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Abstract

Electrocatalytic water splitting is a green pathway to produce hydrogen in large quantities,
which involves two half reactions: hydrogen evolution reaction (HER) and oxygen evolution
reaction (OER). OER is the kinetic bottleneck of water splitting, which requires a high
standard overpotential with the four—electron—proton—coupled processes, thus it is particularly
important to develop OER catalysts. Pyrite—type transition metal dichalcogenides (MXa,
where M = Fe, Co, Ni et al., and X = S or Se) have been promising electrocatalytic materials
for the OER, but the catalysts still require further improvement due to the easy oxidization of

surface atoms and the intrinsically low activity.

Ongoing research found that multimetallic compounds generally have better water splitting
activity than single metal compounds. Furthermore, boron—doping can effectively optimize the
adsorption energy of OER intermediates. The present thesis is focused on developing boron
doping advanced multimetal pyrite-type transition metal dichalcogenides (PT-TMDs) for
boosted OER. Herein, we synthesized the FeCoNiBS in sifu coated by amorphous FeCoNiBx

and fabricated heteroepitaxial pyrite Ni—selenide through dual—cation substitution and boron
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doping as the efficient and durable heterogeneous catalysts for OER. The spherical aberration—
corrected transmission electron microscopy clearly shows that the obtained sulfides exhibit
different phases with an approximately 2 nm amorphous layer on the external surface. This
hybrid catalyst exhibits superior OER activity with an attractive overpotential of 419.4 mV vs.
RHE at 100 mA ¢cm~2 in 1 M KOH solution and excellent stability over 10 h. The fabricated
Ni—pyrite selenides showed a special crystalline—amorphous structure. After dual—cation
substitution and boron doping, the overpotential improved from 543 mV to 279.8 mV at 10

mA c¢cm~2 with Tafel slope from 161 to 59.5 mV dec™..

Within the framework of this thesis, we focused on building efficient catalysts for OER. The
cations and boron doping can modulate the intrinsic electronic structure of pyrite—type
sulfide/selenide for highly active OER performance. The discoveries underscore the
importance of modulating OER property by using multiple elements, which provides an
advantageous method for engineering the electrical structure of pyrite—type sulfide/selenide
for superior OER catalysis, as well as general guidance on the minimization of activity loss

with valence engineering.
Keywords: OER, pyrite-type TMDs, boron doping, amorphous, valence engineering, spatially

confined, theoretical calculations
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Abstrakt

Elektrokatalytické Stépeni vody je zelena cesta k produkci vodiku ve velkych mnozstvich,
ktera zahrnuje dvé polovicni reakce: reakci evoluce vodiku (HER) a reakci evoluce kysliku
(OER). OER je kinetickym uzkym hrdlem Stépeni vody, které vyzaduje vysoky standardni
nadpotencial u procest spojenych se Ctyfmi elektrony a protony, a proto je zvlasté dulezité
vyvinout katalyzatory OER. Dichalkogenidy pfechodnych kovt pyritového typu (MX2, kde M
= Fe, Co, Ni a kol. a X = S nebo Se) byly slibnymi elektrokatalytickymi materialy pro OER,
ale katalyzatory stale vyzaduji dalsi vylepSeni kvuli snadné oxidaci povrchovych atomu a

skute¢né nizké aktivité.

Probihajici vyzkum zjistil, ze multikovové slouCeniny maji obecné lepsi schopnost stépit vodu
nez jednotlivé kovové slouCeniny. Kromé toho mize dopovani borem ucinné optimalizovat
adsorpcni energii meziproduktt OER. Tato prace je zaméfena na vyvoj pokrocilych
dichalkogenidi pfechodnych kovi (PT-TMD) s dopovanim borem pro zesilené OER. Zde

jsme syntetizovali FeCoNiBS in sifu potazeny amorfnim FeCoNiBx a wvyrobili jsme



heteroepitaxni pyrit Ni—selenid prostfednictvim substituce dvou kationti a dopovani borem
jako ucinné a odolné heterogenni katalyzatory pro OER. Transmisni elektronova mikroskopie
s korekci sférické aberace jasné€ ukazuje, ze ziskané sulfidy vykazuji rizné faze s pfiblizné 2
nm amorfni vrstvou na vné&j$im povrchu. Tento hybridni katalyzator vykazuje vynikajici OER
aktivitu s atraktivnim nadmérnym potencialem 4194 mV vs. RHE pii 100 mA cm™2 v 1 M
roztoku KOH a wvynikajici stabilitou po dobu 10 hodin. Vyrobené selenidy Ni—pyritu
vykazovaly specialni krystalicko—amorfni strukturu. Po dvoukationtové substituci a dopovani
borem se nadmérny potencial zlepsil z 543 mV na 279,8 mV pii 10 mA cm™2 s Tafelovou

strmosti ze 161 na 59,5 mV dec™".

V ramci této prace jsme se zaméfili na vybudovani ucinnych katalyzatora pro OER. Kationty a
dopovani borem mohou modulovat vnitini elektronickou strukturu sulfidu/selenidu pyritového
typu pro vysoce aktivni vykon OER. Tyto objevy podtrhuji dalezitost modulace vlastnosti
OER pomoci vice prvkl, coz poskytuje vyhodnou metodu pro inzenyrstvi elektrické struktury
sulfidu/selenidu pyritového typu pro vynikajici katalyzu OER, stejné jako obecny navod na

minimalizaci ztraty aktivity pomoci valenéniho inzenyrstvi.
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1. Introduction

Environmental problems based on the combustion of fossil fuel are the great challenges for the
sustainable development of society that humans have to face for the next decades.!? Developing a
green pathway to replace fossil fuel and reducing the hazardous gases emission can effectively
improve the existing problems.?>* Although the development and application of renewable energy,
such as wind, tidal, solar, has been stimulating for a long time, the low energy delivery efficiency
limited the large—scale application of sustainable energy.>® Apart from the development of
advanced energy conversion devices, converting renewable energy into chemical energy will be
more conducive to the commercial application of sustainable energy. As the typical green energy
source with the highest gravimetric energy, hydrogen is the ideal sustainable gas to replace fossil
fuels in various industries.®!® Currently, electrocatalytic water splitting is an implementable
method for hydrogen generation, and this electrolytic process has been widely studied that
contains two half-reactions oxygen evolution reaction (OER) and hydrogen evolution reaction
(HER).!'"13 Concerning HER and OER, the OER process undergoes four—electron—proton to form
one O, molecular, which requires a large overpotential (n = 1.23 V vs standard reduction potential)
for the whole water—splitting reaction. Thus, the OER is regarded as the rate—limiting step of
electrocatalytic water splitting, compared to HER. Based on this mentioned reason, enormous
studies devoted to the development of highly effective OER catalysts to relieve the sluggish
kinetics and increase the energy conversion efficiency.'*!> However, at present, the
water—splitting reaction, especially the OER, still suffers from low efficiency and insufficient
stability to meet the requirement of the practical application. So it is particularly important to

develop highly active HER/OER catalysts.!® 17

A large number of researchers discovered the pH of the electrolyte is strongly related to the

mechanism of OER. In an acidic solution, OER proceeds in four steps shown in the equations.!®!?

In an acidic environment, H>O will form OH" on the surface of the active sites (Equation 1), then
9



further interact with water molecules to produce O° and OOH" intermediates (Equation 2 or
Equation 3).2%2! Different from the acid solution, OH" will generate from the OH™ instead of H,O
in an alkaline environment (Equation 5-7).22 Finally the oxygen gas will generate based on the
OOH" intermediates (Equation 4 and 8). It is worth noting that the OH" — O* and O — OOH"
processes are the rate-limiting steps with a higher energy barrier value of 3.2 €V.2%2! Thus, if the
catalysts can effectively reduce the energy barrier of these steps, they will be the advantageous
candidates for the superior OER. To date, most of the commercial catalysts of OER are noble
metal oxides (e.g., IrO, RuQ.), possessing small reserves, high cost, and challenging large—scale

application.?- 23

In an acidic system,

2H,0 - OH*+ H,0 + H"+ e~ (1)

OH"+H,0 - O*"+H"+H,0 te~ (2)

O*+H,O — OOH*+H" +e~ (3)

OOH* — 0, +H' +¢ (4)

In an alkaline system,

40H — OH' +30H + e~ (1)

OH" + 30H" — O* + 20H + H,0 + e~ (2)

O"+20H + H,0 - OOH" + OH + H,O + e~ (3)

OOH" + OH™ + H,0 — 0, +2H,0 + e~ (4)

* denotes the surface adsorption sites
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Pyrite—type transition metal dichalcogenides (PT-TMDs) have emerged as one of the most
valuable candidates for the highly effective OER catalysts.?*? It is worth noting that the PT—
TMDs nanomaterials have special physical properties covered from conductor, semiconductor,
and insulator, with a wide range of applications.2%?”2® The PT-TMDs display a crystal system of
isometric with the octahedral coordination which contains cations and dianion units.?> 2° The
intrinsic electronic configuration of the PT-TMDs nanocatalysts are favorable for the OER
application, but the catalytic performance still suffers from the unstable surface composition (easy

to be oxidized) and sluggish charge transfer. 33!

Valence engineering has been adopted as the regular strategy and easily implemented approach to
alleviating the shortcomings. Especially, the 3d heteroatoms doping or alloying in the PT-TMDs
can effectively modify its electronic modulation to be suitable for the OER process.?>3
Considerable polymetal pyrites were developed as substantial materials during the past decades
for the enhanced OER catalysts relative to the monometal sulfides.’*¢ As the most common PT—
TMDs, the pyrite sulfides, and selenides with 3d transition metal atoms doping have been widely
reported in OER application. V—doped pyrite NiS; nanosheets have been synthesized by the
simple chemical method, and the physical property of this material changed from representative
semiconductor to conductive material, which exhibited superior OER performance.’” Similarly,

the Fe—dopant mediated novel pyrite NiS, mesocrystals presented a boosted OER activity with an

overpotential from 351 mV to 252 mV vs. RHE at 10 mAcm2in alkaline solution.®

Additionally, non—-metallic atom doping in the PT-TMDs can attract the electrons of the metal
sites in the material, forming the high valence sites which would facilitate the adsorption of O-
containing intermediates, thus improving catalytic activity.3>*° Moreover, the structural stability of
the PT-TMDs could be further modified by coating a carbon layer or amorphous membrane.*!*? It
had discovered the B—doping in the PT-TMDs significantly changed the d orbital electronic

configuration of the transition metals science the electronic hybridized between the metal d
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orbitals and B 2p orbitals, resulting in the delocalization of the electrons on active sites.** This
special electronic configuration was beneficial for OER process, especially the intermediate steps.
As another big challenge, the dissolution of surface cations and oxidation of external species of
PT-TMDs during the OER seriously affect the structural stability of the material. So it is very
important to develop some methods or strategies to fabricate a stable surface structure for
remarkable catalytic durability. Coating the PT-TMDs with the conductive active layers, such as
amorphous borides and carbon membrane, could effectively prevent the ripening or aggregation of
the material, and finally enhance the stability and activity of PT-TMDs. Tingting Li et al.
successfully prepared the Co30s nanoneedle arrays supported on the Ni foam (NF@Co0304).#
Next, the NF@Co304 was covered by the Ni-B membrane to generate core—shell hybrid.
Benefiting from the special interface interaction, NF@Co3;04@NiB presented excellent
electrochemical performance. In addition, Jingwei Chen and co—workers synthesized the
CoxFeyS@C compound with a thin carbon layer on the surface based on the prussian blue
precursor.*! The coated carbon layer effectively promotes the energy storage capacity of the
CoxFeyS@C material. Thus developing more appropriate synthesis approaches for novel PT-

TMDs could effectively expand the application in electrocatalysis.
2. Literature overview

2.1 The structure of the pyrite—type transition metal dichalcogenides (PT—TMDs)

PT-TMDs are an interesting group of materials towards HER and OER with low—cost,
adjustable electronic configuration, and rich component combination.*>*’ The class members
in PT-TMDs are widely distributed in the earth’s crust, covering from semiconductors to
metallic compounds, which can act as a promising catalyst for OER. Typical PT-TMDs phase
contains many kinds of materials with the formulation of M?*(X2)*~ type.>® The metal elements
include Mn, Fe, Co, Ni, Cu, Zn, Ru, Rh, Pd, Cd, Os, and Ir (purple area in Figure 1), while
the anions are S, Se, and Te located on the pink area of the periodic table in Figure 1. Notably,

12



part of the TMDs consisting of the same elements in the selected region that can present 2D
arrangement type except for pyrite structure. For this thesis, we only focused on sulfides and
selenides (X=S, Se, cyan-blue area).

1A VIIIA

H 1A Vi VIIA

og OEOaED
o N - - ¢ <~
[ 5 1 ' [ [ e o [ s e [

o [ [ [ 5 s i 3 1
e o[ [ oo o [ o o o
5 e o o o

Figure 1: Classification of the PT-TMDs showing the cations (purple area) and anions (pink area)

under the formulation of M?**(X2)> type.

The PT-TMDs phases have been widely studied in the past decades with the formulation of
MZ*(X32)*, showing the cations occurring in octahedral coordination. The properties of the PT—
TMDs cover from insulators, semiconductors, metals to superconductivity.?® In recent years, there
were plenty researches focused on the morphologies and components of high—efficiency PT—
TMDs electrocatalysts, which greatly expands the range of PT-TMDs catalysts and their
applications.>'>* The electronic structures of PT-TMDs are strongly depend on the electrons
distributed in d orbitals, which can be controlled by the doping of metal atoms or non—metal
elements.>> Pyrite-type transition metal sulfides/selenides including monometallic and
multimetallic compounds have been identified as two promising low—cost OER catalysts based on

the reported materials.
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Figure 2: (a—d) Typical crystal structure of PT-TMDs. The blue ball represents metal elements

while the yellow ball is S or Se.

Conventional pathways to obtain high—quality pyrite—phase sulfides and selenides materials in
nanoscale commonly need high temperature, high pressure, or long reaction. Currently, the rapid
development of the hydro— and solvothermal reactions successfully accelerated the low
temperature synthesis technique for pyrite—phase sulfides and selenides.?”> The size, dimensional
and morphological can be regulated to diversity at the low temperature under 200 “C in a closed
reaction system. Importantly, various ingenious synthesis methods have been developed to
synthesize pyrite—phase sulfides and selenides of different shapes and sizes, as well as the
complex catalytic interface structure, for achieving satisfying water—splitting catalytic

performance.’*> However, the development of commercial-grade OER/HER catalysts still needs

14



to be accelerated to meet the commercial application requirements. It will be meaningful to
develop the novel technical routes and synthetic pathways to promote the commercialization
process, thereby reducing dependence on traditional fossil energy and reducing hazardous gas

emissions, thereby further improving the environment.

2.2 Synthesis of pyrite—type transition metal sulfides (PT-TMS)

Sulfides are widely distributed in nature with controllable costs, driving it can be applied to
commercial fields on a large scale. Establishing new technologies and methods to synthesize
nano-level PT-TMSs will play a decisive role to resolve the dilemma. The most common metal
sulfides cover monometallic sulfides, polymetallic sulfides, and non—metal doping sulfides. Two
common synthesis approaches, a hydrothermal reaction in the high—pressure reactor and a
sulfurization reaction in a tube furnace, have been identified as the main feasible options. In this
thesis, we will investigate the recent progress in developing these PT-TMSs from different
methods, techniques, and precursors. Systematically discuss their appealing properties and related
water splitting activity (OER and HER) in acidic or alkaline solutions. We then speculate on some

future development opportunities of PT-TMSs.

2. 2. 1 Synthesis of monometallic PT-TMSs

Particularly, three basic monometallic sulfides (NiS2, CoS;, FeS;) have attracted extensive
attention in electrocatalytic water splitting, batteries, supercapacitors, optical fields, due to the
relatively easy to prepare, low cost, and good intrinsic properties.*®3637 Each monometallic sulfide
contains many different species of compounds. For example, the nickel sulfides have four
compounds with different compositions, including NiS; (pyrite), NizS2 (heazlewoodite), Ni3Ss
(polydymite), and NiS (millerite).*® All the phases have been investigated as OER catalysts, but
the pyrite—type nickel sulfides are relatively easy to synthesize by the common synthetic methods,

such as gas—phase sulfuration, hydrothermal and electrochemical methods.*® An interesting

15



solution-based approach was investigated by Wendi Xiang and co—workers through a facile
solvothermal strategy.’® The Ni(CH3COO), 4H,0 and sulfur were added into the mixture of N,
N-Dimethylformamide (DMF), and ethanol solution. After vigorous stirring, the mixture was

transferred to the Teflon reactor and reacted under 180 °C for 12h. The solution—based method to

synthesize pyrite-type NiS: microspheres were shown in Scheme 1. The prepared NiS;
microspheres had an average diameter of 1.6 um based on the SEM results (see Figure 3a), which
displays a remarkable OER activity with an overpotential of 311 mV under 10 mAcm= in 1M

KOH.>*

C,HO,NHMH,0  Sulfur %
C—— )
S —

— Hydrothermal

|| Reaction
—lp

(180°C for 12h)

DMPF+Ethanol Teflon reactor

Scheme 1. The preparation process of NiS; microsphere. Taken from Ref. 56 and modified.
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Figure 3. (a, b) SEM images of the NiS, microspheres with different reaction time of 1 h and 3h.%

(c, d) Enlarged TEM images of NGO/Ni7Se.>” Taken from Ref. 56, 57 and modified.

Kolleboyina Jayaramulu et al. prepared porous N—doped graphene oxide/nickel sulfide sheets
(NGO/Ni7S) used metal-organic framework (MOF) as a template.’’ The nickel-based metal—
organic framework (NiMOF-74) comprised of Ni(Il) and 2,5—dihydroxyterephthalate (DHT) was
mixed with nitrogen—doped graphene oxide (NGO) as depicted in Scheme 2. The mixture was
added into a Teflon bottle together with thiourea and heated to 200 °C for 24 h. After in situ
sulfurations, NGO/Ni7Ss sheets were successfully prepared with the highly dispersed layer
structure. (Figure 3c,d) The electrocatalytic performance of NGO/NisSe, tested in 0.1 M KOH
solution, and as expected, the NGO/Ni7S¢ sheets showed remarkable OER activity than
commercial RuQO», with a smaller overpotential (380 mV) than RuO, (390 mV).3” The special
MOF precursor offered the porous hollow structure for the NGO/Ni7S¢s that was beneficial for
enhancing the intrinsic OER activity. Those results indicate the loading catalysts on layer
substrate could effectively promote its dispersion and fully expose its active sites. Moreover, the
hybrid materials riched organic molecular chains in the structure can usually bring many porous
units after high temperature treatment, revealing a valuable approach to build specified catalysts
for water splitting. Compared to nickel sulfide described above, many other nickel sulfides are
suitable for OER. Yang et al. synthesized the NioSs, NioSs NiS1.03 alloy, and NiS1.03 by changing
the sulfidation process. They found the OER performance of the three catalysts gradually
improved with the increase of high—valence Ni species.’® The NiSi.03 exhibited an overpotential
~270 mV at 10 mAcm™2, significantly lower than that of NioSs (~310 mV), NigSs—NiSi.03 (~290

mV), and RuOz (~320 mV).%®
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(a) (b)
@
Ni(ll)

2,5-DHT l Graphene oxide (GO)

NaHSO, ‘ NH,

Nitrogen doped
Graphene oxide (NGO)

Scheme 2. Tllustration of the prepare process of (a) MOF-74, (b) NGO and (c) NGO/Ni7Ss. Taken

from Ref. 58 and modified.

Apart from the single component nickel sulfide, Jingjing Wang et al. developed hollow Ni3S»/NiS
nanoparticles coated by MOF.*® The Ni3S2/NiS core was made by the regulated sulfuration of
colloidal Ni particles. Notably, the Ni3S2/NiS could serve as Ni precursor which would react with
terephthalic acid, thus finally in sifu generating a thin Ni-MOF layer on the surface of the hollow
Ni3S2/NiS nanoparticles. (see Scheme 3)** This heterogeneous nanostructure served as superior
OER catalysts with a small overpotential of 298 mV under the current density of 10 mA-cm™2 4
This result suggests that there may be abundant Ni" ion or high—valent Ni species on the surface
composition of the obtained materials, which may become active sites for the OER or other

electrocatalytic application.
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\ sulfuration A 180°C Air

i * M
N 4,).; : i &2 ; " {@4 P 00_7?:' o
i P — ¥
:"“"9‘,'1‘ w"\lfj‘ a‘f /437"'2"}#
@ s e ] y I
- . g‘ v ""g“"'." =N
FEOSIR - M — NMe.

Scheme 3. Preparation process of hollow Ni3S2/NiS nanoparticles coated by Ni-MOF. Taken

from Ref. 48 and modified.

Xiangkai Shi and co—workers studied the valence state of external Ni elements in the pyrite—type
NiS; catalysts.>® They adopted one-step hydrothermal approach to synthesize nickel sulfide
nanospheres evolved from the nanosheets. A series of nickel sulfides (NiS, Ni3S4 and NiS,) were
fabricated with similar morphology and size.’® The three kinds of nickel sulfides had different
structures including hexagonal, cubic, and pyrite phases as shown in Figure 4.3° The X-ray
photoelectron spectroscopy (XPS) results of these catalysts indicated the pyrite—type NiS;
contained the highest Ni’** content, due to the adsorbed oxygen. Simultaneously, the NiS,
presented advantageous OER activity with an ultra-low overpotential of 241 mV at 10 mAcm™ in
IM KOH solution, which was significantly lower than those of NiS (322 mV), Ni3Ss4 (270 mV),
and commercial RuO, catalyst (310 mV).* The author further assembled an overall water—
splitting device that used the prepared NiS; as both the anode and cathode catalysts (NiS; + NiS,)
compared to the combination of the commercial catalyst (Pt/C + RuQO>) in the IM KOH solution
with a scan rate of 5 mV/s.% The required potential for this overall water—splitting device is 1.66
V at 10 mAcm™, approximately 30 mV lower than that of Pt/C and RuO, combination (1.69 V).>
Moreover, the device kept only a 4.8% drop of the current during the chronopotentiometry
stability test under 10 mAcm~2 for 37 h, much better than Pt/C + RuO,, revealing the considerable
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durability of NiS> + NiS; catalysts in the overall water—splitting application.>® Density functional
theory (DFT) investigated that the octahedrally coordinated Ni**—Ss center in the pyrite-type NiS
could optimize the reaction between the active site and OH* intermediates, thus reducing the
activation energy of the OER and accelerating the slow kinetics.”> Among these catalysts, the
surface morphology also played an important factor for the final catalytic activity, by increasing

the reaction between the exposed active sites and catalytic intermediates.
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Figure 4. (a) The XRD and (b, c, d) Different crystal structures of NiS, Ni3S4, and NiSs. (e-g)
SEM images of NiS, Ni3S4, and NiSz. (h) SEM-EDS Elemental mapping. (I, J) HRTEM images of
NiS,. Taken from Ref. 59 and modified.
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Apart from nickel sulfides, pyrite iron sulfide (FeSx) and cobalt sulfide (CoSx) also can offer big
capabilities for the application of electrocatalytic water splitting. Similar to Ni sulfides, extensive
research focused on the morphology and composition of the FeSy and CoSx. Matias Villalba et al.
reported a further strategy to design pyrite FeS, nanoparticles for pH dependence on water
splitting.®® The FeCl; and thiourea were dissolved in 1,2—propanediol solution. Then the mixture

was heated to 180 ‘C and reacted for 12 h, finally, the FeS, nanoparticles were obtained with

micron—level size. The monometallic pyrite FeS, nanoparticles demonstrated big potential for
HER under the broad pH range.®® Because of the large specific surface area, the nanocatalyst is
easier to agglomerate, resulting in an underutilized activity. Improving the dispersion of
nanocatalysts also helps to exploit their activity during catalysis. Inspired by this, Kefeng Pan et al.
synthesized porous FeS,/C based on FeS>—ethylenediamine nanowires in two steps. (Scheme 4)
They put all the reactants (FeCl, and sulfur powder) in the stainless steel autoclave and reacted at
high temperature to generate FeS,—ethylenediamine nanocomposites.®! After pyrolysis treatment,

FeS»/C nanowires owned a porous chain—like morphology were obtained.

calcination

n -
Autoclave
FeS,- ethylenediamine FeS,/C nanowires
precursor

Scheme 4. Synthetic mechanism diagram of FeS,/C nanowires. Taken from Ref. 61 and modified.

The porous chain—like FeS,/C nanowires showed a diameter around 100 nm and a length in a
micrometer scale (Figure 5).°! Typically, the one—dimensional porous structure is conducive to
the electrocatalytic application of materials, due to the large surface area and stable structure.
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Especially, the initial FeS2/C showed a worse OER performance than commercial IrO: tested in
the KOH solution.®! However, the OER activity of FeS,/C dramatically increased to a high level
after the activation of cyclings. The activated FeS,/C catalyst delivered the overpotential of 291
mV and 338 mV under 10 mA/cm~2 and 50 mA/cm~ in 1 M KOH for OER, respectively, which
were significantly better than IrO.°! Such a special reaction mechanism would greatly promote the

development of highly active OER catalysts based on the PT-TMSs.

amorphous ¢
carbon layer

Figure 5 (a) TEM and (b) HRTEM images of prepared FeS,/C nanowires. Taken from Ref. 61

and modified.

Another common type of sulfide, CoSx also received numerous investigations. Ruijie Lin et al.
fabricated hierarchical cobalt sulfide that the vertical CoySg nanosheets grew on horizontal Coi-xS
nanoplates as shown in Figure 6.2 There were many Co¢Ss nanoflakes with an approximate
diameter of ~70 nm scattered on the 2D Coi1«S substrate to form a hierarchical structure, which
could effectively relieve the decrease of activity caused by the aggregation.®> Moreover, the
unique heterogeneous combination offered the structural stability of CoSx—Co9Ss. The obtained
nanocomposite displayed the enhanced OER activity with only 275 mV overpotential at 10

mAcm~2, much better than the overpotential of commercial RuO; (389 mV), due to the abundant
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exposed—edge active sites in this hierarchical structure.®> Especially, the Tafel slope of CoSx—
Co9Ss was 30 mV/decade, much smaller than it of commercial RuO; (80 mV/decade), suggesting
the fast OER kinetic reaction of CoSx—CoySs. It's worth noting that there were a larger number of

defect sites in the CoSx—Co9Ss, as the hierarchical structure contains abundant edge atoms.%?

Figure 6. (A-E) The TEM images of the hierarchical cobalt sulfides. (E, F) The plane profile plot
of the (311) and (101) facets. Taken from Ref. 62 and modified.

Besides, the CoSx had an abundant redox pathway, driving various components of CoSx to be
applied in OER. Xiaoya Ma et al. synthesized Co¢Ss, Co3S4, and CoS: porous architecture through
the simple hydrothermal approach using CS; as a template.®> By changing the ratio of the sulfur
and cobalt sources, different compositions of CoSx formed in similar hollow nanospheres.
Interestingly, as the proportion of sulfur sources increased, the products obtained gradually
evolved from Co9Ss to CosSs and finally to CoS,. The detailed synthesis process was shown in
schematic 5. Compared to the hollow CooSs spheres, the porous Cos3Ss and CoS, owned larger
surface area and rougher interface, which might be caused by the change of water/oil system. For
the pyrite type CoSx materials, the Co ions in the crystallographic structures were displayed in the
form of CoSs octahedra. (Schematic 5b)** As reported by previous research, the special
coordinated Co™ in the CoSy leads to excellent intrinsic OER performance.®> Among all the Co™
sites, the octahedrally coordinated Co™ presents the better OER activity than tetrahedrally
24



coordinated Co?*, and more eminently, CoS: had the largest proportion of octahedrally
coordinated Co™ sites compared to Co3Ss, Co¢Ss, CoSs and CoSs samples.®® Veritably, the
prepared CoS; achieved an overpotential of 290 mV at 10 mA cm-2, much lower than those of

Co9Sg (342 mV), Co3S4 (307 mV) and commercial RuO; (295 mV).%3
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Schematic 5. (a) Synthetic procedures for CosSs, CosSs, and CoS2 nanospheres, respectively. (b)

Crystal structures of CoS,, Co3S4, CoSs, CoS4, and CoSs. Taken from Ref. 63 and modified.

To further make utilization of the CoS,, one of the most effective ways is to disperse CoS; on the
substrate to ensure sufficient contact between the material and the electrolyte. Tengyuan Dai et al.
designed a hybrid material that used CeQO; as a substrate to support CoSi.97 nanosheets (CeOr—
CoS197).%* The SEM images in Figure 7 showed the free-standing array morphology of the
CiS1.97—Ce02, Ce0—CoS197 and CoS197 samples. Each vertical growth nanosheet exhibited the
2D structure with width in the micron range, while the thickness in nanosize.* The special free—
standing structure could make CeO>—CoS1.97 have a fully accessible surface of the electrolyte, thus
improving the OER activity with the lowest overpotential of 264 mV under 10 mAcm2 in 1M
KOH solution, which was much lower than that of CoS197 (310 mV) or Ir/C catalyst (290 mV).%*
Furthermore, the DFT calculation results found the distinct electronic of CeO,—CoSi.97, with the
electron—rich interfacial region, due to the strong reaction between CeO,, and Co0Si97.%* The
overlap of the s, p orbitals (S sites) and Fermi level could offer the material excellent conductivity.
Such good electron transfer would facilitate the bonding process of *OH, thus further promoting

the OER .%*
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Figure 7. (a) The XRD patterns of the CiS1.97—CeO2, CeO—CoS197 and CoS1.97 samples. (b—d)
The SEM images of three samples and (e—g) the corresponding HRTEM images. (h, 1) The
electronic distribution of CeO2—CoS1.97 and CoS1.97-CeO2 near to the Fermi level. (j, k) The
projected partial density of states (PDOS) of CeO,—CoS1.97 and CoS1.97—CeO>. Taken from Ref. 64

and modified.

Apart from the conventional sulfides, manganese sulfide and noble metal sulfides, have also been
extensively studied. Rahul B. Pujari et al. adopted a phase control technical route to synthesize
manganese sulfide. Different manganese sulfide phases, including MnS;, y-MnS, and B—-MnS
were prepared from anion exchange via the hydrothermal method (See Figure 8a).°> Before re—
vulcanization, MnCOs thin films were firstly prepared in a Teflon liner on a flexible 304—type
stainless steel. Sealing MnCO; and Na,S into Teflon liner and heated to 303K for 24h, different
phase of manganese sulfide was prepared via changing the proportion of raw materials.®> The

different phases of manganese sulfide, MnS,, y-MnS, and B—MnS showed superior OER with an
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overpotential of 301, 342 and 292 mV, respectively, better than the MnCOs (480 mV) in 1 M
KOH at 10 mA c¢cm™2.93%¢ Yinlong Zhu et al. found a facile approach to synthesize the pyrite-type
RuS; nanoparticles with abundant disorder units and defects in the crystal for water splitting
application based on a low—temperature sulfuration process (Figure 8b).%® Sulfuration temperature
played a critical impact in the final products to create the special disorder structure, as well as the

defects. To investigate the effect of reaction temperature, four different (400, 500, 600, and 700 C)

steps were studied to analyze the relationship between the temperature and structure. The SEM
images displayed the size range of the obtained RuS; nanoparticles located at 10—-100 nm,
however, there would be some big aggregates in the product. The HRTEM results revealed pyrite
type crystalline structure of the RuS; crystal with a lattice spacing of 0.28 nm for (200) facet
(Figure 8d).%° For the cubic phase, Ru atoms are located at the fcc sublattice sites, in which every
Ru atom is coordinated with six S atoms, and each S atom bonded with three Ru atoms (Figure
8¢).°* The OER performance of these catalysts was tested in 1 M KOH solution using the three—
electrode system. The electrochemical double-layer capacitance measurements showed the low
sulfuration temperature could be conducive to exposing more active sites.®® Markedly, among the

four samples, the RuS, nanoparticles reacted at 500 “C displayed the lowest overpotential of 282

mV at 10 mA cm™2, which was also lower than that of commercial RuO, catalyst.°®® DFT
calculations found the disordered structure could enhance the intrinsic conductivity of the

materials and expose a large number of active sites, which would improve the charge transfer

during the OER experiment together with the defect engineering during the preparation process.®

28



Intensity (a.u.)

MnCO; : Rhombohedral

Qs ° 107

© :Mn?,. . cH

82 a-MnS : Rock salt
(@]

% 3
Na,S solution 363K i s
ﬁ 2
_ Anion exchange Q) 2
-~ — 73
Kinetics of O '*O §

sulfurization y-MnS : Wurtzite

3034- o;é—‘i(—'.‘ L~

o &e

& JQ! e

MnS; : Pyrite

Ly

40
Angle 20 (°)

Temperature control

AR
Al
A

RuS,

RuS,-500

RuS,-700

Figure 8. (a) Schematic of preparation about different phases of manganese sulfide from

rhombohedral MnCOs via anion—exchange.®> (b) Sulfuration process for the synthesis of RuS;

nanoparticles used commercial RuO; as a precursor. (c) The coordination structure of the RuS,. (d)
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Using a template to design and synthesize nanomaterials is also a very attractive method to form
the target nanomaterials with different shapes or morphologies. Yujun Xu et al. adopted a
template synthesis strategy to manufacture the well-dispersed RuS, nanoparticles on porous
carbon spheres.®” The whole reaction started from the uniform silicon dioxide nanospheres (SiO»,
with a diameter of ~500 nm) as the initial core template. After self—polymerization for 24 h, the
SiO, was coated by an organic layer (dopamine hydrochloride).®’” The thickness of the organic
layer could be adjusted by changing the reaction parameters. PDA on the surface of SiO:
nanospheres would generate porous carbon after heated at 1000°C treatment that called
carbonization.®” Then the SiO> could be etched by the HF/NH4F solution, porous carbon shell
would be lefted. Sealing RuCls;, L—cysteine and carbon powder in Teflon-lined autoclave and
reacted at 190°C for 9h to obtain the amorphous RuSy particles loaded on the porous carbon
sheres.®” Additionally, RuS,/C nanocomposite was annealed in Ar environment at 800°C to have

the pyrite—type RuS, NPs. The detailed synthesis procedure of the crystals was illustrated in
Figure 9° As expected, the synthesized RuSy/C material had superior electrocatalytic

performance and structural stability.
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Figure 9. The synthesis procedure of RuS: nanoparticles on the porous carbon spheres. Taken

from Ref. 67 and modified.

2.2.2 Synthesis of multimetallic PT-TMSs

Generally, the unique electrons in 3d orbitals of monometallic PT-TMSs are unsatisfactory for the
overall electrochemical water splitting, considering the mechanism and intermediates adsorption
and transfer process. The original electronic structure configuration of monometallic PT-TMSs
could be adjusted by external metal doping. Additionally, metal doping or multi—-metal alloys can
bring abundant defects to the material and improve intrinsic conductivity. Hengjie Liu et al.
explored the vanadium dopant NiS; to engineer heteroatom defects for enhanced overall water
splitting >’ Firstly, the NiV layered double hydroxides (LDH) were prepared through a

hydrothermal reaction at 120 ‘C for 12 h. Then put the washed NiV-LDH powder into the furnace
for sulfidation at 400 °C for 3.3 h, the V-NiS, material full of defects was obtained. The synthetic

process was shown in Scheme 6.37 Especially, the V-NiS, demonstrated enhanced overall water
splitting activity with an overpotential of 110 mV at a current density of 10 mA c¢cm~? for HER and
overpotential of 290 mV at current density of 10 mA c¢cm~2 for OER in 1M KOH, which were
much better than Pt/C (HER) and IrO, (OER).?” The Density Functional Theory (DFT) calculation
result displayed that the V-NiS; achieved metallic property based on the zero band gap, while the
pristine NiS, exhibited a band gap of approximately 0.41 eV with the semiconductor feature.’’
The experimental characterization results further showed the lower resistivity of V-NiS; than
pristine NiS,. Such an interesting phase conversion phenomenon between semiconductor and
metal might be an effective approach to adjust the OER activity of the PT-TMSs.>’ Qun Li et al.
reported that cobalt doping in CusSs nanodisks could modulate the electronic structure of the
active centers to favor the OER catalytic process.®® Pristine Cu7Ss nanoplates were prepared by a
liquid phase synthesis process. The cuprous thiocyanate and oleylamine were added to the

reaction bottle and kept at 240 C for 0.5 h to generate Cu;Ss (Scheme 6€).°® Then the collected
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Cu7S4 nanoplates were dissolved into oleylamine together with cobalt(IIl) acetylacetonate for the
next high temperature reaction. Through adjusting the amount of CusS4, series of Cox—Cu7Ss
nanocomposite were obtained. The corresponding XRD results of the Cox—CusSs were shown in
Scheme 6 d. Co—dopant Cu7S4 nanoplates (Co:Cu=0.07) exhibited the lowest OER overpotential
of 270 mV under the current density of 10 mAcm2, much better than it of pristine CusSs (440 mV)
and commercial IrO, (510 mV).®® DFT calculations indicated the Co atoms in CusSs nanosheet
could enhance the electrotransfer between the Co and Cu sites, and reduce the energy barriers
between the metal active sites and the intermediates. Moreover, the Co-engineered Cu7S4

displayed the larger density of states near the Fermi level, revealing the better conductivity.®®
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Scheme 6. (a) Synthetic process for V-doped NiS; nanocomposite. (b) The XRD patterns of the
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Cu7S4 materials. (€) SEM image of the Cu7Ss nanoplates.®® Taken from Ref. 37, 68 and modified.

Similarly, pyrite-type ternary Ru doped NiS nanohybrids were synthesized through a
mechanochemical—assisted pathway. Tian (Leo) Jin et al. mixed NiCl, (44 mg), RuCls (70 mg)
with thiourea in an agate reactor, which was placed in a planetary ball mill.** After being agitated

at 800 rpm for 3 h, the as—prepared powder was transferred to the furnace and heated at 450 “C for

3 h. The synthesis diagram was shown in Figure 10. The well-dispersed single—phase pyrite—type
ternary Ru-NiS nanoparticles on carbon (C) achieved exhilarated HER activity. Density
functional theory (DFT) calculations indicated RuNiS—C could capture H,O* with faster kinetic
and reduced the kinetic energy barrier by the Ru and Ni sites in this ternary sulfide, thereby
boosting HER process.®” In addition to the component control, it is also important to enhance the
stability of the PT-TMSs. Loading the bimetallic sulfide on the substrate will effectively increase
the dispersibility of the catalyst, and make the full utilization of the catalysts. Following this idea,
pyrite—type Ni—doped CoS, (Ni—CoS;) nanoneedle arrays were designed and supported on
stainless steel (SS) to form the bimetallic NixCoi—~S2/SS. Impressively, this NixCo1—xS2/SS
displays superior OER activity with an overpotential of 286 mV at 50 mA cm™ and a

corresponding Tafel value of 55 mV dec™!.#¢

Figure 10. Synthesis diagram of RuNiS—C thorough the mechanochemical—assisted synergistic
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strategy. Taken from Ref. 69 and modified.

As a widely studied combination, Ni/Fe bimetallic sulfide supported on substrate had a strong
practical application potential. Ni/Fe bimetallic sulfide (NiFeS,) nanoparticles grown on graphene
were fabricated by a facile synthesis method. Chenyu Liu et al. fabricated NiFe LDH on graphene
oxide (GO) to generate NiFe LDH-GO composites.”® After solvothermal reaction in Teflon lined
stainless steel autoclave and sulfidation process in a tube furnace, NiFeS;—~GN powder was
obtained. NiFeS: nanoparticles evenly dispersed on graphene sheets and the detailed synthesis
illustration was shown in Scheme 7.7° The (NiFe)S2 nanoflakes on the graphene gave the catalyst
an effective substrate for the electrochemical water splitting application as the high conductivity
property. The OER experiment of these materials was tested in the 1 M KOH solution by a three—
electrode system at a scan rate of 2 mV/s. The as—prepared NiFeS,—GN displayed a superior OER

overpotential of 317 mV under 10 mAcm=2.7

Sulfuration
400°C
O Ni(AC),
O Fe(NO,),
GO (NiFe)S,-GN

Scheme 7. The fabricating process of (NiFe)S,—graphene. Taken from Ref. 70 and modified.

Carbon-based nanostructure, including graphene, carbon powder, and carbon tube, are widely
applied in the electrocatalysis as the substrate. Interestingly, researchers found the combination of
graphene and carbon tube could be favorable for building a hierarchical structure with a large
electrocatalytic active area. Zhiliang Zhang and co—workers developed a polymerization reaction

at 550 C to prepare a hybrid material with Co—Fe species, C3N4, and graphene oxide. For the next

step, this hybrid composite in—situ grew to CoFeOx@CNTs/rGO in the N, atmosphere at the
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temperature above 800 ‘C.7! During this step, the carbon nanotube vertical grew on the surface of

graphene, thus forming the brush-like architecture as shown in the Scheme 8.7' The CoFeOx
nanoparticles were encapsulated in the top edge of the carbon nanotube, driving the 3D mass
transfer channels. After the sulfuration at 500 ‘C for 2h, the encapsulated CoFe oxide would
generate CoFe sulfide.”! Among the series CoxFeixS2@N-CNTs/rGO (x = 0, 0.2, 0.4, 0.6, 0.8,
and 1) catalysts, CoosFeosS2@N-CNTs afforded the lowest OER overpotential of 248 mV at 10
mAcm~2, followed by CoosFeo2S:@N-CNTs/rGO with an overpotential of 259 mV, revealing the

high content of Fe in the material would benefit for the OER activity.”!
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Scheme 8. The preparation of CoosFeosS2@N-CNTs/rGO. Taken from Ref. 71 and modified.

Different from the in—situ growth of carbon nanotube on the surface of carbon substrate, Di—Yan
Wang et al. directly used carbon nanotubes to load CoFe sulfides for electrocatalysis.”> The
oxidized multi—walled carbon nanotubes dispersed into the anhydrous N, N—dimethylformamide
(DMF) solution, followed by adding Fe and Co ions.”? Physical adsorption allowed the hybrid to
facilitate the acquisition of ultra—small FeCoS nanoparticles on the surface of nanotubes,

consistent with the TEM results (Figure 11).”?> The X-ray diffraction pattern (XRD) indicated the
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Feo9C001S2@CNTs had the similar pyrite pattern of FeS».”> Furthermore, the X-ray absorption
near—edge spectra (XANES) of the Fe K—edge and Co K—edge presented the positive divalent
states of the Fe and Co in the final product. The Co doping in FeS, brought the lower kinetic
energy barrier for H* adsorption.”> The heteroatomic interactions between FeooCo00.1S2 and CNTs

also played an important role in the catalytic activity.
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Figure 11. (a) The TEM and (b) XRD of Fe.9C00.1S2@CNTs. (c) The EDS mapping results of the

materials. Taken from Ref. 72 and modified.

The promoted synergistic effect between the ions in multimetal-doped sulfides can effectively
improve the OER activity, due to the defects, charger transfer, or strain. To fully use the
ascendancy of the hybrid material, Cu and Co—doped Ni3S, grown on Ni foam were created for
highly effective OER catalyst.”>-”> 3D Ni foam was selected as the substrate to mix with Co and

Cu ions in the autoclave. After being reacted at 120 C for 6 h, CuCo—precursors were coated on

Ni foam to form the initial product. The CuCo—precursors continue to react with CH;CSNH, and
glutathione to synthesize CuCo—NisS; on Ni foam through the liquid vulcanization method.”® The
typical synthetic route was shown in Scheme 9a. The CuCo doped Ni3S; owned a dense layer on
the surface of Ni foam with a lot of bulging structures.”® The OER performance of all the samples
was studied in the nitrogen saturated 1.0 M KOH electrolyte. The XPS analysis showed that Co,
Cu and Ni atoms in CuCo-NisS; exhibited rich valence states including Co?*, Co**, Cu?**, Ni** and

Ni2*.”® Based on the previous literature, all the high valence metal sites could provide high OER
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activity. The CuCo—Ni3S2 possessed advantageous OER performance with a low overpotential of
400 mV vs. RHE at 100 mAcm2, which was much smaller than that of Co-NisS; (425 mV), Cu—
NisS; (430 mV), NisS; (438 mV) and RuO, (460 mV).”3 Stability and activity are the two biggest
challenges for the practical application of the OER catalysts. Depositing an active amorphous
layer on the nanostructure to form core—shell architecture is a practical approach to get high—
performance catalyst. Guiding by this, Xiao Shang and co—workers developed an electrochemical
method to deposit ultrathin amorphous Fe hydroxides layer on the V-NiS nanowire.” The V-NiS
sample was prepared by a classic hydrothermal reaction which directly mixed the Ni foam, V and
S sources in the reactor (Scheme 9¢).”* By adjusting the temperature of the electrochemical
reaction, amorphous Fe layers with different deposition morphologies were developed and the
products named eFe/NiVS/NF and uFe/NiVS/NF, respectively. In comparison, eFe/NiVS/NF
displayed an overpotential of 225 mV at 100 mA cm™, which was smaller than it of uFe/NiVS/NF

(240 mV), suggesting the Fe hydroxides could effectively promote the OER performance.”
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Scheme 9. Schematic diagram (a) for preparing CuCo-Ni3S, on the Ni foam,” and (b) for
synthesizing NiC0,S4@CoNi-LDH/CC.”® (¢) Electrodeposition amorphous Fe hydroxides on the

V-doped NiS nanowires.” Taken from Ref. 73, 74, 75 and modified.

Feifei Yuan et al. prepared the hierarchical core—shell NiC02S4@CoNi—-LDH hybrid supported on

carbon cloth as the catalysts for the OER application.” A modified method was adopted to
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synthesize the carbon cloth—supported NiCo2(CO3)1.5(OH); by a facile hydrothermal reaction.”
The Co and Ni ions and urea dissolved in a deionized water solution with a piece of carbon cloth
(CC) in the steel autoclave. After high—temperature treatment, NiCox(CO3)15(OH)s nanoarrays
loaded on the CC (CC@NiCo2(COs)15(OH);) were successfully obtained. Subsequently,
CC@NiCo02(CO0O3)1.5(0OH); would convert to CC—supported NiCo02Ss nanoarrays through liquid
vulcanization reaction. Then the hexamethylenetetramine mixed with Ni and Co ions would
generate CoNi—-LDH on the surface of the CC@NiCo:Ss4 to produce CC@NiCo2S4@CoNi—
LDH.”> Scheme 9b displayed the synthesis process of the CC@NiCo,Ss@CoNi-LDH
electrocatalyst. This core—shell nanostructure demonstrated excellent OER performance with an

2

overpotential of 337 mV at 100 mAcm~2, much better than that of RuO,/CC (379 mV) and
CC@NiCo02(CO3)1.5(OH)3 (496 mV).”> Further increasing the metal element species in the catalyst
could enhance the interaction between the metal atoms, as well as the conductivity. High entropy
materials (HEM) containing five or more elements which provide plenty of combinations for the
OER experiment. HEM sulfides (FeNiCoCrXS,, X=Mn, Cu, Zn, or Al) were synthesized through
a two—step solvothermal method (Figure 12).7° In the first step, the equimolar different kinds of

metal ions were added in the autoclave together with the isopropanol and glycerol to obtain high

entropy glycerate templates.”® After solvothermal vulcanization under 160 C, various metal

sulfides (FeSs, NiSs, CoSy, CrSy, and MnS,, FeNiCoCrS,, FeNiSy, FeNiCoSx, FeNiCoCrXS,,
where X is Cu, Zn, Mn or Al) were obtained. Typically, the obtained HEM FeNiCoCrXS,
presented a spherical core—shell structure under micron—level size. The FeENiCoCrMnS; displayed
the best OER activity with the overpotential of 199 mV at 10 mAcm™ among FeSy, FeNiSy,
FeNiCoSy, FeNiCoCrS,.”® The increasing of the metal species would gradually improve the OER
activity. The HEM sulfides in this paper open can effectively expand the research of polymetallic

atom sulfides for OER application.”®
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Figure 12. (a—d) SEM images, (e—g) TEM and HRTEM images of FeNiCoCrMnS;. (h) SAED
pattern of the material. (i) Typical HAADF image and the corresponding EDS mapping result of
FeNiCoCrMnS;. Taken from Ref. 76 and modified.

2.2.3 Synthesis of pyrite—type metallic bifunctional catalysts

An effective strategy to improve the electrocatalytic water splitting of PT-TMSs is introducing
other non—-metal elements, such as phosphorus (P) and boron (B), leading to the synergistic effect
between S and P or B. Bifunctional PT-TMSs can make the electron configuration in d orbital
more suitable for catalytic processes and facilitate the charge transfer during OER test. Bratati
Roy et al. reported a solid-state reaction procedure to prepare pyrite—type CoPS nanoparticles.”’

The cobalt, phosphorous, and sulfur pellet was sealed in an evacuated (10° mbar) quartz ampoule
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and heated at 450 ‘C for 6 days, then heated up to 600 ‘C for more than 6 days. TEM

characterization results showed the CoPS particles had an approximate size of 20 nm (See Figure
13 a,b) and the bifunctional CoPS presented good OER activity.”” Jiayuan Li et al. found the
strategy of element substitution could effectively control the electronic structure of the materials
for their electrocatalytic application.”® Pyrite-type Ni/P co—doped CoS: nanowires were
manufactured with hydrothermal reaction using carbon cloth (CC) as substrate. The NiCoPS
nanowires were dispersed onto CC with a uniform diameter of ~50 nm and length in micrometers
(See Figure 13). The quaternary pyrite—structured NiCoSP/CC was efficient and durable electrode
for OER with a low overpotential of 230 mV at 10 mA c¢cm™2 in 1.0 M KOH. More importantly,
NiCoSP/CC had great stability for overall water—splitting with an approximately ~100% Faradic

efficiency over 100 h stability testin 1.0 M KOH.”®

C Bare CC

Hydrothermal
treatment

Sulfidization

NiCo,0,/CC NiCoS/CC
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Figure 13. (a) TEM and (b) HRTEM of CoPS nanoparticles.”” (c) The fabrication process of

NiCoPS/CC.”® Taken from Ref. 77,78 and modified.

Heterogeneous catalysis is a surface phenomenon, highly dependent on the surface composition.
Biswanath Dutta et al. presented a partial surface selenization strategy for mesoporous CoSSe
nanomaterials by the continuous introduction of anions through sulfuration and selenization.”
Using this step—by—step synthesis method, the surface composition of CoSSe could effectively
control in several atomic layers.”” They synthesized mesoporous cobalt oxide (meso—Co030s4)
mediated by processing the soft template. Followed by step and step reaction (Figure 14),
sulfurization and selenization, the mesoporous CoSSe spheres with the size of ~2 pum were
prepared.” In particular, the partial surface selenization strategy adopted in this system created a
mesoporous CoSSe with more than 25 h operational stability during the electrocatalytic water
splitting.”® According to the same idea, various Se doped pyrites sulfides, including Se—CoS,, Se—
WS,, and Se-MoS,, were fabricated and applicated in electrocatalysis reaction with the superior
activity.” Besides, the 2D ultrathin sulfides can significantly improve the catalytic properties
because of the large surface area. Many studies found that the atoms at the edge of the 2D
structure often acted as the active sites during the catalysis.” Thus synthesis of 2D heteroatom—
doped sulfides would further promote the OER application. Jianpeng Sun et al. developed an
economic—effective solvothermal method to prepare the atomically NiSe12So.s nanosheets with an
average thickness of ~1.1 nm.* The thin NiSe12Sos nanosheets full of Ni—-Se—S bonds and defects
exhibited excellent water splitting activity.®” As an important index for evaluating the catalytic
activity of the catalysts, adsorption free energy of hydrogen (AGux) was adopted to analyze the
interaction between the active sites and H*. The theoretical results indicated S—doping NiSe; had a
smaller AGu+ value (—0.3 eV) than NiSe (0.565 eV) and NiS, (-0.345 eV), consistent with

experimental results.?
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Figure 14. (a) Partial surface selenization strategy of the CoSSe synthesis.”” (b) Two-step

reactions to prepare NiSex1-x Sz« nanosheets.®’ Taken from Ref. 79, 80 and modified.

Recently, numerous studies focused on nitrogen—doped carbon—based materials for water splitting
due to the good conductivity and plentiful vacancies. Different biological matrices were selected
for the synthesis of carbon—based compounds. Solid duck blood was chosen for pyrolysis and
subsequent vulcanization.®' To increase the active sites of the material, Fe(NOs); and Ni(NOs),
were added into the reaction solution (Figure 15). After freeze—drying under a vacuum, a
homogeneous intermediate was formed. Biological matrix samples would generate a large number
of hollow units during the pyrolysis as the carbonization of organic macromolecules and gas

release. The porous Fe-C—Ny foam would generate after reacting at 850 °C under Ar

atmosphere.®! Subsequently, the 3D network carbon matrix structure loaded uniform dispersed
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FexNi1xS>—C nanoparticles were obtained. The electrocatalytic OER performance of the cost—
effective FexNi1—xS>—C composite was investigated in the 1M KOH solution. Particularly, this
hybrid material exhibited remarkably enhanced OER activity with an overpotential of 296 mV at
current density of 10 mA cm™ 3! The fast reaction kinetics of FexNiixS>—C was further evidenced
by Tafel slopes (43 mV dec™!). This strategy could be further extended to design other metal

dopant sulfides and explore low—cost and high—activity catalysts for energy conversion.’!
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Figure 15. The fabrication process of FexNi1xS>—C material. Taken from Ref. 81 and modified.

Similarly, HyukSu Han and co—workers developed a one—step hydrothermal process to prepare
Co1xNiS,—C composite (Figure 16). The graphene oxide was synthesized through the modified
Hummer method.®? As shown in Figure 16a, the as—prepared graphene powder, deionized water,

CoCly, NiCl,, and CHsN»2S were transferred to stainless steel autoclave and reacted at 200 “C for

24h. Then the porous Coi—NixS;—C composite would be obtained for electrocatalytic OER
reaction.®? Figure 16b showed the centimeter—level dried Coi-NixS,—C solid with the black color.
SEM images in Figure 16¢, d showed the 3D porous composite contained typical 2D graphene and
Co1-«NixS; nanoparticles.®? The TEM images presented the Co1-<NixS, nanoparticles with the size

of 300500 nm which loaded on the graphene, revealing the large surface area for OER. The
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Co1xNixS>—C hybrid material showed remarkable OER activity with an overpotential of 330 mV
at 10 mAcm~2, significantly better than commercial RuO, (350 mV).? In addition, Coi-NixS,—C
also showed excellent catalytic stability after 1000 cycles. According to DFT calculation results,
all the elements in the Co1—«NixS> had different functions during the OER. The Co elements tended
to generate Co-N bonds, while S sites in CoixNixS;—C would be attributed to the oxygen
adsorption by losing an electron. The metal sites (Co and Ni) played important roles for OOH*
generation on the Co-Ni bridge, Co-N, and Ni sites.®> The detailed description of the OER
mechanism was explained in Figure 16h, i. The combined synergy effect of active sites leads to

the final superior OER activity.
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Figure 16. (a) (b) Digital photo image, (c—d) SEM images of CNS—NGA composite. (e, f) DFT
calculated energy results for NS—C, graphene oxide aerogel and Co1—xNixS>—C. (g) OER reaction

on the boundaries between NS—C and Co1-xNixS,—C. Taken from Ref. 82 and modified.

Apart from regulating the composition, including alloying/doping, controlling the morphology
also plays an important role for the high activity OER catalysts. The research focused on the

evolution of the structural shape combined with composition by the template approach has
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received extensive research. Yizhuo Song et al. used hollow Co-Fe prussian blue analogues
(PBAs) as the initial template for sulfurization and Se doping step by step.®’ The hollow Co-Fe
PBAs nanobox was prepared through liquid phase reaction by mixing Co(NOs3), and trisodium
citrate, and H,O, then followed by adding K3[Fe(CN)s] to form precipitation (see Figure 17). After
sulfuration and selenization reaction, the well-defined hollow Se—(CoFe)S; nanobox with a size of
~230 nm were generated.®® The uniform Se—(CoFe)S, nanobox contains five elements, including
Co, Fe, Se, C and S, while the S atoms occupied the highest content based on the EDS line scan.
Enlarged TEM images in Figure 17 clearly showed the hollow structure of Se—(CoFe)S, with
CoS; and FeS, components.®* The TEM-EDS results displayed the uniform distribution of the five
elements over the entire material. Electrocatalytic OER activities of the Se—(CoFe)S, were
investigated in 1 M KOH, as well as the related similar morphology samples such as (CoFe)Se:,
(CoFe)S,, and commercial Ir/C. Among these materials, the Se—(CoFe)S, exhibited the best OER
performance with an overpotential of 281 mV at 10 mA c¢cm™2. Besides, the Se—(CoFe)S; kept
slightly changing after 1000 cycles stability test.®> With a similar idea, Hongchao Yang and co—
workers prepared hybrid composite materials with N, S co—doped hollow carbon nanospheres
embed by nickel sulfides (NigSs—NSCs).3* The samples with different chemical valence states
(NioSs, NioSs—NiS103 alloy and NiSi03) were systematically studied to know the chemical
valence—activity relationship.3* The NigSs—NSCs had a good crystallinity with a typical XRD
pattern (Figure 171) consisting of the NioSs and carbon. The SEM and STEM images of the
samples revealed the porous core—shell structure of the NioSs—NSCs (Figure 14j, k). Particularly,
the NiS;03—NSCs with the highest—valence Ni species in the sample showed the lowest
overpotential of ~270 mV at 10 mA c¢cm™2 in 1 M KOH solution.®* Moreover, the NiSi03~NSCs
kept their catalytic performance during the continuous testing for at least 10 h, significantly
surpassing the commercial RuQO;, and other Ni—based electrocatalysts with low—valence Ni species.
Valence engineering could construct high—valence metal centers in the pyrite-type sulfides,

which can effectively improve and increase the number of active sites for the catalytic application.
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Multiple metals in the samples could also contribute to the conductivity of the pyrite—type
sulfides.®* All these phases and morphological techniques would prove the rational design of
effective electrocatalysts, especially the pyrite—type sulfides, for electrocatalytic water splitting

application in acid or alkaline solution, thus greatly promoting the commercialization of pyrite

sulfides.?*
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Figure 17. (a) The fabrication procedure of Se—(CoFe)S2 nanobox. (b, ¢, d) The SEM and the
corresponding EDS line scan results. (e, f, g) Magnified TEM images of a typical Se—(CoFe)S;
nanobox. (h) STEM image of Se—(CoFe)S, and the EDS element mapping images.®* (i) The XRD
of NiypSs—NSCs. (j) SEM and (k) STEM image of the NioSs—NSCs. 3 Taken from Ref. 83, 84 and

modified.

To further aggravate the structural changes of electron property of the core—shell N—doping sulfide
nanospheres, Xuefeng Lu and co—workers prepared the N-doped pyrite CoS: yolk—shell
nanospheres (N-CoS: YSs) by a two—step procedure, hydrothermal and vulcanization reaction.®

The Co ions, glycerol, and isopropanol were added into a steel autoclave and reacted at 180 C

for 6 h to obtain Co—glycerate precursors. After the vulcanization reaction, the solid Co—glycerate
spheres converted into the yolk—shell N-CoS2 YSs.® This illustration diagram of the synthesis
procedure is presented in Figure 18a. The SEM images in Figure 18b, d, f clearly showed the Co—
glycerate kept the uniform spheres morphology during the generation of N—CoS: YSs. The
corresponding TEM images (Figure 18 c, e, g) of N—CoS, YSs indicated the N—CoS, YSs had a
uniform size of about ~ 400 nm with the typical yolk—shell characteristic. Benefiting from the
hollow structure and unique electron state, the N—CoS; YSs exhibited excellent property for long—
life Zn—air batteries application.®> Functional sulfides have great potential for catalysis and energy

storage, due to the adjustable complex electronic configuration.
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Figure 18. (a) The synthesis process of N—CoS; YSs. (b, d, f) SEM and (c, e, g) TEM images of

Co—glycerate, Co—glycerate—ammonia yolk—shell nanospheres, and N-CoS; YSs. Taken from Ref.

85 and modified.

In this part, we have summarized the different synthetic methods with various reaction precursors
for multifunctional pyrite sulfides, which might greatly promote the development of transition
metal sulfides and contribute to the commercialization process for electrocatalytic water splitting.
To better understand the methods and formulations to construct transition metal sulfide catalysts,
we have summarized the approaches reported in the literature recently. Table 1 displayed the

detailed information.

Table 1. The summarization of the methods with different precursors for synthesizing metal
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sulfides.

Reaction
Precursor Solvents temperature Catalysts Reference
(W9
Ni (CH5COO): N.N-Dimethylformamide (DMF) 180 NiS; 56
sulfur powder Ethanol Microspheres
NiCl» Deionized water 120 V-doped NiS; 37
VCls Nanosheets
Urea
Cobalt 450/600 CoPS 77
Phosphorou No Nanoparticles
Sulphur
60
FeCl3 1,2—propanediol 180 FeS,
Thiourea Nanoparticles
Carbon cloth (CC)
Ni(NO3),
Co(NOs)2 Deionized water 300/400 NiCoPS/CC 78
Urea
Sulfur
NaH,PO, -H,O
MnSO, Deionized water 90 MnS; 65
Na,SO04 Y—Mns
CHiN:O o~MnS
FeCl,
Polyvinylpyrrolido Deionized water
ne (PVP, Ethylene glycol 200 FeS,/C 61
M=40000) Ethylenediamine Nanowires
Sulfur powder
Anhydrous
ruthenium chloride RuNiS
VXC-72R No 450 Nanoparticles 69
Thiourea
Anhydrous nickel
chloride
Urea
Ni(NO3)2 Deionized water 120 NixCo 1Sy
Co(NOs) Nanowires 46

Stainless steel
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Ni(OAc), DMF
Fe(NO:s); Deionized water 120 (NiFe)S; 70
Graphene oxide Nanoparticles
Ni(NOs)2
Methanol
DHT Deionized water 200 Nickel sulfide
(Ni7Se) 58
Thiourea
Nickel(IT) Deionized water NiS 59
chloride Ethylenediamine 180 NizSs
Carbon disulfide NiS;
Anhydrous
400
RuO, 500 RuS; 65
Sulfur powder 600
700
CooSs
Co(CH3COz)2 CS 200 CosS4 63
Ethylenediamine Deionized water CoS;
Si0;,
Dopamine RuS;
Hydrochloride Deionized water 800 Nanoparticles 67
RuCl3 Carbon spheres
L—cysteine
FeCls
CoCl, CoxFei-
Sulfur powder Dicyandiamide 500 Sa@N- 71
g—C5Ny CNTs/rGO
Graphene oxide
Multiwalled
carbon nanotubes
Anhydrous N,N- 180 Fe1—xCoxS2/CN 72
Fe(NOs); dimethylformamide (DMF), T
Cobalt acctate
Cobalt(III)
acetylacetonate
Oleylamine 240 Cox—CusSs 68
Cuprous Nanodisks
thiocyanate
FGSX
NiS
CoS«
Fe(NOs); CrSx
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Ni(NOs)3 Isopropanol MnSx
Co(NOs)2 Glycerol 160 FeNiCoCrS, 76
Cr(NOs)2 FeNiSx
Mn(NO3)2 FeNiCoSy
FeNiCoCrXS,
(where X is
Cu, Zn, or Al)
Co(NO»),
Sulfur powder 1-Butanol Meso—CoS:
Selenium powder 2-Pluronic P123 250 Meso—CoSSe 79
Nitric acid
Fe (NO3)3
Ni (NO3), Deionized water 600 FexNi«S,-C 81
Solid duck blood,
S powder
Ni(NOs)2
CO(NH,),
S powder Deionized water 180 NiSe12S03 80
Se powder Glycol
NaBH4
Graphene oxide
CoCl» Deionized water 200 Co1-:NixS,—C 82
NiCl,
CH4N:S
Co(NOs)2
Trisodium citrate
Ks[Fe(CN)s] Deionized water 350/250 Se—(CoFe)S, 83
Sulfur powder
Selenium powder
NiSO4
N:H4*H,0
L-Cysteine Deionized water 600 NioSs—NiSi 03— 84
M-Carbon cloth NSCs
CoCl,
NiCl,
Urea Deionized water
Na,S NiCo2Ss@CoN 75
Co(NO»)2 120 i-LDH
Ni(NOs),
Co(NO»),
Glycerol
Isopropanol Deionized water 300 N-CoS: yolk- 85
Ammonia shell spheres

Sulfur powder




2.3 Synthesis of pyrite—type transition metal selenide (PT-TMS)

The earth—abundant 3d transition metal dichalcogenides are considered as the great promising
catalysts for electrocatalytic water splitting to facilitate H> production in both basic and acidic
mediums. Among them, the pyrite—structure selenides MSe, (M=Fe, Co, Ni) with optimal e,
occupancy regarded as alternative catalysts show great potential for the commercial application
due to the superior intrinsic electrical conductivity than oxides and sulfides in HER and OER
electrolysis appealing. Nevertheless, their electrocatalytic activity compared with noble metal
electrocatalyst still needs to be further improved. In recent years, various approaches, such as
heterostructure, incorporating dopants and vacancies engineering have developed -efficient

strategies to design cost—effective electrocatalysts with excellent activity and stability.

2.3.1 Single metal selenides

As one of the most common selenides, different morphology and size of NiSe; were well prepared
and used for OER application. Xiao Li and co—workers prepared NiSe; by a solvothermal
selenization method using nickel/oxidized foam (NF/NF(Ox)) as substrate.®® Two kinds of Ni
selenides were developed in this report with different phases of hexagonal and cubic (Figure 16a,
b). According to the SEM images in Figure 16c, d, the NiSe, showed a pyramid shape when using
NF(Ox) as support, while a nanorod structure was obtained when taking NF as substrate, revealing
that the composition of the substrate had a great influence on the final structure of the materials.
The electrochemical measurements suggested pyramid NiSe2/NF (Ox) electrocatalyst showed an
improvement OER activity with a smaller onset potential of 1.54 V compared to the NiSe/NF with

the shape of the nanorod.3¢
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Figure 19. Crystal structure of (a) NiSe and (b) NiSez. The former is the hexagonal phase and the

latter is the cubic phase. SEM images of (c) NiSe and (d) NiSez. Taken from Ref. 86 and modified.

As a complement, Lingling Zhai et al. found that the phase of the Ni selenide might change from
cubic NiSe; to hexagonal NiSe in an alkaline medium during the electrocatalytic water splitting.®’
The cubic phase NiSe, materials were prepared through the thermal selenization approach. To
observe the structural evolution, Operando Raman spectroscopy, and synchrotron X-ray powder
diffraction (XRD) techniques were adopted to characterize the phase changes.?’” Both the XRD
and Raman spectres indicated the Ni selenides transferred from the cubic to hexagonal phase
together with the enhanced HER catalysis. The schematic diagram of the in—situ self—evolution
process was recorded in Figure 20. The change of the phase of Ni-based selenides also might
further drive the surface active sites to be more suitable for the catalytic system. Theoretical
calculations discovered that the generated NiSe could act as the real active sites to possess an
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excellent conductivity and higher d-band center, thus benefiting for boosted catalytic activity.®’

Se precipitation Lattice distortion

. = -

NiSe,

ONi
© Se

Figure 20. The phase evolution process of Ni—based selenides from the cubic to hexagonal phase.

Taken from Ref. 87 and modified.

To further unleash the property of the pyrite—type NiSe, catalysts, a multilevel structure was
fabricated by Fengmei Wang et al 3 The reported pyrite-type NiSe, nanosheets were supported on
the carbon fibers converted from Ni(OH), nanosheets to Se—enriched NiSe; catalysts via chemical
vapor deposition method. There were abundant particles scattered on the NiSe; nanosheet as
shown in the TEM images in Figure 21. The EDS mapping images indicated the uniform
distribution of Ni and Se elements of the NiSe:; nanosheet. Additionally, the XRD and Raman
spectres further confirmed the phase of pyrite—type NiSe,. The Se—enriched NiSe, nanosheets
played a prominent role in accelerating the adsorption of hydrogen intermediates. DFT calculation
illustrated the H* adsorption free energy on the Se site was 0.13 eV, much lower than it on the Ni
sites (0.87 eV), revealing the better desorption capacity of H*.3® As expected, the NiSe»

nanosheets showed an outstanding intrinsic HER activity with a lower overpotential of 117mV at
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a current density of 10 mA cm and a low Tafel slope of 32 mV dec™ .
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Figure 21. (a—c) The TEM characterization. (d) XRD and (e) Raman results of the NiSe,. Taken

from Ref. 88 and modified.

Similar to the Ni—based selenides, Co—based selenides were also received widely studied. Xiaobin
Liu et al. synthesized the pyrite-type CoSe, microspheres by a MOF-assisted method.®* At the

beginning, the Co-MOF nanoparticles were designed first, then after annealing above 400 C, the

highly selenized and dispersed CoSe> powder was obtained and the process was displayed in
Figure 22.%° Because of the porosity of Co-MOF, the as—prepared CoSe, microspheres also
inherited the porous property, providing the large surface area which was benefiting for the OER
catalysis application.?’ The hollow structure of CoSe, microspheres could offer more active sites
due to the large number of edge atoms, which might facilitate mass transfer and electronic
transportation. The pyrite—type CoSe, microspheres exhibited excellent OER performance
compared to commercial IrO; catalyst, achieving an overpotential of 330 mV at 10 mA ¢cm™ and

superior stability with negligible decay after 1000 cycles of voltammetry.®°
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Figure 22. Schematic illustration of the synthetic strategy of the CoSez Microspheres. Taken from

Ref. 89 and modified.

Recently, transition metal-based electrocatalysts phosphides and selenides have emerged as
multifunctional OER electrocatalysts, due to their cost—effective and excellent conductivity.*
Anion doping is an effective strategy to improve the intrinsic activity of the catalysts to meet the
scalable OER application.’’*? Ling Huang and co—workers reported a ternary Co—-P—Se material
prepared by a one-step method combined phosphorization and selenization process.”® The initial
CoOy/CNTs were used as precursors. The special crystalline—amorphous heterostructure was
constructed by the doping of Se atoms in CoP crystal to form the amorphous cobalt selenide
(CoSe») as illustrated in Figure 23a. Using carbon nanotubes as a skeleton to support CoPSe-
CoSe: could increase the specific surface area of the catalyst, and increase the accessible space
between the materials and the electrolyte. With the increasing amount of Se, the coated P-CoSe2
on CNTs appeared denser layer than the CoP/CNTs as shown in Figure 23 b—d. The CoPSe-
CoSe2/CNTs exhibited an improved OER activity with the amorphous CoSez, which afforded an

overpotential of 268 mV at the current density of 10 mA c¢cm™, as well as the good catalytic

2

stability.”?
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Figure 23. (a) The preparation process of CoP/CNTs, CoSe2/CNTs, and CoPSe—CoSe»/CNTs. (b—
d) SEM images of the CoP/CNTs, CoSe»/CNTs, and CoPSe—CoSe,/CNTs. Taken from Ref. 93

and modified.

Hui Liu and co-workers introduced P into pyrite NiSe: nanosheets which were supported on
carbon cloth (CC) through the thermal selenization and phosphorization method.** Firstly, the
Ni(OH), nanosheets were supported on CC by a simple hydrothermal process, immediately
afterward, phosphorization and selenization were gradually carried out step by step to obtain the P
doped NiSe»/CC composite (Figure 24a).”* The P-NiSe,/CC sample presented excellent water
splitting catalytic performance and ultra—long durability compared to NiSe,.** Apart from the
anion doping, the cation doped Ni/Co selenides have received special attention due to the suitable
electronic configuration.®>® Shun Zhang et al. reported a substantive method to introduce the Ga
atoms and the defects in pyrite CoSez material. Layered Ga—CoSe: loaded on stainless steel mesh
(Ga—CoSe2/SSM), layered CoSe» nanosheets and CoSe: nanoparticles on SSM were

systematically studied.”” Among the three samples, Ga—CoSe, nanosheets with abundant oxygen
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vacancies were prepared by a multi—step method. The Co element was sputtered on the SSM to
form a thin Co layer, and then painted by Ga element on the surface. After annealing, the Co and
Ga layers would generate CoGas alloy on the SSM. Interestingly, different concentrations and
amounts of NaOH had a great influence on the final products of CoSe,. When the concentration of
NaOH increased, the products trended to be CoSe; nanoparticles, while the less amount and low
concentration NaOH solution (50 mL, 0.5 M NaOH) was benefit for Ga—CoSe> nanosheets. It’s
noted that the low concentration NaOH solution could remove the Ga element in the CoGa; alloy
by increasing the volume of NaOH (250 mL, 0.5 M NaOH).”” The dealloying and selenization
strategy mediated Ga—CoSe»/SSM showed the outstanding OER activity with a small

overpotential of 227 mV under 10 mAcm™ and long stability over 25 h.?’

a b
\ o
\ 7
‘\__/’ Sputtering Co Painting Ga
HE » Vit I "
SSM Co/SSM Co-Ga/SSM
m 0.5 M NaOH (50 mL)) Annealing
2 CoGa LDH/ SSM ‘ y
\‘, T\ ey Selenization
- v = e
Ar  datatiad CoGay/ SSM
C-CoSe,/ SSM Co(OH),/SSM 0.5 M NaOH (250 mL)
e 5 M NaOH
-CoSe,/ SS Nano Co/ SSM
NiOHICC  NizPiCC P-NiSe2/CC N-Codes/ SSM ano Cor
Niy sFe, s/CFC Niy sFe, sSe,/CFC d

-~ NiFe(OH),
= = == (Ni,Fe)Sey = -~

$ .
R si A Selenization ’ “,
Py S, \ ‘ g
. > ; L
A it GRS R %’%
/ i N cc

\ / \ ! 4,
N / \ 2 i ",
2 \ i 73 \ "o &
/ ) 3 4

\ /
Y ! 4 3 “ 2 &
‘ " . 2 ab ¥
4 i C >’
/ I \ W -
1
i ”"“ ________ a3 NiFe-LDH/CC NiFe(OH),/(Ni,Fe)Se,/CC

Figure 24. (a) The fabrication procedure of P-NiSe,/CC.** (b) The preparation of layered Ga—

CoSe2/SSM, layered CoSe»/SSM and CoSe; nanoparticles on SSM.*7 (¢) The illustration of
synthesis process for pyrite—type NiosFeosSe2 on carbon fiber cloth.”® (d) The preparation of

NiFe(OH)/(Ni, Fe)Sez on carbon cloth.” Taken from Ref. 94, 97-99 and modified.

2.3.2 Polymetallic Selenides
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Jing—Qi Chi et al. synthesized a pyrite—type binary diselenides (Nio.sFeosSe2) supported on carbon
fiber cloth (CFC) by a facile two-step process.”® NigsFeos hydroxide nanosheets were
electrodeposited on the CFC and followed by solvothermal selenization, NigsFeosSe./CFC
catalyst with octahedral morphology and uniform size was obtained (Figure 24¢).”® The systematic
investigation about the effect of the different ratios of Ni/Fe (NixFei~Sex = 0, 0.2, 0.5, 0.8, 1)
revealed the ratio of Ni/Fe had a significant effect on OER activity. The NiosFeosSe2/CFC had the
best OER activity than other samples. Jing—Qi Chi et al. prepared the FeosCoo.sSez spheres as an
effective electrocatalyst for enhanced OER application. The FeosCoosSe2 spheres were
synthesized on CFC through a two—step method, including electrodeposition and solvothermal
selenization. SEM images indicated that the Feo.sCoo.sSe> had good—dispersion and uniform size of
about 100 nm, which exposed large number of active sites. The FeosCoosSe: displayed the
excellent OER property than other samples, with a lower overpotential, smaller Tafel slope and

better stability.”

Caichi Liu et al. reported a heterostructure consisting of amorphous NiFe-based (oxy)hydroxides
and crystalline pyrite (Ni, Fe)Se, nanosheets for boosted OER performance.!” The crystalline
pyrite (Ni, Fe)Se> nanosheets showed great potential in contributing to the stability together with
the amorphous NiFe-based (oxy)hydroxides, suggesting a strong synergistic effect between the
two components. Profiting from the interface coupling effect, the NiFe(OH)y/(Ni, Fe)Sex
possessed splendid electrical conductivity and optimized adsorption energy of O-intermediates,
thus realizing the outperforming OER performance with an overpotential of 180 mV at 10 mA

cm and a small Tafel slope of 42 mV dec™!.!%

Constructing the heterojunction is another facile way to control the electronic structure of the

102,103

materials. Generally, connecting two structures of different components in one material is the
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most common heterostructure. Developing different ways to synthesize heterostructures of pyrite—
type TMDs are as important as the preparation of heteroatom doping or morphology controlling of
these catalysts.!®1% Shan Ni ez al. reported an interfacial engineering strategy to construct
NiSe»/FeSe, p—p heterojunction by a thermal selenization method.!”” The TEM images in Figure
25 clearly showed the stacked particle morphology of the as—prepared NiSe»/FeSe, p—p
heterojunction with particle size more than 100 nm. There were abundant grain boundaries in the
NiSex/FeSex material based on the high—resolution TEM image. The heterostructure was beneficial
to promote charge transfer and redistribution at heterointerface, which would facilitate the
adsorption ability of the OH™ intermediate, thus improving the OER activity. Surprisingly, the
NiSe»/FeSe, p—p heterojunction showed an overpotential of 256 mV under 10 mAcm2, and even

surpassed the benchmark RuO, noble—catalyst. "’
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Figure 25. (a, b) SEM, (c—e) TEM and (f) EDS element mapping images of NiSe/FeSe;
catalysts.!% (g) Evolution process from CoFe-LDH precursor to Coo7sFeo25(So2S€03)2.17 (h) The

synthesis process of NiCo selenides.!®® Taken from Ref. 106-108 and modified.

An anion doped bimetallic selenide Coo.75Fe0.25(So2Seo0s): was developed by Huiying Kang et al.
through simultaneous sulfuration and selenylation.!®® The scalably produced CoFe-layered double
hydroxides (CoFe—LDHs) were used as a precursor to react with S and Se sources (Figure 25g).

The irregular nanoplatelet—like Coo.7sFeo2s(So.2Seos)2 demonstrated a highly porous structure that
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possessed excellent OER activity than those of Coo.75Fe025S2 and Coo.7sFeo2Se2 materials.!%® The
target Coo.75Fe0.25(S0.2Se08)2 catalyst owned the lowest OER overpotential of 293 mV under 10 mA
cm? in IM KOH, much better than it of commercial IrO, powder.!® The facile and effective
approach in this process could provide a strategy to prepare the highly efficient sulfides and
selenides for water splitting. Different from the multi—step strategy, Lin Lv and co—workers
constructed a yolk—shell structure based on nickel—cobalt diselenides (NiCoSe>) to boost OER
properties.!” The NiCoSe»/Ni catalysts were directly electrodeposited on the Ni foam under
nanoscale and the yolk—shell structure was formed by the Kirkendall effect (Figure 25h). In
addition, the e, filling of Ni could be modulated by altering the atomic ratio of Ni/Co for enhanced
OER performance. To reach the current density of 10 mA cm™2, the overpotential of NiCoSe»/Ni
was only 249 mV, and Tafel slope of 43 mV dec™!. Surprisingly, the NiCoSe»/Ni showed good
stability of 20 h electrolysis with only a slight increment of 23 mV.!% Based on the similar
Kirkendall effect mechanism, Jianwei Nai et al. prepared the Ni-Fe mixed diselenide nanocages
with a uniform size of ~100 nm.!'® A self-templating strategy from original prussian-blue
nanocubes used ammonia as an etchant to obtain hollow Ni—-Fe mixed diselenide nanocages. The
SEM and TEM images in Figure 26 reflected the etching process of the hollow structure from the
corner to the internal position. The three—dimensional (3D) accessible open nanocubes offered
more active sites in the catalysts for the OER application. Due to the 3D hollow structure in
nanoscale, the Ni—-Fe mixed diselenide nanocages presented the OER overpotential as low as 240
and 270 mV under the current density of 10 and 100 mA cm™ in alkaline medium, respectively.!!
The Fourier transform infrared (FTIR) spectra indicated the etching process mainly occurred on

the Ni'-N=C—Fe!® sites as the ammonia molecule etched the atoms.!1°
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Figure 26. (a—d) SEM and (e, f) TEM images of the Ni-Fe PBA nanocages. Taken from Ref. 110

and modified.

Jun Zhou et al. reported an efficient electrocatalyst toward OER by a facile chemical bath method
to prepare Fe—doped marcasite—type NiSe» (m—Ni«Fe\Se;).!!! Unlike pyrite structure, the catalyst
was designed via incorporating phase engineering and heteroatom doping, which could effectively
modify the electronic structure and expose more active sites.!!! Firstly, the phase tuned from
pyrite NiSe, to marcasite NiSe,, then the Fe—doping method was adopted to further modify the
conductivity of the catalysts (Figure 27a).!'! During the OER process, the in-situ formed
amorphous Fe—doped NiOOH/Ni(OH), shells were conducive to improving the catalytic activity
and exhibited a surprising overpotential of 279 mV at 10 mA cm™ with low Tafel slope and long
stability.!!! Yunxiao Li and co—workers reported a simple strategy to improve the OER catalytic

112 The porous NixFe1xSe, nano—microspheres were

property of Ni—based catalysts by Fe—doping.
prepared by solvothermal approach, which was conducive to improving the intrinsic activity of the

materials. The aggregates of NiFe LDH offered the initial porous template for the liquid—phase
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selenization (Figure 27b). The porous NixFeixSe: nano—microspheres exhibited superior OER

activity with the overpotential of 285 mV under 10 mA c¢cm=2.!12
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Figure 27. (a) Synthesis process of m—Ni-<Fe.Sex.!!! (b) The preparation of porous NisFeiSe:

nano—microspheres.!!? Taken from Ref. 111, 112 and modified.

Gui Mei et al. synthesized a series of Mn—Co based yolk—shell catalysts as active species toward
water splitting by annealing MnCo glycolate precursor (Figure 28a).!'3> The SEM images of Mn—
Co spheres in Figure 28b—d displayed micron—level size with the porous structure. Moreover, the
HRTEM image in Figure 28e-h indicated the Mn—Co-based yolk—shell spheres owned typical
CoSe; and MnSe; phases with the corresponding SAED and lattice arrangements.!'> In
comparison with Mn—Co-based oxide and hydroxide, the selenide showed better OER catalytic
activity among those compounds, which was attributed to the intrinsic conductivity and abundant
active sites in selenides. In addition, the Mn and Co could play a synergy role in optimizing the

adsorption energy of O-intermediates to reduce overpotential. Excellent catalytic performance
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with a cell voltage of 1.66 V under the current density of 50 mA cm=2 was obtained, better than

most of the transition metal catalysts.!!?

S o

Selenization

Figure 28. (a) The synthesis process of Mn—Co-Se yolk shell structure. (b—d) SEM and (e, h)
HRTEM images, (f) the corresponding SAED pattern, (g) EDS results of Mn—Co-Se.!'3 Taken

from Ref. 113 and modified.

Similarly, Guoxing Zhu et al. reported FeSex@CoSe, core-shell particles loaded on reduced
graphene oxide (rGO) acted as efficient electrocatalysts for OER, which was successfully
prepared by a two—step solvothermal method (Figure 29).!'* The metal precursor was mixed with
the rGO first to generate suspension, followed by adding Se—N>Hy solution for liquid selenization.

The prepared FeSe»/rGO composite further reacted with CoCl, solution under 180°C to load a
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layer of Co—-based compound. After annealing in Ar, FeSex@CoSe>/rGO composite was finally
generated.!'* Because of the large number of active sites induced by heterointerfaces, the charge
interaction was further enhancement better than those of CoSe)/rGO, FeSe»/rGO, resulting in

boosted OER performance. The FeSex@CoSe»/rGO showed a lower overpotential of only 260 mV

114

under 10 mA cm~2 and excellent durability compared with other catalysts.

Fe(NO,), (‘Ci“;l:? ac(i)d : Se-N,H, Solution ,
¥ t
raphite Oxide 95C, 24 h
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‘ FeSe,@CoSe,
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CoCl,, DMF

Solvothermal
180°C,30h

FeSe,@CoSe,/rGO nanocomposites

Figure 29. Schematic Illustration of the Preparation of the FeSex@CoSe»/rGO Composite by Two

Solvothermal Steps.!!'* Taken from Ref. 114 and modified.

Zhi—-Mei Luo et al. developed a self-template approach to prepare a hierarchical Co—Se—S—O
(CoSexS2-x@Co(OH),) nanotubes on CC for promoting OER catalysis in alkaline and neutral
conditions.!’> The self-standing catalyst was prepared by a facile strategy consisting of
selenization and sulfurization process, using Co(OH)F as precursor through anion—exchange. The
in situ preparation process was shown in Figure 30, including the in situ conversion from the
corresponding oxides to CoSexS>—«@Co(OH),.!> The two stepwise Kirkendall effects represented
the large surface area and good conductivity of the CoSexS:—«@Co(OH), materials. As expected,

the CoSexS:-«@Co(OH), exhibited an overpotential of 230 mV at 10 mA c¢cm2, which was much
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superior to its monochalcogenide and counterparts, as well as commercial IrOs.
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Figure 30. (a) Conversion process of CoSexS:—~x@Co(OH),.!"> (b) Ternary phase diagram for

preparation of Nio,FeosCoo2Sen and (c) The experimental set—up for electrodeposition.!'® Taken

from Ref. 115, 116 and modified.

Quaternary mixed—metal selenides were investigated by Xi Cao and co—workers by combinatorial

electrodeposition method based on the ternary phase diagram.!'® The binary, ternary and
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quaternary selenides were synthesized to identify the relationship between the OER activity and
compositions.!'® The (Nig2sFeossCo007)3Ses had the best OER activity than binary and ternary
selenides with an overpotential of 230 mV at 10 mA ¢cm2.!'® The first—principle density functional
theory (DFT) was employed to calculate the hydroxyl adsorption energy on the catalyst, the
(Nio25Feo 63C0007)3Ses was conductive to adsorb hydroxyl, resulting in a small onset potential,
consisted with the experimental data.!'® Guojing Wang et al. prepared a series of metal-doped
nickel-based selenide nanowires (Nii-xMxSe2 NWs) supported on the carbon fiber paper (CFP).
The Ni1-xMxSe>» NWs were applied as electrocatalyst for ammonia—borane electrooxidation. Based
on the electrochemical results, the Cu substitution (Nii—xCuxSe:) achieved superior catalytic
activity than Nij—xCoxSe; and NijFesSe>. The NiixMxSe» NWs have been modulated into a
surface layer of Nii-xMxSe>-y—OOH NSs after the ammonia—borane electrooxidation. This in—situ
conversion process offered the unique nanoarchitecture and electronic structure that contributed to
the higher OER activity due to the superior intrinsic activity and a large amount of accessible

active sites.!!”

There were many other novel methods developed to synthesize selenides for
different electrocatalytic applications. Jiajun Wang et al. reported a novel polyol solution
reduction method to synthesize ColnSes electrocatalyst.!!® The Se powder dissolved in
poly(vinylpyrrolidone), triethylene tetramine, and triethylene glycol mixture solution, then reacted
with Co(NOs), and InCls to form the Coln,Ses nanosheets (Figure 31a).!'"® The Coln,Ses
nanosheets showed Co?* occupied tetrahedral sites while In** in the octahedral sites, which was
consistent with spinel structure. After the incorporation of indium into CoSe; crystal, the reaction
energy barrier was significantly reduced compared to CoSe> and In,Ses.!'® The catalytic activity
for OER was drastically promoted, achieved a low overpotential of 315 mV under 10 mAcm™. In

addition, the Coln,Ses nanosheets displayed high efficiency and long—stability of overall water—

splitting.!18
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Figure 31. (a) The preparation process of Coln,Ses.!' (b) The fabrication process of the O—

Coi1-xMoxSe; (0 < x < 1) self—standing nanosheets.!!” Taken from Ref. 118, 119 and modified.

Sampath Prabhakaran et al. reported a 3D hierarchical O—Coi-xMoxSe; (0 < x < 1) nanosheets
based on Mo—dopant CoSe; by a two—step simple hydrothermal method to construct attractive
nanostructure as shown in Figure 31b. ' The intermediate Coi-<MoxDHs supported the final
sheets structure of O—Co1—xMoxSez (0 < x < 1). Due to the large surface area and optimal
electrochemical active sites of the catalyst, the electrocatalyst demonstrated improved OER
catalytic performance with an overpotential of 189 mV at 10 mA c¢cm™2. Moreover, the O-
CoixMoxSez (0 < x < 1) achieved attractive voltage (1.5 V) for overall water splitting, which was
superior to that of the state—of-the-art Pt/C|[RuO: catalyst.!'” Kang Jiang ef al. found an
electrochemical method to construct single platinum atoms supported on nanoporous CoossSe
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(Pt/np—CoossSe) to facilitate the HER catalysis.!?® The electrochemically selective etching
mediated Co vacancies in the np—CoossSe could anchor the Pt atoms and offer a suitable
coordination environment to stabilize Pt atoms. The Pt/np—CoossSe demonstrated excellent
activity with near-zero onset overpotential and a low Tafel slope of 35 mV dec™!, due to the

modulation of surface active centers toward the near—optimal adsorption/desorption behaviors.!2°

Atomic-scale engineering

“

- . .
jv \. Co vacancy formation ~“ -

() Pt species reduction

np-Co, 55Se

:\ 7).,:Covacancy ‘\)P‘l .Cﬂ JSE

Ptnp-Co, 4.Se

Figure 32. The fabrication procedure of Pt/np—Coo ssSe. Taken from Ref. 120 and modified.

Sustainable energy is used for electrocatalytic water splitting to produce hydrogen, which acts as
alternative energy to replace fossil fuels for low—carbon economy. Pyrite—type selenides had
received extensively studied in recent years as effective catalysts for electrocatalytic water
splitting. Numerous methods have been developed to synthesize catalysts of various morphologies,
sizes and components, including heterostructure, and anion/cation doping. In this part, we had
summarized many related results reported by the recent papers. Table 2 presents these methods in

detail.

Table 2. The summarization of the methods with different precursors for synthesizing metal

selenides.
Reaction
Precursors Solvents temperature Catalysts Reference
9
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NaOH
(NH4)2S20s,

Se powder,
NaHB4

Deionized
water

140

NiSe; particles
NiSe

86

Carbon fibers
Ni(NO3)2
Hexamethylenetetramine
Se powder

Deionized
water

400
450
500

NiSe; nanosheets

88

Co(NOs),

1,3,5-benzenetricarboxylic
acid

selenium powder

Glycol
Ethanol

400
450
550

CoSez microspheres

89

Carbon nanotubes
NH;-H,O
NaH,PO, -H,O
Se powder
Cobalt acetate

Ethanol

300/400

CoPSe—Co0Se»/CNTs

93

Ni(NO3)2
NH4F
NaH,PO»
Se powder

Deionized
water

350/450

P—NiSe,/CC

94

Co target
Ga (99.99 wt%)
Stainless steel mesh
(SSM)
NaOH
Selenium powder

Deionized
water

450

Ga—CoSe/SSM

97

Carbon fiber cloth
Ni(NO3)2
Fe(NOs)3
Se powder

NaHB;

Deionized
water

60

Nio_sFeo_Ssez/CFC

98
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N, N-dimethylformamide

Ni(NO3)2
Fe(NOs)3
NH4F
Urea
NaBH4
Se powder
Carbon cloths

Deionized
water

60

NiFe(OH)y/(Ni,
Fe)Se»/CC

100

CoCl,
Ce¢Hs07Nas
K3Co(CN)s
K2Ni(CN)4

FeCl,

NiClz

Prussian blue
Se powder

Deionized
water

500

NiSex/FeSe,

107

Fe(NOs)2
Co(NOs),
Se powder
S powder

Deionized
water

500

Coo.75Fe0.25(S02Seo.8)2

108

NiCl,
CoCla
LiCl
Ni foams
SeO2

Deionized
water

150

NiCoSe;

109

Nickel(II) acetate
tetrahydrate,
Trisodium citrate
dihydrate,
Potassium
hexacyanoferrate(I1I),
NH; -H.O
Ethanol
Se powder

Methanol
Deionized
water

350

Ni-Fe Mixed Diselenide
Nanocages

110
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Co(NOs),
Fe(NOs)3
Se powder
NaHB;4
DMF

Deionized
water

60

FeosCoo.5Se; spheres

98

NiCl,
FeCl;
Se Powder
Oleylamine

Oleylamine

180

m—Ni l—xFexseZ

111

Co(CH;COz)2
Ni(NO3)2
Fe(NOs);

Urea
NH4F

Deionized
water

120

NisFe1«Se>
Porous
nano—microspheres

112

Mn(CH;COO);
Co(NOs)2
Urea
ethylene glycol
Se powder
NaOH

450

MnCo selenide yolk
shell structures

113

Fe(NOs);
Se powder
Citric acid
N,H4-H,O
Graphene oxide
CoCl2

Polyvinylpyrrolidone

Distilled
water

N,N—dimethyl
formamide
(DMF)

180

FeSex@CoSex/rGO
Composite

114

Co(NOs),
1IrO;
Carbon cloth
NH4F
NaBH4
Se powder

Deionized
water

140

CosexSZ—x@CO(OH)Z

115

NiSOq4
CoSOq4
FeSOq4

Deionized

Room

(Nio.25Feo.68C00.07)3Ses

116

water

selenium dioxide

temperature
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(NH4)2SO4
KOH
Co(NOs),
Ni(NO3)2
Urea Deionized 400 Ni1xMxSez yv—OOH 117
CuClz water
NiCl,
NaBH4
Carbon fiber paper
Triethylene
Co(NOs)2 glycol
Indium chloride 210 Colnz2Ses nanosheets 118
Poly(vinylpyrrolidone) Triethylene
tetramine
Co(NOs)2
NaxMoOqy
CsHi2N4 Deionized 180 O-Co1~xMoxSez 119
Selenium powder water
NaBH4
Ni foam
Co poeder High
CoSe powder No temperature np—CoossSe 120

3. Reaction mechanism analysis

Electrocatalytic water splitting based on renewable energy to produce hydrogen gas is an
attractive strategy for the sustained development of society. Recently, numerous studies found
various materials for highly effective OER activity, including transition metal oxides, transition
metal sulfides, transition metal selenides, transition metal oxyhydroxides, etc.!?!7!2* Systematic
understanding of the mechanism of electrocatalytic water splitting will effectively promote the

development of advanced electrocatalysts. During the HER and OER reactions, H" or OH™ in the
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electrolyte will be involved in the catalytic process, resulting in the pH-related catalytic
mechanism.!>+12 For water decomposition, it contains anodic and cathodic reactions. In acidic
solution, the anodic reaction is H,O = 1/20, + 2H* + 2¢7, but in the alkaline medium, the anodic
reaction is 20H™ = 1/20, + H,O + 2¢™.!?* Similarly, the cathodic reaction is 2H* + 2e~ = H; (acidic)
and 2H,0O+ 2e¢~ = 20H" + H (alkaline).!** Figure 33 displayed the reaction process in the water
electrolysis system under different pH conditions. However, the active sites from different
materials are dissimilar, resulting in the specific reaction mechanism which needs more

exploration.

Acidic: 2H*+2e-— H,
Alkaline: 2H,0+2e" — 20H+H,

Acidic: H;0 — 1/20,+2H*+2e"
Alkaline: 20H- — 1/20,+H,0+2e"

Figure 33. Water electrolysis system. Taken from Ref. 124 and modified.

4. Aims of the thesis

The principal goal of this thesis is to establish a facile method for control synthesis of pyrite—type

transition metal dichalcogenides as effective catalysts for OER. Particular aims are as follows:

4.1 Synthesis of boron—doped pyrite—type ternary sulfide coated by amorphous boride

The first aim of the thesis is to design pyrite type sulfides as highly active catalysts for OER

application. Our previous results found that amorphous polymetallic borides could be efficiently
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synthesized by liquid—phase—reduction. Moreover, the amorphous polymetallic borides could be
scaled up according to the demand. We applied a two—step method, liquid—phase reduction and
high—temperature reaction, to fabricate the boron—doped ternary pyrite—type sulfide catalyst.
Various characterization instruments and computational simulations were used to analyze the
structure of materials and elemental valence analysis. The obtained materials were subjected to

OER testing under alkaline conditions.

4.2 Preparation of boron—doped ternary pyrite selenide

Numerous studies had shown that selenides could effectively promote the OER reaction.
Meanwhile, valence—engineering could adjust the local electronic structure of the catalysts, further
improving their activity and stability. Combining the synthesized amorphous polymetallic borides,
we adopted a high—temperature gasification—strategy to synthesize polymetallic selenide.
Polymetallic could effectively optimize the electronic structure, due to the difference in atomic
radius. In addition, boron doping could also improve the electronic properties of selenides, as the
electron-deficient properties. AC-TEM and DFT+U were used to analyze the atomic structure of

the pyrite—type selenide.

5. Experimental part — Materials and methods

5.1 Experimental section

5.1.1 Chemicals

Cobalt nitrate (Co(NO3),'6H,0), Nickel nitrate (Ni(NOs3),'6H>0), Anhydrous iron chloride
(FeCl3-6H0), Sodium borohydride (NaBH4), Selenium powder, Sulfur powder were purchased
from Sigma—Aldrich. The potassium hydroxide (KOH) and ethanol (absolute) were purchased
from Penta. The distilled water (DIW, 18.2 MU) was the solvent for synthesis. All reagents were

used without further purification.
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5.1.2 Synthesis of pyrite—type B—FeCoNiSx crystal coated by amorphous FeCoNiBx

A typical redox reaction was used to synthesize a series of amorphous borides (NiB, CoNiB,
FeNiB and FeCoNiB). For the synthesis, 0.16 g Co(NOs),-6H:0, 0.29 g FeCl;-6H,0, and 1.16g
Ni(NOs)2:6H>O were added in a reaction flask and dissolved in DI water. After excess NaBH4
solution was added into the flask, a large amount of black precipitation would generate. The
precipitation was successively washed with DI water and ethanol to remove the reactants. Then

the black precipitation was dried under 60 C for overnight to obtain the black powder of the

amorphous borides. Afterward, 0.48 g FeCoNiB and 0.4 g S powder were mixed and added into a

quartz boat and transferred to a tube furnace. The mixture was heated to 400 C (heating rate of
5 *C/min) and reacted for 120 min under N, flow. After cooled to room temperature, boron—doped

ternary pyrite type sulfide coated by amorphous boride was formed. Similarly, the boron—doped
Ni, CoNi and FeNi-based sulfides were synthesized by the same reaction conditions but with the

corresponding precursors.

5.1.3 Synthesis of pyrite—type FeCoNiSeBy catalyst

A two simple steps method was applied to synthesize the series of boron—doped selenides. Similar
to the fabrication of sulfides, amorphous borides need to be synthesized in advance. Firstly, the
amorphous NiB, FeNiB, CoNiB, FeCoNiB precursors were prepared by the wet chemical
approach. 1 mmol amount of Co(NOs),, Ni(NOs3),, and FeCls was dissolved in DI water.
Subsequently, a moderate amount of NaBH4 solution was added into the mixture of the metal ions
solution to generate the black amorphous boride. After repeated washing to remove the reactants,
the as—prepared materials dried at 60 °C in an oven overnight. The obtained FeCoNiB and Se
powder were placed in the quartz boat with the selenium located on the upstream side.
Subsequently, the quartz boat was heated at 450 °C for 2 h under the Ar flow and finally cooled to
room temperature to obtain FesCosNiz2Ses;sBx powder. Similarly, the NiSe:Bx, FeNi3;SesBx, and

CoNisSesBx catalysts were prepared under similar reaction conditions.
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5.2 Structural Characterizations.

The transmission electron microscopy images (TEM), high—resolution transmission electron
microscopy (HRTEM), selected area (electron) diffraction (SAED), electron energy loss
spectroscopy (EELS) and Energy—dispersive X-ray spectroscopy were collected from JEOL
model JEM—-ARM-200F microscope operated at 200 kV. X-ray Powder Diffraction (XRD) data
were recorded from Rigaku SmartLab using Cu Ka (y =1.54178 A) radiation. The X-ray
photoelectron spectroscopy (XPS) was recorded by an ESCALAB 250Xi XPS system using Mg as

the excitation source.

5. 3 Electrochemical measurements

The electrochemical tests were carried out in the typical three—electrode system using Autolab
electrochemical workstation and CHI 660E workstation in 1M KOH solution. To prepare the
electrode, 5 mg of materials were dispersed in the mixture of DI water (750 pL), isopropanol (210
uL), and Nafion solution (40 pL, 5 wt %). After being sonicated for 30 min, homogeneous ink was
formed. Then 10 pL ink gradually dripped onto the glassy carbon electrode and dried at room
temperature. The saturated calomel electrode (SCE) was used as a reference, while the graphite
rod was employed as the counter electrode. Based on the Nernst equation E(RHE)=E(SCE) +
0.242 + 0.059pH, the potential of SCE was converted to reversible hydrogen electrode (RHE).
The polarization curves were recorded at a scan rate of 1.0 mV s™!. Electrochemical impedance
spectroscopy tests were recorded at Autolab electrochemical workstation and Solartron

electrochemical workstation (German) with a frequency ranging from 0.01 to 105 Hz.

5. 4 Density functional theory calculation
Vienna ab initio simulation package (VASP) was applied for the density functional theory (DFT)

calculations.!?> The projected augmented wave (PAW) combined Perdew—Burke-Ernzerhof (PBE)
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in the generalized gradient approximation (GGA) to analyze the ion—electron interaction.'?® For
the boron—doped ternary pyrite type sulfide system, the cut—off energy for the function was 500

eV while the convergence criteria was 10~ eV in energy and 102 eV A-! in force.

The DFT+D3 method was used for describing spin—polarization and van der Waals interactions
for the pyrite-type selenide system.!?” Moreover, the GGA + U approach was adopted to correct
the coulombic interactions of Ni, Co and Fe, with the corresponding Ueff of 3.4, 3.4, and 3.3 eV,
respectively. Similar to the boron—doped ternary pyrite type sulfide system, the cut—off energy and

convergence criteria kept the same parameters.

6. Results

6. 1 Synthesis of pyrite selenide for highly efficient oxygen evolution

In this work, FesCo4Ni2SessBx selenide particles were successfully prepared on the amorphous
FeCoNiBy to generate the heterostructure (FeCoNiBx@FesCo4Ni2SessBx). To analyze the crystal
structure, the XRD Rietveld refinement method was applied to learn the atomic arrangement
information.'?® The XRD curve in Figure 34a showed several obvious peaks that belonged to
(210), (200), (211), (311), and (321) for the FesCosNixnSesBy crystals (JCPDS:88-1711),!%°
respectively. The XRD refinement results indicated metal atoms (Fe, Co, Ni) had similar positions
while the B atoms mainly existed in the lattice spacing. Some of the B atoms bonded with some
metals to form B-M bonds, and other B bonded with Se atoms as shown in Figure 34 B—D. Such a

special atomic arrangement structure would promote the modulation of electronic structure.
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Figure 34. (A) XRD Rietveld refinement and (B) the atomistic model of FesCosNi2oSessBx crystal.

(C, D) Crystal structures of NiSez and FesCo4Niz2oSessBx.

AC-TEM images in Figure 35 clearly showed the crystalline—amorphous structure of the
FeCoNiBx@FesCosNizoSessBx materials. The FesCosNizoSessBx nanoparticles with the size of ~ 50
nm were randomly loaded onto the amorphous FeCoNiBx. SAED pattern in Figure 32B showed
the good crystallinity of the FesCosNixSessBx, consistent with the XRD curve, while the no
diffraction lattice in FFT revealed the typical amorphous structure of the FeCoNiBx. The
HAADF-STEM and the corresponding EELS images in Figure 32 D, E presented the
FesCosNi2oSessBx particle contained five elements (Fe, Co, Ni, Se, B) and the amorphous
FeCoNiBx had four elements (Fe, Co, Ni, B). Notably, the crystalline—amorphous structure could
effectively block the agglomeration of FesCosNi2oSessBx and provide a 3D accessible structure for

the electrolyte, thus facilitating the electrochemical performance.
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Figure 35. (A) HRTEM and (B) the corresponding SAED pattern of the FesCosNi2oSes3sBx. (C, D)
STEM images of FeCoNiBx and FeCoNiBx@FesCo4Ni2oSessBx. The inserted image in (C) was the

FFT. (E) EELS mapping results of the FeCoNiBx@FesCo04Ni2oSessBx.

XPS was performed to further analyze the valence state of FeCoNiBx@FesCos4Ni2oSessBx. Based
on the XPS spectra, the metals in FesCo4NixSessBx mainly existed as oxidation states. The peaks
at 711.79, 715.26, 725.49, and 729.35 eV (Figure 36A) corresponded to Fe—B, Fe** 2psn, Fe** a1,
and Fe** yp1, respectively.!?” The Co 2p spectrum could split into three peaks located at 776.39,

781.68, and 786.75 eV, associated with Co—B, Co**, and a satellite peak as shown in Figure

2

36B.13° The three peaks at 851.6, 856.2, 859.9, and 862.7 eV in Ni 2p3» could be assigned to Ni—B,

&3



Ni2*, Ni** (Figure 36C).!*! The B 1s spectrum result showed two peaks at 185.68 eV and 192.15
eV, which could be assigned as M—B (M = Fe, Co, Ni) and trivalent oxidation states (Figure
36D).13% The Se 3d XPS spectrum had two peaks at 54.74 eV and 55.73 eV, assigned to Se?” and
oxidation state of Se species in the surface of the FeCoNiBx@FesCosNixSessBx (Figure 36E).!32
These results indicated the electrons could be transferred from the metals to boron and Se atoms.
The projected density of states (PDOS) calculated by density functional theory (DFT) found the p
orbital of B was overlapped with the orbitals of atoms around B, including the Se, Fe, Co, and Ni,

revealing the B atoms bond with surrounding atoms.
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Figure 37. (A) Linear cyclic voltammetry curves of the NiSe;Bx, FeNisSesBx, CoNi3;SesBy, and
FesCosNizSessBx samples in 1.0 M KOH under the scan rate of 2 mV s-1. (B) Tafel plots. (C)
Comparison the Tafel slopes and overpotentials of targeted catalyst and other OER catalysts. (D)

Comparison of theoretical and experimental results.

The OER performance of the prepared catalysts was tested by a standard three—electrode system in
1.0 M KOH solution. Figure 37A showed that the FesCosNi2SessBx exhibited the best OER
performance with the overpotential of 279.8 mV under 10 mA c¢m2, better than those of NiSe2Bx
(543 eV), FeNisSesBx (335 eV), and CoNisSesBx (453 mV), respectively. The Tafel slopes in
Figure 37B of FesCo4Ni20Ses3sBx was 59.5 mV dec™!, much smaller than those of FeNisSesBx (86.3
mV dec™!), CoNi3SesBx (121 mV dec™), and NiSe;Bx (161mV dec™), respectively, indicating the
fast kinetics process. Notably, the FesCosNizSes;sBx showed excellent OER property among the
other catalysts reported recently (Figure 37C). Based on the DFT calculation (Figure 37D), with

the increase of metal species, the overpotential of the materials would gradually decrease, and the
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boron doping could also benefit from reducing the overpotential.

6. 2 Synthesis of ternary pyriteq type boron—sulfide coated by amorphous boride for highly
efficient oxygen evolution

In this part, boron—doped ternary pyrite-type sulfides coated by amorphous boride
(Nio.sFeo.1C00.1S:Bx@FeCoNiBx, B-TS-H@T-B) was prepared through sulfidation reaction. XRD
was performed to analyze the structural information of the obtained crystal. The diffraction results
contained several typical peaks which could be assigned as (111), (002), (113) facets of the
Nio sFeo 1C00.1S:Bx catalyst (Figure 38a).!1*3 XRD Rietveld refinement further conformed the main
phase of the nanocomposite was NiosFeo1Coo1S:Bx crystal and the corresponding atomic
information. Similar to boron—doped polymetallic selenides, the B atoms in NiosFeo.1Coo.1S2Bx

were mainly embedded in the interstitial site in the lattice as illustrated in the Figure 38b.

10.0k Yobs
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Figure 38. (a) The XRD Rietveld refinement of B-TS—-H@T-B. (b) Structural model of the
NiosFeo.1C00.1S2Bx catalyst with the S atoms of yellow color, metal atoms (Fe, Co, Ni) of blue

color, and the B atoms of green color.

The morphology and atomic arrangement information were collected by AC-TEM and the results
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were displayed in Figure 39. Enlarged TEM images in Figure 39a—d presented that the amorphous
thin layer coated on the surface of the NigsFeo1C00.1S:Bx. HRTEM image in Figure 39e showed
the as—prepared boron—sulfide contained different phases of the crystals as the verification of FFT

patterns (Figure 39e1—e3), which was consistent with the selected area in Figure 39e,

corresponding with the XRD refinement results.

Figure 39. (a—d) Enlarged TEM images of B-TS-H@T-B. (e and e1-3) HRTEM of the material

and the corresponding FFT patterns of the selected area in (e).

The STEM image in Figure 40a displayed the morphology of B-TS-H@T-B. This
nanocomposite contained numerous particles on the surface. For the crystalline particles,
gradually magnified STEM images in Figure 40b, c clearly showed the lattice spacing of ~ 0.27
nm and ~ 0.32 nm, which was consistent with the (002) and (111) planes of Nio sFeo 1C00.1S2By.13*
The lattice angle of (002) and (111) planes was 55°, further explaining the structure of the boron—
doped polymetallic sulfides. It should be pointed out that there was a thin amorphous layer on the

surface of NigsFeo1C00.1S:2Bx, due to the significant difference of the FFT results in Figure 40d, e,
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exhibiting the crystalline and amorphous heterostructure.

20 l/nm

Figure 40. (a) STEM image of the B-TS-H@T-B. (b, c) Magnified STEM images to the atomic

level. (d, e) FFT patterns of the selected area in (e).

The chemical valence state of the elements in B-TS-H@T-B was collected by XPS. Survey
spectra in Figure 41a found the B2p, S2p, Fe2p, Co2p, and Ni2p elements in the material. The
high-resolution XPS spectrum of Fe 2p in Figure 41b were deconvoluted into three peaks at
707.46 eV, 712.78 €V, and 720.38 eV, which would be recognized as Fe?* 2p3/2, Fe** 2p3/2 and
Fe?* 2p1/2, respectively.!? Additionally, the peaks at 704.92 eV and 708.65 eV were assigned as
Fe-B bond and satellite peak. The binding energy positions of the Fe 2p demonstrated the Fe
element mainly existed in the oxidation state.'> Co 2p spectrum in Figure 41c could be fitted into
four peaks at 778.99 eV, 780.84 eV, 784.07 eV and 793.99 eV, which could be appointed as Co-B,
Co*" 2p3/2, Co* 2p3/2, and Co*" 2p1/2, respectively.!** Similarly, the Ni 2p XPS spectrum had
four fitted peaks at 853.68 eV, 855.35 eV, 859.6 eV and 870.93 eV, which could be assigned as

Ni-B, Ni?* 2p3/2, Ni** 2p3/2 and Ni?* 2p1/2.131 According to these results, the reduced binding

energy represented the loss of electrons from the metals, and partial electrons transferred from the
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metals to B atoms. The Bls XPS (Figure 41f) had two peaks at 187.22 eV and 192.82 eV, the
former was B-M bonds and the latter was contributed of the trivalent state as the adsorbed
oxygen.? The S 2p spectrum in Figure 41e displayed four peaks at 161.03 eV, 161.97 eV, 163.08
eV, and 163.63 eV, successively belonging to S>-, S 2p3/2, S 2p1/2 and SOx species.!*> The air
environment could result in the surface oxidation of the S atoms on the external positions. Based
on the XPS results of the elements, the electrons would transfer from the metallic elements to B
and S elements, thus forming abundant high—valence metal atomic sites which were conducive to

improving the electrochemical performance of the catalysts.
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Figure 41. (a) XPS spectrum of B-TS-H@T-B. (b—f) XPS spectrums of Fe 2p, Co 2p, Ni2p, B Is and S

2p.

The electrochemical performance was tested in 1 M KOH solution with the typical three—electrode
system. A linear voltammetry curve was used to record the polarization curve of the samples. As
expected, the B-TS-H@T-B presented the best OER activity with the overpotential of 392.4 mV
at 50 mA ¢cm~2, which was much lower than that of boron—doped CoNiSx (459.4 mV, 50 mA c¢cm™2),

boron—doped FeNiSy and boron—doped NiSyx as shown in Figure 42a. Moreover, the target catalyst
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displayed smaller overpotential even under the higher current density as displayed in Figure 42b.
(100 mA ¢cm~ and 150 mA c¢cm2). The B-TS-H@T-B also had the smallest Tafel slope (64 mV
dec™), while the other samples all had the larger tafel slope (Figure 42¢) revealing the faster OER
kinetics over the B-TS-H@T-B surface. Furthermore, the B-TS-H@T-B exhibited excellent
stability with a retention rate of 76.94% after the 10 h stability test, revealing the metal doping

would contribute to the improvement of activity and stability.
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Figure 42. (a) Linecar cyclic voltammetry curves of the B-TS-H@T-B, B-NiS, B-FeNiS, and B-
CoNiS samples. (b) Overpotentials of the samples under 50 mAcm=, 100 mAcm™ and 150
mAcm~2, respectively. (¢) Tafel slope curves of the four samples. (d) Long-time stability of the

as—prepared electrocatalysts.

7. Summary

In this thesis, We focused on designing a facile method to prepare the pyrite—type polymetallic

sulfides and selenides for electrocatalytic water splitting. The amorphous membrane coated on the
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catalysts could enhance the activity of the materials and simultaneously further consolidated the
stability of the catalyst. Meanwhile, boron doping could effectively improve the intrinsic
electronic structure of the catalyst for the electrocatalytic application. A two-step synthesis
process was adopted to obtain the target materials, including the preparation of amorphous borides,
and selenization/sulfuration step under megathermal conditions. The presented dissertation

successfully establish a facile method to control the synthesis of polymetallic selenides and

sulfides with the coating of the amorphous boride layer.

The first goal of the current thesis focused on finding the appropriate preparation methods to from
high—quality amorphous borides. We used the wet chemical approach to synthesize the amorphous
borides which contained NiBx, FeNiBx, CoNiBx, and FeCoNiBx through the reaction between
sodium borohydride and metal ion precursors. We used TEM and XRD techniques to analyze the
composition and structure of the amorphous borides. Even more, the SAED was also applied to
characterize the structure. The synthesized amorphous borides displayed the stacked in layers with

a large number of corner and side atoms.

The selenization and sulfuration reaction were carried out in a tubular furnace under the flow of
Ar or N, gas at above 300 ‘C. During the selenization or sulfuration reaction, the vaporized Se or
S atoms reacted with the amorphous boride, forming the clusters and then growth to particles.
However, the atoms in amorphous boride involved in the reaction would generate the new bond
which would drive the surrounding amorphous boride to coat on the surface of the obtained
selenide or sulfide particles, finally forming the B-FeCoNiSx@FeCoNiBx and

FeCoNiSeBy@FesCo4NizSessBx.

B-FeCoNiSx@FeCoNiBy presented excellent OER activity than B-FeCoNiSy and FeCoNiBx with
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an overpotential of 419 mV vs. RHE under 100 mA ¢m~ in KOH solution. Additionally, after 10
h stability test, the current density of B-FeCoNiSx@FeCoNiBx catalyst only dropped 23.06%,
much better than B—-CoNiS (37.51%) and B-FeNiS (61.73%). The projected density of states
(PDOS) results based on the DFT calculation indicated the redistribution of electrons on the metal

sites in the B-FeCoNiSx@FeCoNiBx were conducive to water decomposition.

Additionally, the valence engineered FeCoNiSeBx@FesCo4Ni2oSessBx via boron doping exhibited
highly efficient OER property. This heterostructure provided a physically anchored structure that
could block the aggregation of the FesCosNizoSessBx nanoparticles. Moreover, the special
heterostructure offered 3D accessible units for the electrolyte during the catalysis. XRD Rietveld
refinement result found the boron atoms mainly existed in the interstitial sites of FesCo4NizSessBx,
while the Fe, Co, and Ni atoms co—occupied the same sites. DFT calculation results revealed the
boron dopant and binary atomic substitution together contributed to weakening the reaction
between the active sites and O intermediates during OER. FeCoNiSeBx@FesCo4NixSessBx
showed the lowest overpotential of 279.8 mV at 10 mA ¢cm2, compared to those of NiSe;By (543

mV), FeNi3SesBx (335 mV), and CoNi3SegBx (453 mV), respectively.

The work in this thesis illustrated that the pyrite—type sulfides and selenides with boron doping
and amorphous layer coating had big potential for energy conversion, due to the special electronic
configuration, which may provide a rationally approach for preparing novel electrocatalysts for

clean energy application.
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1. Valence engineering via dual-cation and boron doping in pyrite selenide for highly

efficient oxygen evolution

Yunpeng Zuo, Dewei Rao, Sainan Ma, Tingting Li, Yuen Hong Tsang, Stépan Kment, and

Yang Chai

ACS Nano, 2019, doi:10.1021/acsnano.9b04956

IF: 15.88

Abstract:

Valence engineering has been proved an effective approach to modify the electronic property of a
catalyst and boost its oxygen evolution reaction (OER) activity, while the limited number of
elements restricts the structural diversity and the active sites. Also, the catalyst performance and
stability are greatly limited by cationic dissolution, ripening, or crystal migration in a catalytic
system. Here we employed a widely used technique to fabricate heteroepitaxial pyrite selenide
through dual—cation substitution and a boron dopant to achieve better activity and stability. The
overpotential of Ni—pyrite selenide catalyst is decreased from 543 mV to 279.8 mV at 10 mA cm
with a Tafel slope from 161 to 59.5 mV dec™!. Our theoretical calculations suggest both cation and
boron doping can effectively optimize adsorption energy of OER intermediates, promote the
charge transfer among the heteroatoms, and improve their OER property. This work underscores
the importance of modulating surface electronic structure with the use of multiple elements and

provides a general guidance on the minimization of activity loss with valence engineering.
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2. In situ coating amorphous boride on ternary pyritetype boron sulfide for highly efficient

oxygen evolution

Tingting Li, Tianyun Jing, Dewei Rao, Xiaotian Jia, Yunpeng Zuo, Stépan Kment and

Radek Zboril

Journal of Materials Chemistry A, 2021, doi: 10.1039/d0tal10633;

IF: 12.732

Abstract:

Multimetallic pyrite-type sulfides have been promising electrocatalytic materials for the
electrochemical oxygen evolution reaction (OER), but sulfides still require further improvement
due to the easy oxidization of surface atoms and the intrinsically low activity. Herein, we
synthesized the ternary pyritetype boron sulfide in situ coated by amorphous FeCoNiBy as an
efficient and durable heterogeneous catalyst for OER. The spherical aberration—corrected
transmission electron microscopy clearly shows that the adjacent crystals exhibit different phases
with an approximately 2 nm amorphous layer on the external surface of the catalysts. This hybrid
catalyst exhibits the superior OER activity with an attractive overpotential of 419.4 mV vs. RHE
at 100 mA cm~2 in 1 M KOH solution and excellent stability over 10 h. Density functional theory
calculations reveal that the B atoms can attract the electrons from metals, resulting in the
expansion of the unoccupied d orbitals of metals, which is beneficial to attract the electrons from
OH groups, thus improving the OER performance of the catalyst combined with its special
heterostructure. This study provides an advantageous method for engineering the electrical

structure of pyrite—type sulfides for high OER activity and long durability.
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3. Spatially confined formation of single atoms in highly porous carbon nitride nanoreactors

Yunpeng Zuo, Tingting Li, Ning Zhang, Tianyun Jing, Dewei Rao, Patrik Schmuki, Stepan Kment,

Radek Zboril, and Yang Chai

ACS Nano, 2021, doi.org/10.1021/acsnano.1c01872

IF: 15.88

Abstract:

Reducing the size of a catalyst to a single atom (SA) level can dramatically change its
physicochemical properties and significantly boost its catalytic activity. However, the massive
synthesis of SA catalysts still remains a grand challenge mainly because of the aggregation and
nucleation of the generated atoms during the reaction. Here, we design and implement a spatially
confined synthetic strategy based on a poroushollow carbon nitride (p—CN) coordinated with 1-
butyl-3—methylimidazole hexafluorophosphate, which can act as a nanoreactor and allow us to
obtain metal SA catalysts (p—-CN@M SAs). This relatively easy and highly effective method
provides a way to massively synthesize single/multiple atoms (p—CN@M SAs, M = Pt, Pd, Cu, Fe,
etc.). Moreover, the amorphous NiB—coated p—CN@Pt SAs can further increase the loading
amount of Pt SAs to 3.7 wt %. The synthesized p—~CN@Pt&NiB electrocatalyst exhibits an
extraordinary hydrogen evolution reaction activity with the overpotential of 40.6 mV@10

mA/cm~2 and the Tofel slope of 29.26 mV/dec.
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Multimetallic pyrite-type sulfides have been promising electrocatalytic materials for the electrochemical
oxygen evolution reaction (OER), but sulfides still require further improvement due to the easy
oxidization of surface atoms and the intrinsically low activity. Herein, we synthesized the ternary pyrite-
type boron sulfide in situ coated by amorphous FeCoNiB, as an efficient and durable heterogeneous
catalyst for OER. The spherical aberration-corrected transmission electron microscopy clearly shows
that the adjacent crystals exhibit different phases with an approximately 2 nm amorphous layer on the
external surface of the catalysts. This hybrid catalyst exhibits the superior OER activity with an attractive
overpotential of 419.4 mV vs. RHE at 100 mA cm™2 in 1 M KOH solution and excellent stability over 10 h.
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Introduction

Hydrogen is one of the clean and sustainable energy sources,
which is most likely to replace fossil fuels in the future.“?
Electrocatalytic water splitting has been extensively studied for
hydrogen generation that involves two half reactions: hydrogen
evolution reaction (HER) and oxygen evolution reaction
(OER).*>* OER is the kinetic bottleneck of water splitting, which
requires a high standard overpotential (np = 1.23 V versus
reversible hydrogen electrode) with the four-electron-proton
coupled processes; thus, it is particularly important to develop
OER catalysts.”® To date, most of the commercial catalysts of
OER are noble metal oxides (e.g., IrO,, RuO,), possessing small
reserves, high cost and challenging large-scale application.>*
As a part of promising economically energy-conversion
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structure of pyrite-type sulfides for high OER activity and long durability.

catalysts, pyrite-type sulfides (PTSs) have been adopted as one
of the most efficient OER catalysts.">*> PTSs are typical semi-
conductors with the crystal system of isometric, representative
of dianion units and cations in octahedral coordination.'**
Although such structure has favorable electronic modulation,
the intrinsic performance of PTS still suffers from the easy
oxidization of surface atoms, generally lower charge transfer
and conductivity."**

The electronic structure and conductivity of PTSs can be
effectively enhanced through doping 3d metals for improving
the OER properties.'*™ A series of binary metal pyrites have
been developed to boost the OER activity of these catalysts
compared to monometal sulfides.”** Liu et al. synthesized the
vanadium-doped pyrite NiS, nanosheets that exhibited
extraordinary OER activity since the electronic property of NiS,
reconfigured from the semiconductive to metallic characteris-
tics after vanadium doping.?* Ni et al. fabricated Fe-doped pyrite
NiS, mesocrystals that effectively enhanced the OER property
with the overpotential from 351 mV to 252 mV vs. RHE at 10 mA
em™>.2* Moreover, introducing boron atoms into the PTS cata-
lysts can effectively modify the electronic property since the B 2p
orbitals can be hybridized with 3d orbitals of metals, resulting
in the easy delocalization of B-metals electrons, which is
beneficial for OER.” In addition, constructing heterogeneous
structures in PTSs is also a typical valence engineering to
enhance the OER properties.>**” Nonetheless, PTSs suffer from
the unsatisfied durability because of the cationic dissolution

J. Mater. Chem. A, 2021, 9, 12283-12290 | 12283
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and the easy oxidation of external sulfur species.”®** Thus, an
appropriate synthesis route for the preparation a specific PTS
simultaneously to improve the OER activity and stability will
effectively expand the profitable applications of PTSs.

Coating the catalysts with a thin conductive layer, such as
amorphous active materials or carbon based materials, are
effective strategies to bring about remarkable catalytic dura-
bility, preventing the catalysts from aggregation and dissolu-
tion.***® For the amorphous boride, it allows B in FeCoNiB, to
be coordinatively unsaturated even after sulfuration. The B
atoms lack electrons, which theoretically have a strong attrac-
tion towards the O species.”*” Accordingly, herein, we synthe-
sized boron-doped ternary heterogeneous PTS coated by
amorphous boride (FeCoNiB,) following a two-step method.
First, amorphous FeCoNiB, was synthesized according to the
wet chemical method, in which sodium borohydride was used
to react with metal salt precursors. Then, the boron-doped
ternary PTS coated by amorphous boride (B-TS-H@T-B) can be
prepared after sulfidation in a tube furnace. The spherical
aberration correction transmission electron microscope (AC-
TEM) clearly shows the special heterogeneous structures with
the external amorphous coating. B-TS-H@T-B exhibited supe-
rior OER activity with a low overpotential of about 419.4 mV at
100 mA cm™ 2 in the 1 M KOH solution. Significantly, the current
density of B-TS-H@T-B only dropped 23.06% after 10 h long-
term reaction, which was better than B-NiS (~100%), B-CoNiS
(37.51%) and B-FeNiS (61.73%). Also, theoretical studies
suggest that the electronic structure of B-TS-H@T-B was favor-
able redistribution for water splitting.

Experimental section
Chemicals

Nafion and sodium borohydride (NaBH,) were obtained from
Sigma-Aldrich. Other chemicals were purchased from Sino-
pharm Reagent Co., Ltd without further purification. The
distilled water (DIW, 18.2 MQ) was the solvent for synthesis.

Materials synthesis

The B-NiS, B-CoNiS, B-FeNiS and B-TS-H@T-B powers were
obtained by the typical chemical reduction and annealing
treatment. First, NiB, CoNiB, FeNiB, FeCoNiB precursors were
synthesized by a redox reaction, respectively. A mixture of 1.16 g
Ni(NO;),-6H,0, 0.29 g FeCl;-6H,0 and 0.16 g Co(NO;), 6H,0
(the mole ratio of 4:1:1) was dissolved in deionized water
under vigorous stirring. Then, the NaBH, aqueous solution was
added and large amounts of black precipitation formed.

The products were washed in deionized water three times
and dried overnight at 60 °C. Subsequently, 0.48 g FeCoNiB
precursors and 0.4 g sulfur powders were mixed together and
placed in a quartz boat, and then heated to 400 °C for 2 h at
a heating rate of 5 °C min ™" in a nitrogen atmosphere. After
cooling to room temperature naturally, B-TS-H@T-B was ob-
tained. Similarly, B-NiS, B-CoNiS, B-FeNiS were obtained only by
adding the corresponding precursors, while the sulfidation
conditions and parameters were consistent with B-TS-H@T-B.
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Materials characterization

The transmission electron microscopy images (TEM), high
resolution TEM and EDX elemental mapping images were
collected by a JEM-ARM-200F microscope operated at 200 kV.
An X-ray diffractometer (Rigaku Smart Lab) using Cu Ko
(y = 1.54178 A) radiation was used to obtain X-ray powder
diffraction (XRD) data. The X-ray photoelectron spectroscopy
(XPS) was collected by an ESCALAB 250Xi XPS system using
Mg as the excitation source.

Electrochemical measurements

All electrochemical measurements were performed in a typical
three-electrode system at room temperature using a CHI electro-
chemical workstation (660E). 5 mg of the catalyst was dispersed in
1 mL of the mixed solution (Viyater : Visopropyl alcohol = 10 : 7) with
150 pL Nafion (5 wt%) under 30 min ultrasonication to form
a homogeneous ink. 10 pL ink was dripped onto the glassy carbon
electrode (GCE, with a diameter of 5 mm) and dried at room
temperature. A saturated calomel electrode (SCE, with saturated
KCl) and graphite rod were used as reference and counter elec-
trodes, respectively. The electrolyte is 1 M KOH. According to the
Nernst equation E(RHE) = E(SCE) + 0.242 + 0.059pH, the tested
potentials were converted to the reversible hydrogen electrode
(RHE). For the linear sweep voltammetry polarization curves, the
scanning range was conducted from 1.3 V to 1.9 V vs. RHE at

a scan rate of 5 mV s 1.

Density functional theory calculation

In this present study, all density functional theory (DFT)
calculations were performed by the Vienna ab initio simulation
package (VASP).*** To describe the ion-electron interactions,
the projected augmented wave (PAW) method combined with
the exchange-correlation functional of Perdew-Burke-Ernzer-
hof (PBE) in the generalized gradient approximation (GGA)***
were employed. For each job of simulations, the cutoff energy
for function is 500 eV, and the convergence criteria are 10" eV
in energy and 102 eV A~ in force, respectively. Based on the
XRD data of the as-synthesized samples, Ni, FeCoS, and FeCo-
NiS crystal structures were selected as the primary model, and
then optimized via the above-mentioned method. Also, B-
doping in the holes of these structures were also optimized.

Results and discussion

B-TS-H@T-B was synthesized through the redox and sulfidation
process. Scheme S1t shows the growth process of B-FeCoNiS-H
crystals coated by the thin amorphous FeCoNiB, layer. The
FeCoNiB, powder was obtained by the redox reaction between
sodium borohydride and metal salt precursors. After grinding
with sulfur powder, the FeCoNiB, mixture was preloaded in
a tube furnace under N, flow for the sulfidation step, as
depicted in Scheme S1.f The formation process of B-TS-H@T-B
contains nucleation and growth steps. The amorphous
FeCoNiB, can act as the reactive substrate agent and the
vaporized sulfur atoms will gradually react with FeCoNiB, to
generate metal sulfide clusters randomly distributed in

This journal is © The Royal Society of Chemistry 2021
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FeCoNiB,. Notably, sulfide has no intrinsic driving force for the
growth of anisotropic structures when the metal sulfide clusters
are surrounded by FeCoNiB, under the high temperature
conditions. Based on the Wulff's theorem, the generated metal
sulfide clusters gradually grew into bigger crystals to minimize
the total interfacial free energy of the system.®*** Simulta-
neously, due to the coordinatively unsaturated bonds, the
unreacted atoms in the amorphous FeCoNiB, tend to migrate
and coat on the particle to bond with the surface atoms of the
crystal. The detailed experimental process is in the experi-
mental section. AC-TEM was adopted to analyze the crystal
information of the as-synthesized catalysts. As shown in Fig. 1a,
B-TS-H@T-B consists of abundant nano-particles scattered on
the surface. The yellow-dotted lines in Fig. 1b-d clearly show the
amorphous layer, which may effectively prevent the aggregation
and leaching of the catalysts.**?” Fig. 1e presents the different
fast Fourier transform (FFT) patterns of the crystals in B-TS-
H@T-B, suggesting the heterogeneous structures.” The inho-
mogeneous division of elements in the TEM-EDX mapping

View Article Online
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results (Fig. Sla-df) can further demonstrate the multiphase
structure for B-TS-H@T-B. Besides, the elliptical circle areas in
Fig. Sla-df show that the amorphous layer is mainly boride.
The XRD and Rietveld refinement analyses were used to further
investigate the crystal structure of B-TS-H@T-B. The diffraction
peaks in Fig. 1f are consistent with the (111), (002) and (113)
planes of B-TS-H@T-B nanocatalysts.*® The Rietveld refinement
of B-TS-H@T-B was obtained using the FullProf Suite, indi-
cating the main crystal phase of Ni, gFe,1C0¢.1S,B, combined
with CoFeS,B, and NiB,.* Fig. 1g and S2t1 show the consistent
atomistic model with the typical isometric structure. The XRD
refinement results of B-TS-H@T-B reveal that the cation atoms
in Niy gFey 1C0o.1S,B, have the same sites and B atoms mainly
embedded in the interstitial site.

The STEM image in Fig. 2a displays the morphology of B-TS-
H@T-B, which contains numerous nanoparticles. The typical
high resolution STEM image in Fig. 2b and c clearly illustrate
the lattice fringes with the d spacings of 0.27 nm and 0.32 nm,
which are consistent with the (002) and (111) facets of B-TS-

Intensity(a.u.)

2Theta (degree)

Nio.sFe0.1C00.1S2Bx

Fig. 1 Morphology and structure characterization of B-TS-H@T-B. (a) The TEM and (b, ¢, d) the corresponding magnified HRTEM images as
pointed by red arrows. The yellow dotted lines marked the thin amorphous layer on the surface of the catalysts. (€) The HRTEM image of B-TS-
H@T-B and the corresponding FFT patterns. (f) XRD Rietveld refinement of the B-TS-H@T-B hybrid materials. (g) The atomistic model of
Nig gFep1C001S2Bx with the green spheres (B atoms), yellow spheres (S atoms) and blue spheres (metal atoms).

This journal is © The Royal Society of Chemistry 2021
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Fig. 2 Structural analysis of B-TS-H@T-B. (a) STEM image of B-TS-H@T-B and (b, c) the enlarged STEM images of the selected box of B-TS-
H@T-B. (d and e) Corresponding FFT images of the marked boxes in (c). (f-i) EDX elemental mapping of B-TS-H@T-B.

H@T-B."**® The angle between the two crystal planes is 55°,
which further proves the structure is boron-doped ternary PTSs
based on the crystal parameters. The enclosed area by the yellow
dots in Fig. 2c shows the amorphous layer on the surface of the
boron-doped ternary PTS, corresponding to the FFT diffraction
result in Fig. 2d and e. Similarly, the typical EDX mapping
images of B-TS-H@T-B show that the crystal phase contains B, S
and metal elements, highlighted by the dashed dots.

The surface chemical states of B-NiS, B-CoNiS, B-FeNiS and
B-TS-H@T-B were determined by X-ray photoelectron spectros-
copy (XPS), as shown in Fig. S3, S4t and 3. It can be directly
observed that the survey spectra of B-TS-H@T-B contains
signals corresponding Fe, Co, Ni, B and S elements in Fig. 3a.
The high-resolution XPS spectra of Fe, Co and Ni in Fig. 3b-
d demonstrate that the three metal elements mainly exist in the
form of oxidation states, respectively. For the Fe 2p spectrum
(Fig. 3b), the core level can be deconvoluted into three peaks at
707.46 eV, 712.78 eV, and 720.38 eV, indicating the presence of
Fe*" and Fe®" species, which are recognized as Fe** 2p;,, Fe**
2pas/2 and Fe*" 2p, ,, respectively.’®? In addition, there are two
small peaks at 704.92 eV and 708.65 eV recognized as Fe-B and
satellite peak, such peaks with reduced binding energy repre-
sent the loss of electrons from Fe, respectively.” The Co 2p XPS
spectrum in Fig. 3c is fitted to four peaks at 778.99 eV,
780.84 eV, 784.07 eV and 793.99 eV, along with a spin-orbit

12286 | J. Mater. Chem. A, 2021, 9, 12283-12290

splitting of 15 eV, which are assigned to Co-B, Co>" 2p3/,, Co™"
2Paj, and Co>" 2py,,, respectively.’®?* Similarly, as shown in
Fig. 3d, the Ni 2p peaks are composed of Ni-B, Ni** 2p;,, Ni**
2ps). and Ni** 2p,,, which are recorded at 853.68 eV, 855.35 €V,
859.6 eV and 870.93 eV, respectively.’® According to the XPS
spectra of Fe, Co and Ni, partial electrons transfer from metals
to B atoms, indicating the formation of B-M bonds. The peak at
192.82 eV in B 1s XPS reveal the existence of trivalent state.” The
high-resolution S 2p spectrum in Fig. 3e clearly shows four
peaks for S>7, S 2pss, S 2P/, and SO, at 161.03 €V, 161.97 eV,
163.08 eV, and 163.63 €V, respectively. The surface oxidation of
S arises from the direct exposure to the air environment.>*® In
addition, according to the analysis of the XPS results of B-NiS, B-
CoNiS, B-FeNiS and B-TS-H@T-B in Fig. S3 and S4,t metal active
sites in B-TS-H@T-B will increase with the doping of Co and Fe,
which is conducive to the catalytic process.

As widely recognized, the surface atom arrangement of the
catalysts has a crucial impact on the OER property.'>* It is
essential to understand the external atomic structure of the
Nig gFeg.1C0p.1S,B, catalyst. Atomic resolution STEM images in
Fig. 4a and b clearly display the atomic perspective of Nigg-
Fey.1C0¢.15,B;, revealing the uniform thickness layer (2-3 nm)
coated on the crystal surface. The live FFT results taken from the
yellow arrow pointed direction (Fig. 4c) indicate the subtle
change of the atomic arrangement. The typical diffraction spots

This journal is © The Royal Society of Chemistry 2021
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Fig. 3 Surface chemical states characterization of B-TS-H@T-B. (a) XPS spectrum of B-TS-H@T-B. (b—f) High-resolution XPS of Fe 2p, Co 2p, Ni

2p, B1lsand S 2p.
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Fig. 4 Structure analysis of B-TS-H@T-B. (a—c) Enlarged STEM images of B-TS-H@T-B. (d) Corresponding live FFT results. (e) Schematic of the
atomic arrangement model. The yellow balls represent S atoms, the purple balls represent Fe/Co/Ni atoms and the green balls represent B atoms.
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in Fig. 4d, corresponding to the exposed (111) and (002) planes
along the [-110] zone axis, exhibit the gradually weakened
intensity. The metal atoms have a similar arrangement between
the crystal and amorphous layer, as shown the schematic in
Fig. 4e.

The electrochemical OER activity of the PTS was measured in
a standard test system in the 1 M KOH electrolyte at room
temperature. The electrochemically active surface areas (ECSAs)
of these electrocatalysts were measured from the double-layer
capacitance (Cq) (Fig. S5t). As shown in Fig. 5a and b, the
polarization curves of B-TS-H@T-B displays a potential of
392.4 mV at the current density of 50 mA cm™?, which is much
lower than that of bimetallic sulfides (B-CoNiS, 459.4 mV). With
the increase in the current density, B-TS-H@T-B has a minor
overpotential change compared to the bimetallic sulfides B-
CoNiS, exhibiting the superior OER activity. The fitted Tafel
slope of B-TS-H@T-B is 64 mV dec " (Fig. 5c), which is lower
than B-CoNiS (105 mV dec '), B-FeNiS (118 mV dec ') and B-
NiS (165 mV dec™ "), suggesting more favourable OER kinetics
over the B-TS-H@T-B surface. Furthermore, the chro-
noamperometry curve was used to investigate the long-time
stability of the as-prepared electrocatalysts. Fig. 5d presents
the CA curves at the specific current density of 10 mA cm™ > in
1 M KOH. The retention rate is 76.94% for B-TS-H@T-B after the
10 h stability test that is much better than B-CoNiS (62.49%) and

a 400
B-NiS /
B-FeNiS ]
« B-CoNiS
3004 + B-TS-H@T-B

j/mA em’

1.4 1.5 1.6 1.7 1.8 1.9
E/V vs. RHE
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B-FeNiS (38.27%), suggesting the multimetallic doping and
amorphous layer coating contributes the superior activity and
stability of B-TS-H@T-B catalysts.

The TEM results of B-TS-H@T-B before and after the OER
test were carried out to analyze the changes in the surface
structure, which can intuitively reflect the surface condition of
the electrocatalysts. The HRTEM and the corresponding EDS
mapping images in Fig. S61 show the crystals in B-TS-H@T-B
(after OER test) are coated by the amorphous layer with the
thickness of 1.5-2 nm. The thickness of the amorphous layer
gradually reduces during the OER process compared to the
pristine (2-3 nm), which have significant effects on the stability
of the B-TS-H@T-B catalyst. As reported, the multi-metals
system can heavily influence the performance of OER for the
regulated electronic properties.**** Interestingly, in this present
study, the prepared sample has higher OER performance than
numerous other reported multi-metal systems (Tables S1 and
S27). Therefore, the influence of B doping needs to be deeply
explored. Herein, based on the XRD results in Fig. 1f, Nigg-
Fe,.1C0q.1S,, CoFeS, and Ni structures, as well as the B-doped
ones, were selected to explore the influence of B doping. The
deformation charge density of B-doped ones has been calcu-
lated through DFT simulation. As shown in Fig. S7,T the doped
B can attract some electrons from metals, which could regulate
the electron distribution. Also, the expanded unoccupied
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Fig.5 Electrochemical OER activities of B-TS-H@T-B, B-FeNiS, B-CoNiS, B-NiS. (a) Polarization curves of bare B-TS-H@T-B, B-FeNiS, B-CoNiS,
B-NiS. (b) The potential of B-CoNiS and B-TS-H@T-B catalysts at 50 mA cm~2, 100 mA cm™2, and 150 mA cm™2. (c) Corresponding Tafel plots of
the catalysts towards OER. (d) Chronoamperometry (CA) curves of B-TS-H@T-B, B-FeNiS, B-CoNiS, B-NiS at 10 mA cm™2.
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Fig. 6 The projected density of states (PDOS). (a) d orbitals of Niin NiB, and Ni crystals. (b) d orbitals of Fe in CoFeS, and CoFeS,B,. (c) d orbitals
of Coin CoFeS;, and CoFeS;B,. (d) d orbitals of Niin FeCoNiS and FeCoNiSB,. (e) d orbitals of Fe in FeCoNiS and FeCoNiSB,. (f) d orbitals of Co in

FeCoNiS and FeCoNiSBy. Fermi level in this study is shifted to zero.

orbitals of metals are beneficial for OER processes since the
electrons of the OH group would transfer to these empty
orbitals more easily. To clear understand the influence of the re-
distribution of electrons, the projected density of states (PDOS)
for metals have been simulated. Fig. 6 shows the d orbitals of
metals with or without B. Clearly, the downshifted d orbitals for
all metals are observed after B-doping, and such downshifted of
the d band distribution should enhance the OER processes
since it can optimize the interactions to O-intermediates and
enhance the OER processes.**** In addition, the reduced empty
orbitals (higher than Fermi level of zero as in Fig. 6) can attract
more electrons from O~ contained intermediates, which can
accelerate the electron transfer. As shown in Fig. 6, some part
electrons in metals are attracted by doped B atoms, indicating
the charge transfer, which consisted with XPS data. Notably, the
electron transfer will regulate the electron distribution and
influence the OER processes. For metal sites, the loss of elec-
trons would empty the expanded d orbitals, which can help to
attract electrons during the reaction step (such as * + OH™ —
*OH + e ), leading to increased OER reaction processes.
Therefore, our suggested B-doped method can effectively regu-
late the electronic structures of metals, resulting in a high
performance of OER.

Conclusions

In summary, a novel multimetallic pyrite-type sulfide coated by
amorphous layer (B-TS-H@T-B) was successfully synthesized by
a facile strategy. The multiple metallic atoms that replace the Ni
positions in the pyrite NiS, can effectively improve its conduc-
tivity, thus having the metallic characteristics. B doping
reconfigures the electronic structure of B-TS-H@T-B, which
downshifts the d-band of the metals and enhances the binding

This journal is © The Royal Society of Chemistry 2021

ability of O-intermediates in OER processes. Notably, B-TS-
H@T-B shows remarkable OER activity and durability than
single metal and bimetal Ni-based sulfides under 100 mA em ™2,
making it a prospective candidate for the large-scale commer-
cial OER catalyst. In addition, this study can inspire numerous
studies about non-metallic element doping or multi-metal
catalysts for designing efficient electrocatalysts for water

splitting.
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ABSTRACT: Valence engineering has been proved an
effective approach to modify the electronic property of a
catalyst and boost its oxygen evolution reaction (OER)
activity, while the limited number of elements restricts the
structural diversity and the active sites. Also, the catalyst
performance and stability are greatly limited by cationic
dissolution, ripening, or crystal migration in a catalytic
system. Here we employed a widely used technique to
fabricate heteroepitaxial pyrite selenide through dual-cation
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substitution and a boron dopant to achieve better activity and stability. The overpotential of Ni-pyrite selenide catalyst is
decreased from 543 mV to 279.8 mV at 10 mA cm™? with a Tafel slope from 161 to 59.5 mV dec™'. Our theoretical
calculations suggest both cation and boron doping can effectively optimize adsorption energy of OER intermediates,
promote the charge transfer among the heteroatoms, and improve their OER property. This work underscores the
importance of modulating surface electronic structure with the use of multiple elements and provides a general guidance

on the minimization of activity loss with valence engineering.

KEYWORDS: oxygen evolution reaction, valence engineering, pyrite selenide, multimetallic compound, boron doping

xygen evolution reaction (OER) has been extensively
O studied for the development of sustainable and clean

energy devices, such as hydrogen fuel cells, metal—air
batteries, etc.' ~ The OER is based on a four-electron—proton
coupled reaction, requiring a high overpotential (17) with
respect to the standard reduction potential E ~ 1.23 V.*~° To
reduce the overpotential and the overall energy consumption
of water electrolysis, researchers have developed various
electrocatalytic systems to facilitate water splitting reac-
tions.” >® Transition metal pyrite selenides have been
demonstrated as a promising catalyst for OER, which can
provide a high activity and high cost-effectiveness compared to
commonly used noble metal or oxide catalysts.”~'> However,
their performances achieved so far are still rather low for
practical applications.

Cation doping has been demonstrated to be an attractive
approach to improve the OER activity of pyrite selenides, as it
can improve the electrical conductivity and introduce more
lattice vacancies working as active centers.”>~** For example,
Li et al. found out that an Fe, Co dual cation in NiSe, reduces

v ACS Publications  © 2019 American Chemical Society

the Tafel slope from 105 mV dec™ to 63 mV dec™ for OER
due to the increase of the surface active sites.”® Song et al.
reported crystalline—amorphous phase F-Co,B exhibiting a
superior overpotential of ~320 mV, which was better than
Co,B and RuO,.*® Although the interaction between the
multiple element atoms can give rise to the changing
geometries and/or surface electronic structures, the detrimen-
tal phenomena including cationic dissolution, ripening, or
crystal migration still limit practical applications of multi-
metallic selenides.'***>°

Modifying the local electronic structure of the multimetallic
selenides by valence engineering is an effective method to
improve both catalytic activity and stability. As a typical
valence engineering route, the favorable heteroepitaxial
structure has been extensively employed to suppress ripening
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or crystal mlgratlon compared to single-component metal and
metallic alloys.”' ~>° Additionally, the boron dopant within the
multimetallic selenides can relieve the cationic dissolu-
tion.'"*?* Furthermore, the nanoscale selenides with multiple
exposed sites enable the decrease of the kinetic energy barriers
of the OER reaction.”®™>* The wet chemical approaches have
been adopted to synthesize selenides with heterostructures at
the nanoscale by undergoing nucleation growth based on
preformed seed particles.”””***™* The alloy composition
obtained by the wet chemical method is usually restricted by
three elements, which greatly limits the structural diversity and
the possibility of adjusting the composition.” Although some
techniques such as printing methods, melt processing, and
high-temperature thermal reduction combined with cold-
rolling operation have been successfully used to prepare
multimetal composites consisting of five or more ele-
ments,”’ ° these methods require sophisticated instruments
and are especially inapplicable for mlxmg elements with varied
physical and chemical properties.”” In this work, we develop a
facile method to produce boron-doped ternary pyrite selenide
on an amorphous membrane. The crystalline—amorphous
structure provides an intimate structure for the -catalytic
system, which blocks the physical aggregation of catalytic
nanoparticles. On the other hand, this special crystalline—
amorphous structure allows 3D accessibility for the electrolyte
in the process of preparing the electrode. The resulting
materials exhibit superior performance in terms of low
overpotential and long electrochemical stability. Our theoreti-
cal studies suggest that the boron dopant and binary atomic
substitution can weaken the interaction between catalyst and
OER intermediates, which enable an efficient catalytic process.

RESULTS AND DISCUSSION

The boron-doped ternary pyrite selenide (FesCo,Niy,Ses¢B,)
was synthesized through a wet chemical method. Scheme S1
depicts the growth process of the Fe;Co,NiySesB, nano-
catalyst supported on an amorphous FeCoNi-B membrane.
Figure SI shows the preloaded amorphous multimetallic
boride membrane (MBM) selenized in a tube furnace under
a nitrogen flow. The Fe/Co/Ni/Se composition was
determined to be 5:4:20:36 by using transmission electron
microscopy energy-dispersive X-ray spectroscopy (TEM-
EDX), and the corresponding elemental maps are displayed
in Figure S2. The gaseous Se atoms react with the MBM and
generate Fe;Co,Ni,;Se;;B, nuclei on the surface of the MBM
during this initial stage. The nucleus grows into small
Fe Co,NiySe;sB, clusters with the deposition of the newly
formed selenide atoms. Finally, Fe;Co,Ni,,Se;sB, nano-
particles were synthesized on the MBM.

X-ray powder diffraction (XRD) was used to further
understand the crystal structural of the Fe;Co,Ni,SessB,
nanoparticles. The diffraction peaks in the XRD spectrum
(Figure S3) can be well identified to the (210), (200), (211),
(311), and (321) for the Fe;Co,Niy,Se;B, nanomaterials
compared to NiSe, with a JCPDS number 88-1711.>*"*" The
Rietveld refinement analysis was carried out using the
computer software General Structure Analysis System
(GSAS), showing that Fe, Co, and Ni atoms co-occupy the
same site with the composition ratios of 2:1 and 1:1 for Ni/(Fe
+Co) and Fe/Co (Figure 1A), respectively.‘w’38 These refined
results reveal that B atoms are embedded in the interstitial sites
of the crystal. Some of them form B—M (M = Fe, Co, Ni)
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Figure 1. (A) XRD Rietveld refinement of Fe;Co,Ni,Se;sB, and
(B) the atomistic model. (C, D) Schematic illustration of NiSe,
and Fe;Co,Ni,Se;sB, crystal structures.

bo??ikas shown in Figure 1B—D, while other portions bond to
Se.’”

The structure of Fe;Co,Niy,Se;B, materials was charac-
terized by spherical aberration corrected transmission electron
microscopy (AC-TEM). The as-prepared Fe;Co,Ni,oSe;qB,
nanoparticles are supported on the FeCoNiB membrane with
good dispersion and narrow distribution of particle size (Figure
2A). The selected area electron diffraction (SAED) pattern of
Fe;Co4Ni,SessB, nanoparticles exhibits (Figure 2B) discrete
and bright diffraction dots, indicating their good crystallinity.”’
The inset fast Fourier transformation (FFT) image in Figure
2C indicates the amorphous structure of the supporting
membrane.'*"” The HAADE-STEM-electron energy-loss spec-

Figure 2. (A) HRTEM image and (B) SAED pattern of the
Fe;Co,Ni,,Se;cB, nanoparticles. (C) STEM images of the
supporting membrane. The inset is the fast Fourier transformation
(FFT) image. (D) STEM image of the FeCoNiSeB, catalyst and
(E) the corresponding HAADF-STEM-electron energy-loss spec-
troscopy (EELS) mapping images.

DOI: 10.1021/acsnano.9b04956
ACS Nano 2019, 13, 11469—-11476



ACS Nano

troscopy (EELS) mapping was used to characterize the
elemental distribution of FesCo4NiySe;sB, nanoparticles
(Figure 2D,E), in which the particular atoms are visualized
as Fe (red), Ni (green), Co (pink), B (yellow), and Se (blue).
The individual elemental maps and their combined distribu-
tion map confirm the presence of all five elements in the
nanoparticles.

As widely accepted, the surface structure of catalysts plays a
very important role in the catalytic reaction.'””' Therefore, the
understanding the exterior structure of catalyst is indispensable
for the OER catalytic mechanism.***® The atomic-resolution
TEM images of Fe;Co,Ni,;Se;sB, nanoparticles in Figure 3

Figure 3. Corresponding FFT images of the exposed (210) (A, ,3)
and (111) (B,,;) facets for the Fe,Co,Ni,,Se;B, particle. (C, D
and E, F) HRTEM and simulated images of Fe;Co,Ni,,Se;¢B, with
the two typical zone axes [210] and [111].

show the exposed (210) and (111) facets (Figure 3A;—A;,
Figure 3B,;—Bj, respectively) with the corresponding FFT
images, revealing the uniformity of the crystal structure.
Although it is difficult to observe the exact atomic structure
through TEM images (Figure 3C,E), the corresponding

simulated images in Figure 3D,F with the typical [210] and
[111] zone axis reveal that the B atoms are located at
interstitial sites, which is consistent with the Rietveld
refinement analysis conclusions.

In order to characterize the chemical states of the
synthesized Fe;Co,Niy Se;sB, materials, we performed X-ray
photoelectron spectroscopy (XPS). Figure 4A—E clearly show
the Fe, Co, Ni, Se, and B signals in the XPS spectrum.
Obviously, the elements Fe, Co, and Ni mainly exist as
oxidation states in the Fe;Co,Ni,;Se;B, materials. For the Fe
2p spectrum, the multiple peaks at 711.79, 715.26, 725.49, and
729.35 eV are assigned to Fe—B, Fe®" 2p;,,, Fe** 2p, ,, and
Fe® 2p,,, respectively, along with the corresponding satellite
peaks at 720.19 and 734.01 eV.'>"* The 2p, , peaks of the Co
2p spectrum (Figure 4B) can be decomposed into three peaks
at 776.39, 781.68, and 786.75 eV, which are associated with
Co—B, Co*, and a satellite peak.'’ Similarly, the Ni 2p;,,
peaks can be assigned to Ni—B, Ni*, Ni**, and a satellite peak
at 851.6, 856.2, 859.9, and 862.7 eV."'"'* The corresponding
XPS spectra of Fe, Co, and Ni indicate that the electrons are
transferred from these transitional metals into boron atoms in
the Fe;Co,NiySe;sB, materials. The B 1s spectrum clearly
shows two chemical forms, including M—B (M = Fe, Co, Ni)
(185.68 eV) and trivalent oxidation states (192.15 eV).'" The
surface oxidation stems from the inevitable direct exposure to
the ambient environment. The Se 3d XPS spectrum is fitted
into two peaks at $4.74 (Se 3ds),) and $5.73 eV (Se 3d;,,),
which originate from the Se*” of Fe,Co,NiyoSe;sB,.””"” In
addition, a doublet peak (58.8 eV) assigned to the oxidation
state of Se species can be attributed to the oxidation of Se at
the Fe;Co,NiySesB, surface.”'” The XPS spectra of NiSe,, B-
NiSe,, and Ni 2p in Figure S4 further reveal that electrons are
transferred from transitional metals into B atoms. Through
density functional theory (DFT) calculations, we also found
that the B atoms are bonded with surrounding atoms, which
can be demonstrated by projected density of states (PDOS) of
atoms in Fej1,5C0q1,5Nig7sSe,By,, as displayed in Figure 4F.
Clearly, the p orbital of B (red line) is overlapped with the
outermost orbital of other atoms around B, including the p
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Figure 4. (A—E) X-ray photoelectron spectroscopy (XPS) spectra for the Fe,Co,Ni,;Se;B,. (F) Projected density of states (PDOS) of

Feg 125C00.125Nig 755€,Bg 5.
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orbital of Se and the d orbital of metal atoms. To accurately
describe the bonding state of B to metal atoms, the negative
crystal orbital Hamilton population (—COHP) between B and
metals is calculated by the Lobster code,” which can describe
detailed chemical interactions of bonding states between two
atoms, as well as their bond states of the orbital (Figure SS5).
The positive —COHP values represent the bonding state, and
the negative values represent the antibonding. Clearly, the
—COHP curves below the Femi level almost lie in the region
of positive values, which means that the B 2p orbitals are
bonded with 3d orbitals of metals, and some of the electrons
between the B—metals are easy to lose because of the existence
of negative values under the Fermi level, which can be
beneficial for catalysis processes. These results suggest that B
atoms bond with surrounding atoms, which is consistent with
our experimental results (Figure 4A—E).

The electrocatalytic OER activities of the prepared materials
were investigated using a standard three-electrode half-cell and
1.0 M KOH as the electrolyte. The NiSeB, FeNiSeB, and
CoNiSeB compounds were adopted as the control samples to
understand the activity of the Fe;Co4Ni,Se;sB, composite.
The SEM images and the corresponding EDS analysis of
NiSe,B,, FeNi;SegB,, and CoNi;SesB, (Figure S6—S8) show
their similar structure with a stable element composition.
Based on the OER polarization curves (Figure SA), the
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Figure S. Electrochemical performances of NiSe,B,, FeNi;SesB,,
CoNi;SesB,, and Fe;Co,NiySe;sB, for OER. (A) iR-corrected
polarization curves obtained in 1.0 M KOH at a scan rate of 2 mV
s7'. (B) Corresponding Tafel plots. (C) Tafel slopes and
overpotentials of Fe;Co,NiySe;sB, compared with other OER
catalysts (Table S2). (D) Overpotentials from experimental and
theoretical works.

Fe,Co,NiySe;B, composite obviously exhibits the lowest
overpotential (77) of 279.8 mV to reach a current density of 10
mA cm™?, compared to those of NiSe,B,, FeNi;SesB,, and
CoNi;SegB, (543, 335, and 453 mV, respectively). The current
density at 7 = 250 mV is 7.3 mA cm ™2, which is 4.6-, 4.4-, and
3.8-fold higher than those of NiSe,B, CoNi;SegB,, and
FeNi;SegB,, respectively (Figure S9). The Tafel slopes of
these catalysts were further investigated to estimate their OER
performance. As presented in Figure $B, the Tafel slopes are
59.5, 86.3, 121, and 161 mV dec™' for Fe;Co,NiySes;sB,,
FeNi;SegB,, CoNi;SegB,, and NiSe,B,, respectively. The
Fe;Co,NiySe;sB, exhibited the smallest Tafel slope, which

suggests more favorable OER kinetics than the other samples.
The electrochemically active surface areas (ECSAs) of these
catalysts were evaluated from the double-layer capacitance
(Cdl) (Figure S10). The ECSA-normalized polarization curves
presented in Figure S11 show that the current density of
Fe;Co,NiySes4B, is still better than the other three catalysts.
The OER kinetics of these catalysts were further investigated
by electrochemical impedance spectroscopy (Figure S12),
which showed similar results. This outstanding OER perform-
ance of Fe;Co,Niy Ses(B, is superior to most of the other
selenides or Fe/Co/Ni-based OER catalysts in alkaline
solution as well as the noble metal oxides IrO, and RuO, in
Figure SC (see Tables S1 and S2 in the Supporting
Information). We investigate the effect of metal doping on
the overpotential through DFT calculations. Figure SD shows
the overpotentials for the catalysts with and without B dopants.
These results indicate that the catalysts with FeCo co-doping
exhibit lower overpotentials than that with Fe- or Co-doped
surfaces. Meanwhile, the Fe or Co-doped surfaces without B
also have higher overpotential than FeCo co-doping ones with
B-doping. These results indicate that the co-doped metal
atoms are also beneficial to OER processes, in good agreement
with our experimental results.

Long-time stability of the catalysts is another critical factor
for practical applications. As shown in Figure S13,
Fe;Co,Niy,Se;sB, maintains a current density of 10 mA
cm™? over a period of at least 10 h without obvious potential
increase, suggesting the excellent durability of the synthesized
Fe;Co,Ni,oSes¢B,. Figure S14 shows the TEM image and the
STEM elemental mapping images of FesCo,NiySessB, after
the durability test, respectively. During the durability test, the
Fe,Co,NiySes B, particles were slightly enlarged (Figure
S14A) on the amorphous membrane. The distribution of
elements for FejCo,Ni, Se;sB, after the stability test
demonstrates the excellent structural durability of the multi-
metallic selenide boride with maintaining stable elemental
composition. The excellent stability is attributed to the
presence of the support of a homogeneous membrane, which
prevents the agglomeration of catalytic nanoparticles as a result
of the strong interaction by the in situ growth.

To understand the effect of FesCo,Niy Se;sB, on the
promotion of the activity of the oxygen evolving catalysts, we
performed DFT calculations to evaluate the composition effect
on the energetics of OER intermediates, including (111)
surfaces of pristine structures and their corresponding ones
with B dopants (namely, Fe;,sNiy-sSe,, Fey,sNig,sSe;Bq,,
Cog25Nig7s5€s, Cog25Nig755€:B05,  Feg125C00.125Nig755€s,
Fey,125C00.125Nig 7sS€,By,). Figure 6 shows the Gibbs free
energy (AG) for each OER intermediate step, where the solid
line indicates the computed free energies without external
voltage (U = 0), and the dashed line represents the modified
free energies under a theoretical reaction potential. For
Fey,<Nig,sSe, (Figure SA), the overpotential value for OER
is 1.63 V. This large overpotential is mainly limited by the high
desorption AG of 2.86 eV for the step of *OOH — * + O,+H"
+ ¢, where * represents the catalyst. In contrast, the B-doped
Fe(,5Niy75Se, has a lower but still large overpotential of 0.977
V, which can be attributed to the stronger adsorption to the
OOH-based intermediate (the corresponding AG for the
limiting step is 2.207 eV). Details of the relationship between
overpotential value and AG is described in the section
Calculation Methods. Similarly, the other catalysts with B
dopants exhibit a smaller overpotential than that of pristine

DOI: 10.1021/acsnano.9b04956
ACS Nano 2019, 13, 11469—-11476



ACS Nano Article
A —U=0V B —1=y c —U=0V
- --u=2200vm=00m7v) 4= - -U=2860V(n=1.630V) = -U=1909V (n=0.679 V)
. — ~ ol
Z 5 5
) < 2 o <
L) . g
& & | 2 8o ¢ &
5 X 3 5
= 0 2 a g
= - =
@ 3 8
g il -
= = ] =
w 2 Py -
2 2 2
2 2 ] \ £
&} | I & % EBeEssa e G}
A N
T T T -8 T
“on -0 “00I  *102 +0H 0 +O00H  *+0: on o *00H 10:
Feo.2sNio75SezBo.2 Feo.2sNio.75Se2 Coo.2sNio.7sSe2Bo.2
D —U=0v E —Uu=0v F —U=0V
- -u=2savm=1361V) ~ |---u=1m2v@=0412v) ~ |---U=1811vV@m=0581V)
S > 2z a4
- & 2
s 2 L
7]
2]
& & B
5 s , 5,
= =
5 o = =
P 8 ] [
= . Z o = i %5%‘% g
= = 2 ot aomHa
o g .
=2 \ = 2 68 g\
4 ) S | 888 - <) 28, 8.\
(<] 1 2 2 )caé:ib/q ——— N
————————— LR s
% . .
*OH *0 *O0OH *+02 *OH bl *OOH *+02 i *OH (] *OOH *+02

Coo.2sNio.7sSe2

Feo.12sC00.125Ni0.7sSe2Bo.2

Feo.125C00.125sNi0.75Se2

Figure 6. Activities of the OER intermediate process calculated with DFT+U. The processes of OER steps on (111) surfaces of different
materials: (A) Feg,sNig7sSe; (B) FegasNigssSe;Boa (C) CopasNigrsSes (D) CogasNigrsSesBoa (E) Fegi25C00125Nig7sSe, and (F)
Fe125C04.125Nig -sS€,Bg 5. Solid line: Computed free energies without external voltage (U = 0). Dashed line: modified free energies under

theoretical reaction potential.

ones. Specifically, the overpotentials of Cog,sNij-sSe,,
Cog.25sNig75Se3Bg,, Feg125C00.125Nig758e,, and
Fey155C00 12sNig7sSe,Bo, are 1.361, 0.679, 0.581, and 0.472
V, respectively.

We also investigated the deformation charge density for all
surfaces and the PDOS at active sites to understand the effects
of multimetal and B-doping on the activity of the OER
catalysts. Figure S1S5 shows the deformation charge density of
selected (111) facets. For the catalysts with B dopants,
electrons (yellow area in Figure S15) are clearly accumulated
around the B atom (white balls in Figure S15). These electrons
are transferred from adjacent metals atoms, where the electron
deletion areas (displayed as the cyan area in Figure S15) are
only located on metal atoms. Such a polarized charge
distribution strengthens the interaction between B and metal
atoms and reduces the number of electrons in metal atoms,
especially the outermost electrons in the d orbital, which
heavily modifies the properties of metal sites. Taking
Coy,sNig7sSe, (Figure 6C) and Coy,sNiy,5Se,By, (Figure
6D) as examples, the strong adsorption of the —OOH group
limits the overpotential of Cog,sNij7sSe;. The Gibbs free
energy difference (AG) for the generation of an OOH-based
intermedium (*OOH) is 2.584 eV, which is greatly reduced to
1.909 eV with the B dopants (Figure 6C). This reduction can
be understood as a result of the loss of d electrons of metal
atoms, as displayed in Figure S15, which reduces the possibility
of the charge transfer from metal atoms to the —OOH group
and gives rise to a weak interaction between the metal site and
the —OOH group. As a result, the Gibbs energy AG is reduced
for the OER process. Through Bader analysis,"’ the total
number of electrons of the —OOH group on
Cog,5Nig5sSe,Bg, is 13.489¢, which means that the —OOH
group accepts 0.48% from Coy,5Nig-sSe,Bg,. In contrast, the
electrons transferred from Coy,sNij;sSe, to the —OOH group
are 0.527e. The proposed OER mechanisms for selenides
before and after B dopant in Figure 7A,B clearly show that the
B dopant weakens the interaction between the catalyst and the
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Figure 7. (A, B) Proposed OER mechanisms for pyrite selenides
before and after B dopant. (C) PDOS of atoms at active sites.

—OOH group as the result of AG. Similar phenomena are also
observed for other multimetllic selenide borides. Figure 7C
shows the PDOS of d orbitals of atoms at active sites,
indicating that the d electrons of metal atoms are redistributed
with the introduction of other metal atoms and B. We also
calculated the number of d electrons of active metal sites. The
B-doping can reduce the total d electrons around metals, where
the electrons are transferred from the metal to B atoms,
consistent with the data of deformation charge density. In
addition, the transfer of d electrons from metals to B enhances
the interactions between B and the metals, which can
reasonably explain the presence of M—B bonds in the XPS
data in Figure 4.

CONCLUSIONS

In summary, the heteroepitaxial pyrite selenides by dual-cation
substitution and boron dopant can effectively prevent
corrosion benefiting from the in situ nucleation growth process
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and exhibit superior OER activity and stability. In particular,
boron in Fe;Co,Ni,;Se;cB, can effectively adjust the
adsorption energy of OH intermediates and facilitates the
charge transfer from the surface to the current collector. The
synergistic effect between the embedded B, Se and Fe, Co, and
Ni in the pyrite selenides can generate active sites that further
improve the OER reaction kinetics. This work illustrates the
potential of multimetallic selenide boride materials in energy
conversion owing to the special atomic and electronic
structures, which may contribute to rationally fabricating
high-performance electrocatalysts.

EXPERIMENTAL METHODS

Material Synthesis. The NiSe,B,, FeNi;SegB,, CoNi;SegB,, and
Fe;Co,Ni,;SessB, powders were synthesized by two simple steps.
First, the Ni-, FeNi-, CoNi-, and FeCoNi-based precursors were
synthesized by chemical methods. A 1 mmol amount of Co(NO,),-
6H,0 (Sigma-Aldrich), 1 mmol of Ni(NO;),-6H,0 (Sigma-Aldrich),
and 1 mmol of FeCl;-6H,0 (Sigma-Aldrich) were dissolved in DI
water to form a transparent solution, respectively. The FeCoNi-based
precursor was prepared by adding a moderate amount of NaBH,
(Sigma-Aldrich) solution into the Ni(NO;),-6H,O (1 mmol),
Co(NO,),-6H,0, and FeCl;:6H,0 (1 mmol) mixed solution (mole
ratio of 3:0.5:0.5); then a black precipitate was immediately produced.
The precipitate was collected and dried at 60 °C in an oven overnight.
Then a thermal selenization process was employed in the following
step to obtain the Fe;Co,NiySessB,. The as-prepared precipitate and
selenium powder were placed in a quartz boat. The selenium powder
(Alfa Aesar) was put at the upstream side of the tube furnace with a
distance of 10 cm to the precipitate. Subsequently, the precipitate was
heated at 450 °C for 2 h with a heating rate of S °C min™" under an
argon atmosphere and finally cooled to ambient temperature
naturally. For comparison, NiSe,B,, FeNi;Se;B,, and CoNi;SeyB,
were also prepared under similar conditions despite the differences
in the metal irons.

Structural Characterizations. Powder XRD data were obtained
through an X-ray diffractometer (Rigaku SmartLab) using Cu Ka (y =
1.54178 A) radiation. SEM images were recorded in a field-emission
scanning electron microscope (JSM-6490, JEOL) operating at 5 kV.
TEM and HRTEM, SAED, EELS, and EDX elemental mapping were
collected on a JEOL model JEM-ARM-200F microscope operated at
200 kV. XPS was acquired on an ESCALAB 250Xi XPS system using
Mg as the excitation source.

Electrochemical Measurements. To prepare the working
electrode, 5 mg of catalysts was dispersed in 750 uL of DI water,
210 pL of isopropanol, and 40 uL of 5 wt % Nafion solution followed
by sonication to form a homogeneous ink. Then 10 uL of the ink was
loaded onto a glassy carbon electrode of 5 mm in diameter. Then the
electrode was dried naturally at room temperature. Electrochemical
measurements were carried out on a CHI 660E electrochemical
workstation (CH Instruments, Inc., Shanghai) in a standard three-
electrode system at room temperature with an aqueous solution of 1.0
M KOH (pH = 14) used as the electrolyte. A Hg/HgO (1.0 M
NaOH) electrode and a graphite rod were used as the reference
electrode and counter electrode, respectively. All the measured
potentials vs Hg/HgO were converted to reversible hydrogen
electrode according to the equation E(RHE) = E(Hg/HgO) +
0.098 + 0.059 pH. The polarization curves obtained from linear sweep
voltammetry measurements were recorded at a scan rate of 1.0 mV
s, Electrochemical impedance spectroscopy measurements were
performed in a Solartron electrochemical workstation (German) at a
frequency ranging from 0.01 to 105 Hz with a small AC voltage
amplitude, of which the data were fitted by Zview software. The
ECSA was determined by the electrochemical Cdl from the scan-rate
dependence of CVs.

Calculation Methods. The Vienna ab Initio Simulation Package
code was employed to study the adsorption of OH groups on the
potential catalysts.*' The nuclei—electron interactions were described

by the projector augmented wave pseudopotentials,*” at the level of
generalized gradient approximation (GGA) in the form of Perdew,
Burke, and Ernzerhof.** The spin-polarization was considered in these
calculations, as well as the van der Waals interaction, which was
described by the DFT+D3 method developed by Grimme.***
Further, the Coulombic interactions for transition metals are
corrected by the GGA + U approach, in which the parameters of
U of 3.4, 3.4, and 3.3 eV were used for Ni, Co, and Fe, respectively.
For all calculations, the cutoff energy was 500 eV, and the
convergence criteria are 107> eV for energy and 107> eV/A for
force. Methods for the process of OER were described in more detail
in our initial work.*®
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ABSTRACT: Reducing the size of a catalyst to a single atom (SA) level can dramatically
change its physicochemical properties and significantly boost its catalytic activity.
However, the massive synthesis of SA catalysts still remains a grand challenge mainly
because of the aggregation and nucleation of the generated atoms during the reaction.
Here, we design and implement a spatially confined synthetic strategy based on a porous-
hollow carbon nitride (p-CN) coordinated with 1-butyl-3-methylimidazole hexafluor-
ophosphate, which can act as a nanoreactor and allow us to obtain metal SA catalysts (p-
CN@M SAs). This relatively easy and highly effective method provides a way to
massively synthesize single/multiple atoms (p-CN@M SAs, M = Pt, Pd, Cu, Fe, etc.).
Moreover, the amorphous NiB-coated p-CN@Pt SAs can further increase the loading
amount of Pt SAs to 3.7 wt %. The synthesized p-CN@Pt&NiB electrocatalyst exhibits an
extraordinary hydrogen evolution reaction activity with the overpotential of 40.6 mV@10 Wesy
mA/cm~? and the Tofel slope of 29.26 mV/dec. '

KEYWORDS: single atom, spatially confined synthetic strategy, massive synthesis, ionic liquid, hydrogen evolution

INTRODUCTION a greater stability.'®™*° Nevertheless, these approaches do not
work well under fast and large amount reactions. Thus, it is
quite necessary to develop an effective alternative method. It
has been reported that ionic liquids (ILs) offer a wide range of

Single-atom (SA) catalysis has been found as one of the most
attractive research topics in heterogeneous catalysis owing to
the superior atom utilization, such as selective hydrogenation,

water splitting, and fuel cell'™* The special coordination uses, such as a structure-regulated synthesis of metal
chemistry of SAs enables its distinctive physicochemical nanoparticiels zand special electrolyte, due to their special
properties, in which the unsaturated SAs can bond with properties.” ~ * As the water content increases, the charge
molecules in appropriate orientations with an optimized groups in ILs can be effectively separated within a certain range
interaction.”™® In previous reports, researchers synthesized and can selectively adsorb or filter metal ions in aqueous
SA catalysts according to different methods, which usually solutions.” TLs also can tune the electronic state of the metal
suffer from harsh reaction conditions, including high temper- SAs, thus enhancing the interaction between SAs and the
ature and complex gas reduction conditions.””"" Therefore, it substrate and benefiting the stability of the SAs.”®

requires us to develop the general and alternative ways for The platinum group metal (PGM), such as Pt, Pd, and Ir,
synthesizing SAs. The spatial limitation of the nanocontainer plays a crucial role for a hydrogen evolution reaction (HER),
can theoretically provide a suitable reaction space to confine which is closely related to the rising demand for green energy
nanosized particles or even SAs. For instance, Mirkin and co- for sustainable development.””® Although PGMs show
workers developed a funnel-type nanoreactor to synthesize excellent HER activity, a large-scale production is not an

metal nanoparticles.'” However, the ultrafine particles or SAs
always suffer from a thermodynamic aggregation to reduce
their excess surface energy, which makes it extremely laborious
to get SAs that rely solely on the technological progress.
Porous carbon materials can act as similar reactors because of
their abundant undulated structure on the surface and micro/
mesopores throughout the materials.'®'” To retard the
agglomeration during the SAs preparation, heteroatoms
(such as N, P) doped in the carbon materials with good
coordination ability can securely in situ attach SAs and provide

economically viable option because of the high cost. Atomic
utilization efficiency has emerged as an advanced indicator to
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Figure 1. Synthesis and characterization of the p-CN@Pt and p-CN@S—Pt. (a) Schematic of the synthetic process of the Pt nanoparticles
and SAs mixture on p-CN and the generated progress of p-CN@S—Pt with the CgH;sN,F¢P. (b) EDS mapping images of the p-CN@Pt and
p-CN@S—Pt. (c) STEM image of the p-CN@S—Pt and the corresponding magnified images of the p-CN@S—Pt to the atomic-resolution.
Some of the single Pt atoms are highlighted by the inset red circles.

evaluate the catalytic properties of catalysts, especially for
PGM." One of the strategies to improve the atomic utilization
efficiency of PGM is based on reducing their size to isolated
SAs.”’7*! Here, we synthesized a hollow porous carbon nitride
(p-CN) nanosphere-enriched undulated structure and micro-
pores as a nanoreactor, employing the 1-butyl-3-methylimida-
zole hexafluorophosphate (CgH sN,FsP) as a regulator to
control the content of metal ions on the p-CN. The p-CN-
supported Pt SAs (p-CN@S—Pt) catalysts were successfully
prepared following a wet chemistry method. To further
increase the loading amount of Pt SAs and enhance the
stability of the p-CN@S—Pt, amorphous boron—nickel (NiB)
with good electronic conductivity is introduced to coat p-CN@
S—Pt. The Pt content in p-CN@S—Pt&NiB can reach to 3.7
wt %, larger than that of p-CN@S—Pt (2.56 wt %).
Additionally, the p-CN@S—Pt&NiB exhibited a superior
HER activity with the overpotential of 40.6 mV@10 mA/
cm 2 and the Tofel slope of 29.26 mV/dec, much better than
commercial Pt/C (50.7 mV, 46.45 mV/dec).

RESULTS AND DISCUSSION

Synthesis and Characterization of p-CN@S—Pt. The p-
CN@S—Pt was prepared by a wet chemical method using p-
CN hollow nanospheres as a support and CgH;N,FP as a
regulator. High-resolution transmission electron microscopy
(HRTEM) and scanning electron microscopy (SEM) were
employed to investigate the morphology of such synthesized p-
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CN-based materials. The synthesized p-CN materials exhibit a
relatively uniform nanosphere feature with the diameter of
250—330 nm (SEM images in Figure S1). TEM images in
Figure S2 clearly show the porous structure of p-CN. There are
plentiful sub-nanometer channels in the overall structure of the
p-CN material, which can ideally serve as trap sites for the
attachment of SAs. The specific surface areas of p-CN were
determined by the Brunauer—Emmett—Teller (BET) method.
The calculated BET surface areas reach 1005 m?/g.
Furthermore, the pore size distribution of p-CN (Figure S3)
is majorly in the range between 4 and 6 nm, which is highly
suitable for anchoring the SAs. The HRTEM and BET results
simultaneously confirmed that the p-CN material can be used
as a nanoreaction vessel.>> The X-ray diffraction (XRD)
pattern of p-CN (Figure S4) indicates the peaks at 27.7° and
50.75° are well-indexed to the (002) and (100) planes with
standard XRD profiles of the CN crystal structure.”” The
characteristic diffraction peaks of the synthesized p-CN show
good crystallinity, indicating a potential for good conductiv-
ity.”'%**** The Raman spectrum of the p-CN component
(Figure SS) shows the typical peaks of D and G bands at
~1320 and ~1590 cm™.. The intensity ratio of I/I; is 1.18,
which reveals that the p-CN is rather disordered with a large
number of defects that can provide more sites for SA
accommodation.”

As illustrated in the upper line of Figure la, the p-CN@Pt
SAs were fabricated via a four-step process. Typically,

https://doi.org/10.1021/acsnano.1c01872
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Figure 2. Synthesis and structure determination of p-CN@S—Pt&NiB by EDS-mapping and XAFS. (a) Illustration of the preparation process
of p-CN@S—Pt&NiB. (b—g) The enlarged HAADF-STEM images and corresponding element maps (O: yellow, Ni: pink, N: green, C: blue,
Pt: red). (h) The XANES spectra and (i) FT-EXAFS fitting curves of p-CN@S—Pt&NiB at Pt L, edge. (j) WT-EXAFS of p-CN@S—Pt&NiB.

CgH sN,F¢P was physically mixed with the p-CN powder and
then sonicated for 20 min. Chloroplatinic acid and ethanol are
gradually injected into the mixture, and then the solution is
continuously sonicated for another 30 min. There is a portion
of the chloroplatinic acid on the surface of the p-CN under
physical adsorption. The sodium borohydride was added as the
reducing agent, and the p-CN@Pt complex that contained Pt
nanoparticles and Pt SAs was finally obtained. High-angle
annular dark-field scanning transmission electron microscopy
(HAADF-STEM) energy-dispersive X-ray spectroscopy (EDS)
mapping images of the p-CN@Pt complex (Figure 1b) indicate
the existence of small Pt particles, which is in line with
HRTEM results of the p-CN@Pt complex (Figure S6),
whereas, when the CgH,;;N,F,P was mixed with the
chloroplatinic acid, the negatively charged functional group
F4P could coordinate with Pt ions to generate CgH,;N,F,P—Pt
complexes, thus regulating the dispersion of Pt ions (Figure
S7a,b). After centrifugation, a certain amount of Pt precursor
together with CgH;sN,F¢P was adsorbed on the surface of the
p-CN as shown in Figure S7c. Then the p-CN@Pt complex
was redispersed in ethanol/deionized water and reacted with
the sodium borohydride to obtain p-CN@S—Pt catalysts.
HAADE-STEM EDS-mapping images (Figure 1b and Figure
S8) clearly show the uniform distribution of the Pt element in
the p-CN@S—Pt catalysts as well as SEM images (Figure S9),
indicating no particles on the surface of the p-CN and the
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generation of single Pt atoms. To demonstrate the distribution
of SAs at the surface of p-CN materials, HRTEM images of the
samples are collected by a spherical aberration-corrected
transmission electron microscope (AC-TEM), as displayed in
Figure 1c and Figure S10. It can be observed that the surface of
p-CN materials is densely packed with single Pt atoms. The
continuously enlarged STEM images directly display the
homogeneously distributed Pt SAs within the p-CN matrix.
Some Pt SAs are marked by red circles in Figure 1c for better
observation.

Another grand challenge for monatomic catalysts is to
prepare SAs in large amounts excluding their further migration
and agglomeration durin6g the catalytic process. On the basis of
our previous studies,””’ the NiB with good electronic
conductivity may further improve the corrosion resistance
and stability of the p-CN@S—Pt. By changing the Pt solution
to a Pt/Ni (Pt/Ni = 1:2) mixture precursor (Figure 2a), the p-
CN@S—Pt&NiB can be synthesized under identical con-
ditions. The content of Pt in the final p-CN@S—Pt&NiB
catalyst was determined by inductively coupled plasma mass
spectrometry (ICP-MS). The results in Figure S11 show the
increased content of Pt SAs (3.7%) after the introduction of
the NiB component. Figure S12 shows SEM images of the p-
CN@S—Pt&NiB, indicating that the entire p-CN is fully
coated with NiB&Pt SAs. Further investigation by HAADEF-
STEM showed that the amorphous NiB material was well-

https://doi.org/10.1021/acsnano.1c01872
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Figure 3. Electrocatalytic performance of the commercial Pt/C (20 wt % Pt), p-CN@S—Pt, and p-CN@S—Pt&NiB. (a) HER polarization
curves for the three samples without IR compensation. (b) The Tafel plots for p-CN@S—Pt&NiB and the corresponding reference catalysts.
(c) Comparison of overpotentials at 10 and 25 mA cm™> of p-CN@S—Pt&NiB, Pt/C, and p-CN@S—Pt. (d) Durability test of Pt/C before
and after 1000 cycles test. (e) Durability test of p-CN@S—Pt&NiB, the LSV curves measured before and after 1000 cycles test. The inset
image in (e) is the overpotential under 10 mA cm ™2 of p-CN@S—Pt&NiB before and after the stability test. (f) Comparison of overpotentials

and Tafel plots for HER of other reported catalysts.

dispersed in the undulated structure and micropores. The
corresponding EDS mapping images (Figure 2b—g) can also
further point to the good dispersibility of the Pt, Ni, and B over
the p-CN support. To further verify the applicability of this
method, p-CN@S—Cu&NiB, p-CN@S—Fe&NiB, and p-CN@
S—Pd&NiB were prepared under identical synthetic steps. The
HRTEM and EDS results (Figure S13) clearly show the
monodisperse metal atoms on the p-CN and the correspond-
ing metal content.

The X-ray photoelectron spectroscopy (XPS) of p-CN@S—
Pt&NiB was conducted to study the elemental composition
and its chemical states. As shown in Figure S14, the p-CN@S—
Pt&NiB is composed of Pt, Ni, B, O, C, and N. For the high-
resolution C 1s spectrum, the subpeaks at 284.78, 285.58,
288.38, and 289.33 eV are associated with the C=C, C=N/
C=0, C-N/C-0, and C—C=0 chemical bonds, respec-
tively.w’26’27 In Figure Sl4c, the high resolution of the B Is
spectrum of the p-CN@S—Pt&NiB reveals the presence of Pt—
B (198.53 eV) and Ni—B (200.08 eV), suggesting that part of
the B atoms in p-CN@S—Pt&NiB hold a negative charge
(67)%° The peak at the binding energy of 192.03 eV is
attributed to a B—O signal, possibly from an oxidized B species
during air exposure.*® Moreover, the N 1s spectrum of the p-
CN@S—Pt&NiB reveals the four types of nitrogen active
sites—pyridinic-N (398.38 V), pyrrolic-N (399.38 eV),
graphitic-N (401.53 eV), and oxidized-N (404.63
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eV).w’17’26’27 As illustrated in Figure Sl4ef, the metals (Ni
and Pt) exist in p-CN@S—Pt&NiB as a mixture of two valence
states: Ni** 2p,/, (855.83 €V); Ni** 2p,/, (873.58 eV); Pt**
4f,, (7273 €V); PP 4f,,, (75.33 eV); Ni—B (85248 eV);
and Pt—B (67.98 eV, 71.48 eV), indicating that they are
positively charged (67).'®*® The coordination environment
and electronic structure of p-CN@S—Pt&NiB were also
confirmed by X-ray absorption fine spectroscopy (XAES)
measurements. The Pt L;-edge X-ray absorption near edge
structure (XANES) spectra of p-CN@S—Pt&NiB and Pt foil
(Figure 2h) show the white line peak position of p-CN@S—
Pt&NiB shifts to higher energy compared to that of Pt foil, and
they reveal the positive valence state of Pt in p-CN@S—
Pt&NiB, which agreed with the XPS results.”¥*”*” The
extended XAFS (EXAFS) fitting curves at the R space of Pt foil
and p-CN@S—Pt&NiB are shown in Figure S1S and Figure 2i.
The structural parameters are summarized in Table SI. The
EXAFS spectrum of the R space for p-CN@S—Pt&NiB
exhibited a dominant Pt—N/Pt-Ni coordination (Figure 2i),
indicating the surrounding atoms were adjacent to isolated Pt
atoms. Compared with the fitting results of p-CN@S—Pt&NiB
and Pt foil, the coordination numbers (CNs) of Pt—N and Pt—
Ni are 4.3 and 0.6 with the corresponding band lengths of 2.02
and 2.07 A, respectively. The resulting Pt—Ni scattering path
indicates that Pt SA has a strong interaction with NiB.
Additionally, a wavelet transform (WT) analysis was also used

https://doi.org/10.1021/acsnano.1c01872
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to reinforce the atomic information in both k and R spaces.
The WT contour plot of p-CN@S—Pt&NiB (Figure 2j)
exhibits the scattering peak at ~5 A™!, further consolidating
the argument of isolated single Pt atoms. According to the
existing results, the content of Pt—N and Pt—Ni in the p-CN@
S—Pt&NiB implies that the partially isolated Pt in p-CN@S—
Pt&NiB is coordinated with Ni and that the other part is
coordinated with N.

Electrocatalytic Properties of Such Synthesized
Materials. To prove that the developed facile synthetic
procedure is suitable for the preparation of highly active
catalysts we compared the prepared materials in an electro-
catalytic HER in an acidic electrolyte (0.5 M H,SO,). The
polarization curves based on the linear sweep voltammetry
(LSV) of these catalysts without iR corrections were measured.
It can be seen that p-CN@S—Pt and p-CN@S—Pt&NiB gave a
better HER performance than Pt/C (20 wt % Pt) with the
overpotential (at 10 mA cm™2) of 43.3, 40.6, and $50.7 mV,
respectively. Meanwhile, p-CN@S—Pt&NiB showed the Tafel
slope of 29.26 mV dec™", which was obviously lower than that
of Pt/C (46.45 mV dec™) and p-CN@S—Pt (4598 mV
dec™"). All the results in Figure 3a—c indicate that the p-CN@
S—Pt&NiB showed a superior HER activity. The overpotential
and Tafel slope of p-CN@S—Pt&NiB (40.6 mV@10 mA cm 2,
29.26 mV dec™') were lower than those values for other
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reported superior catalysts, such as Pt-Mo$S, (145 mV@10 mA
cm™2, 96 mV dec™!), Pt@C,N (40 mV@10 mA cm™2, 33 mV
dec™), N—P—Ni (25.8 mV@10 mA cm™2, 34 mV dec™?), etc,,
as shown in Figure 3f and Table S2. Besides, the stability of the
catalysts was studied from LSV curves before and after 1000
cycles. The nearly identical LSV curves (Figure 3d,e) show
that the p-CN@S—Pt&NiB has a similar stability to that of Pt/
C. The durability of the Pt/C, p-CN@S—Pt, and p-CN@S—
Pt&NiB were also verified by chronopotentiometric curves at
the current density of 10 mA cm > (Figure S16). The p-CN@
S—Pt&NiB showed better stability than p-CN@S—Pt,
revealing the NiB can effectively protect the catalysts from
aggregation and dissolution, thus enhancing the durability. To
verify the underlying mechanism of p-CN@S—Pt&NiB that
induced a good HER performance, we characterize the Pt/C,
p-CN@S—Pt, and p-CN@S—Pt&NiB by using electrochemical
impedance spectroscopy (EIS). As depicted in Figure S17, the
p-CN@S—Pt&NiB showed a lower solution resistance than p-
CN@S—Pt, which may be attributed to the good electrical
conductivity of NiB and a large catalyst/electrolyte interface
contact area.’*** Moreover, the low charge resistance of p-
CN@S—Pt&NiB is also beneficial for HER.>*

Theoretical Calculations. Density functional theory
(DFT) calculations were performed to gain insight into the
mechanism of the HER process. Four sites on the p-CN@S—
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Pt&NiB surface, including the ones at the top of the NiB film
(site 1), the ones at the side of the NiB film (sites 2 and 3), the
one around Pt (site 4), and the one above the Pt of p-CN@S—
Pt (site P), were regarded as the reaction sites for H species,
enabling us to further understand the synergistic effect between
p-CN, NiB, and Pt SAs. The hydrogen adsorption Gibbs free
energy (AGsy) of the P site in the p-CN@S—Pt model was
calculated to be as high as 1.303 eV, indicating the unfavorable
hydrogen adsorption. When interacting with NiB, the related
AGsy values are substantially decreased (Figure 4a) to
promote the hydrogen adsorption and activation. Such a
AG:y decrease for the p-CN@S—Pt&NiB model can allow us
to rationalize the enhanced HER activity with reduced
overpotential. To deeply understand the mechanism and the
influence of NiB, the potentials of p-CN@S—Pt&NiB and p-
CN@S—Pt were also explored. From Figure 4b, it can be seen
that the electrons are mainly concentrated near the CN plane
with the position of ~12.5 A, at which the electrons have low
energy levels, making the electron transfer process difficult to
achieve. With the addition of NiB, a large number of electrons
clearly appears at higher energy levels (at the position of ~16
A, where the NiB component is located). These electrons are
more easily transferred to the adsorbed species, such as *H,
which can quickly provide the required electrons for the
electrochemical process to give a higher HER performance. To
deeply explore the electron behavior, the highest occupied
molecular orbital (HOMO) and lowest unoccupied molecular
orbital (LUMO) for five adsorbed models were calculated,
including H at sites 1—4 and pure site (P). As shown in Figure
4c, the HOMO of p-CN@S—Pt is located at the Pt atom,
which means that Pt is the active site for providing electrons to
accelerate the HER reaction.

The HOMOs of p-CN@S—Pt&NiB are mainly located at
NiB, indicating that the electrons at NiB can come out easily
and combine with H to produce H, under a small, external
electric field. The LUMO can accept the electrons to meet the
requirements of energy and electron for HER to accelerate the
reactions. However, this was not observed with p-CN@S—Pt
under the same isosurface level, suggesting the electron transfer
from HOMO to LOMO at the P site is more difficult than the
one on other selected sites. This conclusion can reasonably
explain that the P site has a higher overpotential and the small
electron charge transfer between p-CN@S—Pt and adsorbed
*H(0.024 e) and the more electrons on H at other sites.

CONCLUSIONS

In summary, we have developed a massive single-atom
synthesis process exploiting sub-nanometer pore channels in
the structure of p-CN as nanoreactors and CgH; N,F(P as an
accelerant. To further enhance the loading amount and
stability of Pt SAs, the amorphous NiB was in situ synthesized
to coat the Pt SAs with a high Pt SA content (3.7 wt %). The
p-CN@S—Pt&NiB displays superior HER activity in acid
electrolytes. The overpotential of the p-CN@S—Pt&NiB at 10
mA cm™> was 40.6 mV, which is better than that of the
advanced commercial Pt/C. The DFT calculations confirmed
that the synergistic effect of the p-CN-Pt and NiB-Pt made the
electron transfer easier, thus accelerating the HER and
lowering the overpotential. Our study reveals the predominant
role of ILs and nanoreactors, which can provide a valuable
guidance for the design of isolated atom catalysts for different
reactions.
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METHODS

Preparation of Hollow Porous Carbon Nitride (p-CN)
Nanospheres. Author: Please verify that the changes made to
improve the English still retain your original meaning.The p-CN was
prepared according to a modified method.*' Typically, 2 g of
cetyltrimethylammonium bromide (CTAB) was dissolved in the mix
solution with 100 mL of deionized water, 40 mL of ethanol, and 1.5
mL of aqueous ammonia. Then, 0.55 g of resorcinol, 0.74 mL of a 37
wt % formaldehyde solution, and 3 mL of ethyl orthosilicate (TEOS)
were added into the flask step by step under magnetic stirring at 70
°C. Melamine (0.3 g) immediately added into the flask after the
mixture solution became milky white and was kept for 24 h at 70 °C.
Then, the solution was transferred to an autoclave for a hydrothermal
reaction at 100 °C for 24 h. The obtained product was centrifuged
and washed with ethanol three times. After it was dried in an oven at
100 °C, the powder was calcined at 800 °C for 3 h with the heating
rate of 3 °C min™' in a N, atmosphere. The template was etched
using 2 mol L' NaOH solution by stirring at room temperature for
24 h to remove SiO,, and the obtained black powder was washed with
nitric acid/deionized water until its pH was neutral. To further
remove the residual SiO, in the p-CN, the sample was soaked in
concentrated hydrofluoric acid for § h, and the final powder was
washed by deionized water several times. After they were dried, the
hollow porous carbon nitride (p-CN) nanospheres were obtained.
The dried powder was continually heated at 600 °C for a while to get
clean p-CN for the next step.

Preparation of p-CN@Pt Nanoparticle with an Appropriate
Amount of Single Atoms (p-CN@Pt). To prepare the p-CN@Pt
complex, 20 mg of p-CN and 10 mg of (hydro)chloroplatinic acid
(H,PtClg¢6H,0) were dispersed in a suitable amount of deionized
water/ethanol and ultrasonicated for 30 min. Then the p-
CN&H,PtCls complex was collected by centrifugation. Because of
physical adsorption and weak bonding, part of the Pt ions in the
solution would be adsorbed and fixed on the surface of the p-CN.
After centrifugation, the precipitate was further dispersed in the
aqueous solution, and then sodium borohydride (NaBH,) was added
to obtain p-CN@Pt nanoparticles mixed with an appropriate amount
of single atoms.

Preparation of p-CN@Pt Single Atoms (p-CN@Pt-SAs). For
the synthesis of p-CN-supported Pt monatomic catalysts, the p-CN
material (20 mg) is first dispersed in the 1-butyl-3-methylimidazole
hexafluorophosphate (CgH;sN,F¢P). Then 10 mg of H,PtCls-6H,0
and a suitable amount of H,0O/ethanol is added and ultrasonicated for
40 min. The remaining experimental steps are similar to the p-CN@
Pt

Preparation of p-CN@S—Pt&NiB Catalyst. The synthesis
process is similar to that of p-CN@Pt-SAs except for the substitution
of the Pt precursor for the Pt/Ni precursor (Pt/Ni = 1:2).

Preparation of p-CN@S—Pd&NiB, p-CN@S—Cu&NiB, and p-
CN@S—Fe&NiB Catalysts. For the synthesis of p-CN@S—Pd&NiB,
the p-CN material (20 mg) is first dispersed in the I1-butyl-3-
methylimidazole hexafluorophosphate (CgH;sN,FsP). Then 6 mg of
Na,PdCl, and a suitable amount of H,0O/ethanol is added and
ultrasonicated for 40 min. The remaining experimental steps are
similar to those of the p-CN@Pt. For the synthesis of the p-CN@S—
Cu&NiB and p-CN@S—Fe&NiB, 4 mg of Cu(NO;), and 2 mg of
Fe(NO,); were added separately into the reaction with a similar
synthesis process of p-CN@S—Pd&NiB to obtain p-CN@S—Cu&NiB
and p-CN@S—Fe&NiB.

Structural Characterizations. Powder XRD data were obtained
through an X-ray diffractometer (Rigaku SmartLab) using Cu Ka (y =
1.54178 A) radiation. Transmission electron microscopy (TEM),
high-resolution TEM, and EDX elemental mapping were collected on
a JEOL model JEM-ARM-200F microscope operated at 200 kV and
an FEI Titan HRTEM microscope operated at 300 kV. The X-ray
absorption spectra (XAS) were recorded at the XAS station
(BL14W1) of the Shanghai Synchrotron Radiation Facility (SSRF).
The Raman spectroscopy was tested by a DXR Raman microscope.
The XPS was acquired on an ESCALAB 250Xi XPS system using Mg
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as the excitation source. The inductively coupled plasma masss
pectrometry was tested by an Agilent-7900 ICP-MS system.

Electrochemical Measurements. All the electrochemical tests
were recorded on an Autolab electrochemistry workstation at room
temperature. All the electrochemical measurements were performed
in 0.5 M H,SO,. The Ag/AgCl KCl-saturated CHI was used as a
reference electrode, and all the potentials in the our paper were
transformed to relative hydrogen electrode (RHE): E(RHE) = E(Ag/
AgCl) + 0.1976 V. For the HER test, the graphite rod was used as a
counter electrode. To prepare a suspension, the catalysts were
dispersed in 1 mL of deionized water that contained 500 uL of
isopropyl alcohol and 100 uL of Nafion solution (5 wt %) and
sonicated for 40 min. The prepared catalyst inks of Pt/C, p-CN@S—
Pt, and p-CN@S—Pt&NiB were dropped on the surface of the glassy
carbon (GC) electrode with the Pt loading of § g cm™ for Pt/C and
~12 pg cm™ for p-CN@S—Pt and p-CN@S—Pt&NiB. Notably,
there will be some deviation when the ink is taken by pipet on the GC
electrode. Before the LSV measurements, the catalysts were tested in
the electrolyte by cyclic voltammetry (CV) for several cycles. All the
electrochemical results are without IR correction.

Density Functional Theory Calculations. DFT calculations
were performed by the Vienna ab initio simulation package (VASP),*
by which the geometric structures as well as electronic properties were
calculated. For all calculation jobs, the ion-electron interactions are
described by the projected augmented wave (PAW) method
combined with an exchange-correlation functional of Perdew—
Burke—Ernzerhof (PBE) in the generalized gradient approxima-
tion.*>** The criteria of 1075 €V in energy, 107* eV/A in force, and
500 eV in cutoff energy were set for all numerical calculations.
Additionally, to accurately describe the weak van der Waals
interactions, the Grimme DFT-D3 dispersion correction method
was employed.”

The total hydrogen evolution reaction can be written in eq 1.

L
e +H - / ’H,

Q)
For each step, the reaction Gibbs free energy AG is defined by eq 2
AG = AE + AZPE — TAS + AGy + AG,y (2)

where AE is the electronic energy difference, AZPE is the change in
zero-point energies, T is the temperature (T = 298.15 K), and AS is
the entropy change. AGy = —eU, in which U is the potential related to
the standard hydrogen electrode. AGy is the corrected Gibbs free
energy of H' ions depending on the concentration, which can be
determined as AG,y = 0.059pH, where the value of pH was set to
zero. The entropy of adsorption of '/?H, is ASHN—%SOHZ where %,
is the entropy of H, in the gas phase at standard conditions.
All calculations were assisted by the vaspkit code.*®
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Introduction

¥¢ Surface reconstruction of nanocatalysts is an inevitable
process during heterogeneous catalysis, resulting in dynamic
changes of active sites.

Y¢ It remains a grand challenge to identify the evolution of active
sites due to the small size and complex surrounding systems.

Yt Ethylene glycol (EG) has great potential for alcohol fuel cells,
due to its better security and higher energy density.

Y¢ Hydroxyl group in EG can act as capping agent for promoting
morphologic change.

Y¢ The mismatch between the surface free energy and Gibbs

free energy may drive the structure reconstruction of the catalysts
during catalysis

Figure 1. a) HAADF-STEM image of h-PdCu&Pt and b) the enlarged typical single h-PdCu&Pt
marked by the white arrow in a). c) The corresponding EDS elemental mapping image. d)
lllustration of the atomic model for h-PdCu&Pt. e) The representative HRTEM image for
h-PdCu&Pt. f) HRTEM images and FFT patterns are consistent with selected area in the

blue and red squares inserted in e).
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Fig. 4. a) Schematic illustrations of the formation process from h-PdCu&Pt to SAPt-PdCu NF.
b) the total free energy of the Pt-based catalyst at different reaction stages. c) the models of
SAPt-PdCu surfaces, and triangles are (i) PtCuz, (ii) Pt2Cu, (iii) PtPd2, (iv) Pt2Pd, (v) Pts, (vi)
PtCuPd, (vii) CuPdz, (viii) Cu2Pd, (ix) Cus. d) the adsorption energy (unit: eV) of C2H4(OH)2
on models of c). e) the adsorption energy (unit: eV) of CO on models of c). ) the difference

of EEG-ECO of the models. Navy balls, Pd; Blue balls, Pd; red balls, Cu; yellow balls, Pt; gray
balls, C; white balls, H; green balls, O.

Conclusion

Y& The mismatch between the surface free energy and Gibbs free

energy drives the structure reconstruction from h-PdCu&Pt to single
Pt active sites tailored PdPtCu nanoframes (SAPt-PdCu NF) during
catalysis

Y¢ This discovery promotes the recognition of active sites and facilitate
the design of stable catalysts with high activity for heterogeneous
catalysis
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1. Introduction

Environmental problems based on the combustion of fossil fuel are the great
challenges for the sustainable development of society that humans have to face for the
next decades.!? Developing a green pathway to replace fossil fuel and reducing the
hazardous gases emission can effectively improve the existing problems.** Although
the development and application of renewable energy, such as wind, tidal, solar, has
been stimulating for a long time, the low energy delivery efficiency limited the
large—scale application of sustainable energy.”® Apart from the development of
advanced energy conversion devices, converting renewable energy into chemical
energy will be more conducive to the commercial application of sustainable energy.
As the typical green energy source with the highest gravimetric energy, hydrogen is
the ideal sustainable gas to replace fossil fuels in various industries.®! Currently,
electrocatalytic water splitting is an implementable method for hydrogen generation,
and this electrolytic process has been widely studied that contains two half-reactions
oxygen evolution reaction (OER) and hydrogen evolution reaction (HER).!'-13
Concerning HER and OER, the OER process undergoes four—electron—proton to form
one O molecular, which requires a large overpotential (n = 1.23 V vs standard
reduction potential) for the whole water—splitting reaction. Thus, the OER is regarded
as the rate—limiting step of electrocatalytic water splitting, compared to HER. Based
on this mentioned reason, enormous studies devoted to the development of highly
effective OER catalysts to relieve the sluggish kinetics and increase the energy
conversion efficiency.!*!> However, at present, the water—splitting reaction,
especially the OER, still suffers from low efficiency and insufficient stability to meet
the requirement of the practical application. So it is particularly important to develop
highly active HER/OER catalysts.!® 17

A large number of researchers discovered the pH of the electrolyte is strongly related
to the mechanism of OER. In an acidic solution, OER proceeds in four steps shown in
the equations.'®!” In an acidic environment, H>O will form OH" on the surface of the
active sites (Equation 1), then further interact with water molecules to produce O* and
OOH" intermediates (Equation 2 or Equation 3).22! Different from the acid solution,
OH" will generate from the OH™ instead of H20 in an alkaline environment (Equation
5-7).2 Finally the oxygen gas will generate based on the OOH" intermediates
(Equation 4 and 8). It is worth noting that the OH® — O" and O — OOH" processes
are the rate-limiting steps with a higher energy barrier value of 3.2 eV.2%2! Thus, if
the catalysts can effectively reduce the energy barrier of these steps, they will be the
advantageous candidates for the superior OER. To date, most of the commercial
catalysts of OER are noble metal oxides (e.g., [rO2, RuQz), possessing small reserves,
high cost, and challenging large—scale application.?- 23

In an acidic system,



2H,0 - OH"+ Hb O +H" +e~ (1)

OH'+H,0 - O*"+H'+H:0+e”  (2)

O"+H:0 - OOH" +H' +e (3)

OOH"— O +H"te (4)

In an alkaline system,

40H — OH"+30H +e¢ (1)

OH"+30H — O"+20H +H:0+e~  (2)
O*+20H +H,0 - OOH*+OH +H,0+e~ (3)
OOH'+OH +H.0 — 0, +2H,0+e  (4)

* denotes the surface adsorption sites

Pyrite—type transition metal dichalcogenides (PT-TMDs) have emerged as one of the
most valuable candidates for the highly effective OER catalysts.?*23 It is worth noting
that the PT-TMDs nanomaterials have special physical properties covered from
conductor, semiconductor, and insulator, with a wide range of applications.?**”-?® The
PT-TMDs display a crystal system of isometric with the octahedral coordination
which contains cations and dianion units.?> 2° The intrinsic electronic configuration of
the PT-TMDs nanocatalysts are favorable for the OER application, but the catalytic
performance still suffers from the unstable surface composition (easy to be oxidized)
and sluggish charge transfer.3%-3!

Valence engineering has been adopted as the regular strategy and easily implemented
approach to alleviating the shortcomings. Especially, the 3d heteroatoms doping or
alloying in the PT-TMDs can effectively modify its electronic modulation to be
suitable for the OER process.’?** Considerable polymetal pyrites were developed as
substantial materials during the past decades for the enhanced OER catalysts relative
to the monometal sulfides.’*3¢ As the most common PT-TMDs, the pyrite sulfides,
and selenides with 3d transition metal atoms doping have been widely reported in
OER application. V—doped pyrite NiS> nanosheets have been synthesized by the
simple chemical method, and the physical property of this material changed from
representative semiconductor to conductive material, which exhibited superior OER
performance.?” Similarly, the Fe-dopant mediated novel pyrite NiS, mesocrystals
presented a boosted OER activity with an overpotential from 351 mV to 252 mV vs.
RHE at 10 mAcm™in alkaline solution.?®

Additionally, non—metallic atom doping in the PT-TMDs can attract the electrons of
the metal sites in the material, forming the high valence sites which would facilitate



the adsorption of O—containing intermediates, thus improving catalytic activity.?*+

Moreover, the structural stability of the PT-TMDs could be further modified by
coating a carbon layer or amorphous membrane.*'#? It had discovered the B—doping
in the PT-TMDs significantly changed the d orbital electronic configuration of the
transition metals science the electronic hybridized between the metal d orbitals and B
2p orbitals, resulting in the delocalization of the electrons on active sites.** This
special electronic configuration was beneficial for OER process, especially the
intermediate steps. As another big challenge, the dissolution of surface cations and
oxidation of external species of PT-TMDs during the OER seriously affect the
structural stability of the material. So it is very important to develop some methods or
strategies to fabricate a stable surface structure for remarkable catalytic durability.
Coating the PT-TMDs with the conductive active layers, such as amorphous borides
and carbon membrane, could effectively prevent the ripening or aggregation of the
material, and finally enhance the stability and activity of PT-TMDs. Tingting Li et al.
successfully prepared the Co3Os nanoneedle arrays supported on the Ni foam
(NF@Co0304).** Next, the NF@Co304 was covered by the Ni-B membrane to generate
core—shell hybrid. Benefiting from the special interface interaction, NF@Co0304@NiB
presented excellent electrochemical performance. In addition, Jingwei Chen and
co—workers synthesized the CoxFeyS@C compound with a thin carbon layer on the
surface based on the prussian blue precursor.! The coated carbon layer effectively
promotes the energy storage capacity of the CosFeyS@C material. Thus developing
more appropriate synthesis approaches for novel PT-TMDs could effectively expand
the application in electrocatalysis.

2. Aims of the thesis

The principal goal of this thesis is to establish a facile method for control synthesis of
pyrite-type transition metal dichalcogenides as effective catalysts for OER. Particular
aims are as follows:

2.1 Synthesis of boron—doped ternary pyrite—type sulfide coated by amorphous

boride

The first aim of the thesis is to design pyrite type sulfides as highly active catalysts for
OER application. Our previous results found that amorphous polymetallic borides
could be efficiently synthesized by liquid—phase-reduction. Moreover, the amorphous
polymetallic borides could be scaled up according to the demand. We applied a
two—step method, liquid—phase reduction and high—temperature reaction, to fabricate
the boron—doped ternary pyrite—type sulfide catalyst. Various characterization
instruments and computational simulations were used to analyze the structure of
materials and elemental valence analysis. The obtained materials were subjected to
OER testing under alkaline conditions.



2.2 Preparation of boron—doped ternary pyrite selenide

Numerous studies had shown that selenides could effectively promote the OER
reaction. Meanwhile, valence—engineering could adjust the local electronic structure
of the catalysts, further improving their activity and stability. Combining the
synthesized amorphous polymetallic borides, we adopted a high—temperature
gasification—strategy to synthesize polymetallic selenide. Polymetallic could
effectively optimize the electronic structure, due to the difference in atomic radius. In
addition, boron doping could also improve the electronic properties of selenides, as
the electron-deficient properties. AC-TEM and DFT+U were used to analyze the
atomic structure of the pyrite—type selenide.

3. Experimental part — Materials and methods

3.1 Experimental section

3.1.1 Chemicals

Cobalt nitrate (Co(NOs):-6H0), Nickel nitrate (Ni(NOs),-6H>0), Anhydrous iron
chloride (FeCl3-6H,0), Sodium borohydride (NaBHi), Selenium powder, Sulfur
powder were purchased from Sigma—Aldrich. The potassium hydroxide (KOH) and
ethanol (absolute) were purchased from Penta. The distilled water (DIW, 18.2 MU)
was the solvent for synthesis. All reagents were used without further purification.

3.1.2 Synthesis of pyrite—type B-FeCoNiS: crystal coated by amorphous
FeCoNiBx

A typical redox reaction was used to synthesize a series of amorphous borides (NiB,
CoNiB, FeNiB and FeCoNiB). For the synthesis, 0.16 g Co(NOs)2:6H20, 0.29 g
FeCls-6H:0, and 1.16g Ni(NO3)2-6H20O were added in a reaction flask and dissolved
in DI water. After excess NaBHa solution was added into the flask, a large amount of
black precipitation would generate. The precipitation was successively washed with
DI water and ethanol to remove the reactants. Then the black precipitation was dried
under 60 ‘C for overnight to obtain the black powder of the amorphous borides.
Afterward, 0.48 g FeCoNiB and 0.4 g S powder were mixed and added into a quartz
boat and transferred to a tube furnace. The mixture was heated to 400 ‘C (heating rate
of 5 ‘C/min) and reacted for 120 min under Nz flow. After cooled to room
temperature, boron—doped ternary pyrite type sulfide coated by amorphous boride was
formed. Similarly, the boron—doped Ni, CoNi and FeNi-based sulfides were
synthesized by the same reaction conditions but with the corresponding precursors.

3.1.3 Synthesis of pyrite—type FeCoNiSeBx catalyst

A two simple steps method was applied to synthesize the series of boron—doped
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selenides. Similar to the fabrication of sulfides, amorphous borides need to be
synthesized in advance. Firstly, the amorphous NiB, FeNiB, CoNiB, FeCoNiB
precursors were prepared by the wet chemical approach. 1 mmol amount of Co(NO3)a,
Ni(NOs),, and FeCls was dissolved in DI water. Subsequently, a moderate amount of
NaBHj; solution was added into the mixture of the metal ions solution to generate the
black amorphous boride. After repeated washing to remove the reactants, the
as—prepared materials dried at 60 °C in an oven overnight. The obtained FeCoNiB
and Se powder were placed in the quartz boat with the selenium located on the
upstream side. Subsequently, the quartz boat was heated at 450 °C for 2 h under the
Ar flow and finally cooled to room temperature to obtain FesCo4NixSes3sBx powder.
Similarly, the NiSe;Byx, FeNizSesBy, and CoNizSesBy catalysts were prepared under
similar reaction conditions.

3.2 Structural characterizations

The transmission electron microscopy images (TEM), high—-resolution transmission
electron microscopy (HRTEM), selected area (electron) diffraction (SAED), electron
energy loss spectroscopy (EELS) and Energy—dispersive X-ray spectroscopy were
collected from JEOL model JEM—ARM-200F microscope operated at 200 kV. X-ray
Powder Diffraction (XRD) data were recorded from Rigaku SmartLab using Cu Ka (y
=1.54178 A) radiation. The X-ray photoelectron spectroscopy (XPS) was recorded by
an ESCALAB 250Xi XPS system using Mg as the excitation source.

3.3 Electrochemical measurements

The electrochemical tests were carried out in the typical three—electrode system using
Autolab electrochemical workstation and CHI 660E workstation in 1M KOH solution.
To prepare the electrode, 5 mg of materials were dispersed in the mixture of DI water
(750 pL), isopropanol (210 pL), and Nafion solution (40 pL, 5 wt %). After being
sonicated for 30 min, homogeneous ink was formed. Then 10 pL ink gradually
dripped onto the glassy carbon electrode and dried at room temperature. The saturated
calomel electrode (SCE) was used as a reference, while the graphite rod was
employed as the counter electrode. Based on the Nernst equation E(RHE) = E(SCE) +
0.242 + 0.059pH, the potential of SCE was converted to reversible hydrogen electrode
(RHE). The polarization curves were recorded at a scan rate of 1.0 mV s™L
Electrochemical impedance spectroscopy tests were recorded at Autolab
electrochemical workstation and Solartron electrochemical workstation (German)
with a frequency ranging from 0.01 to 105 Hz.

3.4 Density functional theory calculation

Vienna ab initio simulation package (VASP) was applied for the density functional
theory (DFT) calculations.*” The projected augmented wave (PAW) combined



Perdew—Burke—Ernzerhof (PBE) in the generalized gradient approximation (GGA) to
analyze the ion—electron interaction.** For the boron—doped ternary pyrite type sulfide
system, the cut—off energy for the function was 500 eV while the convergence criteria
was 107 eV in energy and 102 eV A~!in force.

The DFT+D3 method was used for describing spin—polarization and van der Waals
interactions for the pyrite-type selenide system.** Moreover, the GGA + U approach
was adopted to correct the coulombic interactions of Ni, Co and Fe, with the
corresponding Ueff of 3.4, 3.4, and 3.3 eV, respectively. Similar to the boron—doped
ternary pyrite type sulfide system, the cut—off energy and convergence criteria kept
the same parameters.

4. Results

4.1 Synthesis of pyrite-type FeCoNiB:@FesCo04Ni2Ses3sBx for highly efficient
OER

In this work, FesCosNizoSessBx selenide particles were successfully prepared based on
the amorphous FeCoNiBx to generate the heterostructure
(FeCoNiBx@FesCosNixSessBx). To analyze the crystal structure, the XRD Rietveld
refinement method was applied to learn the atomic arrangement information.*> The
XRD curve in Figure 1a showed several obvious peaks that belonged to (210), (200),
(211), (311), and (321) for the FesCosNinSesBy crystals (JCPDS:88-1711),%
respectively. The XRD refinement results indicated metal atoms (Fe, Co, Ni) had
similar positions while the B atoms mainly existed in the lattice spacing. Some of the
B atoms bonded with some metals to form B-M bonds, and other B bonded with Se
atoms as shown in Figure 1 B-D. Such a special atomic arrangement structure would
promote the modulation of electronic structure.
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Figure 1. (A) XRD Rietveld refinement and (B) the atomistic model of
FesCosNizoSessBx crystal. (C, D) Crystal structures of NiSe; and FesCo4NizoSessBx.

AC-TEM images in Figure 2A clearly showed the crystalline—amorphous structure of
the FeCoNiBx@FesCo4Ni2oSessBx materials. The FesCos4Ni2oSessBx nanoparticles with
the size of ~ 50 nm were randomly loaded onto the amorphous FeCoNiBx. SAED
pattern in Figure 2B showed the good crystallinity of the FesCos4Ni2oSessBx, consistent
with the XRD curve, while the no diffraction lattice in FFT revealed the typical
amorphous structure of the FeCoNiBx (Figure 2C). The HAADF-STEM and the
corresponding EELS images in Figure 2 D, E presented the FesCosNi2oSes3sBx particle
contained five elements (Fe, Co, Ni, Se, B) and the amorphous FeCoNiBx had four
elements (Fe, Co, Ni, B). Notably, the crystalline—amorphous structure could
effectively block the agglomeration of FesCosNixSessBx and provide a 3D accessible
structure for the electrolyte, thus facilitating the electrochemical performance.
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Figure 2. (A) HRTEM and (B) the corresponding SAED pattern of the
FesCosNizoSessBx. (C, D) STEM images of  FeCoNiBy and
FeCoNiBy@FesCosNizoSessBx. The inserted image in (C) was the FFT. (E) EELS
mapping results of the FeCoNiBx@FesCo04NizoSessBx.

XPS was performed to further analyze the valence state of
FeCoNiBx@FesCosNizSe;sBx. Based on the XPS spectra, the metals in
FesCosNizoSessBx mainly existed as oxidation states. The peaks at 711.79, 715.26,
725.49, and 729.35 eV (Figure 3A) corresponded to Fe—B, Fe** 2psp, Fe?* o1, and
Fe** op1n, respectively.*® The Co 2p spectrum could split into three peaks located at
776.39, 781.68, and 786.75 eV, associated with Co—B, Co**, and a satellite peak as
shown in Figure 3B.*7 The three peaks at 851.6, 856.2, 859.9, and 862.7 €V in Ni 2p32
could be assigned to Ni—B, Ni%*, Ni** (Figure 3C).*® The B 1s spectrum result showed
two peaks at 185.68 eV and 192.15 eV, which could be assigned as M—B (M = Fe, Co,
Ni) and trivalent oxidation states (Figure 36D).#’ The Se 3d XPS spectrum had two
peaks at 54.74 eV and 55.73 eV, assigned to Se?>” and oxidation state of Se species in
the surface of the FeCoNiBx@FesCo04NizSessBx (Figure 3E).* These results indicated
the electrons could be transferred from the metals to boron and Se atoms. The
projected density of states (PDOS) calculated by density functional theory (DFT)
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found the p orbital of B was overlapped with the orbitals of atoms around B (Figure
3F), including the Se, Fe, Co, and Ni, revealing the B atoms bond with surrounding
atoms.
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targeted catalyst and other OER catalysts. (D) Comparison of theoretical and
experimental results.

The OER performance of the prepared catalysts was tested by a standard
three—electrode system in 1.0 M KOH solution. Figure 4A showed that the
FesCosNizoSessBx exhibited the best OER performance with the overpotential of 279.8
mV under 10 mA cm™2 better than those of NiSe;Bx (543 eV), FeNisSesBx (335 eV),
and CoNisSesBx (453 mV), respectively. The Tafel slopes in Figure 4B of
FesCosNizoSes3sBx was 59.5 mV dec™!, much smaller than those of FeNisSesBy (86.3
mV dec™'), CoNi3SesBx (121 mV dec™!), and NiSe;Bx (161mV dec™), respectively,
indicating the fast kinetics process. Notably, the FesCos4NizSes3sBx showed excellent
OER property among the other catalysts reported recently (Figure 4C). Based on the
DFT calculation (Figure 4D), with the increase of metal species, the overpotential of
the materials would gradually decrease, and the boron doping could also benefit from
reducing the overpotential.

4.2 Synthesis of Nio.sFeo.1C00.1S:Bx@FeCoNiBx highly efficient OER

In this part, boron—doped ternary pyrite—type sulfides coated by amorphous boride
(Nio.sFeo1C00.1S:Bx@FeCoNiBx, B-TS-H@T-B) was prepared through sulfidation
reaction. XRD was performed to analyze the structural information of the obtained
crystal. The diffraction results contained several typical peaks which could be
assigned as (111), (002), (113) facets of the NigsFeo1C00.1S:Bx catalyst (Figure 5a).>
XRD Rietveld refinement further conformed the main phase of the nanocomposite
was NiggFeo.1C00.1S:Bx crystal and the corresponding atomic information. Similar to
boron—doped polymetallic selenides, the B atoms in NiggFeo.1C00.1S2Bx were mainly
embedded in the interstitial site in the lattice as illustrated in the Figure 5b.
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Figure S. (a) The XRD Rietveld refinement of B-TS-H@T-B. (b) Structural model
of the NiogFeo1C00.1S2Bx catalyst with the S atoms of yellow color, metal atoms (Fe,
Co, Ni) of blue color, and the B atoms of green color.
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The morphology and atomic arrangement information were collected by AC-TEM
and the results were displayed in Figure 6. Enlarged TEM images in Figure 6a—d
presented that the amorphous thin layer coated on the surface of the
NiogFe01C001S:Bx. HRTEM image in Figure 6e showed the as—prepared
boron—sulfide contained different phases of the crystals as the verification of FFT
patterns (Figure 6e;—es), which was consistent with the selected area in Figure Ge,
corresponding with the XRD refinement results.

Figure 6. (a—d) Enlarged TEM images of B-TS-H@T-B. (e and e1-3) HRTEM of the
material and the corresponding FFT patterns of the selected area in (e).

The STEM image in Figure 5a displayed the morphology of B-TS-H@T-B. This
nanocomposite contained numerous particles on the surface. For the crystalline
particles, gradually magnified STEM images in Figure 5b, c clearly showed the lattice
spacing of ~ 0.27 nm and ~ 0.32 nm, which was consistent with the (002) and (111)
planes of NigsFeo1C001S:Bx.’! The lattice angle of (002) and (111) planes was 55°,
further explaining the structure of the boron—doped polymetallic sulfides. It should be
pointed out that there was a thin amorphous layer on the surface of NigsFeo.1C00.1S2Bx,
due to the significant difference of the FFT results in Figure 5d, e, exhibiting the
crystalline and amorphous heterostructure.
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Figure 5. (a) STEM image of the B-TS-H@T-B. (b, c) Magnified STEM images to the
atomic level. (d, e) FFT patterns of the selected area in (e).

The chemical valence state of the elements in B-TS-H@T-B was collected by XPS.
Survey spectra in Figure 6a found the B2p, S2p, Fe2p, Co2p, and Ni2p elements in
the material. The high-resolution XPS spectrum of Fe 2p in Figure 6b were
deconvoluted into three peaks at 707.46 eV, 712.78 eV, and 720.38 eV, which would
be recognized as Fe?* 2p3/2, Fe3* 2p3/2 and Fe** 2p1/2, respectively.*® Additionally,
the peaks at 704.92 eV and 708.65 eV were assigned as Fe-B bond and satellite peak.
The binding energy positions of the Fe 2p demonstrated the Fe element mainly
existed in the oxidation state.** Co 2p spectrum in Figure 6¢ could be fitted into four
peaks at 778.99 eV, 780.84 eV, 784.07 eV and 793.99 eV, which could be appointed
as Co-B, Co** 2p3/2, Co®* 2p3/2, and Co** 2p1/2, respectively.*’ Similarly, the Ni 2p
XPS spectrum (Figure 6d) had four fitted peaks at 853.68 eV, 855.35 eV, 859.6 eV
and 870.93 eV, which could be assigned as Ni-B, Ni?* 2p3/2, Ni** 2p3/2 and Ni**
2p1/2.#8 According to these results, the reduced binding energy represented the loss of
electrons from the metals, and partial electrons transferred from the metals to B atoms.
The B1s XPS (Figure 6f) had two peaks at 187.22 eV and 192.82 eV, the former was
B-M bonds and the latter was contributed of the trivalent state as the adsorbed
oxygen.*’ The S 2p spectrum in Figure 6e displayed four peaks at 161.03 eV, 161.97
eV, 163.08 eV, and 163.63 eV, successively belonging to S*-, S 2p3/2, S 2p1/2 and
SOy species.” The air environment could result in the surface oxidation of the S
atoms on the external positions. Based on the XPS results of the elements, the
electrons would transfer from the metallic elements to B and S elements, thus forming
abundant high—valence metal atomic sites which were conducive to improving the
electrochemical performance of the catalysts.
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Figure 6. (a) XPS spectrum of B-TS-H@T-B. (b—f) XPS spectrums of Fe 2p, Co 2p, Ni2p,
B 1sand S 2p.

The electrochemical performance was tested in 1 M KOH solution with the typical
three—electrode system. A linear voltammetry curve was used to record the
polarization curve of the samples. As expected, the B-TS-H@T-B presented the best
OER activity with the overpotential of 392.4 mV at 50 mA cm™, which was much
lower than that of boron—doped CoNiSy (459.4 mV, 50 mA cm™), boron—doped
FeNiSy and boron—doped NiSx as shown in Figure 7a. Moreover, the target catalyst
displayed smaller overpotential even under the higher current density as displayed in
Figure 7b. (100 mA cm™ and 150 mA cm™). The B-TS-H@T-B also had the
smallest Tafel slope (64 mV dec™), while the other samples all had the larger tafel
slope (Figure 7c) revealing the faster OER kinetics over the B-TS-H@T-B surface.
Furthermore, the B-TS-H@T-B exhibited excellent stability with a retention rate of
76.94% after the 10 h stability test (Figure 7d), revealing the metal doping would
contribute to the improvement of activity and stability.
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Figure 7. (a) Linear cyclic voltammetry curves of the B-TS-H@T-B, B-NiS, B-FeNiS,
and B—CoNiS samples. (b) Overpotentials of the samples under 50 mAcm=, 100
mAcm~ and 150 mAcm™, respectively. (c) Tafel slope curves of the four samples. (d)
Long-time stability of the as—prepared electrocatalysts.

5. Summary

In this thesis, We focused on designing a facile method to prepare the pyrite—type
polymetallic sulfides and selenides for electrocatalytic water splitting. The amorphous
membrane coated on the catalysts could enhance the activity of the materials and
simultaneously further consolidated the stability of the catalyst. Meanwhile, boron
doping could effectively improve the intrinsic electronic structure of the catalyst for
the electrocatalytic application. A two—step synthesis process was adopted to obtain
the target materials, including the preparation of amorphous borides, and
selenization/sulfuration step under megathermal conditions. The presented
dissertation successfully establish a facile method to control the synthesis of
polymetallic selenides and sulfides with the coating of the amorphous boride layer.

The first goal of the current thesis focused on finding the appropriate preparation
methods to from high—quality amorphous borides. We used the wet chemical
approach to synthesize the amorphous borides which contained NiBx, FeNiBy,
CoNiBy, and FeCoNiBx through the reaction between sodium borohydride and metal
ion precursors. We used TEM and XRD techniques to analyze the composition and
structure of the amorphous borides. Even more, the SAED was also applied to
characterize the structure. The synthesized amorphous borides displayed the stacked
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in layers with a large number of corner and side atoms.

The selenization and sulfuration reaction were carried out in a tubular furnace under
the flow of Ar or N, gas at above 300 ‘C. During the selenization or sulfuration
reaction, the vaporized Se or S atoms reacted with the amorphous boride, forming the
clusters and then growth to particles. However, the atoms in amorphous boride
involved in the reaction would generate the new bond which would drive the
surrounding amorphous boride to coat on the surface of the obtained selenide or
sulfide  particles, finally = forming the B-FeCoNiSy@FeCoNiBx and
FeCoNiSeBx@FesCo4NizSessBx.

B-FeCoNiSx@FeCoNiBy presented excellent OER activity than B-FeCoNiSx and
FeCoNiBy with an overpotential of 419 mV vs. RHE under 100 mA c¢m™ in KOH
solution. Additionally, after 10 h stability test, the current density of
B-FeCoNiSx@FeCoNiBy catalyst only dropped 23.06%, much better than B—-CoNiS
(37.51%) and B-FeNiS (61.73%). The projected density of states (PDOS) results
based on the DFT calculation indicated the redistribution of electrons on the metal
sites in the B-FeCoNiSx@FeCoNiBx were conducive to water decomposition.

Additionally, the valence engineered FeCoNiSeBx@FesCosNixnSessBx via boron
doping exhibited highly efficient OER property. This heterostructure provided a
physically anchored structure that could block the aggregation of the
FesCosNixSessBx nanoparticles. Moreover, the special heterostructure offered 3D
accessible units for the electrolyte during the catalysis. XRD Rietveld refinement
result found the boron atoms mainly existed in the interstitial sites of
FesCosNixoSessBx, while the Fe, Co, and Ni atoms co—occupied the same sites. DFT
calculation results revealed the boron dopant and binary atomic substitution together
contributed to weakening the reaction between the active sites and O intermediates
during OER. FeCoNiSeBx@FesCosNixSessBx showed the lowest overpotential of
279.8 mV at 10 mA cm 2, compared to those of NiSe;By (543 mV), FeNisSesBx (335
mV), and CoNizSesBx (453 mV), respectively.

The work in this thesis illustrated that the pyrite—type sulfides and selenides with
boron doping and amorphous layer coating had big potential for energy conversion,
due to the special electronic configuration, which may provide a rationally approach
for preparing novel electrocatalysts for clean energy application.
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8. Souhrn

V této diplomové praci jsme se zaméfili na navrh jednoduché metody pfipravy
polymetalickych sulfidi a selenidi pyritového typu pro elektrokatalytické St€peni
vody. Amorfni membrana potazend na katalyzatorech by mohla zvysit aktivitu
materiali a soucasné dale konsolidovat stabilitu katalyzatoru. Mezitim by dopovani
borem mohlo uc¢inn€ zlepSit vnitini elektronovou strukturu katalyzatoru pro
elektrokatalytickou aplikaci. Pro ziskani cilovych materiala byl pfijat dvoustupiovy
proces syntézy, vCetné piipravy amorfnich boridd a kroku selenizace/sulfurace za
megatermalnich podminek. Pfedkladana disertacni prace uspé$né zavadi snadnou
metodu fizeni syntézy polymetalickych selenidi a sulfidi s povlakem amorfni
boridové vrstvy.

Prvni cil této prace byl zaméfen na nalezeni vhodnych metod pfipravy z kvalitnich
amorfnich boridi. Pouzili jsme mokry chemicky pfistup k syntéze amorfnich borida,
které obsahovaly NiBy, FeNiBy, CoNiBx a FeCoNiBx prostfednictvim reakce mezi
borohydridem sodnym a prekurzory kovovych iontii. K analyze slozeni a struktury
amorfnich boridi jsme pouzili techniky TEM a XRD. Jeste¢ vice, SAED byl také
pouzit k charakterizaci struktury. Syntetizované amorfni boridy zobrazily naskladané
vrstvy s velkym poctem rohovych a bo¢nich atomu.

Selenizacni a sulfura¢ni reakce byly provadény v trubkové peci pod proudem
plynného Ar nebo N, pii teploté nad 300 °C. Béhem seleniza¢ni nebo sulfuracni
reakce odparené atomy Se nebo S reagovaly s amorfnim boridem, vytvorily shluky a
poté se rozrostly na Castice. Atomy v amorfnim boridu zapojené do reakce by vsak
vytvorily novou vazbu, kterd by pfiméla okolni amorfni borid k potazeni povrchu
ziskanych selenidovych nebo sulfidovych CcCastic a nakonec by vytvorily
B-FeCoNiSi@FeCoNiBy a FeCoNiSeB@FesCo4NizoSessBx.

B-FeCoNiSx@FeCoNiByx vykazoval vynikajici aktivitu OER nez B-FeCoNiSx a
FeCoNiBy s overpotencialem 419 mV vs. RHE pod 100 mA c¢cm~ v roztoku KOH.
Navic po 10 hodinach testu stability proudova hustota katalyzatoru
B-FeCoNiSx@FeCoNiBx klesla pouze o 23,06 %, coz je mnohem Iépe nez u
B—CoNiS (37,51 %) a B-FeNiS (61,73 %). Vysledky projektované hustoty stavu
(PDOS) zalozené na vypoctu DFT ukazaly, ze redistribuce elektroni na kovovych
mistech v B-FeCoNiSx@FeCoNiBx vedla k rozkladu vody.

Navic valencné upraveny FeCoNiSeBx@FesCo4NizSessBx prostiednictvim dopovani
borem vykazoval vysoce ucinnou vlastnost OER. Tato heterostruktura poskytla
fyzicky ukotvenou strukturu, kterda by mohla blokovat agregaci nanocastic
FesCosNi2oSessBx. Specialni heterostruktura navic nabizela 3D pfistupné jednotky pro
elektrolyt béhem katalyzy. Vysledek upfesnéni XRD Rietveld zjistil, ze atomy boru
existovaly hlavné v intersticialnich mistech FesCos4NixSessByx, zatimco atomy Fe, Co
a Ni spolecné obsadily stejna mista. Vysledky vypoctu DFT odhalily, ze dopant boru
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a binarni atomova substituce spolecné prispély k oslabeni reakce mezi aktivnimi
misty a O meziprodukty béhem OER. FeCoNiSeBx@FesCosNi2SessBx vykazal
nejniz§i nadpotencial 279,8 mV pii 10 mA cm™? ve srovnani s NiSe2Bx (543 mV),
FeNi3SesBx (335 mV) a CoNi3SesBx (453 mV).

Prace v této praci ukazala, ze sulfidy a selenidy pyritového typu s dopovanim borem a
povlakem amorfni vrstvy mély velky potencial pro pfeménu energie diky specialni
elektronické konfiguraci, ktera mize poskytnout racionalni pfistup k pfipravé novych
elektrokatalyzatora pro aplikace Cisté energie.
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