. Studies
on Cu-Ni alloys for enhanced ammonia production are already
reported.!'® Also, there are reports available on using metal poly-
mer filaments of Ni for FDM printing."“ Thus, in the context
of 3D printing by taking advantage of the filaments of both ac-
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tive materials, an alloy of 3D printed Cu—Ni hybrid catalyst can
be fabricated using the MM FDM printing technique to procure
3D printed bifunctional catalysts. Furthermore, subjecting these
3D printed hybrid systems toward post-fabrication treatments is
speculated to enhance the performance of the fabricated catalyst.
Such 3D printed hybrid electrode systems can be highly innova-
tive for catalytic applications such as NRA.

3D printing technology finds wide applications not only in
the designing and fabrication of catalytic material for vari-
ous energy applications!?***"!!l such as water splitting,''*/ CO,
reduction,*?131 and artificial photosynthesis,''**I but also in the
fabrication of electrolyzers'®! (electrolytic cells) that can be used
for practical applications. Components of an electrolyzer device
include electrodes and current collectors based on the intended
application. Advancements in 3D printing technology have en-
hanced the prospects of this industry, especially with more pre-
cursor materials being added continuously to print hubs. Also,
significant advancements are taking place in the integration of
both insulating and conducting parts into the electrolyzers. In
other words, the possibilities of manufacturing the casing and
internal components of electrolyzers with complex shapes and
architecture are infinite using 3D printing approach such as MM
FDM.

As a general approach, the electrocatalysts developed are ex-
tensively tested in a standard three-electrode cell. However, the
behavior of the electrocatalyst in terms of efficiency and stability
is completely different when transferred to an electrolyzer (two-
electrode cell) under real conditions. For this reason, the testing
of developed electrocatalysts under actual working conditions is
mandatory. In principle, MM FDM technology offers a promising
breakthrough in cell design due to decentralized manufacturing,
and customization possibilities for designing cost-effective and
highly complex structures with minimal waste generation dur-
ing the manufacturing process.

Thus, over time, this technology is expected to advance toward
designing a complete electrolyzer cell that requires less labor,
is cost-effective, efficient, and ideal for catalytic applications
such as NRA. However, one of the drawbacks that need to be
addressed is the integrity of the cell under operation. Owing to
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the layer-by-layer based printing technology, there is a possibility
of liquid leakage with the consequent change in experimental
conditions, making it difficult for direct application in the reactor
design. However, these limitations are expected to be addressed
by researchers over time. Nevertheless, at the onset, it appears
to be a very beneficial technique due to its ease of usage and
multiple possibilities in the designing and testing of new cell
configurations in short time periods.

4.2. Direct Ink Writing

Designing 3D printed substrates using all types of precursor
materials may not be feasible with the FDM-based technique;
hence, there is a need for better and improved alternatives such
as DIW. DIW is a well-known 3D printing technique that works
on the principle of extruding a formulated ink dispersion of the
active material out of the nozzle to obtain a final 3D printed
structure.>* This printing technique permits the user to 3D
print any desirable material as long as the formulated precur-
sor inks follow rheological behavior that is ideal for extrusion.
Shear thinning and the viscoelastic properties of the ink also
help retain the shape and continue to provide sufficient fluidity,
and interlayer adhesion, resulting in an ideal 3D printed elec-
trocatalyst. 2D materials, such as graphene,''"! TMDs,'"'! and
MXenes'''®"7] with modifications and improvements, are known
to serve as ideal catalysts/support material for ammonia produc-
tion.

Like 2D materials, the scope of single-atom catalysts (SAC)!""I
is also advancing in recent times, especially in the light of catalytic
applications. SAC constitute isolated single metal atoms (active
sites), anchored by support materials, with cost-effective, tunable
catalytic sites, and high catalytic selectivity being added advan-
tages. Complex wet chemistry synthesis approaches and costly
precursors aggravate the overall cost of fabrication of SAC. Ac-
counting for these critical material fabrication aspects, in a re-
cent study, 3D printed SAC was proposed by Xie et al,""™ to
fabricate cost-effective target materials and mitigating the com-
plexity associated with the wet chemistry process. Transition
metal precursors along with natural polymers such as gelatin
and gelatin methacryloyl (GelMA) was employed to formulate
the extrudable ink for fabrication of 3D printed SAC catalysts.
Postprinting, the sample was freeze-dried, followed by pyrolysis
of dried samples to anchor active metal atoms onto the
gelatin/GelMA-derived carbon. Employing the above synthesis
approach, the researchers were successful to procure isolated Fe
sites with Fe(acac), (Tris(acetylacetonato)iron(III)) serving as Fe
single atom precursor. The synthesis was also extended to other
metal acetylacetonates, such as Pt(acac),, Ni(acac), Zn(acac),,
Co(acac),, Cufacac),, and multiple others to procure PtSAC,
NiSAC, ZnSAC, CoSAC, and CuSAC, respectively. In addition,
the research provides an experimental demonstration of these 3D
printed Fe SACs (Fe3DSAC) for NRA as an approach to exhibit
the potential of this technology toward fabrication of active elec-
trocatalysts. The electrochemical performance was evaluated in
an Ar-saturated 0.10 M KOH aqueous solution with 10 10 m
NO, . It was observed that Fe3DSAC showed a higher ammonia
production over 3D carbon material. Also, the yield for Fe3DSAC
at —0.6 V versus RHE was procured around ~4.55 ymol em— h~"!
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which was about 7.5 times the value procured from 3D carbon.
The SAC also displayed a high activity and stability during the
NRA process. Furthermore, electrocatalytic performance of other
metal sites was evaluated by changing the central elements and
spatial geometries of 3D printed SACs. In principle, the tech-
nique has opened up enormous possibilities for fabricating large-
scale commercial production of SACs for a sustainable produc-
tion of fuels and chemicals and a broad spectrum of other appli-
cations.

3D printable inks of 2D materials for DIW!2!2!l have gained
attention for designing electrodes; however, using such elec-
trodes for ammonia production remains unexplored. For in-
stance, there are reports on DIW of 3D MXene substrates,/'”?]
yet employing these 3D printed substrates as electrocatalysts for
NRA has hitherto not been subject to experimentation. Techni-
cally, MXene dispersions are prepared in both aqueous and non-
aqueous systems, provided that the rheological properties are op-
timized prior to 3D printing. Understanding the fluidic proper-
ties is an important task because the lack of proper optimizations
can lead to deviation in the ink flow and result in bad printing.

In addition, there are a couple of studies on Cu-modified MX-
ene that have emerged recently for NRA, wherein in one of the
works by Li et al., Cu molecular catalyst (copper phthalocyanine,
CuPc) was anchored to the Ti,C,T, MXene surface to obtain a
CuPc@MXene catalyst. The catalyst delivered very high ammo-
nia selectivity of 94.0% and a nitrate conversion rate of 90.5%.!'*
The above works expand the possibilities of modification of MX-
ene surfaces using various other transition metals for ammonia
production. Using this approach, similar MXene slurries can be
formulated for the DIW of 3D printed MXene electrocatalysts
for NRA. Also, 3D printing of MOF-based catalysts was recently
reported via DIW using aqueous Fe-based MOF/silicon carbide
composite inks!'?| enhancing its possibility as an electrocatalyst
for NRA. In short, formulating slurries of 2D material compos-
ites or nanoparticles will be interesting for DIW as the extru-
sion of such composite materials may be more challenging via
the FDM approach. However, fabricating multicomponent 3D
printed substrates using 2D materials will be a good foundation
for ambitious projects in the future, especially for NRA.

3D printed Cu substrate for NRA via FDM is already dis-
cussed in the previous section. Interestingly, metallic micro- or
nanoparticles that are sintered at high temperatures are found
to serve as dispersions for DIW. For example, in a study by Lim
et al.,/'%] Cu particles were mixed with Pluronic F127 to obtain
a self-standing ink that was 3D printed successfully. This was
followed by postprinting treatments to deliver efficient and con-
ductive substrates. Taking advantage of the principle adopted in
fabricating Cu electrodes via DIW, the possibility of 3D printing
other metal nano/microparticles beyond Cu can be explored.
Noticeably, the 3D printed electrode material prepared via DIW
may also need to be treated using additional methods to activate
and expose their catalytically active surfaces as in the case of
FDM. Furthermore, gold- (Au)/'*% and silver- (Ag)!'#! based
electrodes were also studied for NRA. Fabricating 3D printed
structures using these active materials via DIW can enable
robust and conductive platforms for catalytic applications as in a
study reported by Zhu et al.l'*! In short, the above work can be
referred to and/or adapted for designing 3D printed substrates
of Ag, Au, multiple alloy composites, and so on. Thus, designing
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3D printed electrocatalysts using a wide variety of materials
via DIW for ammonia production shall be a novel venture that
guarantees wide-scale application in the future.

4.3. Other Printing Approaches

Metal 3D printing technology provides a rapid prototyping plat-
form to fabricate robust and conductive 3D metal electrode
substrates./*!?1" Integrating the design flexibility rendered by
3D printing technology with the mechanical properties of re-
spective metals to fabricate electrocatalysts, substrates, and re-
actors are interesting material fabrication approaches. In previ-
ous sections, the ability of metal FDM 3D printing was discussed
as a potential possibility of the recent advancements to design
metal 3D printed catalysts. However, multiple other 3D printing
technologies!"**13!] are conventionally known for designing ro-
bust, conductive, and active metal 3D printed catalysts, and cat-
alytic reactors. In principle, in this technology of 3D printing,
high power laser sources are typically used for binding the pow-
dered metal particles and then systematically printed to procure
the final conductive 3D printed structures. Among these, SLS and
SLM are the potential techniques that can be employed in design-
ing 3D structures with the help of metal powders or metal-based
precursor materials.

SLS-based metal 3D printing technology has been recently
used by a group of researchers to fabricate self-catalytic reactors
(SCR) for CO,RR applications using various active metal com-
ponents of Fe, cobalt (Co), and Ni.”’l Hence, understanding the
potential of 3D printing technology for the fabrication of metal
3D printed parts is regarded to be highly promising for devising
active 3D printed substrates for NRA applications. SLM 3D print-
ing techniques have also been employed to fabricate 3D printed
conductive electrode substrates, where the precursor materials
are either metal or metal alloys of Cu, Ti, Al, and so on.

3D printed metal electrodes can be printed efficiently using
both SLM and direct metal laser sintering (DMLS) techniques,
where metal powder particles are sintered using a laser source
and fused in an inert gas-filled chamber!'*! During the process,
metal powder is added over the sintered layer and the above pro-
cedure is repeated until the final component is printed based on
the predesigned 3D modeled data file. While only a single metal
powder is used with the SIM technique, multiple metal alloys
with varying melting points are used to 3D print structures using
DMLS. This approach can be used to 3D print metal substrates
using single or multiple metallic components that would render
the user the ability to design electrodes with different composi-
tions and customize an electrocatalyst for ammonia production.
The list of precursor materials available for metal 3D printing
ranges from Cu, Ni, Ti, Al, etc., and their alloys, to precious met-
als such as Au, Ag, and metal powders. Based on discussions car-
ried out in this paper, it can be observed that these metal precur-
sors can be 3D printed as active materials toward NRA. However,
we do not expect the alloy to be efficient by default for ammio-
nia production but anticipate that metal printing via SLS, SLM,
EBM, and DMLS will be advantageous in fabricating electrode
materials with excellent mechanical and conductive properties,
making it ideal for NRA. In short, improvements, modifications,
and optimizations of these 3D printed alloy parts over time will
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allow the user to devise an active electrocatalyst for large-scale
applications.

5. Postfabrication Treatments and Modification

3D printed electrocatalysts /substrates can be considered a fore-
runner to next-generation energy applications in terms of de-
vising electrode materials that are scalable and can be easily
extended toward large-scale production. FDM 3D printing of
graphene/PLA and metal/PLA filaments are well known for the
fabrication of catalyst/substrate for a broad spectrum of appli-
cations. Although PLA in these substrates provides structural
integrity to the printed structure, the conductivity of substrates
is severely hampered by these nonconductive polymer counter-
parts. Thus, postfabrication approaches are introduced to limit
the amount of polymers in the printed structures, with the objec-
tive of increasing the conductivity of the printed substrates, es-
pecially for catalysis applications.**#7%¢! Solvent,’*!! thermal,*!
electrochemical,*) enzyme activation,/'**) among others, are
some of the techniques employed to get rid of nonconductive PLA
in carbon substrates or customized substrates.

In a broader context, especially for the FDM technique,
solvent activation using DMEF,* 1 acetone,* NaBH,,*"
and NaOH,'""! are commonly employed for activating car-
bon/polymer, graphene/polymer electrode substrates, with sev-
eral other solvents being studied periodically. Electrochemical
treatment is another possible strategy that has been suggested by
researchers to improve the conductivity of 3D printed substrates.
Ina study by Browne et al. |*0 an interesting approach of material
enhancement was proposed via sequential solvent activation of
graphene/PLA electrodes in DMF, followed by electrochemical
activation in phosphate-buffer solution, resulting in 3D printed
electrodes with enhanced performance. These catalytic carbon
surfaces can also be modified or surface-engineered with metal
nanoparticles to fabricate electrocatalysts that are efficient for
ammonia production.

Sintering is another strategy employed for metal/PLA
electrodes,*” such as Cu/PLA and Fe/PLA, wherein exposure
of 3D printed substrates to high temperature can result in the
removal of nonconductive PLA counterparts, delivering metal
substrates with enhanced and exposed metal active sites.| %)

Modification of 3D printed substrates using appropriate
strategies can render to electrocatalysts for various catalytic
applications.!'**! Electrodeposition,”’) ALD ¥ patterned coating
techniques,'*' % functionalization of active molecular materials,
and so on, are a few among a host of other techniques known to
fabricate active 3D printed structures for ammonia production.

Electrodeposition is a well-known and widely adopted tech-
nique employed to deposit a layer of active material from a
corresponding precursor metal salt solution over the activated
3D printed substrates (Figure 10A). This approach can be used
to electroplate 3D printed structures with a Cu and Ni layer,®!
or any similar salt of transition metall® ! provided they are
active metal centers for ammonia production. Cu and Ni are
well known as active electrocatalysts for ammonia production.
Thus, techniques such as chronoamperometry can be employed
using a Cu- and/or Ni-based salt solution at defined time inter-
vals for the electrodeposition of Cu/Ni over carbon'®*! or metal
substrates./*! TMDs like MoS, and WS, are promising materials
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A B D

Figure 10. Modification of 3D printed electrocatalysts via A) electrodepo-
sition, B,C) ALD, D) spray-coating, E) spin-coating, and F) dip-coating.

for ammonia production, Because electrodeposition of these ma-
terials is already reported,'*’! we assume that these modified 3D
printed electrocatalysts could be highly efficient for NRA as well.

Furthermore, techniques such as ALD deliver a feasible,
homogeneous (Figure 10B), and conformal deposition of ac-
tive layers, sequentially without compromising the 3D topogra-
phy. A stepwise demonstration is given in Figure 10C. These
are advanced deposition techniques with high reproducibility
that are ideal for depositing material of tunable thickness over
complex structures such as 3D printed electrodes.!'* For in-
stance, in a study, 2D materials such as MoS, are shown to be
coated efficiently over 3D printed titanium electrodes for catalytic
applications.™" This technique is ideal for depositing active ma-
terial over carbon-based substrates as well.!"**l Although limita-
tions from electrodeposition can be mitigated by adopting better
techniques such as ALD, they are expensive and require expert
guidance, especially during coating over 3D printed electrodes.
ALD also has a wide range of metal/metal oxide precursor mate-
rials that can be explored for obtaining a better electrode surface,
ideal for NRA.

Patterned coatings of active material dispersions over 3D
printed substrates are an interesting, rapid, and cost-effective
electrode modification approach to devise electrocatalysts. This
approach has attracted significant attention in recent years due
to the low complexity of the instrumentation and minimal com-
plications involved in ink formulation.*'"*’! Techniques such as
spray-coating (Figure 10D),1®! spin-coating (Figure 10E), and dip-
coating®"" are commonly known approaches to fabricate sub-
strates that are cheaper and less toxic, enabling successful coat-
ing over the desired 3D printed substrates. These techniques
give users the freedom to develop a wide range of 3D printed
material catalysts by patterning 2D materials, their composites,
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nanoparticles, metal oxides, and so on, to be active for ammo-
nia production. For instance, in a study, MoS, was spray-coated
over 3D printed carbon-based (graphene/PLA) clectrode sur-
faces, and evaluated for HER.""*l The approach aided in abundant
and ideal coverage of electrode surfaces by MoS, sheets. Further-
more, in another interesting study from our groups, dip-coating
(Figure 10F) of 2D materials such as MXenes and TMDs of
MoS,, MoSe;, WS,, and WSe,, were coated over DMF-activated
3D printed graphene/ PLA electrode.”*! Postdrying, the electrode
was evaluated for HER application in 0.5 m H,S0O, electrolyte so-
lution, showcasing improved electrocatalytic activity of 3D elec-
trode substrate. Thus, techniques such as dip-coating can be em-
ployed as a facile and cost-effective approach of electrode modifi-
cation over conventional techniques.

Sputtering an active material can also be highly beneficial for
designing 3D printed electrocatalysts. For instance, in a study,
NRA was carried out over modified Au electrodes."*"! Modifica-
tions via sputtering of Au on 3D printed carbon electrodes and
post-treatments also have been reported to improve the surface
properties of electrode substrates. This can be extended to Ag or
similar transition metals, which could be ideally sputtered over
3D printed electrode surfaces to fabricate newer electrodes for
NRA. Thus, there is an immense possibility of improving the
substrate surface for NRA in multiple ways. The major task lies in
deciding the ideal modification approach for each catalytic mate-
rial followed by its optimization. Hence, the 3D printing of active
material substrates is expected to show high possibilities for the
design of ideal electrocatalysts that are efficient, active, and highly
selective for NRA.

6. 3D Printed Substrates for Nitrogen Reduction
Reaction

Haber-Bosch process is the conventionally well-known indus-
trial process for ammonia production. Owing to the limita-
tions of this technique, as mentioned in the previous section,
there have been constant efforts among researchers for find-
ing alternatives. Among them, electrochemical NRR for ammo-
nia production*> "1 has gained massive scientific interest in
the recent past. NRR continues to be a well investigated do-
main, although recent studies consider NRA to be more effi-
cient than NRR. Thus, a discussion on the possibilities of de-
signing 3D printed electrocatalysts for NRR can be interesting
to the researchers working in this area. NRR offers the possibil-
ity for large-scale applications owing to the abundant availabil-
ity of nitrogen source in the atmosphere.!*14214| In addition,
the clean and sustainable mode of NH; production with less
energy-intensive working conditions and low or even zero CO,
emissions makes this technique unique and preferable over the
Haber-Bosch process.

Thus, the fundamental focus would be on developing ideal
electrocatalysts with high activity and stability that can efficiently
carry out amumonia synthesis under ambient conditions. Further-
more, it must also be capable of mitigating selectivity toward
HER and favor ammonia production. 3D printed electrocatalysts
for NRR are also relatively new and unexplored like NRA. The
mechanism can be procured from the literature as detailing is be-
yond the scope of the article.””""1"51 Although several catalysts
for NRR, and the possibility of fabricating catalysts using these
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active materials via 3D printing are both well known, the inter-
disciplinary domains of 3D printing electrocatalysts for ammo-
nia synthesis via NRR are still not explored well. In the following
discussion, we focus on developing 4 bridge between existing re-
ports on the possible active materials known for NRR and the fea-
sibility of using these materials toward fabrication of 3D printed
electrodes/devices via various techniques.

6.1. Carbon Substrates

Advantages of carbon substrates are very well discussed in Sec-
tion 4.1.1 along with several reports on carbon/graphene sub-
strates for NRR applications.!*“!#’| For instance, Zhang et al!**!
put forth a detailed discussion on multiple defect engineering
strategies over carbon-based substrates for efficient ammonia
production. Also, Majumder et al.'"**! discuss the possibility of
modifying graphene electrocatalysts for enhanced ammonia pro-
duction from nitrogen. Therefore, adapting the possibilities of
using carbon material from the above works into the realm of
3D printing technology can lead to the fabrication of 3D printed
carbon substrates via FDM (black magic/protopasta/customized
carbon-based filaments, etc.) for ammonia synthesis.

6.2. Metal Electrocatalysts

Cu," T NS A, 9% and Ag!'™®Y have been explored for
NRR application as well. In the domain of 3D printing, employ-
ing the respective metal/PLA filaments of corresponding active
material (Cu, Ti, Ni, etc.) and/or modification of 3D printed sub-
strates via sputtering (Ag, Au), electrodeposition (Ag, Au, Ni, Cu,
etc.), coatings of active material (Ni, Cu, etc.) over substrates,
would help in designing ideal and efficient 3D printed electro-
catalysts. In principle, this approach would help in designing
3D printed electrocatalysts for NRR applications at a large scale,
in minimal time, and cost-effective manner. Advancements in
3D printing technology, such as customized filament fabrication
(Section 4.1.4), MM 3D printing techniques (Section 4.1.5), and
other known 3D printing techniques, would also help in design-
ing ideal electrocatalysts for ammonia production via nitrogen
reduction. The postfabrication techniques and electrode modifi-
cations discussed in Section 5 are also advantageous for the fab-
rication of conductive 3D printed electrodes with high selectivity
and efficiency for NRR, as well as for high-yield ammonia pro-
duction.

Furthermore, molybdenum (Mo) and Fe are considered to be
theoretically feasible electrocatalysts for NRR. In a work by Zeng
etal. /" nitrogen-doped MoS, nanoflowers were studied as elec-
trocatalysts under ambient conditions. Tt was observed that the
catalyst delivered high FE (9.14%) at 0.3 V versus RHE in 0.1 m
Na,S0, and provided NH; yield of 69.82 pg h™" mg_.~'. In our
previous discussion about the FDM 3D printing technique, the
work on MoS, 3D printed substrates conducted by our group was
mentioned. " The possibility of modifying these electrode sur-
faces via nitrogen doping or similar method is also known to be
technically feasible. Thus, we propose the possibility of designing
nitrogen-doped 3D printed MoS, substrates via extrusion-based
technique that are speculated to be ideal for NRR.
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6.3. 2D Materials

Studies on combining 2D materials to fabricate electrocatalysts
for ammonia production are known to be relatively new, one
among them being the recent studies on loading 1T"-MoS, with
Ti,C, MXene.'*) The possibility of ideal ink formulation via
DIW can also result in developing 3D printed MoS, /MXene elec-
trocatalysts for desired catalytic applications such as for NRR.
These novel approaches of designing self-standing, robust, and
active 3D printed electrocatalyst substrates can bring an impact-
ful improvement in this field.

Though the major part of this article focuses on the possibil-
ity of utilizing 3D printed electrodes for NRA, we also claim that
the technique of 3D printing electrocatalysts has not been hith-
erto introduced to NRR as well. Thus, a large possibility exists for
designing electrocatalysts for NRR via several other techniques,
given the fact that 3D printing shows enormous prospects of fab-
ricating substrates similar to the ones that have been already re-
ported for NRR. Also, the mechanism shared by these two re-
actions (NRA and NRR) to give the same product (ammonia)
has a big difference, and their adaptability to serve as a cata-
lyst via 3D printing technology is subject to repeated improve-
ment, considering the geometry, porosity, and size with respect
to the experimental conditions, systematic optimization, and tun-
ing/optimizing the postfabrication approaches. However, consid-
ering the reports on the limitations of NRR over NRA, the major
focus was shifted to 3D printing electrodes for NRA. Neverthe-
less, there is still scope for improvement in designing electrocat-
alysts of active material using FDM, DIW, SLA, or SLM among
others for NRR.

7. Challenges and Solutions

The prospect of 3D printed substrates for NRA is relatively
new and, thus, the expected uptake in this area can be a
bit slow; however, once the abilities of this technology toward
NRA are fully realized, it will represent a promising leap in
the design of electrodes/devices. FDM-based electrode and de-
vice fabrication using graphene/PLA, carbon black/PLA, car-
bon black/ABS, customized 2D material/PLA, and so on, are
well known. However, extruded 3D printed structures may not
be ideal for direct catalysis applications owing to the presence
of nonconductive constituents (PLA, ABS, etc.), requiring post-
fabrication treatments."7?*] Although several techniques have
been proposed,''”*! very strict optimization measures are rec-
ommended because overexposure to postfabrication treatments
such as solvents, and physical and/or chemical treatments can
result in excess loss of polymer from printed parts. This even-
tually affects the strength of 3D printed structures, resulting in
the weakening and breakage of the printed structures. Neverthe-
less, an initial exploration of this technique for the fabrication of
3D printed catalyst can be relatively time-consuming, where the
user will initially need to fabricate multiple prototypes with varied
compositions of active material, fillers, polymers, additives, and
so on (e.g.. customized filaments). Optimization also extends to
the filament extrusion quality, extrusion temperature, and repro-
ducibility. Postoptimization of the ideal filament composition can
aid in employing these 3D printed structures as electrocatalysts
for NRA applications.



ADVANCED
SCIENCE NEWS

wRORAR

www.advancedsciencenews.com

Temperature is another vital factor for the extrusion of fila-
ments, wherein the extrusion temperature will vary from fila-
ment to filament. Sometimes high temperatures can result in the
oxidation of metal nanoparticles or filament composites, affect-
ing the conductivity severely. A possible remedy would be to de-
sign a special chamber that would be capable of providing inert
atmospheric conditions via constant purging of Ar/N, gas during
printing.!*” [n addition, sintering 3D printed metal electrodes
such as Cu/PLA, Fe/PLA, and Ti/PLA, at elevated /unoptimized
temperatures can result in the degradation or deformed shape of
the printed electrodes. This could be mitigated by using covering
materials and molds that help to preserve the shape of the elec-
trode post thermal treatment. As a feasible strategy, experiments
like thermogravimetric analysis could be initially employed to
track the degradation of polymers from the printed structure.
With such systematic understanding, the user can easily opti-
mize the required temperature for activating the printed elec-
trode substrate without losing the shape of the printed structures.
DIW using certain active materials can result in clogging of the
nozzle; however, the rheological properties of inks should be con-
stantly assessed for better printability, Proper optimization of ink
fluidity can also prevent bad printing or incomplete printed struc-
tures.

Electrode modification via various techniques was discussed
in detail in the previous section. However, certain challenges are
also associated with the modification of the electrocatalyst sur-
face using conventional techniques, which has to be taken care
of for efficient catalyst fabrication. For instance, although elec-
trodeposition techniques are cheap, quick, and provide a wide
range of choices for metal or metal oxides, the semiuniform de-
position of material over the 3D printed struclure can serve as a
major limitation to this technique.!"! The techniques employed
for electrodeposition are expected to be well optimized, prior to
its coating over fabricated 3D electrode material.

Every technique has its pros and cons. Therefore, finding the
ideal technique based on the experimental setup/targeted appli-
cations has to be carefully executed to fabricate ideal electrocata-
lysts/reactors/devices for applications such as ammonia produc-
tion. Strategies to improve ammonia production have evolved
over time and have come a long way from conventional tech-
niques like Haber-Bosch and NRR to recent ones like NRA. De-
signing ideal electrocatalysts or catalytic reactors has been the
primary goal of all these techniques, where the catalyst exhibits
high activity, selectivity, efficiency. and stability during the reac-
lion, 3D printing for ammonia production is a relatively new ap-
proach toward designing electrodes or electrolyzers; therefore, it
is guaranteed to take a considerable amount of time and research
to develop effective strategies for fabricating efficient catalysts for
NRA.

8. Conclusion and Future Perspective

Catalysts can play a significant role in resolving several ongoing
crises arising due to the declining availability of fossil fuels and
the exhaustion of resources with the increasing population. The
conversion of nitrate into ammeonia has unfolded the scope of an
alternative sustainable pathway for ammonia synthesis and, thus,
the design of ideal electrocatalysts for this process has become a
major task. This perspective article discusses how 3D printing
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technology can be an asset in the fabrication and engineering of
3D printed electrodes that serve as active electrocatalysts for am-
monia production. Several precursors materials have emerged in
recent years that can be extruded/sintered /formulated success-
fully to procure 3D printed electrodes and devices. These precur-
sors include carbon materials, 2D materials (graphene, MXene,
TMDs, MOFs, etc.), metal/metal oxides, nano/microparticles,
and many more. Interestingly, 3D printing techniques today pro-
vide the flexibility of printing self-supported catalyst substrates,
SACs, for catalysis and possibly resolve several issues encoun-
tered by traditional printing techniques. We summarize that al-
though several active materials are reportedly known to be ideal
for ammonia production, 3D printing technology confers the
freedom to 3D-print these active materials for catalytic applica-
tions like NRA. The technology of 3D printing was developed four
decades ago; however, it has taken a considerable length of time to
expand and flourish as a domain across multiple industries and
sciences. This technique today has become exponentially cheaper
as the cost of printers, precursor materials, and other accessories
consistently declines. Although 3D printing electrodes for cat-
alytic applications are primarily studied as a proof-of-concept,
over time this technology is expected to potentially expand to
large-scale manufacturing terrains, using structures that are less
expensive and with large outputs. This process of escalating from
small-scale laboratory operations to a large-scale industrial setup
can be challenging and requires critical and creative resolutions
in its design.

3D printing is known to have great potential in terms of de-
signing reactors for catalytic systems as it holds a dual advantage
of having a catalyst component as well as the ability to moderate
the flow of reactants. This article, however, has focused on using
3D printing technology for the fabrication of functional catalysts,
catalytic reactors, and similar systems for ammonia production.
Significant advancements have been witnessed in recent years
in fabricating 3D printed devices, with a major focus on catal-
ysis applications. Thus, the fabrication of active electrocatalysts
that could be integrated into the electrolytic system, along with
the manufacturing of both framework and internal part of the
electrolyzer. can be considered to be significant advancements in
the field of NRA. This would also be an impactful technology in
the future for diversifying ammonia production. In short, with
ammonia production being a vital application, further advance-
ments are expected in this direction and 3D printing would be
a breakthrough in designing novel electrocatalyst structures that
are more cost-effective, energy-efficient, and also mitigate the en-
vironmental concerns.
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5.3.2 3D-printing technology towards CO:2 reduction and capture

Motivation

Massive use of fossil fuels has led to severe increase in atmospheric CO> resulting in an
increase in global temperature, disturbing the innate carbon cycle of the Earth, and the present
climatic conditions. Thus, a comprehensive perspective on this topic would be interesting for
researchers in analyzing the field better and think for better possibilities of mitigating CO; via

3D-printing technology.

Objective

The perspective article outlines multiple strategies of fabricating 3D-printed catalysts, and

customized devices for mitigating CO; and converting them to various products.

Outcome

Several recent studies of employing 3D-printing technology for CO: reduction and capture
are discussed. Since studies reported in this area are minimal, the following report would be

helpful for researchers as a motivation to broaden this field of 3D-printing for CO> mitigation.
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Advances in Designing 3D-Printed Systems for CO, Reduction

Akshay Kumar K. Padinjareveetil and Martin Pumera*

The increasing level of atmospheric carbon dioxide (CO,), and the resultant
global warming is a matter of growing concern among scientists, environ-
mentalists, and climate experts across the globe over the past several dec-
ades. Numerous attempts are being undertaken today that seek solutions to
mitigate this global crisis. This includes designing functional catalysts, devices
and reactors to convert greenhouse gasses such as CO, into useful products
like low-carbon fuels and chemicals, thereby reducing the amount of CO,
considerably in the atmosphere. Advancements in emerging technologies like
3D-printing can effectively aid in the fabrication of electrodes and devices to
tackle the rising CO, concerns. Low cost, rapid prototyping ability, and printing
simple and complex structure are few of the significant merits of this tech-
nology. Thus, in this perspective article, discussions on fabricating 3D-printed
(electro)catalysts, customized devices, reactors, etc., via multiple strategies
are put forward with emphasis on the electrochemical reduction of CO,. Also,
a detailed discussion on the post-printing treatments, catalyst modifications,
and other CO; mitigation strategies is provided as well. Although studies in
this direction are scarcely reported, observations made hitherto show promi-
sing possibilities of broadening this field for large scale CO, reduction reaction

Human-centric activities, like the mas-
sive use of fossil fuels, chiefly contribute
to the rise of atmospheric carbon dioxide
(CO;) and continue to have a devastating
impact on the global temperature rise, the
innate carbon cycle of the Earth, and the
present climatic conditions,"” Statisti-
cally, global CO, emissions are expected
to rise at an alarming rate,’l especially
with the ongoing combustion rate of fossil
fuels. Thus, stringent measures have been
developed today to control and mitigate
this menace by using alternatives such
as renewable and nuclear energy sources,
and employing strategies like decarboni-
zation, carbon sequestration, carbon recy-
cling, etc.*’! However, a complete shift
has not been achieved and the search for
replacements and improvements to mini-
mize the CO; emission into the atmos-
phere continues.

Among various CO; reduction strate-

applications, and similar catalytic applications in the near future.

1. Introduction

Global energy shortage and climate crisis have rattled the world
over, with scientists, researchers, and policymakers trying to
cope with these unprecedented atrocities at multiple levels.
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gies, electrochemical reduction or elec-
trolysis of CO, is an important approach
that involves the conversion of CO, to
several value-added chemicals, making
them impactful as industrial feedstocks, yielding value-added
low-carbon fuels and chemicals.®® The sp hybridized CO,
molecules with linear geometry are chemically inert, stable,
and possess low electron affinity with a large band gap of
13.7 eV between its lowest unoccupied molecular orbital and
highest occupied molecular orbital.*1l Further, CO, reduc-
tion reactions (CO,RR) are thermodynamically uphill reactions
that require significantly high energy to break the C=0 bond
(750 k] mol™), when compared to the breaking of C—O
(327 k] mol™), C—C (336 k] mol™"), and C—H (441 k] mol™)
bonds. In short, the concern regarding the rising concentration
of CO; in the atmosphere today has prompted the expansion
of technologies associated with CO,RR with immediate impact,

Electrocatalytic conversion of CO, involves various reac-
tion pathways that proceed via multi-proton and multi-elec-
tron transfer, resulting in diverse reaction products!"-"" such
as carbon monoxide (syngas production; CO+H;), formic
acid (HCOOH), alcohols (methanol, ethanol, etc.), hydrocar-
bons (e.g., methane, ethane, ethylene, etc.), aldehyde, ketone,
etc., which in turn aids in a significant reduction in the CO,
amount. This technique has made significant advances in
recent years with advantages that include, scalability, compat-
ibility, ease in adaptability for practical purposes, and possibility
of employing other renewable energy sources to drive the reac-
tion at milder conditions.'*¥! Literature reveals that the experi-
mental conditions, pathways, and products are controllable and
tunable with parameters such as catalyst, electrolytes, applied
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potentials, temperature, etc.!?®! Several homogeneous and het-
erogeneous based catalysts for CO,RR have been fabricated
hitherto and continue to be devised for accelerating the kineti-
cally slow reduction reaction, owing to the high chemical and/
or electrochemical stability of CO,.1"2%

The field however requires better and newer solutions to
make this process impactful, scalable, and cost-effective in
terms of catalyst design, devices, electrodes. reactors, cell con-
figurations, etc. Also, newer strategies are proposed to address
the limitations of conventional techniques such as complex fab-
rication processes, heat and mass transfer limitations, stability,
uneven flows, poor surface area, etc. Further, designing com-
plex reactors or cell configurations via traditional approaches is
expensive, requires massive resources, and is time-consuming
at an industrial scale. Subjecting the catalytically active mate-
rials to high temperatures can also result in the deformation of
catalysts with random size, shape, and porosity. These concerns
increase the urgency for simple and flexible techniques that
help in designing highly engineered functional structures for
CO,RR that inevitably reduces CO; at a high rate.

Interestingly, emerging technologies like 3D-printing, also
known as “additive manufacturing”, are expected to offer a
possible remedy for device fabrication towards CO,RR, rec-
ognizing the difficulties and tedious efforts involved in the
traditional methods/**#| This technology today provides sig-
nificant opportunities towards rapid prototyping of electrodes
and devices with better control of geometry and distribution,
printing monolith structures, functional catalysts, integrated
devices, and beyond. Though its initial applications were lim-
ited to creating prototypes, currently its possibilities have
expanded to scientific and industry-level usages based across
regions. Some of the notable features of this technique include
its quick prototyping ability, scalability, replicability, flexibility
in designing both simple and complex structures, and minimal
waste generation.**#*l The ability of 3D-printing technologies
to fabricate conductive electrodes and/or substrates in minimal
time with definite geometry and rigidity, cost-effectiveness, scal-
ability, performance, and all-pervasive nature, has encouraged
the research community to employ them for electrochemical
energy conversion and storage applications. 2126281

Recent studies on using 3D-printing technology for CO,RR
are known to be, a highly promising approach for fabricating
devices and active structures. The 3D-printed porous struc-
tures are expected to enhance the mass transport property and
shorten the ion and electron pathway by retaining the large
active areal®®?% overpowering the 2D nanostructures. They also
provide a high degree of control over geometry, and material
distribution and are also ideal for immobilization of the active
material. This technology can also aid in the fabrication of
highly efficient catalytic reactors, where it gives the freedom
to directly load the catalyst over the 3D-printed reactor surface,
eventually increasing the contact between the reactant and the
catalyst. Also, the significance of metal electrodes for CO,RR
has been well investigated since the mid-1980s,*'l which can
be adapted today for the direct fabrication of 3D-printed metal
substrates of choice via various 3D-printing techniques.’23%
Advancements in the field of 3D-printing today equips the
user with the possibility of direct 3D-printing of 2D materials
as well.**31 Thus, the fundamental objective lies in selecting
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appropriate precursor materials and printing techniques to
fabricate the 3D-printed structures based on intended appli-
cations. Further, 3D-printing helps in rapid prototyping of
complex geometric objects with great accuracy wherein such
optimizations would be a foundation to develop catalysts deliv-
ering efficient performance. Interestingly, advancements in
3D-printing technology are also utilized to fabricate devices
and electrode materials beyond electrochemical reduction of
CO, for Fischer-Tropsch synthesis, CO, hydrogenation, CO,
reforming of CH,¥! CO, capture,* separation, etc. Being an
emerging field, discussions on the same are also carried out in
subsequent sections.

In short, this perspective article discusses the large-scale pos-
sibilities of 3D-printing technology in fabricating devices and
electrode materials for efficient CO,RR, along with multiple
strategies to decrease the CO, concentration, their technical
difficulties, solution, and a future outlook. Systematic analysis
can efficiently aid in understanding the potential of this field
and is expected to contribute towards mitigating the ongoing
challenges of climate change and the energy crisis faced by the
global community to some extent.

2. Understanding CO,RR and Catalysts

Electrochemical reduction of CO; (ERCO;) outweighs other
technologies, owing to its mild operational conditions, in
terms of temperature and pressure, and controllable reaction
conditions. Further, this technique is economical and ecologi-
cally feasible together with renewable energy sources.!#?1%¥
However, it still requires enhancement in terms of finding
electrocatalysts that lower the overpotential for dissociation of
the C=0 bond and eventually accelerate reactions and enhance
the product selectivity,. The general expression for cathodic
ERCO, is given by

~CO, +nH" +ne” — product + yH,0 (1)

Studies on ERCO, are speculated to have evolved during the
1950s.%%1 A significant leap in this direction, however, was made
in 1985 by Yoshio Hori et al,®! who conducted a total anal-
ysis of gaseous and liquid products on cathodic CO,RR using
various metal electrodes. Further, several other studies have
been undertaken periodically on designing electrocatalysts for
CO;RR. This includes copper (Cu), % noble metal catalysts
such as silver (Ag) and gold (Au),F transition metal-based cata-
lysts, ™ carbon-supported catalysts,** hybrid catalysts,*} metal-
free catalysts ™ etc., thus substantiating the vast possibilities
of fabricating structures for this application. Also, the design
of experimental cells or electrolyzers for CO,RR has undergone
improvements from time to time. A schematic representa-
tion of various reactor designs for CO,RR is given in Figure 1,
constituting H-cell (Figure 1A), proton exchange membranes
(PEM) fuel cell (Figure 1B), gas diffusion electrode (GDE) flow
cell (Figure 1C), and microfiuidic How cell (Figure 1D)."

Typically, at the laboratory scale, two-compartment cells
called H-cell are employed with three electrode configura-
tions constituting a working electrode, reference electrode, and
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B) PEM Fuel Cell

Figure 1. Schematic designs of reactors employed for CO,RR. Adapted with permission.!*l Copyright 2020, Elsevier.

counter electrode,?*l The two compartments are separated
either by a proton-conducting membrane such as Nafion 117 or
by using an anion-exchange polymer membrane. The major
advantage of this electrochemical setup is that they permit ionic
conductivity and mitigate the movement of products from the
cathodic to the anodic compartment. Further, the easiness of
adapting to different electrode materials and operating condi-
tions makes them promising.

However, due to the low solubility of CO, in the electro-
lyte, H cells encounter mass transportation limitations which
call for newer designs, such as the continuous flow cells. For
instance, microfluidic flow cells®##I are employed in CO,RR
wherein the electrodes are separated by a flowing liquid elec-
trolyte, and the electrodes are separated by a thin spacer. Fur-
ther, the performance of the system can be analyzed using an
external reference electrode. Catalyst immaobilization has also
gained attention towards CO,RR wherein the prepared cata-
lysts are transferred to porous substrates, such as a gas diffu-
sion layer (GDL) or a membrane to form membrane electrode
assembly,”! using techniques such as airbrush, painting, etc.
Strategies such as catalyst immobilization over substrates are
crucial for ideal measurements and product determinations
since non-uniform coatings and distributions can lead to devia-
tions and affect the stability and performance of the studied
system. Fluoropolymers such as polytetrafluoroethylene (PTFE)
coated carbon paper substrates with microporous layers, and
fibrous expanded PTFE are commercially available GDL.M
The hydrophobic nature of these polymers makes them ideal
for the CO,RR. Although conventional approaches are still in
currency, researchers are working arduously towards finding
the best experimental setup and conditions for CO,RR. Quan-
tification of products is carried out as part of the experimen-
tation, using mass spectrometer, ion, or gas chromatography
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technique, NMR, etc. Further, the performance of the catalytic
reactions is evaluated using a set of parameters such as onset
potential, faradaic efficiency (FE), catalytic current density, ener-
getic efficiency (EE), voltage efficiency, overpotential, turnover
frequency (TOF), Tafel plot, etc.l?*!l Theoretical studies such
as density functional theory (DFT) also have been carried out to
substantiate the experimental results. Tn principle, the results
from both theoretical and experimental studies are evaluated
systematically to track the reaction mechanism pathways, inter-
mediates, and respective products.

CO,RR is a complicated process owing to the fact that the
carbon atoms in CO, molecules are inert, thermodynamically
stable, and in a high oxidation state. Thus, designing and fabri-
cating devices and electrode materials that overcome the kineti-
cally sluggish CO,RR, is necessary prior to its commercializa-
tion for multiple applications as shown in Figure 2.

Further, studies towards employing electroactive materials
to design newer catalysts, possessing high activity, selectivity,
durability, and low overpotentials are being rapidly undertaken
today to tackle the increasing CO, level in the atmosphere.
ERCO, involves protons coupled with multi-electron transfer
in an aqueous system with ideal electrocatalysts.’'*? Based
on the number of electrons involved, protons transferred, and
pH, several products could be procured such as HCOOH, CO,
CH;OH, CH,, C,H,, C,;H;OH, C;H,0H, C;H,0,, C;H,05, etc.

To substantiate this, the electrochemical halfreaction for
ERCO, through different electron pathways has been given
below, where the corresponding electrode potential versus
standard hydrogen electrode (SHE) in aqueous electrolyte is
shown in Table 1.1

In short, factors such as electrocatalysts (composition, mor-
phology, structure), electrolyte (pH, concentration), electrode
potential, temperature, pressure, cell design, etc. play a crucial



ADVA

ADVANCED
MATERIALS

NCED
SCIENCE NEWS

www.advancedsciencenews.com

]

Chemical
feedstocks

INTERFACES

www.advmati.

transportation

Electrochemical
CO, conversion

Fuels

Figure 2. Schematic representation of ERCO; towards multiple applications. Reproduced with permission.l Copyright 2019, The American Associa-

tion for the Advancement of Science.

role in ERCO,. Discussions on detailed CO,RR pathways for
several systems are available in the literature,” % however,
they are beyond the scope of this perspective.

Realizing the importance of fabricating electrocatalysts with
enhanced performance for CO,RR experiments, several catalysts
have been developed periodically and studied systematically.
Some of these are discussed below. Multiple reports in the litera-
ture suggest using Cu catalysts for CO;RR on account of its dis-
tinct characteristics, abundance, and cost-effectiveness.*”1 Cu
catalyst was also successful in exhibiting the two-electron reduc-
tion of CO, to CO along with its multi-electron reduction, deliv-
ering a variety of products (> 2e products) that exhibited sub-
stantial FE and better performance, making this catalyst unique
and high in demand. Further, in a study by M. | Sun et al.,*8
carbon-embedded diatomic nickel (Ni) electrocatalyst was used
for the reduction of CO,, and in another study brass and bronze
were found to be effective as CO, reduction electrocatalysts.”””!
A bimetallic electrocatalyst fabricated via chronoamperometric
electrodeposition of cuprous oxide and Ni over carbon substrate
was proposed by H Pan et al., wherein formate and CO were the
major products of CO,RR delivering FEs of 16.0% and 19.7%,
respectively/®” Interestingly, 2D materials, such as graphene-
based structures, !l MXenes ! transition metal chalcogenides
(TMDs),% etc., have also gained significant importance for
CO,RR. With carbon in pristine graphene and graphene oxide
being inactive for CO;RR, modifications of graphene substrates
using heteroatom doping, surface engineering, and/or by devel-
oping composites are known strategies employed for enhancing
the efficiency of graphene-based catalysts for CO,RR.I Further,
CO,RR experiments using Mo,C catalyst showed an FE and
overpotential around 90% and 250 mV, respectively, whereas
for Ti;C, MXenes they remained at 65% and 650 mV, respec-
tively.*!l Studies on metal electrodes have also resulted in the
classification of catalysts based on their ability to deliver respec-
tive products.*®3% Carbon monoxide (CO) was produced using
melal catalysts of Au, Ag, Zn, Pd, and Ga, and formate (HCOO")
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was procured using Pb, Hg, T, In, Sn, Cd, and Bi, Surprisingly,
Ni, Fe, Pt. and Ti contributed more toward reducing water to
H; than reducing CO,. Cu, on the other hand, gave multiple
products such as hydrocarbons, aldehydes, and alcohols. The
above reports can be adequately adapted to design 3D-printed
substrates; however, this requires prior familiarization with
3D-printing techniques and strategies used to 3D-print devices
and electrode substrates.

Table 1. Electrode potentials associated with electrochemical reduction
of CO; and possible products. Adapted with permission.”l Copyright
2017, The Authors, Published by WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim.

Electrochemical CO; reduction (possible half-reactions) Electrode potentials

(Vvs SHE) atpH 7

CO, (g) + & —*COO -1.90
CO, (g) + 2H' + 26" — HCOOH (1) -0.61
CO; (g) + H;0 () + 2¢- — HCOO™ (aq) + OH™ -043
CO; (g) +2H' +2¢ — €O (g) + H,0 {l) -0.53
CO, (g) + H10O (1) + 28~ — CO (g) + 20H -0.52
CO, {g) + 4H™ +2e = HCHO (I) + H,0 (I) -0.48
CO, {g) + 3H;0 ([) + 4e~ — HCHO (I) + 40H" -0.89
CQ;, (g) + 6H" {I) + 62" — CH;0H (1) + H,0 (1) -0.38
CO; (g) + 5H;0 (1) +6e™ — CHOH (1) + 6OH" -0.81
CO, (g) +8H' +8e — CH, (g) +2H,0 () -0.24
CO, (g) + 6H;0 (I) + 82" — CH, (g) + 80H -0.25
2C0, (g) +12H" + 126" — CiH. (g) + 4H,0 (1) 0.06
2€0; (8) + 8H0 (1) + 12¢~ — T;H, (g) + 120H" 034
2C0; (g) +12H" 4126 — CHsCHLOH (1) +3H,0 (1) 0.08
2C0; (g) +9H,0 (I) + 126~ — CHyCH,OH (I) + 120H ()) 033
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3. 3D-Printing Overview

3D-printing is a bottom-up manufacturing approach that has
created revolutionary changes in recent years with its multidi-
mensional possibilities, ranging from scientific advancement
to industrial and domestic applications.”>3707ll Developed in
the 1980s,7 the technology has undergone periodic changes
to incorporate unique features in designing and printing cus-
tomized products. Further, the technology has undergone
consistent advancement with respect to the principle involved
in printing, precursor material, minimizing cost, time, com-
plexity, and targeted applications based on the user's demand.
Some commonly recognized and relevant printing techniques
will be discussed in detail in the following section, as under-
standing the fundamental principle of this technology would
be required in order to further exploit the possibilities of this
domain towards CO,RR.

3.1. Fused Deposition Modeling (FDM)

FDM, also known as “fused filament fabrication” (FFF), is an
extrusion-based 3D-printing technique where a layer-by-layer
deposition of material is carried out by melting the filaments
at the hot zone of the nozzle, based on a predesigned model
as dictated by the G code file (Figure 3a).”*l Some of the well-
known precursor materials include graphene/ polylactic acid
(PLA) filaments (black magic),” carbon black/PLA filaments

A a

Rollers

+
Printable filament

Temperature control unit =
Nozzle [PRRRsa——.-

3D-modeling

3D-Scanner /' STLFile

= e
g

Photogrammetry
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(protopasta),” metal/PLA filaments”* (where metal = copper,
titanium, stainless steel, brass, etc.), PLA, acrylonitrile butadiene
styrene (ABS), polyurethane, polycarbonate (PC), polyamide, etc.
Of these precursor materials available, extensive studies have
been carried out on graphene/PLA and metal/PLA filaments to
fabricate conductive electrode substrates for catalysis”®*® and
other applications.”*7! Recently, metal-based FDM 3D-printing
has become a promising platform that enables quick and easy
fabrication of cheap, robust, and conductive metal substrates.
Thus, the FDM printing technique has gained significant atten-
tion owing to its easiness, compatibility, cost-effectiveness, and
varied choice of printable materials such as metal-based, carbon-
based, customized 2D material filaments, etc.

3.2. Direct Ink Writing (DIW)

It is another well-known extrusion-based AM technique that
enables the user to 3D-print any material of interest until the
ink meets the required rheological properties for ideal extru-
sion (Figure 3b).*#8! Here the active material in liquid-
phase is typically referred to as “ink”, which is dispensed out
of the nozzle sequentially to procure a final solid conductive
3D-printed structure. Optimizing the printable inks is a major
task prior to 3D-printing to prevent clogging or bad printing,
wherein electrochemically active materials, along with addi-
tives, binders, solvents, etc. may be added additionally to
improve the property of ink. Thus, this printing technology

Printing

—ip

G-code File (2D
layers)

Figure 3. A) Schematic representation of 3D-printing techniques: a) Fused deposition modeling (FDM), b) direct ink writing (DIW). B) Procedure
involved in the design and fabrication of a 3D-printed structure. Adapted with permission.”*! Copyright 2016, Royal Society of Chemistry.
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has gained attention in the recent past owing to its ability to
3D-print a wide variety of materials that are not technically fea-
sible using the FDM technique.

3.3. Stereolithography (SLA)

This 3D-printing technique is based on solidifying a liquid
photopolymer (resin) using light sources such as UV
light242282 Tn this technique, exposure to resin with spe-
cific wavelengths of light can result in crosslinking of short
molecular chains, and eventually polymerizing monomers
and oligomers into robust and flexible structures. This tech-
nique enables advancement in speed, is versatile, and less
expensive, along with providing fexibility with adequate preci-
sion of printed structures. Digital light processing (D1P)I**%
is also a well-known technique similar to SLA, where photo-
polymer resin is solidified using a digital light source to obtain
3D-printed photopolymer parts and is relatively faster than the
SLA technique.

3.4. Other 3D-Printing Techniques

Selective laser sintering (SLS) is an AM technology that
employs a powder bed and a high-power laser source to sinter
polymeric or metal powder into a 3D solid structure[?2#:85
Fabricating complex geometries with high resolution and high
productivity is an added advantage of this technique, although
expensive equipment and high maintenance costs can be con-
sidered as a limitation. Also, the SLS printed parts have strong
mechanical characteristics which are similar to the ones fab-
ricated via the injection molding technique. On the contrary,
selective laser melting (SLM)#2%1 js a 3D-printing technique
where the laser is used to fuse the metal powders and fabricate
objects in a layer-by-layer manner. The precursor metal powder
is often heated during the process until the melting point is
reached. The final 3D-printed parts are usually conductive
metals and/or metal alloys, and the melting of powder beds is
employed in this technique. Further, another rapid 3D printing
called electron beam melting (EBM)*! is found to be efficient
for designing 3D-printed structures, wherein fully dense 3D
structures are printed directly from the metal powder in a high
vacuum using a computer-controlled electron gun. In tech-
niques such as direct metal laser sintering (DMLS) %% sintering
of the metal powder particles is carried out using a laser source
and then transported to an inert gas-filled chamber and fused
together. The process of 3D-printing such structures makes use
of several metal alloys of different melting points. Thus, several
possibilities could be adopted to design and successfully fabri-
cate 3D-printed structures for CO,RR.

Achieving the final 3D-printed electrode substrate involves a
series of steps, which is initiated by designing 3D structures
using computer-aided design (CAD) software, 3D-scanner, or
photogrammetry (Figure 3B).*2%! Later, the design containing
the STL file is sliced into a G code file using appropriate soft-
ware that contains commands and geometrical information
about the designed structure. Finally. the G code file is fed
into the 3D-printer to procure the final 3D-printed structure.
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Successful 3D-printed structures undergo certain post-printing
treatments based on the 3D-printing technique employed,
in order to make the final 3D-printed parts ideal for desired
applications. A detailed discussion of these improvements on
printed substrates has been carried out in Section 4.5.

3D-printing technology has showrn exceptional advancement
in several domains, with its major potential in recent years
being the fabrication of electrochemical devices and cells for
electrochemical applications. For instance, there are several
existing reports available on using 3D-printed electrode sub-
strates for catalysis applications through modifications, pat-
terning, functionalization, or by integrating active materials
for hydrogen evolution reaction (HER)?*¥- and oxygen evo-
lution reactions (OER).*-%! With the advancements in tech-
nology, rapid prototyping of 3D-printed substrates of specific
geomelry and composition can aid in successful 3D-printing of
active structures beyond catalyst.

4. 3D-Printed Structures towards CO,RR

3D-printed devices and electrodes for energy storage and con-
version applications have received massive attention in the
recent past owing to its ease in designing, printing, and testing
compared to conventional techniques. Discussions on the
potential strategies to mitigate the increasing level of CO, in
the atmosphere, along with various 3D-printing strategies for
device fabrication have been carried out in previous sections.
In the following sections, we discuss certain studies that have
already explored the potential of 3D-printed substrates for
ERCQ;. Interestingly, there are still ample other unexplored
electroactive materials that, if ideally researched, can build
a good foundation for employing this technology for CO,RR.
With the advancement in 3D-printing technologies in recent
times, we attempt to put forth our observation on bridging
the two domains (Scheme 1) in the following sections, as an
in-depth analysis of these disciplines could be impactful for
designing newer materials that can resolve the ongoing energy
crisis and control CO, emissions.

4.1. Geometry, Porosity, Size, and Electrolyte

3D-printed structures are generally in the order of um reso-
lution, wherein the thickness of the layer is in the order of
50-300 um for FDM and DIW, while it is 1-50 um for SLA and
DLP, and 20-150 pm for SLS, SLM, and EBM techniques.*"*?
Interestingly, employing appropriate post-processing tech-
niques can render these 3D-printed structures potentially active
for desired catalytic applications such as CO,RR. For instance,
nanostructuring of these printed electrodes can enhance the
porosity of the printed substrates delivering nm features, thus
enhancing the catalytic activity predominantly. Surface pat-
terning and activation techniques can be further employed
towards enhancing the surface area. A detailed discussion is
carried out in Section 4.5.

Further, the geometry of electrodes is a very crucial step
from the catalysis point of view, as unoptimized electrode
geometry can result in passivation of the electrode surface,
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Scheme 1. Schematic representation of CO, mitigation strategies via 3D-printing technology.

and may seemingly look inactive for catalytic applications.!*!
Thus, one of the significant merits of 3D-printing technology
is its ability to rapidly prototype electrode designs of diverse
geometrical shapes such as honeycomb monoliths structure,
porous lattice structures, fractal structures, etc., based on the
experimental conditions that are often hard to be realized with
traditional fabrication techniques. Further, the geometry of the
printed structures can be controlled using parameters such
as nozzle diameter, extrusion speed, viscosity of active mate-
rial, etc. Engineering of catalyst structure via 3D-printing can
enhance reaction conditions, deliver targeted products, provide
long-term stability, and multiple other advantages. For instance,
in a study by Yan et al., 3D hierarchically porous (hp) CuAg
catalyst was fabricated via SLM 3D-printing technique, followed
by an electrochemical dealloying approach (Figure 4A).%
Importantly, catalysts of varying porosity and geometric con-
figurations were fabricated, namely 3D hp CuAg (honeycomb)
and 3D hp CuAg (rod). Figure 4B shows the 3D-printed bulk
metallic glass honeycomb component. It was found that the
3D hp CuAg (honeycomb) gave a syngas production rate of
142 pmol an™® h™! and stability of 136 h, while 3D hp CuAg
(rod) gave around 85.78 pwmol e h! and 40 h, respectively.
Studies were also carried out on 2D nanoporous CuAg cata-
lysts which exhibited low electrochemical stability of about 12 h.
Thus the following studies clearly reveal the importance of cata-
lyst structure and morphology in catalysis.

In another interesting study, 3D-printed electrodes from
PLA-carbon mnanotube (PLA-CNT) composite were electro-
plated with Cu and employed for ERCO,.1”*l Figure 4C shows
scanning electron microscopy (SEM) image of the surface of
3D-printed PLA-CNT with randomly located Cu microparticles.
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Upon evaluating hundreds of Cu microparticles, the average
microparticle diameter was found to be in the range of 21 +
5 pm. Further, detailed morphology and shape of microparti-
cles were evaluated by transferring to an aluminum (Al) target,
wherein the microparticle was found to have a hemispherical
shape, and higher magnification showed that the crystals were
in the order of 5-10 um (Figure 4D). The electrodes were also
further subjected to other characterization techniques and
eventually evaluated for ERCO;. Such electrode modification
approaches are interesting for the fabrication of low-cost, facile
3D-printed substrates for CO,RRs and beyond.

Advancements in printing technology have also aided the
fabrication of porous electrodes and/or substrates that eventu-
ally help in improved mass transport properties, Gas diffusion
electrodes (GDEs) are procured by employing active electrocata-
lysts on hydrophobic and porous substrates, and such strategies
are crucial for the efficient transport of CO, to the local reac-
tion environment. In a recent study by Wicks et al., 3D-printing
was employed towards the fabrication of fluoropolymer GDL
with tunable microporosity and structure and was further
spray-coated with electrocatalytically active Cu nanoparticles
(NP).¥ The influence of parameters such as porosity, micro/
macro structures. and eventually their efficiency and selectivity
for CO,RR are investigated in the current study. Figure 4E
represents the image of the 3D-printed GDL of homogeneous
perfluoropolyether with a pyramid height of 1.6 mm tall rep-
resented as H-A-PFPE-1.6. The SEM image of the GDL and
Cu catalyst layer interface of H-A-PFPE is shown in Figure 4F.
Studies on varying heights and configurations of samples were
evaluated, and a relative increase in C,. products was seen with
increase in pyramid height. This accounts for the increasing
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Figure 4. A) Schematic representation of 3D hp CuAg catalyst fabrication. B) 3D-printed bulk metallic glass honeycomb components. Figures (A,B)
Adapted with permission.!® Copyright 2021, American Chemical Society. C) Copper electroplated PLA-CNT electrode D) SEM image of Cu microparticle
transferred to Al target. Figures (C,D) Adapted with permission.” Copyright 2021, Wiley-VCH GmbH. E) 3D-printed ternary GDL of H-A-PFPE-1.6,
F) GDL:catalyst layer interface of H-A-PFPE macrostructure. G) Surface Morphology of LP-PFPE structure (Top view). Figures (E-G) Adapted with

permission.*”l Copyright 2021, Wiley-VCH GmbH.

interfacial area between the GDL and Cu catalyst layers. Also,
employing a higher intensity UV light, resulted in a large
pore perfluoropolyether (LP-PFPE) possessing a different sur-
face morphology and an SEM image is given in Figure 4G.
Furthermore, variation in the surface morphologies of the cata-
lyst along with increasing diffusive path length and residence
time of the locally generated CO near the catalyst resulted in a
shift in the product selectivity towards C,. products.

Thus, factors such as geometry, size, and porosity can influ-
ence catalytic reactions, making these parameters vital for fab-
rication and designing. In short, 3D-printing technology allows
the fabrication of electrodes with definite geometry, which
could otherwise be time-consuming using traditional tech-
niques such as subtractive manufacturing, along with excessive
resource wastage. Hence, 3D-printing shows enormous versa-
tility in fabricating complex geometric structures, making it
highly suitable over conventional methods.

Electrolytes also play a crucial role in ERCO,, wherein they
provide a medium to transfer coupled protons and electrons
based on reaction parameters. ERCO, experiments are carried
out in the electrolyte solutions of KHCO;, KOH,* etc., based
on the experimental conditions and anticipated products. Typi-
cally, the pH of electrolyte solutions is in the range of neutral
(6.8) to basic. In the context of 3D-printing, the 3D-printed
electrodes are ideal for their use in the following pH conditions
as electrocatalytic experiments were reported in electrolytes of
KHCO;,” KOH $99 etc
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4.2. Metal-based 3D-Printing

In an interesting study, SLM 3D-printing technique followed by
an electrochemical dealloying approach was employed for the
fabrication of 3D hp CuAg bimetallic catalyst for syngas pro-
duction.””I Catalyst morphology-based discussions were carried
out in the previous section and a broader understanding of the
electrochemical performance is carried out further. As part of
the experimentation, the CO,RR of 3D hp CuAg rod and 3D hp
Cu catalysts were carried out in an H cell containing CO,-satu-
rated 0.1 m KHCOj4 solution (pH = 6.8) and compared. Linear
sweep voltammetric (LSV) measurements of 3D hp CuAg and
3D hp Cu catalysts were carried out as shown in Figure 5A. It
was observed that 3D hp CuAg showed a higher current den-
sity when compared to 3D hp Cu, indicating a higher CO,RR
activity of the former catalyst. Also, the onset potential for ini-
tial CO generation of the 3D hp CuAg catalyst was —0.495 V,
which was about 158 mV lower than the 3D hp Cu catalyst.
Further, the FE of both the catalysts towards CO (FE¢q) and
syngas (FEg..) was determined as shown in Figure 5B. It was
found that 3D hp CuAg gave high FE,.. of above 92% (-0.8
to —1.0 V) and FE, of 63.2% at —0.9 V, which are higher when
compared to 3D hp Cu, clearly indicating the importance of
Ag in enhancing CO, to CO conversion. Interestingly, the
3D hp CuAg catalyst showed a wide and tunable syngas (H,/
CO) ratio from 3:1 to 1:2 by varying applied potential. Also,
Ag being the active site for CO generation, varying the Cu/Ag
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ratio in the resultant 3D hp CuAg catalysts can widen the
range of syngas ratio. Further, total production rates of syngas
linearly increase with the increasing applied potential for both
3D hp CuAg and 3D hp Cu, however, the former depicted a
higher rate at each potential (Figure 5C). Interestingly, mil-
limeter-level porosity was introduced into the 3D hp CuAg
catalyst via SLM 3D-printing technique and evaluated for
CO,4RR, wherein the catalyst showed milli-micro-nano porous
configurations. Figure 5D shows the syngas production of the
3D hp CuAg (honeycomb) structure. It was observed that the
overall production rate of syngas was around 5.7 mmol cmn™
for the 3D hp CuAg (honeycomb) catalyst after 40 h contin-
uous electrocatalysis, which is about 1.8 times higher than
that of the 3D hp CuAg rod (Figure 5E), The syngas produc-
tion rate and electrochemical stability of these catalysts were
already discussed in the previous section. Thus, excellent elec-
trochemical stability was shown by 3D hp CuAg honeycomb
electrode structure, and morphological analysis using SEM
and XRD confirmed that the nanoporous morphology and
phases remain unaltered after employing them for about 140 h
of continuous reaction. A comparison plot of CO,RR of noble,
non-noble based catalyst along with 3D hp CuAg rod and 3D
hp CuAg honeycomb is given in Figure 5F, wherein the 3D hp
CuAg catalyst exhibited an excellent blend of long-term elec-
trochemical stability and syngas gas production rate, making
3D-printed approach of catalyst fabrication highly promising.
A schematic overview of the proposed mechanism of 3D np
CuAg catalysts is given in Figure 5G, wherein phase-separated
CuAg nanodomains deliver tunable syngas ratio and activity,
while ultra-high electrochemical stability ascribes to its three-
level milli/micro/nano hp structures.

4.3. Extrusion-based Printing
4.3.1. Metal/Polymer

With recent progress in technology, FDM-based metal fila-
ments for extrusion are available in the print hubs that help in
the direct 3D-printing of metal electrode substrates.**7¢ Thig
includes metal/PLA filaments of Cu, titanium (Ti), tungsten,
brass, stainless steel (SS), and Al (Figure 6A). 3D-printing of
metal [PLA filaments based on the predesigned geometry and
size, followed by appropriate post-printing treatments can
render them as active electrode substrate for CO,RR. Thus,
this approach can also serve as a possible alternative to the
costly SLM technique, once the potential of FDM-based metal
3D-printing is realized. 3D-printed Cu/PLA electrodes fabri-
cated via this approach were previously reported by our group
for energy conversion'** and sensing applications.”!

Since extensive research is carried out on Cu-based mate-
rials for CO,RR in literature,*5” we emphasize on the poten-
tial of 3D-printing Cu filaments via FDM that can be employed
for similar catalytic applications such as CO,RR. At the labo-
ratory scale, the Original Prusa i3 MK3S+ FDM 3D-printer
(Figure 6B) can be employed for 3D-printing of Cu/PLA metal
filament via extrusion technique as shown in Figure 6C. Sin-
tering of 3D-printed Cu/PLA electrodes can increase the con-
tact between metal NPs within the substrate and also remove
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the non-conductive PLA polymer parts. resulting in a conduc-
tive metal substrate,”>*

Further, the Cu fillers in these 3D-printed substrates, upon
sintering, can result in a highly conductive and robust 3D Cu
metal substrate. Thus, FDM based technique of designing
3D-printed Cu and other metal electrode substrates can be con-
sidered as an interesting, feasible, yet umexplored approach to
fabricate active electrode substrates for CO,RR, in comparison
to other conventional, tedious, and time-consuming techniques.

4.3.2. Carbon/Polymer

Pristine carbon-based materials are generally found to be inert
towards CO,RR. However, studies have shown that approaches
such as heteroatom doping, functionalization, and patterning
of carbon substrates can facilitate them as active substrates for
desired applications.””l Also, there are reports on graphene-
based materials for CO,RR.7% In a study by Ma et al.,*"l three
different electrode structures were designed and sequentially
studied for CO,RR. Hence, the task relies on finding appro-
priate modification techniques for the fabrication of 3D-printed
carbon-based substrates for desired applications.

Interestingly, the availability of graphene-printable fila-
ments for 3D-printing expands its possibility of fabricating
carbon-based substrates for multiple applications.”** Intro-
ducing conductive nanoallotropes like graphene, along with
thermoplastic polymers like PLA or ABS are known to be some
of the effident methods for the fabrication of carbon-based
composite filaments, Graphene/PLA (black magic) filaments
(Figure 6D), and carbon black/PLA are actively available com-
mercial 3D-printable carbon-based filament materials that can
be employed for designing 3D-printed carbon catalysts, or as
substrates for multiple applications. Post-printing, the activa-
tion of these carbon electrode substrates is carried out via a
variety of activation techniques in order to remove the non-con-
ductive PLA parts and improve the conductivity.""'!l Further,
modifications of these 3D-printed activated carbon substrates
using metal NPs,”* inorganic NPs,! 2D materials, 2192 etc,
are also known, where such functionalization and surface engi-
neering have easily resulted in the fabrication of the desired
electrocatalysts. This opens up possibilities for designing newer
3D-printed functional carbon catalyst substrates for CO,RR.

Although carbon-based filaments are well known for
designing 3D-printed substrates for various electrochemical
applications, 271 this field was surprisingly overlooked
until recently for its possibilities for ERCO;. A compelling
approach was proposed by Dr. Eva et al.l”¥l towards designing
metal microparticle-based 3D-printed PLA-CNT substrates
for CO,RR. Using this, electroplating of hemispherical Cu
microparticles over 3D-printed PLA-CNT electrode substrates
was carried out successfully and the catalyst delivered an
appreciable amount of FE that was very close to the results
reported in the literature. This study thus becomes elemental
in propounding new possibilities of employing 3D-printed
electrocatalysts for CO;RR application. Figure 6E-G shows the
potential possibility of fabricating 3D-printed carbon electrodes
of various geometries that could be employed as catalysts and
as substrate based on the experimental conditions.
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Figure 6. A) 3D-printable commercial filaments of i) Cu, ii) bronze, iii) Al, and iv) tungsten, B) FDM 3D-printer for printing commercial and custom-
ized filaments. C) 3D-printed Cu/PLA metal electrode. D) Spool of printable filament of graphene/ PLA. E-G) 3D-printed carbon electrode of various

geometries.

Today, advancements in developing newer catalysts have also
facilitated researchers to focus on metal-free catalysts.**!%
Adapting such works, to modify or functionalize the 3D-printed
carbon-based substrates is highly promising towards catalyst
fabrication for CO,RR. Although in its nascent stage, metal-
free 3D-printed catalysts are expected to serve as an efficient
catalyst for various catalysis applications. Such strategies aim to
limit the cost of conventional catalysts owing to the high costs
of noble metals and their oxides as active centers. Heteroatom-
doped carbon materials were investigated for CO,RR.[*+105]
Hence, adopting ideal strategies of functionalizing nitrogen
sources covalently or non-covalentlyl® aver 3D-printed carbon
substrates can be carried out to design heteroatom-doped 3D
carbon substrates for CO,RR that delivers higher selectivity, FE,
stability, current density, etc.

4.3.3. Ink-based Extrusion

Incidentally, DIW is another efficient extrusion-based printing
approach that can be used to fabricate 3D-printed active sub-
strates via sequentially extruding ink of active materials out of
the print nozzle.®5! The formulated inks are optimized, with
the ink generally containing active 2D materials, transition
metals, and/or NPs along with additives and binders. Post rheo-
logical optimization of ink, desired 3D-printed structures are
fabricated via extrusion, giving the user the liberty to print any
active materials of interest. This technique also provides the
possibility of designing most of the known material or hybrid
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composite mixtures that may not be feasible using FDM tech-
nique. Further, alloys of materials or molecular metal catalysts,
or a combination of transition metal with 2D materials such
as graphene-based materials, MXenes procured from various
parent MAX phase material,'"”! TMDs, etc., can also be success-
fully printed, making it an interesting and suitable approach
towards designing 3D-printed active substrate for CO;RR.
However, some of the limitations of this technology with regard
to ink formulation, ideal extrusion, and post-printing treat-
ments can be resolved through periodic improvements and
optimization. Perhaps, we propound that features like the ease
in adaptability, user-friendly nature, and the ability to formu-
late and print complex structures of different catalytically active
materials, make 3D-printing a highly promising technology in
comparison to conventional printing techniques in both aca-
demia and industry.

4.4, Customized and Multi-Material 3D-Printing

The 3D-printing industry is rapidly advancing and has
expanded to multiple domains in recent times. Although the
major part of the discussions held above is on commercial fila-
ments procured from 3D-printing hubs, today the technological
progress in this field provides strategies for nanocomposite fila-
ment fabrication of various materials!®®1% based on the user's
demand. For instance, 3D-printed MoS,/carbon/PLA filaments
were fabricated in our group and studied for energy conver-
sion and storage applications.™ In this study, a slurry of active
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materials was optimized and fed into an extruder to fabricate a
customized filament of active 2D material and later 3D-printed
via FDM to procure electrode substrates for desired catalytic
applications. In short, advancements in 3D-printing technology
have also triggered the possibility of fabricating filaments of 2D
materials via specific filament extruders (Figure 7A). With [it-
erature already explaining the role of TMDs for CO,RRI"14
and recent studies showing that TMDs such as MoS; can
be 3D-printed to serve as a catalyst, the chances of linking
3D-printing and 2D materials (TMDs) for CO,RR application
gets facilitated, and can be promising. Numerous works on
other 2D materials have also been reported in the literature,"
hence appropriate understanding of the material property, and
experimental conditions employed would enable an adequate
foundation towards designing active 3D-printed electrode sub-
strates for ERCO,.

Further, we assert that understanding the printable prop-
erties of 2D materials and analyzing their compatibility with
other active materials such as metal NPs, would facilitate het-
erogeneous conductive, robust, and active electrocatalysts for
CO,RR applications. Since this approach is relatively new and
its benefits have only been recently recognized, establishing its
wider possibilities requires further time and experimentation,
especially for its application in large-scale industrial processes.

Multi-material (MM) FDM 3D-printing presents another
interesting possibility of developing multi-component elec-
trode/substrate systems by extruding multiple filaments of
entirely different compositions, sequentially at the same time
(Figure 7B-D)."*' This eventually opens up the prospects
of designing 3D-printed hybrid electrodes, substrates, func-
tional catalysts, and catalytic reactors. In the context of pre-
paring hybrid electrodes, MM FDM 3D-printing can be an
asset towards the fabrication of 3D-printed hybrid catalysts for
CO;RR, wherein a synergic effect of two or more active male-
rials can lead to enhanced activity of 3D-printed electrode sub-
strate. Commercially procured FDM-based metal 3D printing
filaments such as Ti, brass, SS, and Al, customized filaments
of 2D or other active nanomaterials, or integrated filaments of
both 2D materials and metal NPs, etc. can leave the users with
enormous choice of 3D-printing hybrid substrates/catalysts for
desired catalytic applications.

A Material Inlet B

Display unit

Extruded filament outlet
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The potential of SLS metal 3D-printing towards the fabri-
cation of a self-catalytic reactor (SCR) is reported in the litera-
ture.??! Interestingly, understanding the potential of MM FDM
technology towards 3D-printing multiple components simulta-
neously, would be highly promising towards the fabrication of
3D-printed SCR systems with various active materials.

Such 3D-printed structures and strategies towards device
fabrication are expected to be revolutionary owing to the fea-
sibility of using 3D-printed machines for the customization of
highly complex structures, its quick prototyping ability, scal-
ability, and cost-effectiveness. Hence, we expect that techno-
logical advancements in the field of 3D-printing industry would
open up further possibilities for designing a complete electro-
lyzer cell, SCRs, etc, for CO,RR with enhanced performance
than the conventional systems used currently.

4.5. Post-Printing and Modification Approaches
4.5.1. Post-Printing Techniques

Successful 3D-printing of desired structures is generally fol-
lowed by an additional step called post-printing treatments,
which is employed to make these 3D-printed substrates desir-
able for specific applications, This step involves a set of tech-
niques such as activation, surface finishing, curing, sintering,
etc. that are often unique and vary from one printing technique
to the other?/#1WN6 For instance, in FDM-based 3D-printed
materials, these post-printing treatments can be conducted
using various approaches such as solvent, electrochemical,
enzymatic, biological treatments, sputtering, etc.'"Vl Commer-
cial FDM-based filaments of carbon, metal-based materials
often constitute non-conductive polymers, such as PLA, ABS,
etc. along with it, wherein the polymer helps for structural
integrity and ideal extrusion, but is non-conducting. Hence, the
3D-printed electrodes are subjected to post-printing treatment
for removing non-conductive polymers from the printed struc-
tures to make them conductive, minimize their charge transfer
resistance, and fabricate active surfaces./”!

Optimizing the ideal activation technique, along with the
activation time and temperature, are important aspects, as

Top view

‘

C

Side view

DM

Figure 7. A,B) On-demand extruder for fabricating customized printable filaments. B~D) Multi-material FDM 3D printer setup.
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unoptimized techniques can lead to excessive loss of polymer
and distort the printed structure completely. For FDM-based
carbon-graphene/ PLA filaments, solvent activation is com-
monly employed and well-reported using DMF, acetone,
NaBH,, NaOH, etc. to get rid of non-conductive polymer parts.
Detailed discussion on other activation techniques can also be
adapted from literature!® #1819 and optimized accordingly.
Ideal optimizations can aid in retaining the structural integ-
rity of printed parts and also deliver active functional catalysts/
substrates for CO,RR. Sintering of FDM 3D-printed metal/
PLA filaments is employed as post-printing approach to make
them robust, conductive, and to get rid of non-conductive PLA
counterparts for various applications.**707¢l Post-pracessing of
3D-printed structures procured by SLA involves washing with
solvents such as isopropyl alcohol (IPA) or tripropylene glycol
monomethyl ether (TPM), followed by exposure to light and
heat sources to increase the mechanical strength of the printed
parts.[1201

4.5.2. Electrode Modification

The patterning of 3D-printed electrode surfaces has also
gained attention in recent years due to its facile, quick, and
cost-effective approach to fabricating functional catalysts/
substrates for catalytic applications®®"? Electrodeposition
of active material is one such adequately researched domain.
Being a low-cost fabrication technique, it involves depositing a
thin layer of active material using the desired precursor metal
salt-containing solution. This provides a bifunctional advantage
for catalysis applications from both the electrodeposited active
layers and the substrates themselves. Electrodeposition of 2D
materials,"”™" Cu and Ni NPs™! over 3D-printed carbon sub-
strates have been reported along with recent findings on elec-
trodeposition of Cu NPs over 3D-printed carbon substrates for
CO;RR.I”I Hence, electrodeposition over 3D-printed carbon
substrates can be considered as a proven and feasible tech-
nique for designing functional catalysts for CO;RR, while also
extending its possibilities toward other salt solutions containing
active metal centers such as nickel.”?!

Further, in studies related to heterogeneous catalysts, known
metals such as Cu, Ni, Pd, Rh, etc., are hybridized with organic
complexes such as porphyrin, and similar complexes for its
application in CO,RR." Such active material and organic
complexes can be adequately functionalized over 3D-printed
carbon substrates in a variety of ways, paving way for designing
newer electrocatalysts for CO,RR. Other conventional tech-
niques such as atomic layer deposition can also be employed
towards designing 3D-printed electrocatalysts!'" using respec-
tive precursor solutions of active materials for catalysis, thus
extending the possibilities towards CO,RR applications. Con-
ventional patterning of 3D-printed substrates using active mate-
rials is another feasible and interesting approach to modifying
3D-printed structures, in order to develop a facile and cost-effec-
tive electrocatalyst for CO,RR. This includes techniques such
as spray coating /"l dip coating,”® spin coating, and Mayer rod
coating of active materials. For instance, dip coating of MXene
and TMDs, over 3D-printed carbon substrates were shown to be
an efficient and successful approach toward catalyst fabrication
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for catalytic applications.”®! Hence, adapting similar strategies
to modify 3D-printed material surfaces using 2D materials,
NPs, composites, etc. to fabricate quick, cheap, and efficient
electrocatalysts for CO,RR are highly promising. Sputtering of
noble metal NPs over 3D-printed graphene substrates, such as
Au Y Ag can be highly beneficial to coat the electrode surfaces
homogeneously, making them suitable for catalytic applications
such as CO;RR as well.

5. Expanding Scope of 3D-Printing Technology
in Mitigating CO,

3D-printing technology has made remarkable advancements in
recent times. This technology has also been crucial in devising
newer strategies for electrode preparations, that are expected
to slow down global warming by extracting CO, from multiple
sources. Thus, we also put forth a discussion on these strate-
gies, along with ERCO;, to show the importance of 3D-printing
technology in reducing CO, amount in the atmosphere. Such
evaluations can aid in providing a better foundation and
designing newer active substrates via these emerging technolo-
gies and eventually expand the scope of this field.

5.1. Catalytic Reactions

Metal 3D-printing!'?5126] is a highly promising technology to
fabricate robust and conductive 3D-printed metal structures
and/or devices. This 3D-printing technology utilizes high-
power laser sources to bind powdered metal particles, to even-
tually develop 3D-printed structures, which then undergo
post-printing treatments to procure the final desired structures,
based on the printing technique employed. In a conventional
catalytic system, both catalysts and reactors are known to be sig-
nificant components, where the former helps in enhancing the
efficiency of the reaction, product selectivity, and altering reac-
tion pathways, while the latter provides an ideal working envi-
ronment for experimentation.*2!#) Integrating both the catalyst
and the reactors is known to deliver systems with superior
chemical synthesis, and/or can efficiently control the chemical
reactions. Also, in the context of 3D-printing, both catalysts and
reactors were fabricated and studied,"?s %! but the possibility
of printing them together as a single system was surprisingly
uninvestigated, until recently.

The potential of metal 3D-printing via SLS for designing
simple and cost-effective SCR was realized in a study by Wei
et al.,*l (Figure 8A) where these printed parts can directly serve
both as chemical reactors and catalysts. The advantages of metal
3D-printing reactor rely upon its ability to withstand extreme
temperature and pressure conditions, and studies in this
direction can result in devising SCRs that are efficient, cheap,
and reaction systems of adequate dimensions. In the current
study, three kinds of 3D-printed SCRs were fabricated, namely:
Fe-SCR, Co-SCR, and Ni-SCR (Figure 8B) and their potential
ability towards the direct conversion of C1 molecules (CO, CO,,
CH,) into high value-added chemicals were evaluated system-
atically. Tt was observed that Fe-SCR and Co-SCR were ideal for
the preparation of liquid fuel from Fischer-Tropsch synthesis
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and CO, hydrogenation. Meanwhile, Ni-SCR efficiently pro-
duced syngas by CO, reforming of CH,, and also exhibited the
ability to function at very high-temperature conditions. The cat-
alytic activity of Fe-SCR for CO, hydrogenation and Ni-SCR for
dry reforming of methane is given in Figure 8C,D respectively.
Further, geometric studies on multiple reactor designs were
performed on Co-SCR catalysts by researchers which showed
that enhanced catalytic performance could be achieved with
differences in the geometric designs, eventually enhancing the
scope of 3D-printing technology towards designing and fabrica-
tion of newer catalysts.

3D-fiber deposition (3D-FD) is also considered as an inter-
esting approach toward the fabrication of catalytic structures
via the extrusion of active materials,**5% The active mate-
rials include metallic, ceramic, and polymer materials, that
are extruded through a nozzle to procure scaflfolds and/or
macrostructured catalytic supports of the desired shape, size,
and geometry. In a study by § Danadi et al,*% 3D-FD based
printing techniques were employed towards the fabrication of
Cu support, followed by coating with active Ni/alumina sus-
pension, and used for CO, methanation. SS supports were
also fabricated, coated, and evaluated systematically in the
study. 3D-printed Cu structures were procured upon extrusion
of Cu paste through a nozzle of 400 um diameter as shown in
Figure 8E. Post successful printing, support was dried and sin-
tered. The optical microscopy image of the printed structure
obtained after sintering at different magnifications is shown in
Figure 8F,G. Catalyst-loaded 3D-printed Cu and SS supports are
in the order of 1 and 1.2 g respectively. Further, it was observed
that Cu and SS supported Nifalumina catalysts showed slightly
higher productivity over Ni/alumina powder catalysts for CO,
methanation, with diluted reactant gas, and under atmospheric
pressure. With the advancements in technology, 3D-printing of
direct active material is also possible for fabricating catalysts.
For instance, Ni/alumina-based 3D-printed catalysts were fab-
ricated using 3D-FD technique and studied for CO, metha-
nation.™¥] Multiple studies on employing extrusion-based
techniques for the fabrication of catalytic materials for CO,
methanation have also been reported in the literature, 3515813
In short, exercising 3D-printing technology in the patterning of
active devices and electrodes of appropriate geometry and size
can aid in enhanced performance compared to conventional
catalysts, broadening the scope of this field.

5.2. CO; Capture Technologies

Industries and fossil fuel power plants emit enormous amounts
of CO; that can potentially alter global climatic conditions peri-
odically. Carbon capture and storage (CCS) or carbon capture
and sequestration involve strategies towards capturing CO,
from emission sources before it enters the atmosphere, fol-
lowed by transporting and storing them.™-1 Commercial
technologies are often expensive, and energy-intensive, which
prompts research toward newer technologies and alternative
ways of controlling CO, emissions. 3D-printing technologies
have shown advancements in cutting down CO; emissions
using multiple strategies. In a study by Du Nguyen et al..
DIW was employed in 3D-printing structure using a polymer
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composite inks of solid sodium carbonate sorbent particles dis-
persed in an uncured silicone polymer (Figure 8H).1% Figure 81
shows the SEM image of the composite filament, and Figure 8]
showcase the 3D-printed gyroid structure. Post-printing, they
are subjected to thermal treatment resulting in a solid structure.
They are then exposed to water vapors resulting in aqueous
sodium carbonate domains that are capable of capturing CO,.

In another study by S Couck et al., 3D-FD printing technique
was employed for the fabrication of ZSM-5 monoliths for gas
separation (Figure 8K.)** Experimentation showed that among
CO,, CH, and N,, CO, is the strongest adsorbing component
followed by CH, and N,, also the catalyst exhibited a good
separation of CO, in both mixtures of CO,/N; and CO,/CH.,.
Key merits of the 3D-printing technology towards the fabri-
cation of structures owe to its improved heat transfer, better
mass transfer, good separation performance, and the ability
to complete regeneration of the active structure, upon being
subjected to Helium flow. Interestingly, in another work, DIW
technique was employed to procure honeycomb-like 3D-printed
SAPO-34 zeolite-based structured adsorbents for gas separation
(Figure 8L)."** Two types of 3D-printed SAPO-34 monolith
structures were fabricated, one containing polyacrylic acid and
methylcellulose, and another one containing 5 wt.% graphite.
Further, extrusion-based printing techniques were employed to
procure polymer-zeolite (Torlon polymer and 13X and 5A zeo-
lites) composite monoliths for CO; removal from flue gas.¥
Further studies on 3D printing structures employed for CO,
capture technologies can be found in literature™*1* as a
detailed analysis is beyond the scope of this article.

6. Challenges and Solutions

Although the advancements in designing functional electrocat-
alysts, reactors, SCR, etc. for CO, mitigation using 3D-printing
are reported by multiple groups,/? 2932V yet the
potential of it has not been fully realized. However, progress
in this direction is expected to be achieved in a considerable
amount of time, Strict optimization of the precursor materials
is to be carried out for ideal fabrication of 3D-printed structures
or reactors for CO,RR. This includes a broader understanding
of the filament (commercial/customized) compositions and
extrusion temperature, ink compositions and rheological prop-
erties, metal, and metal-alloy composites employed. Tmpor-
tantly, designing and fabrication should be strictly related to the
intended applications.

Excessive oxidation of active material during extrusion can
lower the conductivity of printed structures and eventually
affect the performance of the material. This could be solved
by enclosing the 3D-printer with specially designed chambers
around it, purged with continuous inert gas during the entire
printing process. 3D-printed metal electrodes can deform its
shape upon subjection to high sintering temperatures. This can
be resolved by using ideal molds or protective layers capable of
inhibiting the destruction of the posture of 3D-printed struc-
tures. Formulating ink that obeys ideal rheological properties
for DIW techniques can be challenging at initial stages. The
inks usually include active components such as 2D materials,
NPs, and metal particles along with conductive fillers, binders,
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Figure 8. A) Schematic representation of 3D-printing SCR via SLS. B) 3D-printed SCR of Fe-SCR, Co-SCR, and Ni-SCR. C) Catalytic activity of the Fe-SCR
for CO, hydrogenation. D) Catalytic activity of the Ni-SCR for the reforming of methane. Figures (A-D) Adapted with permission.ll Copyright 2020,
The Author(s), Published by Springer Nature, E) Copper supports for CO, methanation via 3D-FD technique. F,G) Optical microscope images post sin-
tering (Scale bar is 200 and 500 im respectively). Figures (E~G) Adapted with permission.I?l Copyright 2018, Published by Elsevier B.V. H) Schematic
representation of a printing ink composite to simple cubic woodpile lattice to procure 3D printed CO, capture composite structures. |) SEM image of
a printed composite filament (Scale bar is 50 m). )) 3D-printed composite (Scale bar is § mm). Figures (H-J} Adapted with permission.® Copyright
2019, American Chemical Society. K) Schematic representation of ZSM-5 monoliths for gas separation. Adapted with permission.!"l Copyright 2016,
Elsevier B.V. All rights reserved. L) SEM image of several SAPO-34 3D-printed monolith segments (white) and one SAPO-34/graphite 3D-printed mono-
lith (grey). Adapted with permission."*l Copyright 2017, Elsevier Inc. All rights reserved.

additives, etc. Improper optimization can result in the clogging  for CO,RR as well. Post-printing approaches such as curing,
of nozzles and incomplete printed parts. Employing a rheom-  washing, activation techniques, and sintering conditions have
eter to study the fluidic properties would be an ideal choice  to be carefully and closely optimized to make them desirable
prior to the extrusion-based DIW technique. Such approaches  for various applications.”*1%1617 Unoptimized or excessive
can aid in developing conductive, rigid, and ideal structures  post-printing treatments can result in excessive loss of polymer,

156



ANCED

ADVANCED

ADV,
SCIENCE NEWS

WWW,

com

3.
eascienc

making the 3D-printed structure fragile, and leading to the
breakage of the printed parts.

Certain limitations associated with CO,RR in aqueous sys-
tems are the low dissolution of CO, at acidic or neutral pH
conditions, competitive proton reduction, poor selectivity of car-
bonaceous products, etc. A few steps to overcome these limita-
tions include the use of the non-aqueous solution for catalytic
reactions, increasing CO, partial pressure, low-temperature
experimental conditions, etc. Further, the stability of 3D-printed
parts in solvents is also crucial for carrying out long-term exper-
iments. Although there are reports on employing 3D-printed
electrodes in basic solvents such as KOH and KHCO, for cata-
lytic applications, there are certain limitations associated with
the degradation of polymers in the course of the experiment.
However, timely improvements with respect to the composi-
tion, customization, and design of carbon/polymer, metal/
polymer, etc., may help to overcome this limitation.

Immobilization of active material over 3D-printed electrodes
can also aid the fabrication of scalable, cost-effective substrates
for CO,RR. Designing such modified 3D-printed substrates call
for various optimization approaches such as functionalization,
surface engineering strategies, or patterning approaches, which
though initially time-consuming, would be an ideal approach
to modify 3D-printed substrates for catalytic applications.
This can also limit the use of specialized and expensive equip-
ment for fabricating electrocatalysts. Modifying 3D-printed
substrates using techniques such as electroplating has been
adopted by several groups for designing 3D-printed electrocata-
lysts.” Unoptimized techniques can result in non-conductive
3D-printed substrates, resulting in semi-uniform or no depo-
sition of active material over the 3D-printed substrate. Hence
optimization of electrode modification techniques, as well as
associated parameters, are crucial for the successful electro-
plating of active layers over 3D-printed substrates.

Every technique has its own merits and demerits, and iden-
tifying an ideal and feasible approach for designing functional
electrocatalysts, reactors, SCR, etc. based on the experimental
conditions can enhance 3D-printing technology towards
CO,RR. Several challenges faced during the fabrication of
3D-printed structures have been addressed. This technique is
also expected to make considerable progress with time by devel-
oping advanced technologies for CO;RR. Thus, 3D-printing
technology can be said to be highly promising in developing
active components for catalytic applications. They can also
eventually be capable of 3D-printing a complete electrolyzer cell
with all components and also expand to large-scale industrial
applications.

7. Conclusion and Future Outlook

The domain of 3D-printing technology has witnessed con-
siderable developments over the last forty years, making it
less expensive and more user-friendly. Added advantages of
3D-printing technology include rapid prototyping, scalability,
facilitating improvements, quick modifications, etc. This tech-
nique finds application in diverse fields of manufacturing along
with its fundamental usage as a proof-of-concept in academic
circles. Since studies related to 3D-printed structures for CO,RR
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are scarcely reported, the anticipated outcome can take some
time to become established among conventional catalysts. This
perspective article has also discussed how 3D printing tech-
nology is gaining impetus towards the fabrication of 3D-printed
structures for Fischer-Tropsch synthesis, CO; hydrogenation,
CO, reforming of CH,, CO, capture, separation, etc. This can,
in turn, be ideal for mitigating the increasing CO, concentra-
tion in the atmosphere and also result in value-added products,
fuels, and industrial feedstocks. Thus, once the potential of
this field in designing 3D-printed electrocatalysts, substrates,
reactors, integrated devices, SCR, etc. towards CO,RR is fully
realized, it can be developed as a significant merit of this
technology in the current scenario. Reportedly, several active
materials, such as 2D materials, NPs, metal-based composites,
integrated materials, etc. are known to be ideal for the present
application. Interestingly, 3D-printing technology gives the lib-
erty to fabricate 3D-printed active substrates of these materials
and therefore revolutionizes the designing of active materials
for catalytic applications like CO,RR. In short, several further
advancements are expected in the field of CO,RR, considering
its vital applicational benefits and ability to overcome the draw-
backs of traditional manufacturing methods. Techniques like
3D-printing can be considered a breakthrough in designing
novel electrocatalyst structures for CO,;RR that are more eco-
nomical, energy-efficient, and can significantly contribute
towards mitigating environmental crises.
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5.3.3 3D-printing technology towards emergency healthcare application

Motivation

3D-printing played a vital role during the COVID-19 pandemic by helping the health sector
in printing face masks/shields, personal protection equipment, ventilators, nasal swab
collectors, etc. As demand for the devices and equipment rose rapidly they were printed at
several parts of the world in a short span of time. Such collaborative approach of 3D-printing
industry along with the health community has enhanced the scope of this technology

unfolding several other possibilities for the future.

Objective

This article outlines the contributions of 3D-printing technology from various sectors along
with collaborative efforts from individuals and companies that resulted in forming an
international grid to protect several lives during the COVID-19 pandemic health

emergency.

Outcome

The article examines the key role played by 3D-printing technology during health
emergencies, benefiting the medical community to fight the deadly pandemic situation.
Articles reviewing such broader scope of the 3D-printing technology can aid in further
realizing the potential of 3D-printing technique to fight emergency situations in the future

as well.

Contribution

Writing (original draft, review and editing).
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3D-Printing to Mitigate COVID-19 Pandemic

Kandambath Padinjareveetil Akshay Kumar and Martin Pumera*

3D-printing technology provided numerous contributions to the health sector
during the recent Coronavirus disease 2019 (COVID-19) pandemic. Several

of the 3D-printed medical devices like personal protection equipment (PPE),
ventilators, specimen collectors, safety accessories, and isolation wards/
chambers were printed in a short time as demands for these were rising
significantly. The review discusses some of these contributions of 3D-printing
that helped to protect several lives during this health emergency. By enlisting
some of the significant benefits of using the 3D-printing technique during

an emergency over other conventional methods, this review claims that

the former opens enormous possibilities in times of serious shortage of
supply and exceeding demands. This review acknowledges the collabora-

tive approaches adopted by individuals, entrepreneurs, academicians, and
companies that helped in forming a global network for delivering 3D-printed
medical/non-medical components, when other supply chains were disrupted.
The collaboration of the 3D-printing technology with the global health com-
munity unfolds new and significant opportunities in the future.

pandemic, this technology offered some of
the hest prototypes that has turned out to
be exceedingly productive.*)

COVID-19 is a severe acute respiratory
syndrome (SARS) that was initially reported
in Wuhan, China, and is rapidly spreading
across the globe in no time.”# The impact
of which is so huge that the World Health
Organization (WHO) has declared it as a
pandemic on 12th March, 2020”1 According
to the WHO report, as of December 1, 2020,
the number of cases reported globally is
approximated to be 61.8 million. With a
death rate of approximately 1.4 million, the
situation remains acute even after a year, the
case was first reported."! Leaving people
clueless in the face of this invisible foe, this
crisis is affecting both global health and
economy in bizarre ways."!l Surprisingly,

1. Introduction

3D-printing or additive manufacturing (AM) has gained pheno-
menal attention due to its scalable and rapid prototyping of
3D structures from various precursor materials.? Flexibility
in structural design, waste minimization, mass customiza-
tion, and complex architectural manufacturing are some of
the notable features of this printing technique.”* During the
ongoing battle with the Coronavirus disease 2019 (COVID-19)
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people worldwide seem to have quickly
adapted to the “new normal”, stimulated by
the pandemic, through regular sanitization,
maintaining social distance, quarantining, and using personal
protective equipment (PPE) as recommended by the WHO. "2
The coronavirus initially affects the upper respiratory tracts
leading to symptoms such as fever, dry cough, tiredness,
shortness of breath, chest pain, muscle pain, hoarse voice, and
diarrhea™ The extent of being infected by this virus is com-
pletely dependent on the immune system of individuals.™ As
per the available data, senior citizens, and people with multiple
disease syndromes are more susceptible to COVID-19./"°! The
mode of transmission can be either direct via aerosols, droplets
of an infected individual, or indirect physical contact such as con-
taminated surfaces!”"® Airborne transmission of virus is found
to be contagious like the droplel transmission, and the former
has a longer lifespan in air,/7!l COVID-19 is enlisted among the
deadliest of diseases to have affected human life in the recent
past,?l along with others like smallpox, flu, plague, AIDS, HIN1,
etc. The health emergency due to the non-availability of vaccines
initially, in the case of the former had made the time more trying
for the scientific community around the world.""??! Researches
are focusing on the behavioral patterns of this virus with time
as it shows continuous genetic mutation.”>** At present, scien-
tists in top universities, institutes, and labs are working towards
enhancing the mass distribution of clinically approved vac-
cines”*”| In the prevailing situation, lockdowns, self-isolation,
and seeking the help of public health officials are the primary
measures adopted to curb the spread of the virus, globally,?%2%
Those infected are being shifted to hospitals only if the situation
waorsens or due to the non-availability of isolation facilities.
Also, a sudden outbreak of the COVID-19 has led to an expo-
nential increase in the number of people infected, leaving the
global health care systems in deep stress.*!l Time constraints
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and unanticipated lockdowns has further resulted in the
shortage of medical supplies and disruptions in the manufac-
turing and supply chain. The inadequacy of medical equipment
such as PPE which includes masks, face shields, goggles, etc.,
and clinical care facilities such as ventilators and respirators
has made the situation more challenging.’'*Y The increasing
demand for medical staff and health workers is further magni-
fying the challenges, especially when, countries are still facing
a severe shortage of medical equipment to support these health
workers who have to attend to this situation 24 x 7151

It is at this critical point, that the dependence on faster and
efficient technologies, to meet the demands of the medical
community, escalates. 3D-printing technology proved to be of
enormous help by quickly responding to this unparalleled crisis
by printing PPEs, medical devices, personal accessories, and
also isolation wards.[**%%! Several research institutes, univer-
sities, companies, 3D-printing farms, and individuals working
with 3D-printing technology came forward in fighting this pan-
demic by using their creative skills and also by collaborating
with other sectors, to print medical equipment for hospitals and
health workers.""**| The printable components were designed
using software and printed directly from STL files which are
easily accessible through websites or specific community sites.
This method proved to be time-saving and at the same time
ensures uniformity in the 3D-printed structures. ']

In short, during the pandemic, 3D-printing has stood by
the global community in overcoming the unexpected shortage
of protective equipment. This review focuses on most of the
contributions of the 3D-printing technology towards the health
sector in the wake of this deadly pandemic. It includes discus-
sions related to various 3D-printing techniques, prototypes for
medical appliances, detailed analysis of printed parts, safety
regulations, and certain shortcomings associated with this tech-
nique. We have incorporated the details on how 3D-printing
techniques efficiently handled the pandemic over other conven-
tional methods of printing. In short, the article examines how
helpful 3D-printing technique can be in similar cases of emer-
gency in the future as well.

3D modeling

3D-SCANNER /
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2. 3D-Printing Overview

The idea of 3D-printing emerged in 1980’s and thereafter,
turned out to be revolutionary by printing objects and com-
ponents that find applications in numerous fields."**I This
bottom-up approach offers a single step digitally controlled pro-
cess of fabricating 3D structure in a layer-by-layer manner. The
additive manufacturing (AM) technique is more user friendly
due 1o its rapid production capacity, low waste generation,
high accuracy, reproducibility, easy customization of shape and
geometry, high durability, and usage of a wide range of print-
able materials, making this technique unique from others."!

Initially, a 3D structure is designed using a computer-aided
design (CAD) software, or by 3D-scanner or by photogrammetry
(a combination of images from different positions)."*’! Suc-
cessful designing is followed by conversion into a stereolithog-
raphy file format (STL). The STL files undergo a slicing process
and are converted to a G-code file that contains geometrical
information about the structure as shown in Figure 1. In the
final step, the printer starts printing 2D layers on top of each
other to make a 3D structure as dictated by the G-code file.

3D-printing has been contributing phenomenally towards
industry, academia, and is of relevance to various fields!"50-1
and recently in handling pandemic.>%3*% Different types
of printing techniques are available based on the printable
material (metals, thermoplastics, carbon-based composites,
ceramics), the complexity of printed structure, cost-effective
approach, and targeted applications.!

2.1. Fused Deposition Modeling or Fused Filament Modeling

This approach, uses thermoplastic filaments that are melted/
extruded, down the nozzle in a layer by layer stacked manner
to form a final 3D-printed structurel®*s®%7 as shown in
Figure 2A. The functional active materials include thermo-
plastics such as polylactic acid (PLA), acrylonitrile buta-
diene styrene (ABS)., polycarbonate (PC), polyamide, etc.

Printing
_—

G-code File
(2D layers)

Figure 1. Steps involved in the 3D-printing of a desired object. Reproduced with permission.'l Copyright 2016, Royal Society of Chemistry.
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Figure 2. Schematic representation of various 3D-printing techniques. A) Fused deposition modeling (FDM). B) Stereolithagraphy (SLA). C) Selective
laser sintering (SLS). D) Polyjet technology. A-D) Adapted with permission.f*’l Copyright 2020, Elsevier.

This technique is widely adopted due to its relative sim-
plicity in printing and also because of the low cost of poly-
mers. Copper-based filaments are also used for printing,
which exhibits antiviral and antibacterial properties.**5% A
discussion on these 3D-printed copper components and as
coatings has been carried out in a few sections that follow
(Sections 3.1, 3.5).

2.2. Vat Photopolymerisation

The rise of 3D-printing started with photopolymerization where
it uses specific light sources to create 3D structures via selective
curing of liquid photopolymer (resin). Stereolithography (SLA)
uses UV light to focus on a thin film of photopolymer resin
to solidify it to a 3D-printed structurel**°! (Figure 2B). Digital
light processing (DLP) also follows a similar pattern like SLA
but uses a digital light source.!!

2.3. Selective Laser Sintering
This method uses a powdery material (either nylon or poly-
amide) which is melted by thermal energy or laser heat source,

into layers of a solid structure as shown in Figure 2C. The main
advantage of selective laser sintering is that it doesn't require

165

any external support, hence it can easily produce designs, with
complex geometries.!" ¥

2.4. Palyjet Technology

It is an alternative photocuring technique, where it uses inject
methods to deposit photocurable multi-material structures as
designed in layers and is followed by hardening these layer
using UV light (Figure 2D). High-resolution flexible materials
are printed mainly focused on fluidic devices.!"l

2.5. Multi Jet Fusion Technology

This is a printing technology that prints, by evenly heating a
powder bed. Since this method does not use laser-based mate-
rials, it can print components with smooth surfaces, high density,
and low porosity. This method produces functional parts which
require limited finishing. The jetting of the fusing agent in por-
tions where there has to be selectively molten particles, and jet-
ting a detailing agent along the outline, improves the resolution
of parts. When an energy source (a lamp in this case), is passed
over the powder bed, the jetted materials capture the heat and
distribute them within the system. This method has proved to
have an upper hand over mjection molding at multiple levels
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because of being cost-effective and producing prototypes with
better mechanical properties.?]

3. 3D-Printed Medical and Safety Devices

In the previous section, we have come across various
3D-printing techniques that are essential to device medical and
hand free safety tools. In this section, we shall discuss how the
digital printing world with the rapid prototyping ability of the
tech community has been benefiting the health and scientific
community in limiting the spread of the virus at a significant
level. The 3D-printing of medical and safety devices extends
from PPE to specimen collectors, isolation wards, and personal
accessories printed by various enterprises.

3.1. Personal Protective Equipment

PPE helps to limit the spread of infection by protecting the user
from airborne liquid contaminants/particles. It acts as a barrier
between a healthy and an infected person. PPE includes face
shields, facemasks, goggles, etc. The items are need-based and
situational and therefore, find different purposes among indi-
viduals, health workers, and medical staff.

3.1.1. Face Shield (Class 1)

The shortage of face shields was one of the critical chal-
lenges faced by medical staff especially during the interactions
with patients. This protective equipment helps the user, by
safeguarding their eyes and mouth from infectious airborne
particles, droplets, splashes, and body fluids.®*®I The face
shields are printed using FDM, due to its simple geometry and
improved choice of printable materials.[® These 3D-printed
frames contain a reusable headpiece and a plastic sheet attached
to the frame that acts as a protective shield. Recently, Prusa,
a well-known FDM manufacturer in the Czech Republic had
3D-printed nearly 200 000 face shields (Figure 3A) and donated
them to medical practitioners and other professionals.®® Also,
during the pandemic, the engineering department of airline
companies like Etihad collaborated with their own medical

www.afm-journal.de

wing to make 3D-printed face shields, using recyclable plastic,
designed via SLS method, and supplied it to hospitals across
UAE."%l Celik et al.,®®! proposed designs of face shields that are
lighter, simple to use, relatively more ergonomic, and avoids
unnecessary components such as elastic bands, clips, etc.
Each frame weighed < 10 g and was printed in a short time
and showed remarkable productivity. A Canada based company
called Next Generation Manufacturing Canada (NGen) invested
more than $21 million in manufacturing companies to produce
face shields, ventilators, and test kits in a limited time frame.©"!

3.1.2. Facemasks

Both N95 (class IT by FDA) and surgical masks are used for
protection against viruses and bacteria but differ in their fil-
tration efficiency.”*7% The efficiency of a 3D-printed mask
is strictly correlated to its printing quality, facial anatomy,
filters used, fitting, etc. 3D-printed N95 replacement masks
with silicone cast masks that seal around the face of the user
was proposed by Barrow neurological institute, (USA).” By
making use of a 3M P100 filter, this model exhibits a high
filtration rate and with an efficiency that can last up to three
months. Replacing defective or broken bands by 3D-printed
frames ensured a longer lifetime of masks in the case of both
N95 and KN95 masks and also proved to be a better fit for
the user.” CERN, the European Organization for Nuclear
Research, followed all the regulatory and safety specifications
similar to the surgical type 1 mask, to design 3D-printed flex-
ible and washable masks with replaceable filters.”®! They also
developed an alternative for 3D printers that lacks the capacity
of printing flexible items, by separately printing a mould
injected with silicon in a rigid plastic material. 3D-printed
stopgap face masks are exclusively designed as a substitute to
standard PPE, used only in cases of emergency or shortage.”!
These masks are 3D-printed using MJF, SLS using powder-
bed nylon, or SLA using BioMed Clear.*”! Similar 3D-printing
projects were also carried out to make 3D-printable masks,
such as the Montana Mask and the Lowell makes mask. Mon-
tana mask is known for its high and effective filtration capacity
and can also be easily printed on desktop machines.*! They
can also be sanitized after each use. Lowell makes mask,

Figure 3. 3D-printed A) face shields from Prusa, Reproduced with permission.

Reproduced with permission.'? Copyright 2020, Tovarna.Tech.
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being an alternative form of replaceable front filter designs,
provides better and easy printing options with no support
or adhesion.®®3 Health workers are suggested to use full
face snorkel masks connected using 3D-printed adaptor
valves.*] The use of a High-Efficiency Particulate Air
(HEPA) filter makes this mask promising as well. However,
conflicting results were obtained in the efficiency of snorkel
masks in comparison to N95 respirators making their usage
debatable and subjecting them to undergo further quality
tests.” The use of PLA filaments as active materials to design
HEPA masks (Figure 3B) was found to be interesting due to
its replaceable filter port and better fitting, for both male and
female users."”) However, the fragile nature of PLA can harm
the facial skin of the users in the case of an accident. Thingi-
verse user iczfirz, suggested a remedy by printing it on cloth,
making it more flexible and comfortable.®! Another notable
method adopted for manufacturing 3D-printed masks was
carried out using copper. Copper, known for its antimicro-
bial and antiviral properties in traditional as well as scientific
societies has always found numerous applications in the field
of biomedicine.®# Studies suggest that copper, on reaction
with oxygen, generates a reactive free radical that can effec-
tively fight the virus.®”! Understanding the potentials of this
metal, researchers and companies have made ample use of
it in designing masks to fight the pandemic.””l Copper 3D,
a well-known US-based company has addressed the shortage
of N95 masks using PLACTIVE and MDflex by FDM/FFF
printing.”!l These printed masks known as NanoHack exhib-
ited antiviral properties. Moreover, the same was modular,
reusable, washable, recyclable, and cost-effective. To achieve
the above mentioned target in minimum time, companies
and other enterprises collaborated to manufacture 3D-printed
copper masks.” An enterprise called Creality (China) also
developed 3D-printed face masks, and 3D-printed face mask
buckles which gives comfort and relief from pain in the ear of
user.”!l They also donated a significant amount of their prod-
ucts to various hospitals.

3.1.3. Personalized 3D-Printed Masks

The severity of the pandemic has forced government agencies
to ensure that their citizens wear masks. The uneasiness of
adapting to this new accessory has caused several discomforts
to the users and the gaps arising due to poor fitting of masks
increases the chances of being infected. These discomforts also
stem from the diversity of the facial anatomy of the users which
differs from person to person. 3D-printed structures expect to
bring a systematic resolution to these inadequacies with the
use of 3D fadal scanning software that can improve the fitting
of the mask.”! Personalized 3D printed face mask fitters were
hence designed to improve the fit of the surgical masks, pre-
venting fogging and better sealing. These mask fitters are cus-
tomizable using a face app, developed by Bellus3D,!*l capable
of capturing a 3D scan of the user’s face to produce a 3D mask
design file, which can subsequently be 3D printed. Imperial
College London (UK) has also proposed ideas for creating cus-
tomized face masks.””!
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3.1.4. Protective Eyewear

Safety goggles are used for sealing the eyes and giving
them protection from the droplets of an infected individual.
Boltian, a Spanish designer, designed protective goggles
with 3D-printed frames.”® The lens of this goggle was made
using PVC or PC of 1 mm thickness. PVC can be cut easily,
due to its flexible nature, either manually or by using a laser
machine. Huaxiang, a Chinese company sketched a 3D design
and printed it on the Farsoon 430P system. Sealing rings
were made from LEHVOSS and transparent acrylic was used
for lenses with an anti-fogging coating.”””l 3D-printed protec-
tive goggles were of huge help for hospitals in Wuhan, China,
during massive shortage.”?!

3.2. 3D-Printed Medical Accessories

Mechanical ventilators are an essential secondary component
that support patients experiencing difficulty in breathing.
During the pandemic, even automobile companies such as
Volkswagen manufactured 3D-printed ventilators which had
benefited the concerned sectors.”® Patients experiencing severe
respiratory problems are incubated and treated in invasive
mechanical ventilation (IMV) procedure.”®'% Unfortunately,
this procedure involves risking the patient’s health (overdose of
sedatives) and that of the health workers (risk of contamination)
during intubation *1919] Hence, as per the recommendations
of the WHO, patients are primarily subjected to a non-invasive
ventilation (NTV) procedure such as continuous positive airways
pressure (CPAP), which comparatively involves less risk.'%!
HEPA filters, regarded as an improved safety measure, assist
in the filtration of exhaled air after NIV. 3D-printed emergency
valves such as ventilator valves are also among the key com-
ponents that are being used during the pandemic to support
a patient's breathing. Required concentrations of oxygen are
given to patients via ventilator valves, connected to the patient’s
face masks. 83104105 At 3 time when the demand for 3D-printed
valves for respirators was and is still on raise, in many parts
of the world, a prompt action taken by an Italian engineering
startup called Isinnova (ltaly) proved to be life-saving, Isinnova
3D-printed what is called a venturi valve (Figure 4A), through
reverse-engineering a design of the official part."%'l Though

Figure 4. A) 3D-printed venturi respirator valves by Italian company.
Reproduced with permission!'" Copyright 2020, ISINNOVA S.R.L.
B) Snorkeling EasyBreath masks connected to Charlotte Valves. Repro-
duced with permission.'"l Copyright 2020, ISINNOVA S.R.L.
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this method was of huge help to multiple hospitals in Italy, this
prototype could not be widely distributed or used. due to quality
concerns and copyright issues.

3D-printed connector valves named Charlotte Valves
were designed by Isinnova, an Italian engineering company.
Isinnova enhanced the Easybreath snorkeling mask from
Decathlon using the Charlotte Valves, that when connected
to an oxygen supply, performed like a functional ventilator
(Figure 4B)." In case a reservoir is required, this model can
also be equipped with a 3D-printed Dave valve. This approach
was found to be a success, and attracted several companies,
leading to a massive production via various printing techniques
such as FFM, SLS, and SLA. Rosatom (Russia) also 3D-printed
venturi valves which combined with aerosol masks, enabling
the How of oxygen at a low rate '8!

3.2.1. Splitter

The sudden increase in the number of COVID patients during
the pandemic caused a severe shortage of medical equipment
such as ventilators as discussed in the above Section. 3D-printed
splitters were of huge benefit in these circumstances since they
could be used to supply oxygen to multiple patients at the same
time using a single ventilator. Ayyildiz et al.'® 3D-printed
two-port and four-port splitters using a 3D-printer with polyjet
technology. Several experiments were carried out and it was
concluded that two port splitters were more efficient for sup-
plying airways using a single ventilator to more than one
patient. In short, 3D-printed splitters were found to be an alter-
native to mechanical ventilators. While there are still concerns
about the possible risks involved in using 3D splitters, several
institutes, like Johns Hopkins University (USA),/"% Prisma
Health!" (a health organization in South Carolina, USA) and
others have come up with innovative 3D-printed splitters that
can be shared among multiple users. Some of which assure
“free use”, giving access to people across the world to print
these designs and contribute to those concerned.

3.3. 3D-Printed Specimen Collectors

Test kits for COVID-19 is yet another significant medical
apparatus that was widely used for confirmation of infection
during the pandemic. The diagnosis is usually done using, either
polymerize chain reaction (PCR) or antibody testing."'>'"*! Nasal
secretions from the nose and throat are collected by the naso-
pharyngeal (NP) swabs and oropharyngeal swabs. The former
method was widely adopted and is a sensitive technique of
virus detection in individuals."" During the initial days of the
outbreak, there was a shortage of swabs, but in no time, this
emergency was resolved using a novel 3D-printed swab. The
University of South Florida's (USF), health collaborated (USA)
with the Northwell Health to design 3D-printed alternative swabs
via SLA as shown in Figure 5A,B."™! These 3D-printed swabs are
convenient tools that can strengthen the efficiency of sample col-
lection, since they come up with complex tip structures, unlike
swabs with flocks at the tips. They exhibit efficient flexibility, are
sterilizable, durable, and are user friendly as they can be inserted
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Figure 5. A) NP swabs designed using computer-assisted drawing (CAD) soft-
ware, B) 3D-printed NP swabs produced in bulk, ready for post-processing.
Reproduced with permission under the terms of the Creative Commons CC
BY 4.0 license." Copyright 2020, the Authors. Published by Springer Nature.

and removed easily by the medical professionals. EnvisionTEC
engineers (Germany) designed a 3D printed collection tip for
a flexible nasal swab which was 3D-printed in bulk, (hundreds
of swabs in a single batch) and was rinsed in isopropanoel, fol-
lowed by dehydration for 30 min. The cooled swabs are irradiated
with UV light and processed to check their quality to meet the
required specifications. Finally, they are certified, sterilized, and
dispatched to various health care units.[16-118]

FDM of polyethylene terephthalate glycol (PETG) fila-
ment using Prusa MK3s printer was carried out by Cox and
Koepsell to fabricate 3D-printed swabs of 15 cm length and
600 mg weight.""”l They were clinically tested and were found
to be similar to commercial swabs in performance. Another
group, 3D-printed swabs with a domed tip possessing an open
lattice design using direct light projection.'”l This showed that
the 3D-printed swab with locally designed specifications was
found to have a sensitivity and specificity of 89% and 92%,
respectively. Also, 90% of the results obtained using 3D-printed
swabs were found to be matching in comparison to the com-
mercial one. Several companies came forward to 3D-print these
swabs and extended their support to the medical community.
Formlabs (USA),™ 3D-printed swabs for PCR testing to sup-
port the medical crew in a US hospital and also shared their
files with hospitals outside the USA. A well-known company
Carbon (USA) quickly responded to the situation by designing
and producing patient sampling swabs."? In short, 3D-printed
nasopharyngeal swabs provide a cost-efficient and fast alterna-
tive to the standard NP swabs used for the COVID-19.

3.4. Isolation Chambers and Emergency Dwellings

Isolation of infected individuals and those under quarantine is
a mandatory COVID protocol directed by the WHO.'"**l How-
ever, the lack of facilities in the hospitals to isolate huge num-
bers of patients and individuals under observation increased
the demand for an alternative solution. 3D printing of transi-
tory dwellings to quarantine individuals was of huge advantage
in these tough times. Since 3D-printed mobile wards require a
shorter construction time, making this method more favorable
for those in need.>®l
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Figure 6. 3D-printed A) negative air flow isolation chamber. Reproduced with permission./'? Copyright 2020, Elsevier. B) Isolation chamber from Texas
A&M University (USA). Reproduced with permission .2l Copyright 2021, Texas A&M University. C) Isolation wards with eco-friendly toilets. Reproduced
with permission.['¢l Copyright 2017, Yingchuang Building Technique (Shanghai) Co.Ltd. (WinSun). D) Mobile isolation wards. Reproduced with permis-
sion."”l Copyright 2017, Yingchuang Building Technique (Shanghai) Co.Ltd. (WinSun).

Cubillos et al."! designed a cubical frame using PVC pipes
and enveloped it with a plastic bag as shown in Figure 6A. Suc-
tion/vacuum mechanism was used inside the system to create
a negative air flow isolation chamber, preventing the air out-
side the chamber from getting contaminated. Equipment was
hanged inside the chamber on 3D-printed hooks and mul-
tiple ports were assigned for suction, oxygen delivery, and
nebulization. A similar effort was done at the Texas A&M
University (USA)' (Figure 6B), where 20 isolation chambers
were designed to prevent the breath of incubated people from
getting released to the surroundings. Since, virus transmission
can also occur from the stool of infected individuals, 3D-printed
isolation wards are also equipped with environmental friendly
toilets (Figure 6C)."%l This method, therefore, ensures hygienic
living during the isolation period. 3D-printed mobile homes,
similar to isolation wards were printed in 2 hours (h) using
concrete and recycled materials where each structure had an
area of 10 m? and 2.8 m height. Reports also showed that the
company printed nearly 200 wards (Figure. 6D) to house med-
ical staff. Being mobile, these houses can be easily transported
and electrified as per convenience.'"” WinSun/Yingchuan
(China) transported nearly fifteen 3D-printed isolation wards to
Pakistan to fight the pandemic.!'?*!

3.5. Hand Free Accessories and Antimicrobial Tools

The life-span of the COVID-19 virus differs significantly
on various surfaces with an average stay of nearly 72 h.

169

They sustain for =3 h in the airborne droplets, 24 h on card-
board, and for a longer duration of up to 72 h over stainless
steel and plastics.?32 High risk for contamination from
the above situation through indirect contact at public places
call for solutions that can reduce the risks. 3D-printed hand-
free tools work towards achieving this goal. To prevent direct
contact with contaminated surfaces, Materialise (Belgium)
3D-printed door openers that can be opened using the elbow
(Figure 7A) and button-pushers (Figure 7B)."** Francois et al.,
have also developed hand-free door openers, door hooks, and
button-pushers to prevent contamination.!"*!l Innovative inputs
like, 3D-printed wrist band, to attach sanitizer was designed
by an engineer from Saudi Arabia. The device, printed using
the FDM approach, contains antiseptic gel attached to the wrist
that can lather up the palms of the user without holding the
bottle, 3!

Copper nanoparticles as coating over fabrics, cotton, poly-
mers, etc. are commonly seen and are found to be effective in
hindering the attacks of viruses like SARS CoV."! Copper is
predominantly used as a coating material rather than being
employed as a bulk material. This is due to the fact that the
direct 3D-printing of copper is tedious due to the high conduc-
tivity of copper which results in thermal issues."¥! A similar
approach was adopted where cold spraying technique was used
to coat copper over steel parts to eradicate the virus from these
surfaces.’® The ability of copper in fighting viruses and bac-
teria are evident from the above examples and it is anticipated
that their use shall lead to highly improved mechanisms that
can limit contamination from viruses similar to COVID-19,
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Figure 7. 3D-printed A) door opener B) button pushers from Materialise to prevent contact from a contaminated surface. Reproduced with permis-

sion I3 Copyright 2021, Materialise.

Doremalen, in his studies, showed that the stability of the virus
over copper is limited to 4 h."*" Therefore, the antimicrobial
property of copper was used as a preventive measure against
COVID-19 virus. A similar idea of using copper foils to coat
doorknobs and the elevator buttons of buildings was carried
out by the Ministry of Science and Technology of Taiwan. /¥

3.6. 3D-Printed Respiratory Swabs Simulators (Medical Manikin)
and Visualization Aid

The pressing demand for trained staff to collect swabs during
the pandemic was yet another critical situation that sought
urgent attention. Since the number of individuals infected
was huge, governments had to take the help of even non-
professionals and train them to collect swabs, to increase the
rate of testing. As can be understood, this requires a mas-
sive and effective task force, primarily for training individ-
uals. 3D-printed respiratory swabs simulators or bio models

were of immediate help in these worrying times as shown in
Figure 8A-D.™

To aid healthcare workers to perform swab testing, trans-
parent 3D-printed respiratory swabs simulators that projected
the internal structures were provided to the trainees for per-
forming trials.*"! This ensured that these trained workers
would work efficiently while collecting the samples without
causing discomfort to those being tested. Visual and tactile
education models were 3D-printed to educate visually chal-
lenged individuals for getting a better understanding of various
structures.!*2l

3.7. Data Sharing and Contributors

CAD, STL files related to 3D-printing medical accessories are
readily shared with users in specific websites,”*#121! social
media,*3'* or at file repositories!* 5%l saving a lot of time

for the user in designing. Several institutes/community came

Figure 8. A-D) 3D-printed respiratory swabs simulators for swab collection from Creatz3D and Aumed (Singapore). Reproduced with permission.*"!

Copyright 2021, AuMed.
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forward to print 3D-medical components to fight the pandemic
of which few are listed as:

1) Print farms in USA. Europe, and China has contributed to
printing during the pandemic to address the needs of the
masses. Barcelona-based BCN3D (Spain) contributed their
63 in-house print farm to fight the pandemic/™ | Air-
wolf3D (USA) contributed towards pandemic by printing
face shield, valves and other medical components.™l

Universities such as the University of Washington (USA),

Case Western Reserve University (USA), University of Ten-

nessee (USA), Swansea University (UK), University of Hull

(UK), Czech Technical University (Czech Republic), Brno

University of Technology (Czech Republic), Michigan State

University (USA), and Penn State University (USA) are a few

to listH0.151152)

3) Industries and Companies like Formlabs (USA, Spain),'!
Carbon (USA),"”? Desktop Metal (USA),'* 3D Systems
(Australia, Belgium, China, France, Ttaly, Netherlands,
UK, USA)"™ Stratasys (US, Israel)'"! Johnson and
Johnson (Ireland, Switzerland, UK, China & USA),/"%
HP Inc. (Spain, US, Japan, and Europe),"”) Markforged
(USA)™8l are leading the way with their machines and
materials.'*!

Many notable designs were also found from repository files
such as NIH 3D Print Exchange,* Grab CAD.'l Thingi-
verse, and projects from Creality,"™ Prusa,®% Isinnova,'”
Materialise " etc.

2

-—

3.8. Regulatory Bodies

Though several countries have softened their safety and regu-
latory laws regarding medical devices due to the continuing
medical emergency, the welfare and safety of individuals
cannot be negotiated. Thus, designers and manufacturers
of 3D-printing devices must maintain the safety regulations,
dictated by various governmental bodies,*"1%¥ as they are still
not waived off completely. Designers must use approved mate-
rials and ensure the basic quality of the materials used, based
on the international risk classification system "™ This includes
documentation of pre and postmanufacturing processes,

www.afm-journal.de

running through 1SO 13485-compliant quality-management
systemm, and an internationally standardized biocompatibility
check, Complying to these regulatory guidelines, guarantees
trust among users of 3D-printed medical devices.l Other than
these procedures of approval and certifications, concerned
agencies must rectify issues of copyright violations. As confu-
sions at these levels between various players of the market lead
to slowing down of responses to the urgency and can risk lives.
Therefore, manufacturers of 3D-printed medical devices must
synchronize their production work with concerned sectors for
accountability, quality, and safety assurance.

3.9. More 3D-Printed Devices

Table 1 represents various 3D-printed components printed during
the pandemic to support the global shortage of supply.'66-206]

3.10. 3D-Printing Versus Conventional Methods in COVID
Times

The 3D-printing industry proved to be an efficient counter-
part to the conventional methods of manufacturing during
the COVID-19 pandemic. More than a question of contesta-
tion, 3D-printing sought only to enhance or parallelly co-exist
with the existing printing techniques, in most cases during the
emergency.”” Both 3D-printing and traditional techniques
were employed to tackle the pandemic. Having said that, this
does not minimize the advantages that 3D-printing has over
other conventional modes of printing, especially in cases of
emergency. By producing health-care accessories in minimum
time and reduced cost, this method proved to be beneficial at
several levels. Traditional manufacturing (subtractive manu-
facturing) involves carving the desired structure out of a bulk
material”"*” The end product obtained is cut down into
several parts and are later put together. The excess waste gen-
erated during manufacturing, and the high complexity associ-
ated with the products, makes this technique highly expensive
and limits its usage especially during times of emergency.
Kunkel et al., "% put forth a comparative study between the two

Table 1. Table showing 3D-printed components printed using various techniques to fight the pandemic. (FDM-Fused deposition modeling,
SLA-Stereolithography, SLS-Selective laser sintering, M)F-Multi Jet Fusion technology, Polyjet technology).

3D-Printed parts and their components

3D-printing techniques

FDM SLS MJF Polyjet
Face shield [66.165-168] 154,168-171] 154.172,173] [157,174-176]
Facemasks (152177181 80] [80,174,182] s3]
Facemask straps and fitter [94,165,184-186] [174]
Respirator (N-95 or similar) [42,84,188,189] (190] (a1
Safety goggles [97] 197,192}
Valves / Ventilator [193,194) [194,195] [154,196,197) (5]
Nasopharyngeal swabs [119,198,199] [199.200] [201) [202,203]
Hand-free tools |134,160,204,205) [160) [160,174] [134]
Camera mounts [206}
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techniques which suggests that while conventional methods of
manufacturing, like injection molding, were able to produce a
large number of products through a centralized mechanism,
the initiation of process took more time and was expensive.
Further, the products made could not be quickly accessed by
hospitals due to the disruption in supply chain because of the
pandernic. A major setback to the traditional manufacturing
industry was felt due to the shutting down of factories and
shortage of laborers during the pandemic and the lockdown
that followed. 3D-printing, on the other hand, was quicker in
manufacturing emergency medical equipment, such as the
PPE, ventilators, test kits, emergency dwellings, medical acces-
sories, etc, through rapid prototyping, from multiple locations,
at a cheaper rate during COVID-19./61%521U The time required
for delivering these 3D-printed products was also lesser, since
3D-printing services functioned as a network where indi-
viduals, institutions, and companies usually collaborated in
aiding the health sector and ensured faster delivery. A signifi-
cant service was done using 3D-printed drones that helped in
delivering medical equipment swiftly during the COVID-19
pandemic.*'? Another study also observed that a combination
of both the methods (3D-printing and injection molding), espe-
cially reduces the cost and enhances the production speed of
printing, 4021521

Other findings also note that 3D-printing reduces the ship-
ping and manufacturing costs and around 70% of prototyping
costs involved in traditional manufacturing.?”®l The digitally-
enabled mechanisms of 3D printing techniques cut shorts a
number of these processes, and thereby can be accessed at a
cheap rate from any part of the world."®>2! Generally, the cost
involved in the updation of the product remains the same in
case of 3D-printing at all stages, and also the product can be
improved multiple times before its mass production at the ini-
tial cost itself. At a time of ample shortage and rising demands
like the pandemic, conventional methods fail to deliver an
immediate response, since, repeating the process of manu-
facturing takes more time via this method *"l Also, a minor
change in one of the parts can affect the whole design, in the
case of conventional methods. The method, therefore, does
not look ideal in case of an emergency. The cost of complexity
is lesser in the case of 3D-printing since it creates a finished
product in a single step, aborting the assembling process
involved in conventional printing which reduces the labor cost
and time as well. The speed of manufacturing the finished
products is faster in comparison to the traditional manufac-
turing as well.2 Hence, 3D-printing technology proves to be
highly advantageous in order to handle exigencies like the cur-
rent pandemic. Further advancements in this field can there-
fore, offer quality results in the future.

4. Limitations

Though 3D-printing of medical devices played a vital role in
handling this health emergency, like any other technological
innovation, this method also has certain flip sides that has to
be addressed for future advancements. One of the drawbacks
is the evasion of prime concerns like safety and legal precau-
tions due to the rapid 3D-printing of medical devices to meet
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the urgent requirements during the pandemic. Since these
devices are primarily used for medical purposes, safety of these
printed equipment must be ensured.’®1%327 Also, due to the
same reason of being rapidly produced, manufacturers tend to
show negligence towards biocompatibility and sterilizability of
these printed medical devices. Since all this equipment is of
long term use, it is important to have them clinically approved
because even a small piece of defective equipment can harm
the life of a medicated person.">#182¥ Ag getting, sanitary
and medical clearance from concerned authorities involves
several formalities, hospitals are compelled to use unlicensed
medical equipment from companies, due to the time con-
straints, during the emergency. At the same time, unlicensed
products, randomly distributed at hospitals by the companies,
can also get rejected due to lack of safety information about
the printed medical equipment. This results in a wastage of
time and resources, at the manufacturer’s end. Hence, the con-
cerned agencies must consider these things before the mass
production of 3D-printed medical devices.[?"!

Getting a legal sanction of printed materials, processing and
clinical testing takes a lot of time and is expensive./¥ Since the
demand for medical equipment during the COVID-19 pan-
demic was huge, the delay in approval from concerned authori-
ties was another significant challenge that slowed down the
procedures. Legal sanctions are also tied with ethical issues,
especially while testing these 3D-printed devices for human
compatibility which involves consent from concerned individ-
uals. Using non-human entities for testing, in case of urgency
also involves moral concerns.'®!

3D-printing of medical devices from the same STL file may
aberrate from its standard configuration due to the variations
in printable material, printer, and software used by different
manufacturers. The failure in reproducing uniform structures
can alter the physical properties of these printed materials, cre-
ating a confusion of choice among users, This dilemma about
the approved configuration, may reduce printing efficiency,
wastage of manpower, resources, and may come at varying
costs['65221 Also, poor interface and unsealed protective covers
may arise during printing, minimizing the quality of pro-
tection.”! Regulation of customized 3D-printed face masks
remains a significant limitation, though it ensures better fit-
ting than the commercially available ones. Although primarily,
this technology uses certain regulatory metrics such as fitness
and filtering efficiency,??? the lack of proper fit testing for indi-
vidual masks, shall increase the chances of getting affected by
the virus.?2)l Hence, it reduces the overall filtering efficiency of
these masks. Therefore, only a stringent evaluation of each of
these individual masks would ensure improved safety which
has to be monitored using both quantitative and qualitative fit
tests, long-term stability tests, and checking its airborne particle
protection levels.?* Also, the medical community is unaware
of the living conditions of people who are printing this medical
equipment. If he/she happens to be an infected individual, then
there are chances that the equipment printed by him/her may
get contaminated and would risk the lives of others using it.

Choice of a functional material for printing includes ther-
moplastic filaments, powders, ceramics, metals, and many
others. However, a study showed that 3D-printing respirators
using FFF and powder bed fusion method showed low filtering
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efficiency towards COVID-19 virus.?*°l Studies that use ceramic
and metal-based active materials as 3D-printing medical com-
ponents have not been undertaken yet. This might be due to
the high cost involved in the 3D-printing of metals."’!

5. Conclusions and Future Prospective

This review is an account of the multiple ways in which
3D-printing benefited the medical community during a
sudden disruption in supply. The various ways in which the
COVID-19 pandemic affected the general nature of life on earth
is immeasurable. Perhaps, only a “post COVID world” would
tell us what has changed for the global community. One of the
major impacts was felt on the global health care systems itself.
The methods available to control the spread of the virus were
too limited initially, due to obvious reasons of COVID-19 being
a health emergency. The virus's unpredictable behavior, as it
underwent repeated genetic mutation made the situation even
harder for the global health communities. Since, the mass dis-
tribution of vaccines which has been recently developed, such
as, Covishield (UK), Sputnik V (Russia), Moderna COVID-19
Vaccine (US), Covaxin (INDIA), CoronaVac (China), etc.,?l
is still underway, there has to be a feasible solution to reduce
the death rate and methods to control the virus' spread. Hence,
the significance of 3D-printed safety equipment remains, until
the full-Aedged distribution is achieved. 3D-printing tech-
nology offered enormous possibilities in these difficult times
that proved to be life-saving. The shortage of medical devices
and other components were resolved using a wide variety
of 3D-printed structures. Equipment like face shields, face-
masks, goggles, swabs, isolation wards, ventilators, splitters
were 3D-printed in a limited time to meet the demands of
hospitals and other concerned authorities. Rapid prototyping
with customized fabrication and a low amount of waste makes
3D-printing an acceptable approach to meet various demands
in a short period. Addressing a few challenges related to safety
and approval of materials, quality concerns, legal and ethical
issues, etc. shall certainly guarantee better advancements in
this sector. Meanwhile, the timely involvement of universities,
labs, companies, and entrepreneurs has improved the produc-
tion of 3D printed equipment.

However, concerns on whether 3D-printing technology shall
effectively replace the existing modes of conventional printing
is still prevailing. Perhaps, we would suggest 3D-printing
method to be a parallel technology of printing rather than a
replacement of conventional mass production methods such
as injection molding. 3D-printing proved to be eflicient in
situations of emergency like the current pandemic, when the
supply-chain was interrupted, and conventional methods,
found difficulty in transporting the products in a limited span
of time. Due to its rapid prototyping ability, quick delivery
through organized networks, ease in installation and accessing
the designs from the internet from any part of the world, this
technology came in handy during this unprecedented emer-
gency. This method is cost-effective in terms of materials
used and labor as well. However, for large scale production
in a limited amount of time, the conventional methods still
have an upper hand. Perhaps, the speed at which 3D-printing
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is evolving, to go by the existing research, the conditions are
promising. It is expected that this technology shall advance
and will play a major role in industry, academics, and everyday
life.

The use of bioactive material for 3D-printing is expected to
open enormous possibilities in handling future pandemics as
well. This is also true in the case of ceramic and metal-based
active materials for 3D-printing. Studies on the use of bio-inks
for bio-printing is at their initial stage now and if explored,
would be a great contribution towards regenerative medicine.
Thus, the COVID-19 pandemic facilitates itself to be a suitable
case of recognizing collaborative approaches of 3D-printing
technology for future prospects as well.
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CHAPTER 6

Conclusions

In this study multiple strategies that were employed towards fabrication of electrocatalysts
are discussed along with the evaluation of their performance towards hydrogen evolution
reaction. It is observed that in the covalent and the non-covalent synthesis strategy of
electrocatalysts preparation via two different nitrogen dopant sources, covalently bonded
electrocatalysts outperform the non-covalently bonded electrocatalysts. This is because the
covalently bonded electrocatalysts aided towards anchoring of more palladium nanoparticles
over it than the non-covalently bonded electrocatalysts. Such synthesis strategies or studies
are ideal for designing application specific electrocatalysts. Among the set of MAX phase
electrocatalysts, M02TiAlC, exhibited superior HER activity. Further, improvements in
material properties via improved synthesis strategy, functionalization can aid towards
improving this family of MAX phase material towards catalysis application. 3D-printing
technology was employed towards fabricating cost-effective, conductive electrodes, wherein
appropriate modifications of these substrates via dip coating and metal plating has aided them
towards fabrication of 3D-printed electrode substrates that are ideal for energy conversion and
electrochemical sensing applications respectively. Further, newer possibilities of
electrocatalysts for energy conversion applications such as ammonia production (3D-printed
metal and carbon-based substrates, Fe-MOFs), and devising improved 3D-printed substrates
for CO; reduction and capture are also elaborated. Also, employing 3D-printed substrates for
electrochemical sugar sensing applications and their vital role during health emergencies
shows the potential of 3D-printing technology for uses beyond electrochemical applications.
In short, the thesis has outlined several material fabrication approaches for electrochemical

sensing and energy applications such as HER, ammonia synthesis, CO> reduction etc.
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CHAPTER 8
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CHAPTER 9

Appendix A

Edge vs. Basal plane activity of layered FePSes crystal for HER

Motivation

The origin of electrocatalytic activity is always curious driven, as understanding of these
active hotspots can yield catalysts for specific applications. With the increasing interest in
understanding the origin of activity (edge vs basal planes) of layered materials, advanced
technologies such as scanning electrochemical microscopy (SECM) can play key role in

providing vital information about active sites.
Objective

Edges or basal planes of FePSes crystal will be evaluated for local electrochemical and
electrocatalytic activity. Morphological characterization will be carried out and SECM will
be employed to track active sites of the layered crystal, along with evaluation of the HER

activity of FePSe; catalyst.

Outcome

Electrochemical processes and H> generation were found to be driven by edge-like defects
of FePSe; crystals, over basal planes. In short, advanced technologies like SECM can be

employed to identify the active sites in layered materials for applications such as H»
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production. Also, such studies can be vital for application of layered materials for

electrochemistry related applications.

Contribution

XRD measurements, writing (review and editing).

Article

The article was published and the details of the article are as follows:

Stefan Wert, Christian Iffelsberger, Akshay Kumar K. Padinjareveetil, and Martin Pumera*,

Edges of Layered FePSe3 Exhibit Increased Electrochemical and Electrocatalytic Activity
Compared to Basal Planes, ACS Appl. Electron. Mater. 2023, 5, 2, 928-934

https://doi.org/10.1021/acsaelm.2c01493, (IF=4.49).
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Edges of Layered FePSe; Exhibit Increased Electrochemical and
Electrocatalytic Activity Compared to Basal Planes

Stefan Wert, Christian Iffelsberger, Akshay Kumar K. Padinjareveetil, and Martin Pumera™

}K\:}j Cite This: ACS Appl. Electron. Mater, 2023, 5, 928-934 E Read Online
ACCESS | Ll Metrics & More | Article Recommendations

ABSTRACT: Transition metal trichalcogenphosphites (MPX;), belonging to the class of
2D materials, are potentially viable electrocatalysts for the hydrogen evolution reaction
(HER). Many 2D and layered materials exhibit different magnitudes of electrochemical
and electrocatalytic activity at their edge and basal sites. To find out whether edges or
basal planes are the primary sites for catalytic processes at these compounds, we studied
the local electrochemical and electrocatalytic activity of FePSe;, an MPX representative —~ >

that was previously found to be catalytically active. Using scanning electrochemical H, 2H
microscopy, we discovered that electrochemical processes and the HER are occurring at

an increased rate at edge-like defects of FePSe; crystals. We correlate our observations ' H, T
using optical microscopy, confocal laser scanning microscopy, scanning electron

microscopy, and electron-dispersive X-ray spectroscopy. These findings have profound

implications for the application of these materials for electrochemistry as well as for

understanding general rules governing the electrochemical performance of layered

compounds.

KEYWORDS: scanning electrochemical microscopy, 2D materials, transition metal trichalcogenphosphites, iron phosphotriselenide,
hydrogen evolution reaction, electrocatalysis, electrochemistry

H INTRODUCTION have shown their remarkable electrocatalytic and photo-
catalytic properties.”*™"

For the optimization of catalyst materials, it is important to
know where the catalytic hotspots are located. It was found
that graphite,“ graphene,“— " transition metal dichalcoge-
nides, """ and layered pnictogens'""* show increased electro-
chemical and electrocatalytic activity at the edges of individual
layers compared to their basal planes. In the case of MXenes,
the opposite was observed in a study by Djire et al,'’
suggesting that the basal planes are more electrocatalytically
active. For MPX; compounds, a theoretical study of catalytic
hotspots for the cases of FePSe; and MnPSe; was performed.*
Based on density functional theory, the authors conclude that
edges are more active for the hydrogen evolution reaction
(HER) than basal planes. However, these results need to be
confirmed by electrochemical experiments. A useful technique
to investigate the local electrochemistry of catalysts is scanning
electrochemical microscopy (SECM)." It was recently applied
for the investigation of the local electrochemical™ and

Hydrogen has been identified as a promising medium to store
energy and as a green fuel for the transport sector. However,
obtaining green hydrogen in an economically feasible manner
remains a big challenge. The main green route for producing
hydrogen is electrochemical water splitting.' The energy
consumption of this process can be decreased using suitable
electrocatalysts such as platinum, but its rarity and high cost
are the main reasons why electrochemical water splitting
cannot be performed on an industrial scale yet.”
Consequently, research for alternative catalyst materials has
sparked in recent years.” A large group of promising candidates
can be found among the so-called 2D materials, which consist
of layers of atomic thickness held together by van der Waals
forces.” Starting from graphene," multiple classes of 2D
materials have been identified, including, but not limited to,
layered pnictogens,” " transition metal dichalcogenides,” "
transition metal oxides," metal—organic frameworks,' "' and

MXenes.' ™" They cover a wide array of remarkable
properties such as high electrical conductivity, charge
capacity,”™*" or electrocatalytic activity'"~'*'***** depending Received:  November 1, 2022
on the individual material. Another group of 2D materials that Accepted:  January 30, 2023
has emerged recently is the group of transition metal Published: February 13, 2023

trichalcogenphosphites (MPX;; M: transition metal, P:
phosphor, and X: chalcogenide).” They were initially studied
mainly for their magnetic properties.”> Recent studies however
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A

Figure 2. SEM image of the FePSe; sample (A) with EDS elemental maps of Fe (B), P (C), Se (D), and C (E).

electrocatalytic’”” activity of transition metal dichalcogenides.
Consequently, the aim of our work was to localize the
electrochemical and electrocatalytic hotspots of FePSe, using
SECM. We correlated our observations using scanning
electron microscopy (SEM) combined with electron-dispersive
X-ray spectroscopy (EDS). In addition, X-ray diffraction
(XRD) was employed to confirm the composition of the
FePSe; sample. For correlating SECM measurements to the
sample topography, optical microscopy (OM) and confocal
laser scanning microscopy (CLSM) were employed.

M EXPERIMENTAL SECTION

Materials and Chemicals. Crystalline FePSe; was bought from
XFNANO, China. A scheme of the surface morphology of the bulk
crystal in given in Figure [A, with the atomic structure given in Fig,ure
LB. The crystal was prepared according to a previous study' to
obtain a flat FePSe, electrode using the following materials. The
crystal was embedded in a matrix consisting of a 1:1 (m/m) mixture
of two-component epoxy resin (Struers Aps, Denmark) and graphite
powder (<20 pm, synthetic, Sigma-Aldrich), Carbon SEM stubs
obtained from Micro to Nano, Netherlands, were used as conductive
support for the sample. Polydimethylsiloxane (SYLGARD 184) used
during the electrode fabrication process was bought from Dow Inc.,
Michigan, USA. Conductive copper tape was used to establish
electrical contact with the sample. All measurements in this work were
executed with this sample. Feedback mode and substrate generation/
tip collection (SG/TC) mode SECM images were recorded in a
solution containing 1.5 mM ferrocene methanol (FcMeOH, 99%,
ABCR GmbH, Germany) and 0.2 M potassium nitrate (KNO,,
analytical grade, Merck KGaA, Germany). For studying the local
differences in HER, 0.5 M sulfuric acid (H,S0,, 96%, analytical grade,
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Penta, Czech Republic) was used. Deionized water with a resistivity
>182 MQ cm (Milli-Q Advantage Al0 system, Merck Millipore,
Germany) was used to prepare solutions.

Instrumentation. Localized electrochemical and electrocatalytic
activity studies were carried out using a commercially available
scanning electrochemical microscope (SECM, Sensolytics, Germany)
with a bipotentiostat (PGSTAT302N, Autolab, Netherlands). A 25
um diameter Pt disk ultramicroelectrode (UME, RG = 11,
Sensolytics, Germany) was used for SECM experiments. As counter
and reference electrodes for electrochemical measurements, a graphite
rod and a Ag/AgCl (3 M KCl) reference electrode were employed.
The potentials stated herein refer to this reference system.

Scanning electron micrographs were recorded using a MIRA 3
SEM (Tescan, Czech Republic). For EDS maps, this setup was
expanded with a Bruker XFlash 5010 EDS. Accelerating voltages of 5
or 20 kV for SEM and EDS, respectively. Gwyddion 2.55 and Origin
2020 software were used for analyzing and visualizing SECM
experiments.

Before recording SECM images, the SECM probe was positioned
close to the sample by performing a probe approach curve (PAC)
toward the sample surface. The PAC was executed with a probe
velocity of 1 gm s™" and a probe potential of E,,. = 0.5 V. The PAC
was stopped when the probe current reached 50% of the current
measured in bulk solution. At that distance, SECM images were
recorded with a pixel size of 10 ym, a scan rate of 100 gm s ', and a
waiting time of 10 ms. Feedback and SG/TC mode images were
recorded in a solution of 1.5 mM FcMeOH and 0.2 M KNO;.
Feedback mode images were obtained with Ej . = 0.5 V and the
substrate at open circuit potential. The SG/TC mode images in
FcMeOH were recorded with E, . = —0.2 and E e = 0.5V,
respectively. HER experiments were performed in a solution of 0.5 M
H,SO,. Among these experiments, a linear scan voltammogram was
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Figure 3. EDS (A) and XRD spectra of FePSey. (B) XRD of the FePSe, crystal prior to sample preparation and HER. (C) XRD spectrum of the
crystal embedded in the carbon matrix after HER. (D): Top: XRD of the conductive carbon matrix the FePSe; crystal was embedded into. Bottom:
FePSe, sample after HER, embedded in the carbon matrix (same spectrum as in C).
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Figure 4. (A) Linear scan voltammogram recorded with the FePSe; sample in 0.5 M H,SO, at a scan rate of 3 mV s™. (B) PAC toward the

graphite/epoxy region of the FePSe; crystal sample, Parameters: max speed: 1.0 ym s~

!, step width: 1.0 ym, Epeobe = 0.5 V.

recorded at the FePSe; sample, decreasing the potential from 0.0 to
—0.8 V at a scan rate of S mV s~ To obtain images of the local
catalytic activity of the sample toward the HER, SECM images of the
local hydrogen evolution were obtained using potentials of E, ;. = 0.2
V and E g = —0.5 V. XRD using a diffractometer (SmartLab 3
kW, Rigaku) with a Bragg—Brentano geometry was employed for the
structural analysis of the sample. The optical images and height profile
measurements of the sample surface were carried out using CLSM
(Olympus LEXT OLS4100) with a laser light source (4 = 405 nm).

B RESULTS AND DISCUSSION

Before electrochemical investigation, an SEM image and EDS
elemental maps of the sample were recorded to evaluate the
purity and location of the crystal (Figure 2). The SEM image
in Figure 2A shows a black area corresponding to the carbon/
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epoxy matrix surrounding the crystal, which is visible as a gray
structure. The EDS elemental maps of Fe, P, and Se (Figure
2B-D, respectively) show a mostly homogeneous distribution
within the crystal, with lower amounts detected at large cracks
in the sample. Furthermore, local carbon impurities are visible
in the crystal (Figure 2E). Nevertheless, most of the crystal
surface appears clean. From the EDS spectrum in Figure 3A,
atomic percentages for Fe, P, and Se of 21.0%, 19.7%, and
59.3% were derived, indicating high purity of the crystal. The
purity of the sample was confirmed by XRD (Figure 3B). The
sample gave characteristic crystalline peaks at their respective
26 value. The values were found to be similar to the ones in the
spectrum provided by the crystal manufacturer.® The
application of hydrogen evolution to the sample resulted in
changes in the relative peak intensity in the FePSe; sample.
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Figure 5. OM (A), SEM (B), CLSM (C), and SECM images of the FePSe; sample (D—F). (D) Feedback SECM image recorded in 1.5 mM
FcMeOH. B, = 0.5 V. (E) SG/TC SECM image recorded in 1.5 mM FeMeOH. E g, = =02V, E .. = 0.5 V. (F) SG/TC SECM image
recorded in 0.5 M H,80;. Epgpe = 02V, Eqpgne = —0.5 V. Images (G—1) are extracted from the SECM images (D—F), highlighting the area
included by the blue boxes. (G) Feedback SECM image. (H) SG/TC SECM image recorded in FeMeOH. (I) SG/TC SECM image recorded in

H,S0,.

Figure 3C shows the XRD spectrum of the FePSe, sample after
HER. Because the crystal was embedded into a conductive
carbon epoxy matrix, the peaks stemming from this matrix are
visible as well. They are marked by a *-symbol. XRD spectra of
the carbon epoxy matrix and the crystal embedded in said
matrix after HER application are given in Figure 3D.
Comparing Figure 3B,C, it can be seen that all XRD peaks
of the pristine FePSe; crystal are present post-HER as well, and
no additional peaks aside the matrix peaks appeared. Thus, it

210

can be assumed that the crystal edges did not undergo
reorganization during the HER.

Prior to spatially resolved electrochemical analysis of the
FePSe; crystal, an LSV in 0.5 M H,S0, was recorded (Figure
4A). Upon scanning toward more negative potentials, the
measured current starts decreasing at a potential of —0.5 V due
to the beginning of the HER. Decreasing the potential further
led to a lower and noisier cathodic current resulting from H,
bubble formation at the sample surface. Because a continuous
and steady hydrogen evolution is required for SECM imaging,
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a potential of —0.5 V was applied to the crystal sample during
the SECM experiments for imaging the HER.

Before SECM imaging, the probe was brought close to the
sample by performing a PAC toward the carbon matrix around
the crystal (Figure 4B). As the probe approached the surface,
the measured current started to decrease significantly after the
probe traveled 60 um. The approach was stopped when the
current decreased by 50% with respect to the initially measured
value.

For correlating the local activity of the FePSe; crystal, an
OM image and an SEM image were recorded (Figure SA+B).
Because the topography of samples can impact the current
measured in SECM, a CLSM image of the sample was
recorded as well. The CLSM image in Figure SC shows the
height profile of the investigated area. The feedback mode
image (Figure SD), indicating the local conductivity of the
sample, shows that the electron transport at the crystal surface
is nonuniform. While the central piece of the crystal appears
uniformly conductive, the left part shows local differences in
conductivity (highlighted by a blue box, see Figure 5G for
better visibility). In that region, the areas where higher currents
were recorded are located where cracks (and thus crystal
edges) are visible in the image in Figure SA. Moreover, in the
bottom left of the optical image, both low and high currents
were measured by SECM. This high contrast in the SECM
image indicates a low substrate-to-tip distance and that this
piece of crystal protrudes from the sample surface. The CLSM
image in Figure 5C proves that the crystal is protruding from
the surface compared to the rest of the imaged area. The SG/
TC SECM image in Figure SE gives an insight into the local
electrochemical activity of the FePSey crystal surface. The
image shows well-pronounced local differences over the
entirety of the investigated area. Especially in the left
highlighted area (extracted in Figure SH), the regions where
a high current was recorded correlate to cracks visible in the
optical image in Figure SA. Because high currents in the SG/
TC mode image indicate a high electrochemical activity, we
can conclude that the edges of the crystal tend to be more
electrochemically active than the basal planes. To investigate
whether the electrocatalytic activity for the HER follows the
same trend, another SG/TC mode image in 0.5 M H,SO, was
recorded. This resulted in an image showing local differences
in the HER (Figure 5F). Relatively large current differences
were located at the top and bottom borders of the image.
Consequently, clearly distinguishing edge versus basal plane
activity in these regions is not possible. In the left highlighted
part (see Figure SI for an extract of that area), however, more
clear local differences in current were measured. Here, lines of
high current, and thus high electrocatalytic activity, can be
localized. They correspond to both electrochemically active
regions (Figure SD) and cracks within the sample (Figure SA).
Furthermore, the current pattern recorded in SECM images
does not match the topography of the sample shown in Figure
5C, and consequently, these patterns of high currents are not
caused by topographic effects. Thus, these results show that
edges of FePSe; are both more electrochemically and
electrocatalytically active than the basal planes.

B CONCLUSIONS

In this work, we investigated whether the theoretical prediction
that edges of MPX; materials are more electroactive than their
basal planes is valid. The local electrochemical investigation of
an MPX representative, namely, FePSe;, via SECM has shown
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that edges exhibit both increased electrochemical and electro-
catalytic activity toward the HER. Thus, our measurements
indicate that the ideal MPX;-based electrocatalyst is rich in
edge planes. This knowledge is very important for future
catalyst design. It also adds MPX; compounds to the family of
materials where edges and defects are more active than the
basal planes of 2D materials. Our work took a qualitative
approach for basal plane and edge activity characterization.
Thus, this study opens the door toward quantitative analysis of
the activity of the basal planes and edges of MPX; compounds.
Another important question is whether the edges and basal
planes of single layers of FePSe, show similar characteristics as
the bulk material analyzed in this study.
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EDS energy-dispersive X-ray spectroscopy
HER  hydrogen evolution reaction

LSV linear scan voltammogram

oM optical microscopy

PAC  probe approach curve

PDMS polydimethylsiloxane

SECM  scanning electrochemical microscopy
SEM  scanning electron microscopy
SG/TC substrate generation/tip collection
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