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Abstract

The unexpected reactivity of fluorographene (FG) has attracted growing attention since it
allows the enrichment of the palette of graphene-based materials by derivatives such as
cyanographene (CG), graphene acid (GA), alkyl-, hydroxyl-, and amino-derivatives and
heteroatom-doped graphenes. In real-life applications, it is of utmost importance to precisely
control the final structure and composition of the products which can hardly be achieved
without understanding related reaction pathways. However, only few studies have been
focused on the mechanisms of covalent functionalization and heteroatom doping of FG. The
susceptibility of the material to nucleophilic substitution is rather staggering because the C—F
bond is commonly viewed as the strongest bond in organic chemistry. However, density
functional theory (DFT) calculations revealed that the bond dissociation energy of C—F bonds
in partially fluorinated graphenes varies from 25.6 to 118.2 kcal':mol™! and depends on the local
configuration of fluorine ad-atoms. The variable nature of C—F bonds is mirrored in the
formation of specific structural motifs of fluorine ad-atoms during (de)fluorination of the
material. Moreover, electron paramagnetic resonance (EPR) measurements revealed a
distribution of point defects (radical centres) in the structure of FG that play a key role in FG’s
chemistry. The radical centres can act as electrophilic sites and cause a homolytic cleavage of
bonds. Using DFT methods, we have proposed a new radical mechanism of FG defluorination
in the environment of N, N’-dimethylformamide (DMF) consistent with the experimental data.
In addition, we have investigated the reaction mechanism of the nucleophilic attack of NH;,
OH™, CN~, and S2~ on single atom radical sites and larger defluorinated areas in the structure
of FG. Interestingly, the radical centres may also occur at the edges of vacancies in FG and
may play a vital role in the mechanism of nitrogen incorporation into the FG lattice. We believe

that our findings substantially contribute to the understanding of FG’s unique chemistry.

New graphene derivatives derived from FG represent a promising class of substrate materials
which can be utilized to anchor metal atoms for single-atom catalysis. To derive rules that
influence the bond strength between the metal atoms and CG/GA, we have investigated a group
of late 3d and 4d elements including the iron triad, light platinum group, and coinage metals in
different oxidation states (from 0 to +III) anchored to either CG or GA. The unprecedented
catalytic properties of single-atom catalysts (SACs) were demonstrated by the hydrazine
oxidation reaction (HzOR) catalysed by Co?" cations immobilized on CG. Our findings on the
electronic structure of SACs based on CG/GA rationalizing their catalytic activity can help
design new materials for heterogeneous catalysis, spintronics, and electrochemical

applications.



Preface and Thesis Aims

The intriguing 2D world of graphene chemistry has significantly expanded in the last decade
thanks to the successful synthesis of FG. The surprising reactivity of FG has enabled covalent
grafting of various functional groups and incorporation of heteroatoms into the graphene lattice
which would be demanding or nearly impossible using pristine graphene. To promote
applicability of new graphene derivatives in both industrial and scientific fields, it is essential

to gain control over the processes related to chemical transformations of FG.

There is still a significant gap in the understanding of FG’s chemistry. Up to these days, only
few studies have been published that discuss reaction mechanisms and processes
accompanying cleavage of C—F bonds and substitutions of carbon atoms in the structure of FG.
So far known results are not sufficient to satisfactorily explain the experimental observations.
By using DFT methods, we aimed to clarify the processes that influence the reactivity of FG
and to propose probable reaction mechanisms that lead to formation of new graphene

derivatives.

Recently synthesized new graphene derivatives have significantly enlarged the applicability of
graphene-based materials. For instance, CG and GA may be utilized in single atom catalysis
owing to the ability to immobilize metal atoms and cations and efficiently transfer the charge
from/to the metal. The outstanding performance of SACs is based on the maximally reduced
size of the metal particles. Therefore, a strong interaction between the metal and substrate is
crucial since it prevents unwanted processes such as aggregation into bigger particles and

consequent decrease of catalytic performance of the material.

To broaden the knowledge about the stability of single atoms immobilized by either CG or GA,
we have applied DFT methods to collect data about a group of the late 3d and 4d elements in
different oxidation states anchored to CG or GA. We aimed to derive rules that would help to
predict the stability of these complexes. In addition, we have investigated the influence of Co**

cations anchored to CG on the thermodynamics of the HzOR.



1. Chemistry of Fluorographene

1.1. Properties and Applications of Fluorographene

After its discovery in 2010,'* FG became a celebrity among graphene derivatives as the only
stable stoichiometric halogen derivative with composition C;F; that can exist in four
conformations — chair, armchair, boat, and zigzag (stirrup) (Figure 1).*¢ There are two main
approaches how to prepare fluorinated graphene: (i) top-down methods including
sonochemical, thermal, microwave-assisted, and modified Hummer’s exfoliation of graphite
fluoride > - ® and (ii) bottom-up methods relying typically on direct gas fluorination of

1,3,9-11

graphene by XeF,, F,, SF¢, and MoFg gas, plasma fluorination of graphene by fluorine

12-16 solvothermal and hydrothermal

radicals using SFg, CF,, or F, as plasma sources,
fluorination of graphene,!”” '8 and photochemical fluorination by laser irradiation of
fluoropolymer-covered graphene.'” 2° The diverse synthetic procedures provide fluorinated
graphenes with different amount and topology of fluorine ad-atoms as well as a different
number and types of defects, thus leading to materials with varied properties which can be

exploited in a wide range of applications.

Figure 1: Conformations of FG: a) chair (the most stable), b) armchair, c) boat, and d) zigzag

(stirrup). Carbon atoms are grey, fluorine green.

Fluorination of graphene is accompanied by a transformation of the delocalized
m-conjugated network of sp? C—C bonds into newly created C(sp®)-F bonds. Therefore,
a zero-bandgap semiconductor (graphene) turns gradually -with an increasing level of
fluorination- into a wide-bandgap insulator (FG). % * % 2!-22 Kumar et al.?* studied thoroughly

the band structure of partially and fully fluorinated graphenes ((p)FGs) with the stoichiometry



ranging from C;gF; to C;gF;g using DFT methods (Figure 2). The formation of C—F bonds
creates new bonding states in the valence band maximum and antibonding states in the
conduction band minimum. The band structures of pFGs with odd number of fluorine ad-atoms
indicate that these materials are good conductors. On the other hand, pFGs with even numbers
of fluorine ad-atoms are semiconductors with the band gap ranging from 0.12 eV to 3.64 eV.
This led to the idea that the electronic properties of pFGs could be tuned by the amount of
fluorine ad-atoms, which was supported by the results showing that pFGs of different
stoichiometry are nonmagnetic semimetals, nonmagnetic or magnetic metals, and nonmagnetic
or magnetic semiconductors.> ?>?® Compared to graphene, (p)FGs also show higher optical
transparency confirming the bandgap opening.! 1%2° Interestingly, the fluorination of graphene

can also enhance the photoluminescent properties of the material.>

(a) 8 ®) 6 T T

|

>

Energy (eV)
Energy (eV)

Energy (eV)

Figure 2: Band structure of a) pristine graphene and of (p)FGs with b) 50%, ¢) 78%, and
100% coverage of fluorine ad-atoms. Fermi energy is set to zero of the energy. Figures are

from ref. 22.



It is worth noting that there is still a discrepancy between the experimentally and
computationally obtained values of FG’s bandgap.?": 313 Karlicky et al.?""3* calculated the
bandgap of pristine FG in chair conformation using the many-body GW theory. The estimated
value of FG’s bandgap (from ~7.0 to ~8.0 e¢V) was much higher than that obtained
experimentally (from ~3.0 to ~5.0 eV).!:*-3° This large difference may be partly caused by high
exciton binding energy (~2.0 eV, BSE-GW level of theory).2": 3% 3¢ Therefore, the theoretical
value of the optical bandgap of pristine FG appears to be in a range from ~5.0 to ~6.0 eV which
is still larger than the experimental data. Recently, Dubecky et al.>* used highly accurate
many-body GW and fixed-node diffusion Monte Carlo calculations to obtain a benchmark
value of the fundamental bandgap 7.1 = 0.1 eV which -in combination with the exciton binding
energy of 1.92 eV calculated using the Bethe-Salpeter equation- gives a theoretical (gas-phase)
optical gap estimate of 5.2 + 0.1 eV.

The presence of C—F bonds makes (p)FGs highly hydrophobic, which is an obstacle
in their application as precursors for electrodes and composites.***® On the other hand,
(p)FGs can be dispersed in organic solvents such as phenylethylene, tetrahydrofuran
(THF) and N-methyl-2-pyrrolidone (NMP).>” Fluorine ad-atoms also enhance tribological
properties of graphene. Owing to its low friction coefficient, FG is considered as important
ultrathin lubricant and is used, e.g., as an additive for lubricating oils.** Thermal conductivity
of (p)FGs is less sensitive to strain than that of graphene. Moreover, it is tunable since it
decreases during fluorination and then increases again when the C/F ratio approaches 1.0.
Therefore, (p)FGs are interesting materials combining hydrophobic and lubricating properties

with heat dissipation.*% 4!

Owing to their remarkable properties, (p)FGs offer fascinating opportunities for many
applications. They can be used as the cathode material in lithium primary batteries thanks to
their ultrathin 2D structure, tunable amount of fluorine ad-atoms, favourable diffusion kinetics,
and large specific surface area.*”*** The unique electronic properties controlled by the degree
of fluorination open road for applications in electronics (transistors, supercapacitors, ...) and
electrochemistry.*>*7 Biological applications of (p)FGs such as drug delivery and therapy,
biosensing, bio-imaging, tissue engineering, and cell growth have also attracted a considerable
interest.”” * 4% To achieve a better control over the stoichiometry, structure, and topology of
the material with desired properties, a deeper understanding of the fluorination process and

related structure property relationships at the atomistic level is of paramount importance.



1.2. Thermal Stability and Reactivity of Fluorinated Graphene

Perfluorinated hydrocarbons are very stable compounds thanks to the very strong C—F bonds
which can be utilized in many practical applications.’*> For example, polytetrafluoroethylene
(Teflon) as a thermally stable and chemically inert material can be used instead of glass in
chemical labs, as insulation of wiring in aerospace, or as a weather-resistant material in
construction.’® The high stability of perfluorinated groups is also employed for stabilization of
unusual molecules in organic chemistry.’! Originally, FG was also anticipated to be thermally

stable and chemically inert.>> However, many studies showed that the thermal stability can be

53,54 2,3,55

decreased in presence of some solvents, and that (p)FGs are unexpectedly reactive.

The thermal stability of (p)FGs is highly dependent on several factors such as the time of
fluorination, fluorinating agent, supporting material, and storage conditions. For example,
graphene fluorinated for a few hours can be restored to its pristine state by short annealing in
a mixture of Ar and H,. However, a longer fluorination results in a more stable material which
could not be completely defluorinated even at 700 K.>? Raman and X-ray photoelectron spectra
(XPS) of pFG (with the stoichiometry C,F) that was heated up to 400 K showed no significant
decrease of fluorine content. Higher temperatures caused gradual defluorination,
but 0.5% of fluorine ad-atoms remained in the material up to 1073 K (Figure 3).5¢ %7
Temperature-programmed desorption (TPD) revealed that defluorination of pFG was

associated with the desorption of HF and CO molecules.’’

Fluorination of graphene prepared by chemical vapor deposition (CVD) on different substrate
materials by XeF, resulted in different amounts of fluorine ad-atoms (Figure 4). Graphene on
the SiO, substrate was fluorinated to a higher degree in comparison to metal substrates
(i.e., Cu, Au) at the same conditions because SiO, substrate allowed fluorination on both sides
of a graphene plane.® *® However, the level of fluorination declined in a few days after
fluorination and then reached a stable stoichiometry. The highest fluorine loss of 70% was
observed in samples stored under ambient conditions for a few days due to air humidity that
caused substitution of fluorine ad-atoms by functionalities containing oxygen. On the other
hand, the fluorine loss was also observed in samples stored in nitrogen atmosphere and in
vacuum, suggesting that another mechanism of fluorine desorption must have occurred. The
observed recovery of C=C double bonds with the decrease of fluorine content over time
proposes that in some cases expelling of fluorine ad-atoms and enlargement of the z-conjugated

area of C—C bonds is thermodynamically preferred.®
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FGs can be reduced in the presence of some dipolar solvents at room temperature. Wang
et al.> studied the influence of chloroform, methanol, ethanol, DMF, N, N-dimethylacetamide
(DMACc), and NMP on the properties of FG. While FG treated in chloroform, methanol, and
ethanol remained unaffected, DMF, DMAc, and NMP caused reduction of the material and
decrease of its thermal stability. Chloroform-FG, methanol-FG, and ethanol-FG samples
decomposed mainly around 545 °C in contrast to DMF-FG, DMAc-FG, and NMP-FG samples
which decomposed at temperatures below 400 °C indicating the presence of weaker C—F bonds
in the structure. Partial defluorination of FG and subsequent elongation and weakening of
remaining C—F bonds of FG in DMF, DMAc, and NMP were confirmed by X-ray diffraction
(XRD), XPS, Raman, and Fourier transform infrared spectroscopy (FT-IR) analyses. The
authors attributed the ability of DMF, DMAc, and NMP to defluorinate FG to their highly
nucleophilic (dipolar) character. In our study (Appendix B and section 3.2)°° we have revealed
a plausible reaction mechanism of FG defluorination in DMF which is initiated by hydrogen

transfer from DMF to a radical site in FG structure.

Surprising reactivity of FG was observed after addition of potassium iodide into a dispersion
of FG in sulfolane and subsequent heating that caused transformation of FG into metastable
graphene iodide followed by the restoration of pristine graphene and I,.> FG also undergoes
reduction by hydrazine vapor, triethylsilane, or Zn particles.® > Reaction of FG with NaOH in
acetone with the activation barrier of ca. 14 £ 5 kcal-mol™! causes the loss of fluorine ad-atoms
and transformation into graphene oxide at ambient temperature.> ® Alkyl lithium reagents
induce defluorination and alkylation of FG.%! In addition, fluorine ad-atoms of FG can be

substituted with diamines.®?

Dubecky et al.®

pursued several reaction mechanisms of FG reduction and nucleophilic
substitution. In particular, radical decomposition, Sn1, Sn2, and elimination on the surface and
edges of FG were studied using DFT methods. The homolytic cleavage of a C—F bond in a
fully fluorinated area on the surface was found to be energetically very demanding with the
bond dissociation energy (BDE) of 104.7 and 105.5 kcal-mol™! in the gas phase and the aqueous
environment, respectively. A following dissociation of the neighbouring C—F bond appeared
to be much easier (BDE = 53 kcal-mol!). BDEs of second-neighbour C—F bonds were not

significantly affected. The corresponding bond dissociation Gibbs energies (BDGs) were about

14 kcal-mol™! lower because entropy favoured the dissociated state.

The heterolytic cleavage of C—F bonds was found to be even more energetically demanding
than the radical dissociation. In the gas phase, this first step of the Snx1 mechanism cost twice

as much and in water it was by 40% higher than the homolytic cleavage. On the other hand,



the heterolytic cleavage on edge sites was about 12 kcal-mol™! more favourable than on surface
sites, albeit still less probable than the radical dissociation. The Sn2 mechanism was presented
as the most plausible, although the Gibbs activation energy barrier of 48.1 kcal-mol! in the
aqueous environment (21.5 kcal-mol™! in the gas phase, Figure 5) was rather high and the
reaction product was disfavoured by ca. 56 kcal-mol™! in both environments due to a crooked
resulting structure. Importantly, it was found that the lower coverage of fluorine ad-atoms

makes the material more susceptible for the Sx2 reaction.®

R(vdW) TS P(vdW) P
AE 0.9 40.0 25.4 56.6
water
AG 5.9 48.1 34.0 56.3
AE -14.9 3.1 21.8 57.0
vacuum
AG “11.1 10.4 137 56.8

R(vdW) TS P(vdW)
Figure 5: Top: relative energies (AE) and Gibbs energies (AG) with respect to reactants

(isolated FG and a fluoride anion) in water and vacuum calculated at the wB97X-D/
6-311G(d,p)/CPCM level of theory. Bottom: Scheme of the Sn2 reaction. All values are in

kcal-mol™!. Fluorine atoms are green, carbon grey. Results are from ref. 60.

Lai et al.®

predicted a radical mechanism of pristine FG reduction using DFT methods
in combination with EPR. It was assumed that the radical defluorination starts with a single
electron transfer (SET) to C-F bond and proceeds via detachment of fluoride anion
from the surface and formation of a spin centre in FG structure. In addition, Sx1 and Sn2
mechanisms were found to be hindered by both kinetics and thermodynamics. The nucleophilic
substitution mechanism initiated by the SET step was demonstrated by the reaction of

triethylamine with FG.



Electron transfer from metal surfaces and electron-rich organic donors to fluorocarbons is
possible owing to the relatively low energy of the C—F bond ¢* orbital.** The ¢* orbital can
also be employed in a so-called negative hyperconjugation with p orbitals of the neighbouring
atom or z orbitals of the neighbouring bonds. In the reduction process, a metastable anion
radical can be created, and a fluoride anion is subsequently released. The newly created radical
centre on the carbon atom can be attacked by a nucleophile or can bring further defluorination.
It is worth noting that the electron is preferentially donated into the o* orbitals of the tertiary
C-F bonds. Thus, the tertiary C—F bonds are sometimes called as the ‘Achilles heel’ of

perfluorinated hydrocarbons.%

Nevertheless, the high values of FG electron affinity calculated in our work (Appendix B,
section 3.2)* pointed out that the SET to FG can occur only if strong reducing agents are used,
and thus this mechanism cannot fully explain the rich chemistry of FG. Interestingly, by
combining the in-house EPR measurements with theoretical calculations we have shown that
point defects (i.e., carbon sites with a missing fluorine ad-atom) in FG samples could explain
the susceptibility of FG for nucleophilic substitution even without the assistance of strong
reducing agents. This observation was also supported by the work of Liu et al% about
successful reductive defluorination of FG in a solution of aniline that is a weak
non-nucleophilic agent. The important role of radical sites was very recently also discussed in
the study by Siedle et al.®’ on successful grafting of nitrogen-containing moieties to graphite
fluoride and concurrent defluorination of the material using benzylamine and
tetramethylethylenediamine. The authors predicted that the defluorination proceeds through
so-called proton coupled electron transfer which starts with SET from the amine molecule to
the radical site in the structure of graphite fluoride. Simultaneously, fluoride anion is released
from the graphite fluoride, reacts with the radical cation created from the amino molecule and
forms HF. Attachment of a small amount of nitrogen moieties to the graphite fluoride was
explained in terms of the reaction of ionic and radical intermediates produced by the oxidation

of amines and C=C bonds in graphite fluoride.

To deeper analyze the reaction mechanisms of FG reduction and nucleophilic substitution, we
have investigated the reaction of FG with three nucleophilic species (NH;, OH™, and CN7) in
four different solvents (THF, acetone, methanol, and DMF) and in the gas phase (Appendix C,

section 3.3).%8

The reaction energy profiles of Sx2 mechanism showed a high
reaction barrier in solvents (~50 kcal'mol!) and a moderately high barrier in the gas phase
(~20-37 kcal-mol ™), which was inconsistent with the experimentally determined activation

energy (14 £ 5 kcal-mol™) in methanol.®* Consequently, the Sx2 reaction pathway of pristine
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FG was not a plausible explanation of the high reactivity of FG. Therefore, we have also
considered a nucleophilic attack on the radical sites. Indeed, this reaction mechanism was
found to be energetically favourable for all three considered nucleophilic species in all
environments. Moreover, the attack on FG radical site can cause further defluorination because
the nucleophilic species contribute a negative charge to the material, and the C—F bonds in the

vicinity become susceptible to heterolytic cleavage.
1.3. The Nature of C-F Bonds

The C—F bond characteristics of (p)FGs have attracted attention since they may help to explain
the unexpected reactivity of the material. Experimentally, FT-IR and XPS revealed that the
C—F bonds exhibit different polarity in FGs exfoliated in acetonitrile (ACN) and chloroform
from graphite fluoride (Figure 6).** The peak at 1216 cm™ and the shoulder at 1312 cm™! in the
FT-IR spectra of FG exfoliated in ACN (FG-1) were attributed to the covalent C—F and C-F»
bonds. However, in the FT-IR spectrum of FG exfoliated in chloroform (FG-2), there was an
additional peak at 1143 cm™! attributed to semi-ionic C—F bond, and the peaks of covalent
C-F bonds were smaller. These observations were supported by the C 1s XPS spectrum of
FG-1 with peaks at 290.02, 291.01, and 292.01 eV of covalent C—F, C—F,, and C—F3 bonds and
the XPS spectrum of FG-2 with one additional peak at 288.44 eV of semi-ionic C—F bond
(Figure 7). The corresponding F 1s XPS spectra confirmed these findings.

@z
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(c) FG-2
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Figure 6: FT-IR spectra of a) fluorinated graphite, b) FG exfoliated in ACN, and ¢) FG

exfoliated in chloroform. Figure is from ref. 42.

11



b

Covalent C-F——=

Intensity(a.u.)

278 280 282 284 286 288 290 292 294 296 682 684 686 688 690 692 694
Binding Energy (eV) Binding Energy (eV)

C Covalent C-F

Covalent C-F2

Semi-ionic C-F

Covalent C-F3 d

Covalent C-F

Semi-ionic C-F

Intensity(a.u.)

Binding Energy (eV) Binding Energy (eV)

Figure 7: High resolution XPS spectra of a) C 1s and b) F 1s of FG exfoliated in ACN, and
c) C 1s and d) F 1s of FG exfoliated in chloroform. Figure is from ref. 42.

The polarity of C—F bond changes during fluorination and depends on the level of fluorination.
The XPS and FT-IR spectra of (p)FGs in samples fluorinated by XeF, for different times

demonstrated the variability of C—F bonds (Figure 8).%

With the increasing fluorination time,
an absorption band at 1112 cm™ that was attributed to semi-ionic C—F bonds appeared and
gradually changed into a band at 1211 cm! that indicated the presence of covalent C—F bonds.
The same trend was confirmed by the C Is and F 1s spectra. The peak at 284.6 eV in C 1s
spectrum of pristine graphene gradually shifted to 287.5 eV. From the F 1s spectra, the peak
of semi-ionic C—F bonds at 685.5 eV was shifted to 687.5 eV that was attributed to covalent

C-F bonds.
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Figure 8: Evolution of a) FT-IR, b) C 1s XPS, and ¢) F 1s XPS spectra of graphene fluorinated
by XeF,. Figures are from ref. 69.

DFT calculations showed that BDE of C—F bond varies with the level of fluorination from
ca. 110 kcal-mol™! in the case of C—F bonds in fluorinated areas to 50 kcal-mol™! for an isolated
C—F bond. The C-F bonds are elongated with a decreasing number of fluorine ad-atoms from
ca. 1.4 A to 1.6 A 2228.60.70.71 Cyrrent explanations of these concentration-dependent properties
of C—F bonds can be divided into two groups. First, the nature of C—F bonds depends on the
concentration of fluorine ad-atoms and varies from semi-ionic to covalent.*> 7> Second, the
C—F bonds are always covalent, and the variability of the properties of (p)FGs is caused by
differences in z-conjugation of C—C bonds,”® deformation of the graphene plane due to the

change of hybridization of carbon atoms,’* or by different local conformations of C—F bonds.°

Zhou et al.’* investigated in detail the nature of C-F bonds by using DFT methods in
calculations of core-level XPS binding energies of C and F atoms in different bonding states.
In particular, a physisorbed fluoride anion, isolated C—F bonds, C—F bonds on the edge and in
the centre of a fluorinated area, and C—F bonds on the edge of a graphene sheet were considered
(Figure 9). The value of 1s core-level binding energy of the fluorine ad-atom in the isolated

C—F bond (light green abscissa in Figure 9) was predicted to be in between the values of the
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physisorbed fluoride anion (dashed black abscissa) and the covalent C—F bond on the edge
(orange abscissa). Therefore, the nature of an isolated C—F bond is halfway between ionic and
covalent and can be regarded as semi-ionic. The XPS binding energies of C—F bonds in the
centre of the fluorinated area (cyan abscissa) differed only by 0.4 eV from those on the edges
of the graphene sheet which confirmed their strong covalent character. It is also worth noting

that the C—F bond shortens with the increasing covalency.
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Figure 9: XPS F 1s core-level energy shifts (x-coordinates) and length of C—F bonds

(y-coordinates) in different bonding environments. Figure is from ref. 72.
1.4. Structural Motifs in Fluorinated Graphene

In the structure of low-fluorinated graphene, fluorine ad-atoms preferentially bind to the ortho
trans or para trans positions of the carbon hexagons to minimize the repulsion between their
negative partial charges and maximize the size of the z-conjugated network. On the other hand,
the meta cis position is the least favourable due to the high repulsion between close fluorine
ad-atoms, consequent deformation of the graphene plane, and disruption of the z-conjugation.
If the fluorination occurs only on one side of the graphene plane, fluorine ad-atoms
preferentially arrange in para cis positions. A highly electronegative fluorine atom creates
partial positive charges on neighbouring carbon atoms. Therefore, further fluorination
preferentially leads to structures with fluorine ad-atoms arranged in short chains and/or in

perfluorinated domains separated by z-conjugated graphene-like areas.” 7>

Lee et al.®®

described in detail the mechanism of graphene fluorination by XeF, using periodic
DFT. In the case of one-side fluorination, the first two fluorine ad-atoms were attached on
carbons that were not members of the same hexagonal ring (Figure 10b). Since the activation

barriers (E, = 21 kcal-mol™) and reaction energies (Er from -1.1 to 4.9 kcal-mol™') were
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comparable for all resultant configurations of fluorine ad-atoms, the position of ad-atoms was
mainly given by the initial orientation of the XeF, molecule above the graphene plane
(Figure 10a). A perpendicular position of XeF, (Pre-1) did not lead to fluorination. Further
fluorination preferably led to the formation of fluorine ad-atoms in para cis positions separated
by conjugated hexagonal rings. The situation was different during the fluorination on both sides
of the graphene plane. In the first reaction step, the system had to overcome a similar reaction
barrier as in the case of one-side fluorination (E, = 21.7 kcal-mol!, TS-1 in Figure 11a) and
reached an intermediate state in which one XeF, molecule had already reacted with graphene
while the second XeF, molecule was ready to react on the other side of the graphene plane
(INTER). The second reaction step with the reaction barrier of E, = 12.7 kcal-mol™! (TS-2)
resulted in an energetically favourable product, i.e., graphene with two pairs of fluorine
ad-atoms in ortho trans positions (Eg = -44.7 kcal-mol!, POST). Consequently, only 25%
coverage by fluorine ad-atoms was obtainable by fluorination of one side of the graphene plane,
while 100% coverage was achievable by fluorination of both sides of the graphene plane. The
fluorination of defective graphene was also considered. The reaction profile of XeF, bonding
on defective graphene with one carbon atom missing (Figure 11b) clearly showed that

fluorination preferably takes place on sites with dangling bonds such as vacancies and edges.
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Figure 10: a) Initial orientation of an XeF, molecule above the graphene plane and b) top:
comparison of reaction profiles of attachment of the first two fluorine ad-atoms starting from
different initial orientations of the XeF, molecule, and bottom: resultant positions of the
fluorine ad-atoms. Xenon atoms are green, fluorine blue, and carbon grey. Bond lengths are in

A, energies are in kcal-mol™!. Figures are from ref. 80.
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Figure 11: a) Reaction profile of first two reaction steps of both-side fluorination by XeF,
molecule and b) reaction profile of the first reaction step of fluorination XeF, molecule on a
single vacancy in the graphene plane. Xenon atoms are green, fluorine blue, and carbon grey.

Bond lengths are in A, energies are in kcal-mol™!. Figures are from ref. 80.

Step-by-step modelling of graphene fluorination using DFT methods by Boukhvalov’®
confirmed the tendency to form fluorinated chains along armchair directions due to lower
deformation of the graphene plane than in the case of zigzag chains. The lowest formation
energy corresponded to a structure with the CF 935 stoichiometry, where only one chain of
carbon atoms remained conjugated while the rest was fully fluorinated. This explains the
difficulty to experimentally obtain 100% fluorinated material. Since freshly fluorinated (p)FGs
obtain a distribution of different fluorination motifs and in time these motifs can relax to the

81

energetically preferable configuration,’" rearrangement of ribbon-like structure of

fluorinated and nonfluorinated areas into the structure of alternating fluorinated and
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nonfluorinated chains was also studied.” The first step of two fluorine ad-atoms moving from
fluorinated area into pristine area was found to be the most energetically demanding
(AE = 0.53 eV) because the uniform structure of the pattern was disrupted (Figure 12). Every
next step appeared to be less endothermic, and some were found even exothermic. In addition,
the energy barrier of fluorine ad-atoms migration decreased with the increasing level of
fluorination from ca. 1.3 to 0.4 eV and then again increased when fluorination reached 93.5%
that corresponded to the most stable stoichiometry of CF g35. Therefore, it was concluded that

rearrangements of fluorine ad-atoms might occur even at room temperature.
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Figure 12: The total energy differences of structures along the way of rearrangement of
ribbon-like structure of fluorinated and nonfluorinated areas into the structure of alternating
fluorinated and nonfluorinated chains. Values are in eV. Carbon atoms are grey, fluorine black.

Figure is from ref. 75.

Magic angle spinning nuclear magnetic resonance (MAS NMR) in combination with DFT
calculations revealed that various structural motives (isolated fluorine ad-atoms, chains of
zigzag and armchair configuration, and fluorinated cyclohexane rings) might be present in
(p)FGs of different stoichiometry (Figure 13).”" 3! X-ray absorption near edge structure
(XANES) and Raman spectra confirmed that fluorinated chains and islands separated by
m-conjugated areas occur in the structure of (p)FGs.®! These areas could be responsible for a
narrower bandgap of (p)FGs compared to FG. Therefore, it can be concluded that fluorination
is not led only by thermodynamics but also by stochasticity. That means that a degree of
randomness during fluorination influences the distribution of fluorinated sites over the
graphene plane. Let us recall that the stability of (p)FGs may be affected by the presence of
stronger and weaker C—F bonds and by various structure defects like grain boundaries,

vacancies, and dislocations.

17



a Jlinked” CF_
end chain CF.. A

’ infinite arrays
isolated CF.  CF," 4

30 kHz

CZFO‘QZ

Concentration, arb. units ~

b CZ F0.87

60 kHz Ll | e d ol |

: end ————— .
isolated CF, groups CF-linked infinite

Deconv.

€

19F chemical shift

Figure 13: a) "’F MAS NMR spectra at 30 kHZ of pFGs of different stoichiometry, b) top: '°F
MAS NMR spectrum at 60 kHZ of pFG of stoichiometry C,F;g; and bottom: its
deconvolution, ¢) quantification diagram obtained by integration of the '’F MAS NMR spectra

weighted by fluorine content. Figures are from ref. 71.

All these findings are discussed in our study about the intriguing variability of C—F bonds
(Appendix A, section 3.1)% in which we demonstrate that the strength of C—F bonds strongly
depends on the local arrangement of fluorine ad-atoms and the level of fluorination, and thus
-unlike in molecular organic chemistry- it cannot be viewed as the strongest chemical bond in
2D chemistry. As a result, the properties of (p)FGs may be influenced by the method of
fluorination and may evolve in time as the material relaxes into the thermodynamically most
favourable configuration. Moreover, the reactivity of (p)FGs changes during chemical
reactions in very complex ways, demonstrating that the chemistry of (p)FGs cannot be

compared with molecular chemistry in one-to-one fashion.
1.5. Graphene Derivatives Derived from Fluorographene

FGs attract attention as promising precursors for other graphene derivatives due to their (i) high
thermal stability, (ii) cheap synthesis from graphite fluoride that is available in a large scale as
an industrial lubricant, (iii) well-defined structure that is guaranteed by the adsorption of
monovalent fluorine atoms which prevents the formation of non-stoichiometric structures, and
(iv) susceptibility to reductive defluorination and nucleophilic substitution. FG chemistry

opens a road to a plethora of new graphene derivatives such as amino,*-* hydroxyl,% %7 and
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sulfur-linked derivatives,® % alkylated graphene,’”°' CG, and GA.?*> They can be utilized in a
wide portfolio of applications including (bio)sensing, bioimaging, medicine, water

purification, chemical catalysis, electronics, photonics, spintronics, and energy storage.’* *

Synthetic procedures of covalent functionalization take advantage of the electrophilic character
of FG defects and are mostly based on simultaneous nucleophilic substitution and

defluorination of the material.>

For example, graphene functionalized by —CN groups (CG)
can be prepared by a reaction of FG with NaCN in DMF.”? The reaction leads effectively to
total defluorination (less than 1% of fluorine content remains) which is associated with a partial
replacement of fluorine ad-atoms by nitrile groups. The 7z-conjugation of graphene sheets is in
part restored, and the conductivity of the material is recovered. The resultant material contains
11.4 at. % of N homogenously distributed over the graphene plane. By addition of 20% HNOs,
the —CN functionalities are oxidized into -COOH groups, and a new graphene derivative called
graphene acid (GA) is obtained. The nitrile and carboxylic groups of CG and GA can be
utilized for anchoring single metal atoms and cations which offer a great potential as SACs
(Appendix E, section 4.1).°>°" For example, Co?* cations immobilized on CG have an
outstanding performance in electrocatalytic hydrazine oxidation reaction as reported in our
work (Appendix F, section 4.2). ® On the other hand, the total defluorination can be
undesirable in some applications, and thus alternative approaches for (p)FGs functionalization
are explored. Recently, a novel method for covalent functionalization through activation of
dormant radicals was used to graft acrylic acid and styrene on the pFG surface without the loss

of fluorine ad-atoms.*’

New graphene derivatives are also accessible via the replacement of carbon atoms with other
elements such as boron, nitrogen, sulfur, phosphorus, and silicon. Among others, boron and
nitrogen are the best dopants, since they do not differ significantly from carbon in size.
Incorporation of boron and nitrogen into the hexagonal lattice of graphene alters its band
structure and results in n-type and p-type materials with unique properties which can be used
in supercapacitors, batteries, fuel cells, catalysis, and water splitting.!® 1! However, the
methods of graphene doping with nitrogen require high temperatures (usually > 800 °C) or
solvothermal treatment and annealing which makes them rather energy-demanding and
cost-ineffective.!®? Recently, FG was studied as a promising precursor also for heteroatom-

doping.103—105

Like the covalent functionalization of (p)FGs, heteroatom doping is also accompanied by
extensive defluorination. For instance, Li et al.!% proposed that N-doping of FG is accessible

via direct doping by ammonia gas that is accompanied by defluorination. Experimental data in
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combination with DFT calculations revealed that ammonia molecules could substitute C-F
bonds and create C-NH2z groups. The reaction then proceeded via defluorination and
deprotonation of C-NH2 groups that was accompanied with releasing of HF molecules.
Consequently, nitrogen was cyclized into aziridinic groups and rearrangement of atoms that
led to the incorporation of nitrogen was anticipated. However, in our work (Appendix D,
section 3.4)!%7 about the reaction mechanism of FG N-doping by NaNH2 was demonstrated
that the rearrangement of aziridinic groups and consequent incorporation of nitrogen into the
unperturbed structure of FG is improbable. More likely, the NH; anion is bounded into
vacancies in FG lattice. This nucleophilic attack is followed by expansion or healing of the

vacancy.

In general, the mechanisms of both covalent functionalization and heteroatom doping are rather
unexplored. The knowledge of possible reaction mechanisms may offer new routes to graphene
materials applicable in many interesting fields of science. The ability to precisely control the
derivatization process is essential to sensitively alter the properties of the obtained material. In

this work, we have significantly contributed to the understanding of FG’s unique chemistry.
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2. Methods

Computational methods are nowadays increasingly used as indispensable complementary tools
for experimental research. A rich palette of theoretical approaches can be applied to explain
and predict various experimentally observed phenomena. To investigate the chemistry of FG
and its derivatives, either electronic structure methods -explicitly describing the electronic
structure of the material- or methods of molecular mechanics -simplifying the studied system
as a set of van der Waals spheres and thus not dealing with individual electrons- can be
employed. The choice of a computational method depends on the size of the system and the

properties of interest. In this work, DFT methods were mostly applied.

2.1. Density Functional Theory

The popularity of DFT has been rapidly increasing during the last three decades thanks to its
relatively low computational costs and good results.'® The central quantity of DFT is the
electron density p(#) defined as a multiple integral over the spin coordinates of all electrons

and over all except one spatial coordinate.
p) = N [ [19G iy i) dsyd, -+ ity )

The electron density determines the probability of finding one electron in the spatial volume
d7 with arbitrary spin while the other N-I electrons are in arbitrary positions having arbitrary
spins (Xy), if the system is in a state Y. Electron density is thus a non-negative function of
three spatial variables that integrates to the total number of electrons. One important property
of p(7) is that it reaches finite maxima at the positions of nuclei. The electron density is also

observable experimentally by XRD.

The major theoretical pillars of DFT are Hohenberg-Kohn theorems. The first Hohenberg-
Kohn theorem says that the electron density uniquely determines the Hamilton operator and
thus all properties of the system. The second Hohenberg-Kohn theorem is speaking about an
energy functional for the system and demonstrates that the exact p(#) of the ground state
minimizes the energy functional. Using the Born-Oppenheimer approximation, the electronic

energy functional can be written as

Ec[p(M] = Tlp(M] + Venlp(®] + Jlp(H] + Qlp(P)] )

where T[p(#)] is the kinetic energy of all electrons, V,,[p(#)] is the interaction energy of

electrons and nuclei, /[p(7)] includes the classical Coulombic repulsion between electrons,
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and Q[p(#)] is the non-classical interaction energy between electrons. While the terms
Vonlp(¥)] and J[p(#)] are known and can be computed, the exact form of T[p(#)] and Q[p(#)]

terms is still unknown.

The simplest approximation of T[p(#)] is the Thomas-Fermi model that was derived for an
imaginary system of uniform electron gas. This approximation is applicable only to systems
with nearly uniform densities (such as some semiconductors and alloys) and is not appropriate
for most systems in which chemists are interested. This inconvenience can be circumvented by
Kohn-Sham’s methodology, in which a Slater determinant is used as an exact solution for the
system of non-interacting electrons. The part of T[p(#)] that is not described by the
Kohn-Sham’s approach and Q[p(7)] are then combined into a so-called exchange-correlation
energy term, Exc[p(7)]. This exchange-correlation functional is not known and needs to be

approximated.

DFT functionals can be generally divided according to the level of approximation applied. The
local density approximation (LDA) provides the simplest functionals that depend only on the
density at the point in space where the functional is evaluated. An improvement offers the
general gradient approximation (GGA) which implements the gradient of the electron density.
In other words, GGA functionals use LDA as the first term in Taylor expansion and calculate
also the second term. By adding the second derivative of the electron density (sometimes called
the density of kinetic energy), we obtain meta-GGA functionals. A real boom of DFT was
achieved thanks to hybrid functionals that combine the exact exchange energy from the
Hartree-Fock method with approximative DFT functionals. The family of DFT functionals is
still expanding. So far, hundreds of DFT functionals have been developed. A proper choice of
the approximative exchange-correlation functional is a crucial step in every DFT
calculation.'® % In the following, we only focus on the functionals that have been employed

in this work.
PBE functional

The PBE (Perdew, Burke, Ernzerhof) functional!!! belongs to the class of parameter-free GGA
functionals, i.e., it does not contain experimentally fitted parameters as many other functionals
do. Instead, it is solely based on fundamental constants and physical arguments. It is based on
the general features of the Perdew-Wang 1991 (PW91) functional and includes an improved
description of the exchange-correlation term. The PBE functional is often used for its
efficiency and relatively good results in a wide range of systems. It is worth noting that PBE

does not include dispersion interactions. If such interactions are expected to be important, it is
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possible to add them as an empirical correction. In this work, we have employed the PBE-D2

method with Grimme’s correction to the total energy

Nat—=1 Ngt ij

Co
Edisp = —S¢ Z Efdmp (Rij) 3)
i=1 j=i+1 Y
where N,; is the number of atoms, C, éj is the dispersion coefficient for a pair of atoms i and j,

Se is the scaling factor, R;; is the distance between two atoms, and fy,;, is a dumping function

to supress the dispersion interaction on small distances between the atoms.'!?
PBEO functional

The PBEO functional''® ' mixes the PBE and Hartree-Fock exchange energy terms and thus
belongs to hybrid functionals. The correlation energy is calculated in the same manner as in

PBE. The form of this exchange-corelation functional is:

1 3
E)I;CBEO — ZE)IEIF + ZE)F(’BE + EgBE (4)

EFF is the Hartree-Fock exchange energy, EFBE is PBE exchange energy, and EEPE is PBE

correlation energy. The PBEO functional is applicable in a wide range of calculations including
structural, thermodynamic, and kinetic properties. Moreover, it usually gives reasonable results
for time-dependent calculations of excitation energies, although its performance depends on

the type of transition.!'!*
wB97X-D functional

The wB97X-D functional'!® is a long-range corrected hybrid functional. That means that it

includes a correction for long-range exchange interactions. It is based on the wB97X

1116

functional * that works with exchange-correlation functional defined as

E)((UCB97X — E§R—HF+ aEgR—HF_}_ bE)?R—B97+ ECB97 (5)

LR—HF

where EX is the long-range Hartree-Fock exchange energy, Ext HF

X is the short-range

ESR—B97

Hartree-Fock exchange energy, Ey is the short-range exchange energy from B97

functional, and EZ°7 is the correlation energy from B97 functional. Hundred percent of the
exact Hartree-Fock exchange energy in the long-range limit eliminates the long-range
self-interaction error. In the short-range limit, a part of the exchange energy is calculated using
the Hartree-Fock method and a part using the B97 functional. The ratio of Hartree-Fock and

B97 exchange energy contributions in the short range is determined by a splitting operator that
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depends on the variable w parametrized on a diverse training set. To include dispersion
interactions, it uses an empirical correction similarly as PBE-D2 (Eq. 3). This makes
wB97X-D applicable in calculations of atomization energies, barrier heights, atomic energies,

and intermolecular interactions.

2.2. Finite-size versus Periodic Systems

Depending on the property or process of interest, FG being 2D material can be modelled as
either a finite-size system (flake) or a 2D-periodic structure (slab). While in the former case a
full armoury of molecular quantum chemistry methods available in computational chemistry
can be employed, in the latter case, approaches taking advantage of periodic boundary

conditions (PBC) can be applied.
Solution for molecules

In molecular quantum chemistry, it is convenient to use atomic orbitals as building blocks for
constructing the wave function or electron density of a system. For example, in orbital-based
DFT, one-electron Kohn-Sham orbitals composing the Slater determinant are expanded as

a linear combination of atomic basis functions {n M}:

L

0= ) Culy ©)

u=1

If a complete basis set is used (L = 00), an exact solution is obtained. However, in practice,
a finite basis set must be used, and it is important to choose a suitable basis set for the studied
problem. If not stated otherwise, the Pople’s double-zeta 6-31++G(d,p) basis set!!’ containing
both polarization and diffusion functions was employed in mechanistic studies of reactions
involving (p)FG and other graphene derivatives. In the case of systems involving transition
metals, the def2-SVPP and def2-TZVP basis sets!'® ''” from the Ahlrichs def2 basis set family
reasonably describing electronic structure of molecules consisting of transition metals and

main group elements were employed.'?°
Solution for periodic systems

In crystalline structures is every electron influenced by an average potential U (#) that includes
the interaction with nuclei and with all other electrons. Since the structure of a crystalline
material can be constructed as a periodic repetition of an elementary cell, U (#) is also periodic
and invariant to the operation of translation by an arbitrary vector of the Bravais cell. Bloch’s

theorem states that in the periodic potential the solution of Schrédinger equation 1 (¥) is
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in a form of plane waves multiplied by a periodic function uz (7) that has the same periodicity

as the structure of the crystal:
Y () = e Tug () (7)

7 defines position and k is the wave vector. To find a solution of the Schrédinger equation in
the periodic potential, it is convenient to transform from the real space into the reciprocal space
(k-space) using the Fourier transformation. The periodic potential can then be expanded in

terms of a set of plane waves.

U(F) = ngeiq-?‘ (8)
G

G are reciprocal lattice vectors. The wave function must also fulfil the Born-von Karman

boundary conditions. The resultant form of the wave function is the following:

>

Pp(P) = Z%meiw T )
G

Since evaluation of 1 (¥) would involve a summation over an infinite number of possible

values of the vector G , in practice we take advantage of the interpretation of 1) (7*) as a solution

2 5
of the Schrodinger equation with kinetic energy E = zh_m |k +G | Then it is possible to truncate

the infinite sum by considering only functions with a kinetic energy lower than the
so-called cut-off energy. Therefore, the commonly used approach in PBC calculations is to
define the number of plane waves used as the basis set by setting the maximum value of their
kinetic energy.'?" 1?2 To investigate the nature of C—F bond in (p)FGs and to assess the most

stable vacancies in FG lattice a minimum cut-off energy of 400 eV was employed.

2.3. Solvent Models

Since most of the experiments are performed in the liquid environment, the possibility to run
calculations that account for solvent effects is vital. There are three types of solvation models
that can be utilized. First, explicit solvent models are based on considering explicit solvent
molecules in the model system. As the system size increases rapidly with the number of solvent
molecules, this approach becomes computationally very demanding for physically relevant
systems and is used mostly in molecular mechanics, molecular dynamics, and Monte Carlo
simulations. Second, implicit solvent models replace the solvent by a homogeneous polarizable
medium that is characterized by the dielectric constant and other parameters, for example,

molecular surface area or solute atomic radii. The calculation with implicit solvent starts with
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encapsulating the solute molecule into a cavity created in the solvent continuum. The charge
distribution of the solute molecule is changed due to the solvent. In return, the surrounding
medium is also polarized, which causes additional polarization of the solute charge
distribution. This response to the change of polarization is called a reaction field and must be
iterated to self-consistency. Third, hybrid solvent models combine both previous approaches,
i.e., a few molecules are added explicitly, and the rest of the solvent is included implicitly. This
method is important in systems in which specific interactions such as hydrogen bonds play an
important role or if the solvent molecule enters the studied reaction mechanism.!” In all
calculations of this thesis, the universal continuum solvation model based on density (SMD)

was applied.'?

The SMD model is based on the full electron density of a solute molecule that interacts with
solvent described as a continuum parametrized using a few descriptors: dielectric constant,
bulk surface tension, refractive index, acidity, and basicity parameters. The term ‘universal’ in
its name denotes the applicability for any solute-solvent system. In SMD, the Gibbs solvation
energy, 1.e., the energy needed to transfer the solute molecule from the gas phase into the

solvent, is evaluated as

AGS = AGgpyp + Geps (10)

where AGgyp is the electronic, nuclear and polarization component, and G¢ps includes energy
changes in the cavitation and dispersion energy and possible changes in local solvent structure.
The first component is calculated by self-consistent reaction field (SCRF) treatment including
solution of the non-homogeneous Poisson equation for electrostatics. The second component
involves the contribution of short-range interactions between the solute molecule and solvent
molecules in the first solvation shell. The solvation energy is also dependent on the
construction of the cavity. The cavity in SMD model is created using the solvent-accessible
surface area (SASA) of the solute molecule which depends on the atomic van der Waals

radii.'®
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3. On Track to Explore the Chemistry of Fluorographene

As already mentioned, FG is a promising precursor for the synthesis of new graphene
derivatives such as CG, GA, sulfurhydryl derivatives, aminographenes, etc 3% 88 89,92
The susceptibility of FG to reductive substitution can be utilized for grafting various
functional groups to the graphene lattice. To control the composition and topology of the new
graphene-based 2D materials, and thus their properties, it is essential to understand the reaction

mechanisms and processes that accompany the chemical transformations of FG.

3.1. Variability of the C—F Bond Nature Influences the Formation of Specific

Structural Motifs in Fluorinated Graphene

Previous studies demonstrated that the nature of C—F bonds in (p)FGs is complex and is
dependent on the topology and fluorination level of the material > 28 42 60. 972 With the
increasing amount of fluorine ad-atoms the C—F bonds shorten and change from semi-ionic to
covalent.’> 778 In low-fluorinated graphene, the F ad-atoms preferentially bind to ortho trans
positions to minimize the repulsion between negative partial charges on fluorine ad-atoms and
to minimize the disruption of C—C bonds z-conjugation.’> 7> 7% 80 As the level of fluorine
content increases, the structure adopts configuration with ribbons, islands, and chains of
ad-atoms separated by m-conjugated areas.’! By controlling the level of fluorination and
geometric structure, we can obtain materials with different conductivity (the bandgap ranges
from 0 to 3.1 eV) and magnetic properties.?* 268 Therefore, a deep understanding of the nature
of C—F bonds and the rules that govern the formation of specific structural motifs in (p)FGs is
needed. The comprehension of the C—F bonding can also offer new knowledge about chemical

bonding in general, especially in the 2D materials world.

Despite the C—F bond is commonly considered as the strongest in organic chemistry,!?* in
(p)FGs its strength and length vary considerably. Our calculations revealed (Appendix A)*?
that the BDE of C—F bond ranges from 27.1 to 106.7 kcal-mol ! and its length ranges from 1.38
to 1.59 A. In comparison to the average C—F bond strength in common organic molecules
(105.4 kcal-mol™!), most of the calculated BDEs is significantly lower. In addition, the C—F
bonds in (p)FGs are longer than typical C—F bonds in aromatic organic compounds by
ca. 0.1-0.2 A.'** Surprisingly, a common rule -the longer bond, the weaker bond- is not
generally applicable in (p)FGs (Figure 14). The correlation between the C—F bond length and
BDE is not at all simple. For instance, both the lowest and highest BDE values belong to the
bond lengths of ca. 1.43 A. These results are in agreement with the average C—F bond length
in (p)FGs reported by Vyalikh et al.”!
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Figure 14: Bond lengths and BDEs of C—F bonds in (p)FGs of various configurations. Data

are divided into groups according to the number and position of neighbouring F ad-atoms.

To find other factors that affect the BDEs of C—F bonds, we have considered their additional
characteristics. Statistical analysis showed significant pair correlations of BDE with four
factors: the C—F bond length (the square of the correlation coefficient, R? = 0.55), the number
of adjacent fluorine ad-atoms in trans position (Fyans, R? = 0.55, Figure 15a), the number of
C—C bonds that enter the 7-conjugation after dissociation of given C—F bond (N,;, R’ = 0.53,
Figure 15c¢), and partly also the polarity of C—F bond (R’ = 0.33, Figure 15d). Clearly, the
C-F bonds that cause bigger disruption of the m-conjugation of C—C bonds are weaker
(Figure 16). Therefore, the formation of fluorinated islands and ribbons is more favourable
than the homogenous distribution of fluorine ad-atoms on the graphene plane as was also

observed in other studies.”* 755

As mentioned earlier, previous studies proposed that C—F bonds change from semi-ionic to
covalent with increasing number of F ad-atoms.?” 7> Generally, with decreasing polarity the
C-F bond shortens and becomes stronger. Our results follow the same trend, but the pair
correlation of C—F bond polarity and length (R’ = 0.55, Figure 17a) shows a weaker correlation

17> However, it should be noted that we have also considered

than in the study by Zhou ef a
less favourable geometries with C—F bonds in cis positions that were not included in ref. 72.
To support this explanation, we have selected the most stable configuration for each
stoichiometry and carried out again the pair correlation showing much stronger correlation

(R’ =0.93, Figure 17b).
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Figure 16: Example of the influence of N, on BDE using 3 configurations of the same
stoichiometry in which dissociation of the red-marked C—F bonds leads to the same structure.
The BDE values correspond to the red marked C—F bonds. F ad-atoms are illustrated as blue

and grey circles to distinguish ad-atoms on different sides of (p)FGs.
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Importantly, all considered properties of C—F bonds correlate not only with BDE but also with
each other. Therefore, we have also performed a multiparametric analysis starting with the
C-F bond length as the most relevant parameter for the correlation with BDE (coefficient of
determination, 7° = 0.53). Taking the C—F bond polarity as an additional parameter did not lead
to the improvement of the correlation (7 = 0.53). On the other hand, the N, had a more
significant impact (7 = 0.58), and the most significant was found to be the parameter Fans
(> = 0.72). The standard error of the BDE estimate demonstrated that 95% of all observations
was in the interval of + 9 kcal-mol™! Nevertheless, it is not very practical to predict BDE from
the C—F bond length since it would also require quantum chemistry calculations. Keeping this
in mind, we carried out a two-parametric regression with purely topological parameters
(N,; and Fyans), which resulted in the coefficient of determination 7° = 0.67. The standard error
of the estimate showed that 95% of the observations was in the interval + 10 kcal-mol™. It was

found that BDE depends on these two topological parameters according to equation:

BDE = (68.640 + 5.016) — (8.873 + 2.005) * N, + (10.925 + 2.307) * Frrqns (11)

The ability to estimate BDEs of C—F bonds in (p)FGs that is only based on a few purely
topological parameters may be used for large-scale pre-screening of configurations to model

real (p)FGs samples with different levels of fluorination.

The nature of C—F bonds deeply affects the reactivity and stability of (p)FGs. Thermodynamic
stability is influenced by the arrangement of F ad-atoms on the lattice. To identify the most
probable configurations that may be present in real samples, we have calculated Boltzmann
distributions of binding energies (Eping) of various structural motifs at different temperatures
(293, 400, and 600 K). Generally speaking, structures with an even number of F ad-atoms that
are evenly distributed on the two graphene sublattices are more stable than those with odd

numbers of F ad-atoms. Also, the stability of the structures increases with the increasing
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amount of F ad-atoms, and structures with homogenous distribution of F ad-atoms on the
graphene plane are less favourable than those with compact fluorinated and defluorinated

domains. It is worth noting that similar trends were also observed in previous studies.” 7>-%

The experimental NMR and XPS spectra of graphene samples that were fluorinated by BrF;
indicated the presence of different structural motifs such as armchair and zigzag chains,
cyclohexane rings, and isolated pairs of C—F bonds randomly distributed on the graphene
plane.%® 7> The samples were then stored under room temperature for several months, and the
NMR and XPS spectra were measured again to show that the various motifs of C-F
bonds relaxed to the most stable configuration.”" 8! Therefore, it can be deduced that the
fluorination process is driven not only by thermodynamics but also by stochasticity. That

means that the formation of C—F bond patterns during fluorination is to some extent random.

To model the evolution of motifs of fluorine ad-atoms during graphene fluorination, we have
considered various configurations of F ad-atoms in stoichiometry ranging from low fluorine
content to complete fluorination. By systematic increasing of the number of F ad-atoms and
comparing Eping, we have selected the most stable structures and favourable pathways of
fluorination (Figure 18). The Eping values decreased as the level of fluorination increased,
demonstrating that the initial phase of fluorination can proceed spontaneously up to the most
stable stoichiometry C;gF¢ that is presented by fluorinated hexagonal rings (Figure 18a,
structure O) or zigzag chains (Figure 18a, structure N). These motifs were also observed

experimentally by Makarova et al.>*

Despite that less stable structures can be formed by further
fluorination, the increasing of F content may continue up to fully fluorinated FG (Figure 18).
Interestingly, the fluorination pathway cannot fully follow the “lowest energy pathway”
because the GS (ground-state structure, i. e., structure of the lowest energy) of the system with
a given stoichiometry cannot always be created by adding an ad-atom to the GS of the system
with lower F content. For example, the GS of C;gF¢ stoichiometry is created from the third
most favourable structure of C;gFs stoichiometry (Figure 18a, pathway from structure J to
structure O or N). Therefore, we have also calculated the energy barriers of the migration

(Figure 18c) that show that the transformation of less stable configurations into GS structures

is feasible, which agrees with the experimental evidence.**
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Figure 18: a) Eping of the most stable configurations of CigFy (x = 1-9) demonstrating the
evolution of possible patterns of fluorine ad-atoms during fluorination. Green, orange, and red
lines mark energetically favourable, slightly unfavourable, and strongly unfavourable
fluorination pathways, respectively. b) Epina of low-energy configurations of (p)FGs with
stoichiometry CqgF, (x = 1-18). ¢) Energy barriers of the migration of two fluorine ad-atoms
chemisorbed on different sides of the graphene plane. The pathways of migration are depicted
in the inset. Blue, red, and green bars in ¢) mark non-magnetic structures, structures with
fluorine ad-atom in the bridge position, and magnetic structure, respectively. F ad-atoms are

illustrated as blue and grey circles to distinguish ad-atoms on different sides of (p)FGs.

From another point of view, it is reasonable to assume that defluorination, that represents
processes such as thermal annealing and chemical reduction of (p)FGs, will follow the path of

the weakest bonds. Therefore, we have also studied the process of defluorination by reversing
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the fluorination process. The first step, i.e., detachment of the fluorine ad-atom from the
unperturbed FG structure, is the most energetically demanding (BDE = 118.2 kcal-mol,
Figure 19a). However, it should be noted that radical defects are naturally present in the
structure of FG as will be discussed later (Appendix B, section 3.2)*° allowing to avoid this
demanding first step. Since the detachment of the fluorine ad-atom near radical defect
leads to the creation of C=C double bond, the next step is energetically much less
demanding (BDE = 50.9 kcal-mol™!, Figure 19b). Removal of more distant fluorine ad-atom
from position meta or para to the radical defect is similarly demanding as the first step
(BDE > 100 kcal-mol ™). As the reaction proceeds, less and more demanding steps alternate.
More precisely, it is more difficult to dissociate C—F bond neighbouring to the defluorinated
chain with even number of carbon atoms than C—F bond neighbouring to the defluorinated
chain with odd number of carbon atoms. It is caused by the formation of a magnetic
(i. e., radical) structure in the former case. This observation is in agreement with Lieb’s
theorem.'? Generally, the detachment of the fluorine ad-atom near the defluorinated carbon is
always more favourable than the dissociation of more distant C—F bonds which leads to the

formation of defluorinated hexagons, zigzag and armchair chains.

a

Figure 19: Gradual defluorination of FG. The values are BDE in kcal-:mol™!. Colours highlight
the feasibility of the considered fluorine ad-atom detachment. F ad-atoms are illustrated as blue

and grey circles to distinguish ad-atoms on different sides of (p)FGs.
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The presented results can help to elucidate the experimental observation of processes such as
fluorination, chemical reduction, and thermal annealing of (p)FGs. The knowledge of the
processes that occur during (de)fluorination of fluorinated derivatives of graphene may thus be

valuable in the design of new 2D materials with controllable properties and structure.

3.2. Point Defects Enhance the Reactivity of Fluorographene

Despite the C—F bond is considered one of the strongest in organic chemistry,’ 6% 12* tertiary
C—F bonds in perfluorocarbons are sometimes called ‘the Achilles heel’ thanks to their ability
to accept electrons into the o* orbital.*® Lai et al.%* assumed that FG reduction can be initiated
by SET to C-F bond and followed by detachment of a fluoride anion. To support this
hypothesis, we have computed the vertical (VEA), adiabatic (AEA) electron affinities, and the
HOMO-LUMO gap of three model molecules representing FG: trans-decafluoronaphthalene
(¢2), trans-tridecafluorophenalene (¢3), and trans-tetracosafluorocoronene (¢7). We have
found that VEA values were negative and AEA values were rather small, demonstrating the
low stability of the negatively charged model molecules (Table 1). It is worth noting that our
DFT results correspond very well with those obtained by MP2 method using the same basis
set. Even though the VEA values increased with the size of the model molecule thanks to bigger
delocalization of the charge, it can be anticipated that even for larger structures of FG the value
would be small. This is also supported by the positive LUMO energies and a rather large
HOMO-LUMO gap demonstrating a low tendency to accept an electron, which agrees with the
large theoretically predicted bandgap of FG (from 3.1 to 7.5 eV, depending on the used
method).2!> 12 These results pointed out that the SET to FG is possible only by using strong
reducing agents and thus cannot explain the lower thermal stability of (p)FGs and promoted
defluorination in presence of solvents such as NMP, dimethylamine (DMA), DMF, and
acetone.>> 3 Therefore, in our work (Appendix B)*® we have focused on the reactivity of FG

in DMF which is a commonly used solvent in FG exfoliation.
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Table 1: VEA and AEA of fluorinated polycyclic hydrocarbons as FG models and
corresponding radical species (one fluorine ad-atom missing) at the @B97X-D/6-31++G(d,p)
level of theory. The values in parentheses are obtained at the MP2/6-31++G(d,p) level of
theory. HOMO-LUMO gaps are derived from the energies of Kohn-Sham orbitals.

VEA AEA HOMO LUMO HOMO-
Kkeal- mol-! LUMO gap

(keal-mol?)  (keal'mol) ey (eV) V)
-21.0

c2 7.1 -11.08 0.97 12.05
(-20.7)
-16.0

c3 12.0 -11.07 0.75 11.82
(-17.1)

c7 3.3 4.0 -10.85 0.30 11.15
53.5

¢2 radical 67.2 -10.09 215 7.94
(55.3)
60.6

¢3 radical 74.4 -10.34 -2.35 7.99
(63.0)

¢7 radical 66.8 80.6 -10.54 -2.46 8.07

“ In the case of radical species, the HOMO and LUMO energies correspond to the lowest f(unoccupied)

and highest a(occupied) orbitals.
EPR measurements proved the presence of radical centres in the FG sample that could be the
key to explain the enhanced reactivity of FG. The concentration of these point defects is highly
influenced by the method of preparation. For example, fluorination by CF, plasma results in
highly disordered inhomogeneously fluorinated graphene, while the usage of XeF, as a
fluorinating agent leads to a highly ordered structure. Moreover, carbon atoms on grain
boundaries, in folds or ripples may remain unfluorinated or may lead to less stable
configurations of neighbouring fluorine ad-atoms in cis positions which make the emergence
of radical centres more probable.!?” 128 Accordingly, we have considered VEA and AEA of
radical species derived from ¢2, ¢3, and ¢7 model molecules (Table 1). Their very high values
of both VEA and AEA clearly demonstrate that radical point defects can accept an electron
into SOMO orbital and initiate the defluorination process. For example, AEA of ¢7 model

molecule (80.6 kcal'mol™) is higher even than that of fluorine atom (78.4 kcal-mol™'). The
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synergized electron-withdrawing effect of highly electronegative fluorine ad-atoms bounded
on neighbouring carbon atoms around the radical centre is one of the main factors stabilizing
charged structures. In addition, both VEA and AEA values increase with the system size
similarly as in the case of unperturbed structures thanks to higher delocalization of the charge
in bigger systems. This strong oxidizing character of radical centres in FG structure can start

the defluorination process even in the presence of mild reducing agents.

Therefore, we have investigated a possible scenario of the defluorination mechanism that starts
with electron transfer to the radical centre and proceeds by detachment of neighbouring
fluorine ad-atoms (Figure 20). In general, the reduction steps are favourable both in the gas
phase and DMF. The polar solvent stabilizes the charged structures making the reduction steps
even more favourable. As expected, the closed-shell systems occurring in the reduction process
have lower oxidizing power than radical species. Nevertheless, even the 1-XI structure, that is
fully z-conjugated, can be easily reduced thanks to the electron-withdrawing effect of the
surrounding C—F bonds. However, it is worth noting that the electron affinity (EA) of the 1-XI
structure is lower than that of other considered structures. It is therefore reasonable to assume
that defluorination in the presence of mild reducing agents may stop after the formation of
bigger z-conjugated domains. The steps involving detachment of fluoride anion in DMF are in

most cases exothermic thanks to the stabilization of fluoride anion by the polar solvent.
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Figure 20: Initial steps of a possible cascade mechanism of FG defluorination that is initiated
by electron transfer to the radical centre. Blue values are the reaction energies (in kcal-mol™)
in the gas phase, red values in DMF. Carbon atoms are grey and fluorine green. The C=C

double bonds are orange.

The cascade mechanism of FG defluorination initiated by electron transfer to the radical centre
is not a sufficient explanation of the defluorination mechanism that was observed in solvents
with higher ionization potential (IP) than EA of FG point defects. For example, IP of DMF is
149 kcal-mol™! which is higher than EA of FG radical centre that is 117 kcal-mol™! (structure
1-1, Figure 20). Evidently, direct electron transfer from DMF to FG is improbable. Therefore,
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we have suggested a mechanism that starts with hydrogen atom transfer from a molecule of
DMF to the radical centre of FG which is thermodynamically favourable (Figure 21, step 1a).
The reaction may proceed via releasing of HF molecule, but this reaction step is energetically
slightly unfavourable (step 2b). More probable next step is the attack of a DMFe radical,
detachment of another F ad-atom and creation of N, N’-dimethylcarbamoyl fluoride (F-DMF)
(step 2a). In addition, the structure 2-I can be attacked by another DMFe that may lead either
to the recombination of DMFe radical and radical centre in FG (step 1c) or to the formation of
F-DMF and C=C double bond in FG structure (step 1b). The defluorination may then proceed
from the structure 2-V via further attack of DMFe radical that leads to the detachment of the
fluorine ad-atom and creation of F-DMF molecule (step 3). This mechanism was also
supported by spin-trap experiments and '°F NMR measurements that confirmed the formation

of DMFe+ and F-DMF.

2-| 2-11 2-111

=~ =~
w o

2-IV

Figure 21: Radical mechanism of FG defluorination in DMF. Blue values are the reaction
energies (in kcal-mol™') in the gas phase, red values in DMF. Carbon atoms are grey, fluorine

green, nitrogen blue, oxygen red, and hydrogen white. The C=C double bonds are orange.

All in all, the presence of radical centres may trigger two important processes. First, the
electron transfer to the radical centre and formation of anionic centre can initiate defluorination
in the presence of mild reducing agents. Second, in the presence of species sensitive to
homolytic R—H bond dissociation, a hydrogen transfer to the radical centre may occur. Both
reaction mechanisms lead to cascade defluorination that cause the formation of compact motifs
that are stabilized by z-conjugation of C=C double bonds. It can be anticipated that these motifs

will be highly susceptible to nucleophilic substitution thanks to the electron-withdrawing effect
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of highly electronegative fluorine ad-atoms in the vicinity. Actually, the idea of nucleophilic
substitution and reductive defluorination has already been employed using CN~,%

OH™ %" NH; % and Grignard reagents” to synthesize new graphene derivatives.

3.3. The Reaction Mechanism of Fluorographene Nucleophilic Substitution

To continue with the idea that the defluorinated carbon sites and chains are highly sensitive to
nucleophilic attack, we have investigated an attack of OH™, CN~, and NH; anion on a radical
centre in FG considering various solvents (Appendix C).%® These negatively charged species
differ in nucleophilicity, the ability to form hydrogen bonds, and in the strength of the C-Nu
bond. We have considered four different solvents: THF which is the least polar of considered
solvents, acetone which can elevate the reduction of FG** and was utilized in the reaction of
FG with NaOH,*® methanol as polar protic solvent that can form hydrogen bonds
and thus stabilizes the C-F bonds, and finally DMF which causes defluorination as was

discussed earlier.>’

Reaction energies in Figure 22a demonstrate that the nucleophilic attack on the radical centre
of FG is energetically favourable in all environments. The NH; anion shows the highest
affinity (AEr = -60 kcal-mol!) to FG thanks to its higher nucleophilicity and ability to form
hydrogen bonds with the released F~ anion. On the other hand, the reaction energy of CN™
attack is only ca. -10 kcal'mol™. Generally, polar solvents stabilize the negatively charged
species and thus impede the nucleophilic attack. Let us note that the nucleophilic attack of
OH™in methanol was less favourable than in other solvents due to the formation of strong
hydrogen bonds and higher solvation energy of OH™ (92.8 kcal-mol™') than those of NH;
(78.0 kcal'mol™) and CN~ (63.1 kcal-mol!). Consequently, F~ can be released due to the
negative charge that is brought to the system by Nu™, and a new carbon radical site can be
created (Figure 22b). In all cases, the heterolytic cleavage of a C—F bond in the ortho position
is preferred (Figure 23). Despite the unfavorability of this step in the gas phase, the stabilization
of F~ in solvents makes the process favourable in the case of OH™ and CN™. Even in the case
of NH; the solvation effects make the release of F~ achievable at room temperature.
Nucleophilic attack on the newly created radical site is also favourable in all environments
(Figure 22¢) in the similar way as the first attack. Let us note that we have also considered the
reaction mechanism in which the attached —-NH, group is attacked by another NH; anion. This
leads to dehydrogenation of the -NH, group on FG and the formation of NH;. The negative
charge of the attacking NH; anion is transferred to FG, which causes the detachment of F~
and subsequent transformation of the —-NH— group into a three-membered aziridinic ring

(Appendix D and section 3.4, Figure 26).!%
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Figure 22: a) Reaction energies (AER) of the nucleophilic attack of NH,, CN™, and OH on a
radical site of FG in various solvents, b) AEr of the consequent heterolytic dissociation of
C-F bond, c) AEr of the nucleophilic attack on the newly created radical centre of FG, and d)

reaction scheme. Carbon atoms are grey, fluorine green, oxygen red, and hydrogen white.
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Figure 23: Energy profiles of detachment of fluoride anion after nucleophilic attack of a) NH;,
b) CN7, and c) OH™ in DMF. The presence of IMS in c) is caused by the formation of a
hydrogen bond between F~ and —OH group. Carbon atoms are grey, fluorine green, nitrogen

blue, oxygen red, and hydrogen white.
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Since the C-F bond cleavage could be kinetically hampered, we have also calculated the
reaction profile of the first Nu~attack and F~ detachment in the gas phase and DMF
(Figure 24). Although the high energy barrier makes the detachment of F~ unfavourable in the
gas phase (AE4 in Figure 24), the solvation of F~ in DMF decreases the activation energy
and makes the reaction favourable, particularly in the case of CN™ and OH™. Even in the
case of NH, the activation energy is low, and the detachment of fluoride anion can

occur at room temperature.
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Figure 24: Energy profile of the nucleophilic attack of a) NH;, b) CN™, and ¢) OH™ anion on
a radical centre of FG and the consequent release of fluoride anion, d) reaction scheme. Carbon

atoms are grey, fluorine green, nitrogen blue, oxygen red, and hydrogen white.

It is worth noting that the product of the CN™ attack on the radical site of FG is
thermodynamically the least favourable among the considered nucleophiles due to the smaller

nucleophilicity of CN~ anion (Figure 24). Natural bond orbital (NBO) analysis'?*!3* assigned
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a partial charge of -0.2 e to the carbon atom of CN~, whereas the charges on nitrogen and
oxygen in NH; and OH™ are -1.4 e and -1.6 e, respectively. Moreover, the ability of NH; and

OH™ to form hydrogen bonds with close fluorine ad-atoms further stabilizes the products.

All in all, the radical centres of FG play multiple roles in the material’s reactivity. First, they
can accept an electron from a sufficiently strong reducing agent (Figure 25, path A). Second,
they can initiate radical defluorination if sufficiently stable radicals are formed (Figure 25,
path B). Third, they can be attacked by nucleophilic species (Figure 25, path C). Although all
these three pathways can occur at the same time, the different kinetics and thermodynamics of
individual steps and their dependence on the choice of solvent allow to control the processes
of substitution and defluorination. For example, the reaction of FG with a nucleophilic agent
(e. g., NaCN) in an inert solvent such as methanol should preferentially proceed through path
C under mild conditions. The resultant material would contain a high amount of sp* hybridized
carbon atoms. The degree of substitution (CN/F ratio) could be managed by the reaction time.
Topology of functionalization can be controlled, too. For instance, the functionalization can
start with the reducing phase (path A) that causes the formation of sp? carbon domains and

afterwards the nucleophile can be added.
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Figure 25: Possible reaction pathways of FG defluorination and nucleophilic substitution that
start at radical site of FG. A) Electron transfer, B) hydrogen transfer, and C) nucleophilic
attack.
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3.4. The Role of Vacancies in Nitrogen Doping of Fluorographene

Doping of graphene with heteroatoms opens a road to a new group of 2D materials usable in
catalysis, spintronics, and electrochemical applications.!% %! To find a cheap and eco-friendly
method of synthesis that leads to a homogenous distribution of heteroatoms in the graphene
plane is of great importance since so far known methods usually require temperatures over
800 °C.!% In our work we have employed wet chemistry of FG for nitrogen doping by NaNH,
at mild temperatures as low as 70 °C. Interestingly, the level of doping was controllable by the
reaction time, choice of solvent, and temperature. The obtained maximum amount of nitrogen
in the resultant material was estimated to be 18.2 at. %. For further experimental details, see

Appendix D.!77

To theoretically elucidate the high-yield incorporation of nitrogen atoms into FG plane, we
have studied several reaction scenarios. First, we have considered a nucleophilic attack of NH5
on a point defect in FG that is accompanied by fluoride anion releasing as was discussed earlier
(Figure 22 and 24). In the next step, instead of attacking the newly created radical centre, NH;
anion may cause dehydrogenation of the bounded —-NH, group and formation of NH; molecule
(Figure 26, steps 2a,b). The negative charge of NH; is then transferred to FG and F~
can be released. Subsequently, the -NH— group can be cyclized into an aziridinic ring
(AER = -47.2 kcal-mol’!, step 2a), as also predicted by Li et al.'° for the attack of ammonia
molecule on FG, or the material can undergo further dehydrogenation and defluorination
accompanied by releasing an HF molecule (AEr = -63.2 kcal-mol™!, steps 2b and 3). The
dissociation of the C—F bond and the release of F~ and HF were also supported by the
experimental observation of NaF in XRD spectra. Furthermore, a DMA-® radical, being a
by-product of the reaction in FG + NaNH, + DMF mixture (Scheme 1), can bind to the C atom
near the aziridinic ring (AEg = -36.3 kcal-mol™!, step 4). In the next step, NH; can bind to the
carbon atom neighbouring to the newly created C—N bond between FG and the dimethylamino
group (AEr =-30.3 kcal-mol™!, step 5) causing a strong deformation of the FG plane that allows
the releasing of N,N’-dimethylethyne-1,2-diamine and rearrangement of aziridinic
nitrogen into pyridinic nitrogen in a newly created vacancy in the FG plane
(AER = 7.8 kcal-mol™, steps 6 and 7a). N,N’- dimethylethyne-1,2-diamine further rearranges
into dimethylaminoacetonitrile (DMAACN) (AEg = -35.8 kcal-mol’!, step 7b) - a by-product
of the reaction (Scheme 1). However, the high activation barrier (> 100 kcal-mol™) of

N,N’-dimethylethyne-1,2-diamine separation indicates that this reaction mechanism is
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improbable and cannot fully explain the high amount of incorporated nitrogen. Therefore, we
have considered vacancies present in the FG plane that could facilitate the insertion of N atoms

under mild conditions.

Figure 26: The reaction mechanism (in DMF) of pyridinic nitrogen formation in the FG plane
that starts by NH; nucleophilic attack on the point defect of FG, proceeds through the
formation of aziridinic nitrogen and ends with the creation of a vacancy in FG plane with
pyridinic nitrogen. Reaction energies are in kcal-mol™'. Carbon atoms are grey, fluorine green,

nitrogen blue, and hydrogen white.
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To investigate the role of vacancies in FG plane that may occur in the starting material, we
have constructed and optimized several types of vacancies under PBCs: point defects (e.g.,
Stone-Wales vacancy, (SW(55-77)), single vacancies (SV), double vacancies (DV), triple
vacancies (TV), and some others. We have also assumed that radical centres and biradical sites
may be present in vacancies. The radical sites on the edges of vacancies were separated by
2.9-7.3 A, in line with experimentally estimated values using EPR method.’* Comparison of
cohesion energies (Econ) showed that SW(55-77) and DV(555-777) were the most stable
vacancies (Figure 27a,b). However, the presence of a radical site near the vacancy was required
to enable the NH; nucleophilic attack. The combination of the radical site and these vacancies
is improbable due to the high BDE of C—F bonds (~100 kcal-mol!) which is almost the same
as in unperturbed FG. Therefore, we have investigated the nucleophilic attack on the third and

fourth most stable vacancies, i.e., SV and DV(14) (Figure 27¢,d).

SW(E5-7T7) DV(555-777)
Econ = 124.0 kcal-mol Econ = 123.7 kcal-mol

SV DV(1
Esop = 123.6 keal-mol” Egop = 123.4

>~ B

) 1
cal-mol

Figure 27: Supercells and cohesion energies (Eco1) of the four most stable vacancies that may
occur in FG structure: a) SW(55-77), b) DV(555-777), c) SV, and d) DV(14). Carbon atoms

are grey and fluorine green.

The first reaction step, i.e., the NH; nucleophilic attack followed by the release of F~, was
found more favourable for DV(14) (AEgx = -65.1 kcal-mol!, Figure 28a) than for SV
(AER = 3.8 kcal-mol™!, Figure 28b). Then, the reaction can proceed via dehydrogenation and

defluorination and lead to the formation of either pyrrolic or pyridinic nitrogen in the case of
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DV(14) and graphitic nitrogen in the case of SV. Formation of graphitic nitrogen is
energetically the most favourable (AEg = -255.5 kcal-mol!) followed by pyridinic nitrogen
(AER = -72.3 kcal-mol™"), and the formation of pyrrolic nitrogen is the least favourable albeit
still feasible (AEg = -32.6 kcal-mol™!). These results demonstrate that the incorporation of

nitrogen into FG plane occurs predominantly in vacancies.

a. DV(14)

NH; NHy+ F

-44.6

NHz NH3 + F’

-92.7

graphitic N

Figure 28: Mechanism of nitrogen incorporation into a) DV(14) and b) SV that leads to the
formation of pyrrolic, pyridinic, and graphitic nitrogen in FG plane. Reaction energies are in

kcal-mol'!. Carbon atoms are grey, fluorine green, nitrogen blue, and hydrogen white.

It is worth noting that the nucleophilic attack can also lead to an extension of the vacancy,
which was also supported by the pore size analysis. As in previous cases, the reaction starts
with the NH; nucleophilic attack on the edge of vacancy followed by the release of F~
(AER = -38.8 kcal-mol™!, Figure 29, step 1). The neighbouring C atom to the newly created
C-N bond may be attacked by dimethylamide anion (AEg = 2.4 kcal-mol’!, step 2), which is

one of the by-products of the reaction (Scheme 1) causing the detachment of another F~.
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Finally, the vacancy can be expanded by the release of NV, N-dimethylethyne-1,2-diamine which
can be rearranged into DMAACN molecule (AEr = -27.7 kcal-mol™!, step 3) which was
observed by the gas chromatography — mass spectroscopy (GC-MS).

Figure 29: Reaction mechanism of an expansion of DV(5-8-5) that is caused by NH;
nucleophilic attack followed by dimethylamide anion attachment and consequent release of
DMAACN. Reaction energies are given in kcal-mol!. Carbon atoms are grey, fluorine green,

nitrogen blue, and hydrogen white.

The experimental results of GC-MS revealed many by-products of the reaction of FG with
NaNH, in DMF. Therefore, we have conducted a thorough theoretical exploration of possible
reaction pathways that may occur in the system and lead to main by-products, i.e., DMA,
DMAACN, tetramethylurea, dimethylurea, and formyltrimethylurea (Scheme 1). Orange
frames indicate by-products important for other reactions; some of them were formed in the
absence of FG and/or NaNH, (for further information see Appendix D). It is important to point
out that the radical centres of FG enrich the number of possible reaction pathways and thus the
number of by-products. Analysis of by-products that were observed in the supernatant from
the reaction in ACN was also investigated. In comparison to the reactions in DMF, the reaction
in ACN ended in a lower number of by-products, confirming the lower reactivity of ACN

environment.
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Scheme 1: Possible side reactions in the reaction mixture of FG with NaNH, in DMF. Products
in green frames were observed experimentally, products in orange frames play further roles in
other reactions in the mixture. Reaction energies and activation barriers -that are reported in

brackets for endothermic and least exothermic processes- are in kcal-mol™!
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3.5. Covalent Functionalization of Partially Fluorinated Graphene by Polysulfide

Chains

The ever-growing demand for portable power sources for mobile devices, electric cars,
unmanned vehicles, etc. calls for cheaper batteries with higher performance.'*® Lithium-sulfur
batteries are an interesting alternative thanks to their high theoretical capacity and specific
energy.'?% 137 In addition, sulfur is low-cost, abundant, environmentally friendly material, and
important by-product of the petroleum industry.!*® Unfortunately, lithium-sulfur batteries
suffer from several issues such as large volume change and poor conductivity of sulfur and the

shuttling-effect of lithium polysulfides that are formed during the charge/discharge cycle.'*

In our work (Appendix E),'’ we tackle the challenge of development of a new cathode material
that would restrain the shuttling effect and offer a high full-cathode-mass capacity and rate
capability. Carbon-based materials are intensively studied as sulfur hosts because of their good
electrical conductivity, large surface area, and good mechanical properties.!*!** However,
weak interactions between polysulfide (PS) chains and carbon-based hosts cause poor cycling
stability.'* Therefore, a strong covalent bond between sulfur and conductive hosting material
is necessary. We report a successful synthesis of graphene-sulfur cathode material with very
high sulfur loading (80 mass%) that increased the full-cell specific capacity and limited the
shuttling effect.!*” These outstanding results were obtained via the reaction of FG with sodium

polysulfide (NaPS) in NMP solvent. For further experimental details see Appendix E.

To elucidate the reaction mechanism of PS chains grafting to carbon atoms in FG plane, we
have studied the nucleophilic attack of S3~ (n=2, 4, 6) on a radical centre of FG. Interestingly,
unlike the previously considered nucleophiles (section 3.3), a direct attack of S3~on the FG
radical site was found energetically unfavourable due to sterical hindrance by surrounding F
ad-atoms carrying negative partial charges. Since NMP is known to be one of the defluorinating
solvents,>® it was anticipated that in the first part of the reaction FG was partly defluorinated.
Moreover, the low IP of PS chains (66.6 - 82.1 kcal'mol! depending on the length of sulfur
chain) and the high EA of FG (EA of the trans-dotriacontafluoroovalene (¢10) model molecule
is 119.5 kcal-mol™!) confirm the probability of an electron transfer from PS chains to FG radical
centre which may trigger further defluorination. Considering the defluorination of the material,
we have studied the S3 nucleophilic attack on partly defluorinated model molecules. Indeed,
the nucleophilic attack became more feasible with the decreasing number of F ad-atoms (Figure

30). As in the case of other nucleophiles, the formation of C—S bonds and charge transfer from
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the PS chain to FG caused spontaneous defluorination of the substrate. It is worth noting that

the free end of a PS chain can also act as a nucleophile and can cause either cross-linking of

graphene sheets or can bond to the same graphene sheet and form a cyclized structure.

Figure 30: a-c) S~ nucleophilic attack on (p)FG with different levels of fluorination, d) S5~
nucleophilic attack on the edge of the fluorinated and defluorinated area that leads to a cyclized
structure of PS chain. Fluorine ad-atoms that are released in the next reaction step are marked
by a red circle. Reaction energies are in kcal-mol . Carbon atoms are grey, fluorine green, and

sulfur yellow.
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4. Graphene Derivatives Derived from Fluorographene as Supporting

Materials for Single Atom Catalysts

Graphene derivatives are a promising class of 2D materials that can be used as supporting
materials for so-called SACs.'*1* Owing to the maximally reduced size of metal particles that
allows full exposure of active sites, SACs exhibit extraordinary catalytic performance.
Immobilization of single metal atoms on supporting material offers a way to protect SACs from
undesirable processes such as aggregation into larger clusters and leaching during reactions
that would decrease their catalytic activity. Functional groups such as —CN and —COOH
homogenously distributed on the graphene plane offer an attractive possibility for robust
binding of single metal atoms and cations. For instance, CG was used for anchoring of
Cu(II) /Cu(I) ions. Resultant mixed-valence catalyst performed as a highly active catalyst for
the oxidation of benzylic C—H bonds and oxidative coupling of amines.”> GA-Pd nanohybrids
can flawlessly catalyse the Suzuki-Miyaura cross-coupling reaction.”® The coordination of
metal atoms and cations on CG and GA can also be utilized in graphene-based supercapacitors

relying on the charge transfer between the metal and the substrate.!4%-15!

4.1. Cyanographene and Graphene Acid as Supporting Materials for Anchoring

of a Series of Late 3d and 4d Elements

To gain a general picture of the nature of the chemical binding and oxidation states of metal
atoms and cations anchored to CG and GA, we have optimized an extensive series of model
molecules with anchored atoms and cations of late 3d and 4d elements (Appendix F).%’
Namely, the iron triad (Fe, Co, Ni), light platinum group (Ru, Rh, Pd), and coinage metals (Cu,
Ag, Au) in oxidation states ranging from 0 to +III were considered. The BDE values for the
metal atoms and cations (Me®/**) in the gas phase indicated that the energetics is more
influenced by the initial oxidation state of Me®/** than by the chemical nature of the element
(Figure 31). The BDEs varied considerably; from ca. 880 to 600 kcal-mol™! in the case of Me3*
(Figure 31b and g, orange columns), from ca. 370 to 240 kcal-mol™ in the case of Me?* (Figure
31b and g, blue columns), from ca. 80 to 50 kcal-mol™! in case of Me* (Figure 31b and g, green
columns), and from ca. 50 to 5 kcal-mol™! (Figure 31b and g, red columns) in case of Me®.
Interestingly, the BDE values of a particular metal atom/cation on CG and protonated GA were
comparable (the maximum difference was ca. 15 kcal'mol!). The aqueous environment
significantly lowered the BDE values and narrowed their range; from 329 kcal-mol™ in the
case of Au3* on deprotonated GA (dp-GA) to 1 kcal-mol! in the case of Au® on CG (Figure

31d and 1). Moreover, the differences between oxidation states were less regular indicating a
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high influence of the polar solvent on the stability of CG/GA---Me complexes. As we have
considered deprotonated form of GA in water, BDEs of metal cations on dp-GA were higher
than those on CG by 31-41 kcal-mol™! in the case of Me3*, by 19-24 kcal-mol! in the case of
Me?*, and by 2-7 kcal-mol™! in the case of Me* due to the stronger electrostatic interaction

between the carboxylate group and metal cation.
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Figure 31: a, f) Schematic illustration of the considered metal elements and model molecules
representing CG (top), GA (middle), and deprotonated GA (dp-GA, bottom). b, d) BDE of
metals bonded to CG in the gas phase and water, c, ) Mulliken charges on the metal bonded
to CG in the gas phase and water g, 1) BDE of metals bonded to GA in the gas phase and to
dp-GA in water, h, j) Mulliken charges on the metal bonded to GA in the gas phase and to
dp-GA in water. Colours of columns indicate the initial charge of the metal atom/cation.

Carbon atoms are grey, nitrogen blue, oxygen red, and hydrogen white.
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It is worth noting that the BDEs of Me® and Me* is not sufficiently large to prevent aggregation
into larger clusters. The cohesive energy of the investigated metals ranges from 160 to 60
kcal-mol'.15% 133 Moreover, since the adsorption energies of Me® and Me* on the graphene
plane or into vacancies are in the range from ca. 60 to 1 kcal:mol!, adsorption may also occur
on these sites.!>*!! On the other hand, the BDEs of metal cations with oxidation number +II

or +III are much higher implying better stability of SACs.

0/x+ i

Owing to the aptitude of CG and GA to donate electrons,” °¢ the anchoring of Me s

accompanied with their reduction (Figure 31c, e, h, and j). The amount of charge transferred

0/x+ 0/x+

between Me and the substrate is strongly influenced by the initial charge of Me
Indeed, the most significant decrease of the initial charge was observed in the case of Me3* in
the gas phase (Figure 31c, h, orange columns) and the lowest in the case of Me® (Figure 31c¢
and h, red columns). The electron donor strength of CG and GA is comparable. This indicates
that the reduction strength of these graphene-based substrates is associated with the
m-conjugated carbon network rather than with the functional groups. The aqueous environment
significantly lowers the amount of transferred charge (Figure 31e and j). Surprisingly, despite

the negative charge of the carboxylate group of dp-GA, the reduction strength of CG was only
slightly smaller than that of dp-GA (the difference was in the range of 0.0-0.3 e).

Whereas the metal cations were reduced, most of the investigated zero-valent metals (besides
Pd and Au) anchored to CG were oxidized. Moreover, the level of oxidation was higher in the
aqueous environment than in the gas phase (Figure 31c and e, red columns). On the other hand,
zero-valent metals were negligibly reduced by GA (Figure 31h, red columns). This observation

0/%+ and the substrate. For instance,

was explained in terms of frontier orbital analysis of the Me
the HOMO energy of Fe® in water (3d(beta): -2.2 eV, 4s(alpha): -3.2 eV, Figure 32b) was
higher than the LUMO energy of CG (-3.3 eV) allowing charge transfer of (Ag = -1.8 e) from
4s, 3d.2, and 3d.2. orbitals of Fe® (according to the NBO analysis)!?*!3 to CG, i. e., oxidation
of Fe®. However, the HOMO energy of Fe? in the gas phase (3d(beta): -4.2 eV, 4s(alpha):
-5.1 eV, Figure 32a) laid between the HOMO and LUMO energy of CG (-5.2 and -3.4 eV,
respectively) causing only delocalization of the charge (Ag = -0.5 e). Accordingly, the BDE of

CG---Fe® bond was lower in the gas phase (5.1 kcal-mol™) than in water (69.4 kcal-mol™).
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Figure 32: Comparison of HOMO/LUMO energies of CG and a) Fe? in the gas phase, b) Fe®
in water, c) Fe?™ in the gas phase, d) Fe?* in water, ¢) Fe3* in the gas phase, and f) Fe3* in
water. Green arrows mark the charge transfer between CG and the metal according to the NBO

analysis.

The metal cations were reduced more by CG and GA in the gas phase than in the aqueous
environment. According to the frontier orbital analysis, the solvent effects increased the
LUMO energy of MeX*. For instance, the LUMO energy of Fe?* was increased from -20.5 eV
in the gas phase to -1.6 eV in water (Figure 32c and d), and the LUMO energy of Fe3* was
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increased from -36.6 eV in the gas phase to -7.4 eV in water (Figure 32¢ and f). Since the
HOMO energy of CG was almost unaffected by the solvent (-5.2 and -5.1 eV in the gas phase
and water, respectively), the reduction of Fe?* was more prominent in the gas phase
(Ag = 1.2 e) than in water (Ag = 0.2¢). The charge transfer from the HOMO of CG and thus
the creation of CG cation lowered the HOMO energy to -9.6 eV in the gas phase, allowing
acceptance of two electrons by Fe3* (Ag = 2.2 eV, Figure 32¢).

To assess the role of m-conjugation of the graphene-based substrate and the influence of
different functional groups anchoring metals, we have also investigated ACN and acetic acid
(AcOH/AcQ") as substrates analogous to CG and GA/dp-GA. We have chosen Pd® and Pd?*
as examples and compared the level of reduction after anchoring to different substrates. The
amount of transferred charge is clearly related to the HOMO/LUMO energy of the substrate
(Figure 33a-d). As was discussed earlier, the HOMO/LUMO energies of CG and GA/dp-GA
were comparable, causing similar Ag. Nevertheless, let us remind that this small difference of
HOMO/LUMO energy led to dissimilarity in the case of Me® that are oxidized by CG (with
two exceptions of Pd® and Au®) but slightly reduced by GA in the gas phase (Figure 31). On
the other hand, ACN and AcOH/AcO” HOMO energies were significantly lower (-9.5 in the
case of ACN both in the gas phase and water, -8.1 eV in the case of AcOH in the gas phase
and -6.8 eV in the case of AcO™ in water) causing the charge transfer from the substrate to
Me®/** ess efficient (Figure 33a-d). Comparably, the LUMO energies of ACN (0.9 eV in the
gas phase and 1.0 eV in water) and AcOH/AcO (0.3 eV in the gas phase and 1.6 eV in water)
were higher than those of CG and GA/dp-GA causing the charge transfer in reverse direction

less favourable, too.

Electron density difference (EDD) plots of Pd?>" bound to different substrates in the aqueous
environment (Figure 33e-h) demonstrate that the z-conjugated network of CG participated
more in the charge transfer than the —CN group as in the case of ACN. In general, the ability of
the —CN group to facilitate the charge transfer between the bonded metal cation and the
conductive graphene-based substrate offers a great potential for electrochemistry and
electrocatalysis. Nevertheless, in the case of negatively charged carboxylate groups in dp-GA

and AcO" the charge can be transferred also from the lone pair orbitals of oxygen.
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Figure 33: Top: Comparison of HOMO (blue) and LUMO (red) energies of different substrates
and a) free Pd® atom in the gas phase, b) free Pd® atom in water, c) free Pd?* cation in the gas
phase, and d) free Pd?*cation in water. Green arrows mark the charge transfer between the
metal and substrate. Green numbers are the differences in Mulliken charges of the free metal
and metal bound to substrate. Bottom: EDD plots of Pd?* bound to €) CG, f) dp-GA, g) ACN,
and h) AcO" in water. The isosurface value is e, g) 0.015 a. u. and f, h) 0.003 a. u. Blue
isosurface marks the decrease of electron density, red the increase of electron density. Carbon

atoms are grey, nitrogen blue, hydrogen white, palladium cyan, and oxygen red.

The anchoring of Me®** to CG/(dp-)GA accompanied with a charge transfer between the
metal and the substrate led to either complete (for example in the case of Cu®*) or partial spin
quenching (for example M = 6 of free Fe3* cations was decreased to M = 4 in the gas phase)
which opens the possibility of monitoring the entrapment of metal species by EPR. Since the

oxidation states cannot be directly derived from the resultant charge on Me®/** because of their

162, 163

poor correlation, we have estimated the formal oxidation state from the spin population

0/x+ 0/x+

on Me according to ref. 164. Surprisingly, the spin populations of anchored Me were
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often the same regardless the initial charge of Me®/**. This feature of the pairs of cations
Fe?*/Fe3*, Co?*/Co3*, and Cu*/Cu?* can be used for designing new efficient mixed-valence

SACs as was already discussed in ref. 95.

Calculated XPS energies indicate that the recognition of various oxidation states by
experimental techniques is possible. For example, the XPS binding energies of the oxidation
states of Fe?, Fe?*, and Fe3* were 705.7, 715.6, and 718.2 eV, respectively. Let us note that
the 2ps.2 binding energies of Cu®, Cu*, and Cu?* (926.5, 931.7, and 934.3 eV, respectively)
are in agreement with the experimental values of 932.6 and 934.9 eV measured by
high-resolution XPS.” This excellent agreement of theoretical and experimental XPS binding
energies supports the reliability of our theoretical approach and possibility of identification of

synthesized CG/GA--Me®/**complexes.

4.2. The Mechanism of Hydrazine Oxidation Reaction Catalysed by Co?* Cations

Anchored to Cyanographene

The cost-effective and sustainable alternatives of fossil fuels have attracted a large interest in
the past years because the ever-growing demand of energy causes several environmental
issues.!> 166 Conversion of chemical energy using fuels such as hydrogen, organic acids,
alcohols, and hydrazine in fuel cells is a promising way to produce energy with high efficiency
and minimal greenhouse gas emissions. In our study (Appendix G),”® we have investigated the
electrocatalytic oxidation of hydrazine since the products of hydrazine oxidation are harmless
H,0 and N,, hydrazine is easy to transport as a liquid at room temperature, and direct hydrazine
fuel cells offer large theoretical cell voltage (+1.61 V) and better energy/power density than

many other fuel cells.'®®

The hydrazine oxidation reaction (HzOR) with assistance of the CG--Co?™ catalyst was studied
step-by-step by geometry optimization of hydrazine, nitrogen, and all intermediate species with
and without the catalyst in the aqueous environment (Figure 34 and 35). In the basic
environment, the reaction proceeds via four deprotonation steps and four electrochemical steps.
In sum, four electrons are released. The HZOR may proceed via two energetically comparable
routes (steps 3-5). The CG--Co?* catalyst significantly promotes the otherwise energetically
demanding deprotonation steps (steps 1, 3, 5, 7) thanks to the ability to decrease the N-H bond
polarity. Moreover, the negatively charged intermediate species are stabilized by the charge
transfer from N,H, (x = 1-4) to the CG--Co?* catalyst making the reaction steps more feasible.
The electron-releasing steps (electrochemical steps 2, 4, 6, and 8) are energetically less

demanding without the CG--Co?* catalyst.
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Figure 34: Reaction mechanism of HzOR catalysed by Co?* cations anchored to CG in water.
The reaction energies (green) and ionization potentials (red) are in kcal-mol!. The
multiplicities of species (M) are also reported. Carbon atoms are grey, nitrogen blue, hydrogen

white, and cobalt cyan.
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Figure 35: Reaction mechanism of HzOR without the catalyst. The reaction energies and

ionization potentials are in kcal-mol™!. Nitrogen atoms are blue, hydrogen white.

To further improve our model of the catalyst, we have also included explicit water molecules
coordinated to the Co?*cation (Figure 36). The water molecules cause a decrease of the positive
charge on Co?* and thus lower the interaction energy between the nitrogen of the hydrazine
molecule and Co?* from -29.9 to -13.8 kcal-mol™! (Figure 34 and 36, step 0). Nevertheless, the
reaction energies are not significantly affected by the explicit solvent molecules. For instance,
the AEg of step 1 changes from -9.2 to -6.9 kcal-mol! and that of step 2 changes from 85.1 to
69.0 kcal-mol'!. Noteworthy, the coordinated water molecules may also play an active role in

the HzOR (Figure 36, path b).
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Figure 36: The mechanism of HZOR on the model of CG-:-Co?*catalyst with explicit water
molecules coordinated to Co?*. The reaction energies (green) and ionization potentials (red)
are in kcal-mol™!. The multiplicities of species (M) are also reported. Carbon atoms are grey,

nitrogen blue, oxygen red, hydrogen white, and cobalt cyan.

In conclusion, our results showed a significant variability of binding characteristics in the
CG/GA--Me®/**complexes that are closely related to the electron affinity of the anchored
metal atom or cation and to the amount of charge transferred between the metal and the
substrate. We believe that the insight into the communication between the anchored metal
atoms or cations and the z-conjugated lattice of the graphene-based substrate that leads to the

reduction/oxidation of Me?/**

and to complete or partial spin quenching opens a road to new
heterogenous SACs and other spintronic and electrochemical applications. The ability of
cations anchored to CG to act as catalysts was demonstrated in the mechanism of hydrazine

oxidation reaction that was fostered by CG---Co?*complex.
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5. Conclusions

The basis of the interesting chemistry of FG lies in the variability of C—F bond nature that is in
contradiction with the consensus that C—F bond is one of the strongest bonds in organic
chemistry. DFT calculations revealed that the C—F bond strength in (p)FGs varies significantly
from 25.6 to 118.2 kcal-mol™! depending on the local configuration of fluorine ad-atoms and
the level of fluorination. Therefore, individual C—F bonds cannot be viewed as equivalent.
While defluorination is driven mainly by thermodynamics and leads to the formation of
specific structural motifs such as chains or rings of C=C double bonds, fluorination is -to some
extent- influenced also by stochasticity. As a result, the properties of partially fluorinated
graphene depend on the method of preparation and may evolve in time as the structure relaxes
into the most stable configuration. These aspects should be considered when analysing the
reactivity of (p)FGs since it can change during chemical reactions in very complex ways. This

is a unique property that has no analogue in classical molecular organic chemistry.

Using DFT methods, we have unravelled that direct defluorination of FG initiated by electron
transfer to the low-lying ¢* orbital of C—F bond is only possible in the presence of strong
reducing agents. However, experimental observations reported that defluorination also occurs
in the presence of mild reducing agents. Interestingly, EPR measurements discovered that point
defects (radical sites) are naturally present in FG structure and could be a key to explain FG’s
surprising reactivity because they exhibit much higher electron affinity making them perfect
reactive sites for nucleophilic species and mild reducing agents. Our results showed that radical
sites may play various roles in the reactivity of FG. First, they can accept an electron in the
presence of a sufficiently strong reducing agent and initiate cascade defluorination. Second,
they may trigger radical defluorination if sufficiently stable radicals are formed, which was
demonstrated by the reaction mechanism of FG defluorination in the DMF solvent which
started with the homolytic cleavage of C—H bond of DMF and the formation of DMFe. Third,
they can act as electrophilic sites for nucleophilic attack. We have focused on the attack on FG
radical sites of four nucleophilic species: NH;, OH™, CN~, and S~ (n = 2, 4, 6) in different
solvents. In the case of NH;, OH™, and CN~, the first reaction step was thermodynamically
favourable. Since the nucleophile brought a negative charge to the system, the reaction
proceeded via spontaneous release of a fluoride anion and formation of a new radical site which
could be attacked by another nucleophile. In the case of S2~, the nucleophilic attack on the
radical site is sterically hindered by the surrounding fluorine ad-atoms carrying a partial
negative charge. However, the nucleophilic attack of S2~ was possible on larger defluorinated

areas. The radical sites may also be present at the edges of vacancies in FG structure. We have
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investigated NH; nucleophilic attack on different types of vacancies (single, double, and triple
vacancies) that led to the formation of either graphitic, pyridinic, or pyrrolic nitrogen
incorporated into FG lattice. Additionally, it was shown that the FG radical sites may initiate
many side-reactions in the reaction system and thus enrich the number of possible by-products

of the reaction.

To conclude, it is evident that the radical centres of FG play a vital role in FG chemistry.
Different thermodynamics and kinetics of individual reaction steps allow tuning of the obtained
material’s composition by the choice of the reaction time, solvent, and temperature. This was
supported experimentally by the reaction of N-octylamine and FG in o-dichlorobenzene and
DMF that led to different levels of functionalization and defluorination depending on the used
solvent and reaction time. In addition, the reaction of FG with NaNH> in DMF and ACN that
led to different level of N-doping was also significantly influenced by temperature (for
experimental results see Appendix C and D). We believe that our results significantly
contribute to the understanding of FG’s exceptional chemistry and provide a fundamental
knowledge that can help in the synthesis of new graphene derivatives with controllable

structure and properties.

Graphene derivatives derived from FG such as CG and GA are a promising class of substrate
materials for SACs. DFT results of late 3d and 4d elements anchored to either CG or GA
showed a vast diversity of binding characteristics. The BDEs of CG/GA---Me bonds ranged
from 5 to 880 kcal-mol™! in the gas phase, while the aqueous environment caused a significant
decrease of the range of BDEs (from 1 to 329 kcal'mol!). The CG/GA--Me bond strength
significantly correlates with the amount of charge transferred between the metal and the
substrate as well as the electron affinity of the metal atom or cation. In general, the metals in
oxidation states +II and +III are the most strongly bound, indicating the high stability of the
complexes in catalytic reactions. In contrast, SACs with zero-valence metals and metal cations
in the oxidation state +I can suffer from competitive processes such as aggregation and
leaching since the CG/GA--Me bonds are not sufficiently strong. Anchoring of metal atoms
and cations to CG and GA is accompanied with metal reduction. The level of reduction can be
explained in terms of frontier orbital analysis. In most cases, the HOMO energy of the substrate
is laid above the LUMO energy of the metal cation, allowing charge transfer from the substrate
to the metal cation, i.e., reduction of the metal cation. The aqueous environment causes
a significant decrease of the difference between LUMO energy of Me®/** and HOMO energy
of the substrate and thus suppressed the charge transfer. The zero-valence metals are either

oxidized or negligibly reduced by the substrate, which is related to the fact that their LUMO
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energies are above or at a similar level as the HOMO energies of the substrate. Additional
calculations of ACN and AcOH as substrates and EDD plots demonstrated that the ability of
CG and GA to reduce or oxidize metal atoms and cations is associated with the
m-conjugated lattice rather than with the functional groups. In the neutral or basic environment,
the lone pairs of oxygen in the carboxylate groups of dp-GA and AcO™ could also participate
in the charge transfer between the metal cation and the substrate. Analysis of the spin
populations of anchored metal atoms and cations revealed that some metal atoms and cations
are in the same oxidation state regardless of their different initial charge, offering the design of
new mixed-valence SACs. Nevertheless, the resultant charges of anchored metal atoms and
cations differed enough to be distinguishable by XPS technique. In addition, we have studied
the catalytic role of Co?* cations anchored to CG in the reaction mechanism of hydrazine
oxidation reaction. DFT calculations showed that the CG--Co?* catalyst fostered the N-H

bonds dissociation steps owing to the ability to decrease the N—H bonds polarity.

Our results provide a backbone for designing new materials applicable in various fields. The
communication of the anchored metal atoms or cations and the 7-conjugated lattice of the
graphene-based substrate via the nitrile and carboxylate groups causing reduction/oxidation of
Me®** and complete or partial spin quenching opens a road not only to new heterogenous

SACs but also to other spintronic and electrochemical applications.
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ABSTRACT: Fluorinated graphenes (FGs) are key precursors for the synthesis of many
graphene derivatives that significantly expand the application potential of graphene-based
materials. The reactivity of FGs is rather surprising because the C—F bond is considered
to be one of the strongest single covalent bonds in organic chemistry. However, its
strength in FGs varies from 25.6 to 118.2 kcal/mol, depending on the configuration of
fluorine ad-atoms. This variability is reflected in the formation of specific structural motifs
and topological features during fluorination and defluorination processes; whereas
defluorination favors formation of 7-conjugated chains, following the path of the weakest
C—F bonds, fluorination is driven both by thermodynamics and stochasticity, leading to
diverse fluorination patterns. Individual motifs vary in their electronic structures, having
either metallic or semiconducting character. We rationalize the complex 2D chemistry of
FGs using empirical rules that predict the structural and underlying electronic/magnetic

properties of these materials.

B INTRODUCTION

The covalent bond formed between carbon and fluorine atoms
is commonly included among the strongest single chemical
bonds, which imprints extraordinary stability to fluorinated
hydrocarbons." Because of its strength, (per)fluorinated
hydrocarbons are very stable compounds with many practical
applications. Additionally, polytetrafluoroethylene (PTFE),
also known by the commercial name Teflon, is a tough,
strong, and hydrophobic material that often replaces glass in
chemical labs. This gives the impression that all C—F bonds
are as strong as those in PTFE and that all compounds with
the composition C.F, should be rather unreactive. This
assumption was called into question by the discovery that
the fully fluorinated graphene derivative fluorographene (FG)
undergoes chemical transformations involving substitution and
reductive defluorination under rather mild reaction con-
ditions.”™® It was later shown that this material’s surprising
reactivity may originate from the presence of point radical
defects.”'" In addition, high-resolution F 1s X-ray photo-
electron spectra of FG and partially fluorinated graphenes
(pFGs) feature several peaks that can be attributed to different
kinds of C—F bonds.'"'” Theoretical studies on graphene
fluorination suggested that the covalent bonding of a single
fluorine ad-atom to a graphene sheet is relatively weak, with
estimated bond dissociation energies (BDEs) of 44.9 kcal/mol
for infinite dilute limit'® and 46.9 kcal/mol corresponding to a
low-density FG with a degree of fluorination of ~3 at. %,"*
whereas the BDE of the prototypical C—F bond is 105.4

-4 ACS Publications  © 2019 American Chemical Society

keal/mol.! On the other hand, the bonding of a single fluorine
ad-atom to graphene is stronger than that of other ad-atoms
that can adsorb to the top position on a graphene sheet (C—H
bond 43.7 kcal/mol, C—CI bond 29.9 kcal/mol, C—Br bond
23.0 kcal/mol, and C—I bond 18.4 kcal/mol).15

The available data suggest that the nature of the C—F bond
in FGs is complex and that this complexity is closely related to
the composition and topology of the graphene derivatives. As
the fluorine content increases, the C—F bond shortens (from
1.59 A for a system with a single F ad-atom bound to a
graphene sheet to 1.38 A in stoichiometric FG), and bond’s
character changes from semi-ionic to covalent.'"'>'¢ Fluori-
nation of graphene for only a few hours can be reversed by
brief annealing at 250 °C, but samples fluorinated for over 20 h
are thermally stable up to 450 °C because of the greater C—F
bond strength of heavily FGs.'” Low-fluorinated structures
preferentially adopt configurations with C—F bonds in the
ortho trans positions, which minimize repulsion between
chemisorbed fluorine ad-atoms and maximize C—-C z-
conjugation.'”'*'®'* EGs with higher fluorine contents and
specific F/C ratios have been argued to preferentially adopt
configurations featuring short chains of ad-atoms separated by
polyene-like carbon chains and conjugated graphene-like
domains.””*' The highly ordered C,F, which exhibits selective

Received: August 8, 2019
Revised:  October 10, 2019
Published: October 18, 2019

DOI: 10.1021/acs.jpcc.9b07552
J. Phys. Chem. C 2019, 123, 27896—27903


pubs.acs.org/JPCC
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.jpcc.9b07552
http://dx.doi.org/10.1021/acs.jpcc.9b07552

The Journal of Physical Chemistry C

alternating fluorination on one side has also been studied
theoretically and experimentally.”” pFGs may act as either
hole-doped metallic-like conductors or semiconductors
dependin§ on their fluorine content'"'***7*® and geometric
structure.” ' Density functional theory (DFT)** calculations
suggest that by varying the content of fluorine ad-atoms in
pFGs, one can tune their band gap in the range 0—3.1 eV and
control their magnetic properties to produce a nonmagnetic
semimetal, a nonmagnetic/magnetic metal, or a magnetic/non-
magnetic semiconductor. The configuration of fluorine ad-
atoms on the graphene lattice is another factor affecting the
magnetic properties of pFGs.”” ™

These results suggest that we must revise our understanding
of C—F bonds, and that such a revision could provide new
insights into chemical bonding in general, especially in the
context of material science. A deeper understanding of the
nature of C—F bonds and the dependence of nanopatterning
on preparation strategies (fluorination/defluorination) is also
needed to enable better control over the properties of FGs,
including their electric and magnetic properties. Here, we (i)
explain the extraordinary variability of C—F bond character-
istics in FGs, (ii) elucidate the rules governing the stability of
particular structural configurations, (iii) uncover the key
factors governing nanopatterning during fluorination and
defluorination processes, and (iv) clarify the dependence of
the electronic and magnetic properties of FGs on their
composition and topology.

B METHODS

The periodic boundary condition calculations were performed
by applying the spin-polarized DFT with the Perdew, Burke,
and Ernzerhof (PBE) exchange and correlation functional®
and projected augmented wave potentials representing atomic
cores, as implemented in the Vienna Ab initio Simulation
Package (VASP).”’~*’ The wave functions were expanded in
the plane-wave basis set with a minimum cutoft of 400 eV. The
Brillouin zone integrations were performed with 6 X 6 X 1
(structure and cell optimization) and 15 X 15 X 1 (static runs)
I"-centered Monkhorst—Pack k-point mesh*' per conventional
3 X 3 triclinic cell containing 18 carbon atoms, and also a
larger 6 X 6 triclinic cell containing 72 carbon atoms was used.
The C—F bond characteristics discussed in Introduction were
obtained by applying the PBE-D2 method* and 5 X 5 X 1 k-
point mesh for the 4 X 4 triclinic cell containing 32 carbon
atoms. The different sizes of the unit cell enabled us to study a
larger range of the C/F ratios. All the optimized structures
were converged to forces of less than 1072 eV/A, with a
criterion 107 eV for each SCF cycle.

The thermodynamic stability of individual pFG structures
with stoichiometry CF, expressed as the averaged binding
energy was calculated as follows

Eping = l/x(ECFx — Ec — xEg) (1)

where Ecg_is the energy of the optimized (p)FG model, E is

the energy of optimized graphene, Eg. is the energy of a single

fluorine ad-atom, and x is the number of fluorine ad-atoms.
The BDE of a particular C—F bond in the structure with

stoichiometry CF, was determined by the equation

rlx
BDE = Ecy, = EG;_, — Er @)

where Ecp_is the energy of the optimized configuration with x

fluorine ad-atoms, Eébléil is the energy of the optimized

(relaxed) configuration with x — 1 fluorine ad-atoms, and Ey is
the energy of a single fluorine ad-atom. Deformation energy
(E4ef) can be defined as

Edef = BDE — Eint (3)
where E;, is the interaction energy expressed as
x
Eie = Ecg, — ESE:,I — Eg 4)

. . Ix
where Ecp_and Ep have the same meaning as in eq 2 and Eé‘;r_l

is the energy of the unrelaxed configuration with x — 1 fluorine
ad-atoms obtained by removing the selected F ad-atom from
the CF, structure.

The polarity of a C—F bond is represented as the difference
of partial Bader charges on the carbon and fluorine ad-atom

p=0c— Op ©)

To consider the random nature of pFGs, we developed a
code which systematically generates unique structures of CF,
systems with various stoichiometry and topology. Because the
number of possible unique configurations is very large, we have
randomly selected 100 structures for each stoichiometry. We
examined the stability of various structures with different
content and arrangement of fluorine ad-atoms and preferable
patterns grown during (de)fluorination. Let us note that
although the structures were, in general, selected randomly, we
have checked all the stoichiometric sets so that they included
the structures with minimal bond tension and the highest
possible degree of n-electron delocalization. Consequently, it is
reasonable to assume that the lowest-in-energy structures in
our sets correspond to the real ground-state (GS) structures
for the given stoichiometry.

B RESULTS AND DISCUSSION

Although the C—F bond is commonly viewed as “the strongest
in organic chemistry”,’ the properties of C—F bonds in pFGs
vary considerably: their BDE and lengths range from 27.1 to
106.7 kcal'mol™" and 1.38 to 1.59 A, respectively (Figure 1a).
The vast majority of the BDE values reported for these
materials are significantly lower than the average BDE of C—F
bonds in common organic molecules (105.4 kcal-mol™")," and
the calculated range of C—F bond lengths in pFGs is up-shifted
by ca 0.1-0.2 A compared to that for typical C—F bonds in
aromatic organic compounds (Figure S1).

One might expect in general that longer C—F bonds would
have lower BDEs. However, Figure la shows that the
correlation between the C—F length and BDE is not at all
straightforward. For example, the bonds in the table with the
highest and lowest BDE values both have lengths of ca. 1.43 A.
Our findings are consistent with the average length of 1.43 A
reported by Vyalikh et al. for C—F bonds in FGs."’

To examine other factors that may affect the BDE values,
additional characteristics of C—F bonds in structures with low
F contents were investigated. A statistical analysis revealed
(Figure S3) that BDE correlates significantly with four factors:
the number of adjacent F ad-atoms in trans positions
(coefficient of determination, R* = 0.55), the number of C—
C bonds that enter into 7-conjugation upon cleaving a given
C—F bond (R* = 0.53), the C—F bond length (R* = 0.55), and
partly also the C—F bond polarity (R* = 0.33).
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Figure 1. (a) BDEs and C—F lengths for pFGs of various
configurations. Configurations are grouped by the number and
positioning of fluorine ad-atoms. The notation nF refers to the
number of neighboring fluorine atoms (see Figure S2). (b)
IMlustration of the relationship between the BDE of C—F bonds in
FGs and the formation of extended 7-conjugation upon removing a
fluorine ad-atom. Fluorine ad-atoms projecting above and below the
graphene sheet are represented by blue and gray circles, respectively.
The ad-atom that is removed in each case is circled in red in the upper
images, and the newly formed extended 7 systems are shown in red in
the lower images.

The role of 7-conjugation is illustrated in Figure 1b, which
depicts three FG configurations having different numbers of
C—C bonds that are brought into extended z-conjugation
upon dissociation of a C—F bond. The C—F bonds that
impose greater disruptions of 7-conjugation are clearly weaker,
and the stability of configuration is decreased. This finding is in
line with the previous study by Marsusi et al."’ focused on
single-side pFGs. Therefore, the creation of fluorinated islands
or ribbons is preferred to a homogenous distribution of
fluorine ad-atoms over the lattice. The fact that BDE is
significantly influenced by the number of ad-atoms in trans
positions suggests that BDE could also be related to the
deformation of the graphene plane. In general, more densely
packed C—F bonds are more sensitive to the deformation
energy (for details, see the Supporting Information). For
example, the BDEs for configurations with chains or rings of F
ad-atoms correlate strongly with the deformation energy (R* >
0.9), but the BDEs of C—F bonds with one or no neighboring
F ad-atoms are less influenced by structural distortions (0.4 <
R* < 0.7); see Table SI.

There is a rather strong pair correlation between the C—F
bond polarity and C—F bond length for the most stable
structures (R* = 0.93, Figure S6b), in keeping with the results

of Zhou et al.'”> The C—F bond polarity also correlates

moderately with BDE (R®> = 0.33, Figure S3e), but this
correlation is less significant than those for the factors
discussed above.

Because some of the studied factors correlate with each
other (Table S2), we also performed a multiparametric analysis
(Tables S3 and S4). This revealed that BDE is qualitatively
predicted (with an error of +9.1 kcal/mol at the 95%
confidence interval) by the C—F bond length and the number
of adjoining ad-atoms in trans positions but also (with an error
of +10.0 kcal/mol) by two purely topological factors: -
conjugation and the number of adjoining ad-atoms in trans
positions. The potential to estimate the C—F BDEs of FGs
based on a few purely topological factors may enable large-
scale prescreening of many different structures by creating
representative sets of configurations to model real pFG
samples.

The variable nature of C—F bonds in FGs profoundly affects
both the reactivity and the stability of these materials. Weaker
bonds are obviously more susceptible to cleavage during
defluorination processes. However, thermodynamic stability is
determined by the arrangement of all F ad-atoms on the
graphene lattice. To identify the most stable configurations, we
calculated the Boltzmann distributions of various structural
motifs that may exist in thermally equilibrated samples at T =
293, 400, and 600 K (Figure S7). This revealed that (i) the GS
arrangements dominate in thermally equilibrated samples for
most stoichiometries, with less-favorable structures existing in
significant quantities (above 10%) at experimentally relevant
temperatures only in the case of specific stoichiometries (e.g.,
C,sF¢ and CgF,; Figures S7—520); (ii) in general, the more
the F ad-atoms, the greater is the stability of the GS structures;
(ili) ground-states structures with even numbers of ad-atoms
(evenly located on the two graphene sublattices) are more
stable than those with odd numbers, and (iv) structures with
homogeneous distributions of fluorine ad-atoms are less stable
than those with compact and heterogeneous distributions
(Figure S10). Let us note that similar trends were observed for
single-side pFGs, that is, the structures with an even number of
ad-atoms evenly located on the two graphene sublattices were
found to be more stable and the formation of fluorinated
islands and ribbons was preferred. The main difference
between single- and double-side pFGs is that in the former,
the configurations with F ad-atoms in ortho positions are less
stable than those with F ad-atoms in para positions because of
strong repulsion between negative partial charges on
neighboring F ad-atoms.”

Although our thermodynamic analysis suggested a strong
preference for GS configurations, NMR and XPS spectra of
pFGs prepared using BrF; as the fluorinating agent confirmed
the presence of various fluorination motifs (e.g, the CF
armchair and zigzag chains, cyclohexane rings, and isolated CF
pairs) that were randomly distributed across the graphene
plane. Upon standing at room temperature for an extended
period (several months), these motifs relaxed into an
energetically preferable configuration.””*> The experimental
evidence thus indicates that the fluorination process is
influenced both by thermodynamics and stochasticity; that is
to say, the distribution of sites undergoing fluorination exhibits
a degree of randomness. The kinetics of graphene fluorination
is thus reminiscent of the kinetic partitioning mechanism used
to describe (among other things) the folding kinetics of large
biomolecules.**
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Figure 2. (a) Binding energies of the lowest-in-energy CsF, (x = 1—9) configurations, illustrating possible patterns of fluorine ad-atoms and their
evolution during gradual fluorination of graphene. Green, orange, and red lines indicate fluorination pathways that are energetically favorable,
mildly disfavored, and strongly disfavored, respectively. The corresponding structures are arranged in columns according to their stoichiometry. (b)
Binding energies for low-energy pFG structures of stoichiometry CsF, (x = 1—18). (c) Barriers to the diffusion of fluorine ad-atoms over the
graphene lattice of two fluorine ad-atoms on different sides of graphene; the mobility pathways are depicted in the inset. Blue, red, and green bars
refer to non-magnetic structures, structures with one fluorine ad-atom in the bridge position, and magnetic structures, respectively.

Various arrangements of fluorine ad-atoms for graphene
lattice stoichiometries ranging from low to complete F
coverage were considered to model the evolution of motifs
as F coverage increases (Figures 2 and $8—S520). Systemati-
cally increasing the F/C ratio enabled us to evaluate changes in
binding energies and identify the most stable structures as well
as energetically convenient fluorination pathways. In general,
binding energies decreased as the fluorine content increased,
indicating that the initial phase of fluorination is a spontaneous
process that forms stable motifs with the composition C,gF
corresponding to the armchair [Figure 2a (O)] and zigzag
[Figure 2a (N)] structures. This is consistent with the
conclusions of Makarova et al.”* who identified such motifs
in C;F samples by AFM. Although these structures represent
local minima on the binding energy profile, there is a relatively
low barrier to further fluorination and progression toward fully
FG (Figure 2b). In fluorine-rich structures such as C;4F, and
C,sF 1, the formation of zigzag lines and hexagonal rings is also
favorable (Figure S21j,m). Importantly, the energy profile of
the lowest-in-energy C,F, systems does not always follow the
sequential “lowest energy pathway”, that is, the GS of a system
with a given level of F coverage cannot always be formed
directly from that of the configuration with one F ad-atom
fewer. For instance, the GS of CgF, [Figure 2a (X)] is grown
from the second or third most stable configurations of CsFg
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[Figure 2a (S,T)]. However, barriers to the migration of F ad-
atoms on the graphene lattice are rather low (Figure 2c),
suggesting that the transformation of less-stable structures into
more stable ones should be feasible (as also suggested for
single-side pFGs),” in keeping with the effects of aging
observed by Makarova et al.”

It is reasonable to assume that the defluorination of
fluorographene follows the weakest bond pathway(s). To
better understand processes such as thermal annealing and
chemical reduction of fluorographene samples,** we examined
the defluorination of fluorographene by reversing the
fluorination process (see Section SS of the Supporting
Information and Figures 3 and S$23). Removing a single
fluorine ad-atom from fully FG (C,F,) is very energetically
demanding, with a BDE of 118.2 kcal'mol™' (Figure 3a).
However, it should be noted that radical point defects occur
naturally in real FG samples.” The removal of the nearest
neighboring fluorine ad-atom to the radical point defect results
in the formation of a C=C double bond and is much more
favorable (BDE 50.9 kcal'mol™") than removing a more distant
fluorine ad-atom (Figure 3b). The nearest neighbor F ad-atom
was again easier to remove from CgF 4 than a more distant ad-
atom (Figure 3c). However, its BDE (97.5 kcal'mol™") was
much higher than that of the corresponding F ad-atom in
CysFy17 (50.9 keal-'mol™"). The significantly higher BDE in the
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Figure 3. Defluorination of FG. The formation of zigzag lines is more
favorable than that of hexagons. The numbers are BDE (kcal-mol™")
values, and the colors reflect the feasibility of removing the indicated
F ad-atoms.

former case is due to formation of a radical (ie., magnetic)
structure, in accordance with Lieb’s theorem.*®

The differences between the BDEs of neighboring and more
distant F ad-atoms give rise to distinct defluorination pathways
(Figures 3 and S24). The BDE value for F ad-atom removal

from CygF; leading to a “zigzag” motif of sp> C centers is 52.1
kcal-mol™!, while that for F removal leading to an “armchair”
motif is 65.1 kcal-mol™" (Figure 3d). The formation of a star-
shaped motif with a biradical character requires even more
energy (77.6 kcal'mol ™). FG defluorination thus preferentially
proceeds along the sp” carbon zigzag lines (Figure 3g) rather
than involving other sp> carbon motifs such as hexagonal rings
or armchair lines (Figures 3j and S24). The formation of
conjugated sp” carbon zigzag chains was also observed in high-
resolution transmission electron microscopy experiments
conducted by Tuéek et al.”>* during studies on hydroxofluor-
ographene. Although the branching of existing z-conjugated
motifs is less favorable than their extension, it is still
significantly energetically less-demanding than detachment of
more distant fluorine ad-atoms (Figure 3b), suggesting that
defluorination preferentially occurs by expanding existing
defluorinated domains rather than by forming homogeneously
distributed defluorinated spots.

The distribution of F ad-atoms over the graphene lattice
leads to the formation of specific structural motifs (as
discussed above) that determine the material’s electronic and
magnetic properties. While pristine graphene is a nonmagnetic
semimetal with a characteristic Dirac point in its band-
structure,”” pFGs in their GS can have either metallic (for
systems with up to 3 F ad-atoms per Cig-cell) or semi-
conducting characters with widely varying band gap widths
(that of FG is as high as 3 eV*****) that generally increase
with the number of F ad-atoms (Figure 4). The increase in
band gap width is more pronounced for structures with even
numbers of ad-atoms (see also Figure S25a).

While pFGs with even numbers of ad-atoms are non-
magnetic in their GS because the two graphene sublattices are
equally populated, those with odd numbers of F ad-atoms are
magnetic (aside from CjgF;, which has a spin-symmetric

-21\{ =
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Figure 4. Band structure and density of states of the GS of C,4F,_,5 (Figure S21). The numbers in the top left of each image indicate the number of
F ad-atoms in the system. Green, yellow, and orange frames indicate metallic, semiconducting, and insulating electronic structures, respectively.

Blue bars and numbers (in eV) indicate the band gap width.
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density of states plot; see Figure 4). The ground magnetic
states of semiconducting structures have a spin number of S =
0.5 in accordance with Lieb’s theorem.*® The only pFG species
with a noninteger magnetic moment (0.86 py per cell, Figure
S§26) is the metallic species C,4F;. The covalent attachment of
fluorine adatoms onto graphene rehybridized the carbon atom
beneath, destroyed the graphene’s sp® z-delocalized system,
and disbalanced §raphene’s bipartite lattice. According to the
theorem by Lieb, ™ this would induce magnetic moment (y = 1
ug) in the graphene lattice and lead to the semiconducting
electronic structure with spin-polarized localized zero-energy
states at the Fermi level. However, the calculation revealed a
nonmagnetic solution for CgF; with the spin-symmetric
metallic electronic structure. Following ref 13, additional
calculations with on-site U correction and the fixed value of
magnetic moment were performed. The nonmagnetic metallic
solution remained, however, robust against on-site U
correction (Table SS). These findings indicate that prediction
of correct magnetic moment is a delicate task, which requires
perfect control over the DFT method and calculation setup.
Generally, DFT methods including self-interaction error, spin—
orbit coupling and setup with sparse k-mesh may fail in
providing correct magnetic moments. Magnetic moments of
doped graphene by single graphitic nitrogen depending on the
high/low k-point mesh represent another typical example.**™>°
It is worth noting that the relationship between materials’
stabilities and their band gap widths was recently investigated
in hydroxofluorographene analogs.”' Larger gaps generally
resulted in higher transition temperatures (Figure S25b),
which may indicate that magnetic pFGs with higher F contents
will be more likely to retain their magnetism at elevated
temperatures. Thus, it seems plausible that the partial
defluorination of highly fluorinated FG could produce
magnetic pFGs with higher transition temperatures than
those obtained by brief fluorination of pristine graphene.

B CONCLUSIONS

In summary, we have shown that the C—F bonds in FGs have
remarkable properties that are inconsistent with the common
view of the C—F bond as one of the strongest bonds in organic
chemistry. The C—F bonds in a single class of materials can
differ markedly in strength (by as much as a factor of 6), so
individual C—F bonds cannot be considered equivalent. The
strength of individual C—F bonds is highly sensitive to their
structural context, so their properties may evolve over time in
response to chemically or thermally induced processes.
Consequently, the properties of partially fluorinated materials
may depend on both their composition and their method of
preparation. All these aspects should be taken into account
when evaluating and comparing the properties of graphene
derivatives as well as when analyzing the reactivity of 2D
nanomaterials because their reactivity will change in complex
ways during the course of any chemical reaction. This is a
material property with no analogue in classical molecular
chemistry.

The reactivity of pFGs can lead to the formation of specific
structural motifs or patterns that significantly affect material’s
electronic and magnetic properties. pFGs in their GS may be of
either metallic or semiconducting character, with widely
varying band gap widths that correlate with their content of
F ad-atoms (ie, the x/y ratio in C.F, structures). Lattice
imbalances in the bipartite graphene lattice result in the
formation of magnetic pFGs with odd numbers of F ad-atoms

or, depending on the topology, to (non)magnetic structures
with even numbers of F ad-atoms.

We believe that the results presented here help explain the
outcomes of experimental processes including (but not limited
to) fluorination, thermal annealing, and chemical reduction of
graphene and its fluorinated derivatives and will be valuable in
efforts to design new ways of preparing 2D materials with
controllable structures and properties suitable for diverse
electronic and magnetic applications.
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1. Introduction

Reactivity of fluorographene is triggered by point
defects: beyond the perfect 2D world+

Miroslav Medved, (2 *2 Giorgio Zoppellaro, €2 Juri Ugolotti, Dagmar Matochova,?
Petr Lazar,® Tomas Pospisil,” Aristides Bakandritsos,? Jifi Tucek, (22 Radek Zbofil &2
and Michal Otyepka @ *2

Preparation of graphene derivatives using fluorographene (FG) as a precursor has become a key strategy
for the large-scale synthesis of new 2-D materials (e.g. graphene acid, cyanographene, allyl-graphene)
with tailored physicochemical properties. However, to gain full control over the derivatization process, it
is essential to understand the reaction mechanisms and accompanying processes that affect the compo-
sition and structure of the final products. Despite the strength of C—F bonds and high chemical stability of
perfluorinated hydrocarbons, FG is surprisingly susceptible to reactions under ambient conditions. There
is clear evidence that nucleophilic substitution on FG is accompanied by spontaneous defluorination, and
solvent-induced defluorination can occur even in the absence of any nucleophilic agent. Here, we show
that distributed radical centers (fluorine vacancies) on the FG surface need to be taken into account in
order to rationalize the defluorination mechanism. Depending on the environment, these radical centers
can react as electron acceptors, electrophilic sites and/or cause homolytic bond cleavages. We also
propose a new radical mechanism of FG defluorination in the presence of N,N'-dimethylformamide
(DMF) solvent. Spin-trap experiments as well as °F NMR measurements unambiguously confirmed for-
mation of N,N'-dimethylformyl radicals and also showed that N,N'-dimethylcarbamoyl fluoride plays a key
role in the proposed mechanism. These findings imply that point defects in 2D materials should be con-
sidered as key factor determining their chemical properties and reactivity.

netic properties by graphene derivatization provide an auspi-
cious base for future technological advancements, including

The discovery of graphene' in 2004 opened a route to a new
class of carbon-based 2D materials with unique chemical, elec-
tronic and magnetic properties. Whereas graphene itself is
chemically a low reactive semimetal with high electron con-
ductivity, even dilute concentrations of chemisorbed impuri-
ties can dramatically change its band structure and induce
local magnetic moments.> Increasing the adsorbate concen-
tration can further disrupt the n-conjugated network, trans-
forming the conducting material to an insulator through a
variety of intermediate states.>* Possibilities for tuning the
band gap characteristics and associated electronic and mag-
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development of batteries,”” biosensoring,® gas sensing on sur-
faces® and solar cell technologies.'® Nevertheless, selective and
controllable covalent graphene functionalization remains a
challenging task due to the limited reactivity of graphene.'™"?
Many proposed direct derivatization strategies suffer from a
low degree of functionalization'*™® or require harsh reaction
conditions that strongly affect the final stoichiometry and
chemical structure of the resulting graphene derivative.'”*®
Fluorographene (FG)' " offers a promising alternative for
graphene derivatization because (i) chemisorption of mono-
valent fluorine atoms prevents formation of complex (non-stoi-
chiometric) structures; (ii) the material is thermally stable up
to 400 K; (iii) the pristine 3D material, graphite fluoride, is
available in large-scale as an industrial lubricant; and (iv) FG
reacts readily as an electrophile under mild conditions.**™°
Owing to these features, FG has recently been used as a precur-
sor for the synthesis of several graphene derivatives, including
amino-graphenes,”*°  cyanographene,®  carboxygraphene
(graphene acid),®® sulfur-linked derivatives®>*> and alkylated
graphenes.®® During the chemical transformation of FG, sub-
stitution of fluorine atoms proceeds simultaneously with

This journal is © The Royal Society of Chemistry 2018


www.rsc.li/nanoscale
http://orcid.org/0000-0001-8599-1031
http://orcid.org/0000-0003-2304-2564
http://orcid.org/0000-0003-2037-4950
http://orcid.org/0000-0002-3147-2196
http://orcid.org/0000-0002-1066-5677
http://crossmark.crossref.org/dialog/?doi=10.1039/c7nr09426d&domain=pdf&date_stamp=2018-03-06
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
http://dx.doi.org/10.1039/c7nr09426d
https://pubs.rsc.org/en/journals/journal/NR
https://pubs.rsc.org/en/journals/journal/NR?issueid=NR010010

Open Access Article. Published on 06 February 2018. Downloaded on 3/4/2019 12:51:48 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Nanoscale

reductive defluorination. It has been suggested that bimolecu-
lar nucleophilic substitution Sy2 is the preferred mechanism
of substitution of the fluorine atoms.>* Also important is the
role of the solvent, which can significantly affect the whole
process, not only by the common (de)stabilization solvation
effects but also by triggering and/or enhancing the defluorina-
tion process. Wang et al.** has shown that FG spontaneously
defluorinates in the presence of highly nucleophilic (dipolar)
solvents, such as N,N-dimethylformamide (DMF), dimethyl-
acetamide (DMAc) and N-methyl-2-pyrrolidone (NMP). The
authors rationalized the defluorination effect of these solvents
in terms of strong dipolar-dipolar interactions of the solvent
molecules with the electron-deficient carbon atom of the C-F
bond. All these findings indicate that unusual chemistry drives
the reactivity of FG, and its intricacies need to be deciphered
in order to rationalize the process of graphene derivatization
using FG.

In our work, we present a description of the mechanism of
the reactivity of FG obtained by combining electron paramag-
netic resonance (EPR) and '°F NMR experiments with theo-
retical calculations. We focus on FG in DMF, which is a widely
used solvent for FG exfoliation and chemical treatment. EPR
experiments confirmed the presence of radical centers (fluo-
rine vacancies) in FG and allowed their distribution and time-
evolution to be studied. We observed defluorination in DMF,
despite the fact that it is not a sufficiently strong reducing
agent for FG. Based on theoretical calculations, we suggest a
new mechanism involving N,N-dimethylformyl radicals
(DMF"), formation of which was evidenced by a series of spin-
trap experiments. In addition, '°F NMR measurements unam-
biguously confirmed formation of N,N-dimethylcarbamoyl
fluoride, which plays a key role in the proposed mechanism.
These findings show that defects present in FG determine the
chemical behavior of this 2D material and make it susceptible
to defluorination and subsequent substitution and addition
reactions. Such defects may be important in determining the
reactivity of other 2D materials because they may initiate reac-
tions which then propagate on the surface of 2D materials.

2. Experimental setup &
computational details
2.1 Chemicals

All chemicals and reagents were used as obtained from the
suppliers without further purification. Graphite fluoride (GrF,
CyF; 1), anhydrous DMF (99.8%, CAS number: 68-12-2), a-4-
pyridyl-1-oxide-N-tert-butylnitrone (POBN, 99%, CAS number:
66893-81-0) and dry benzene (99.8%, CAS number: 71-43-2)
were provided by Sigma-Aldrich. Fluorographene used for the
experiments described in section 3.6 was obtained by exfolia-
tion of GrF in DMF.*>® N,N-Dimethylcarbamoyl fluoride
(F-DMF) was obtained by fluorination of the corresponding
N,N'-dimethylcarbamoyl chloride (Sigma-Aldrich) with KF/
CaF, (Sigma-Aldrich) in acetonitrile (Penta), following a pro-
cedure reported in the literature.*®

This journal is © The Royal Society of Chemistry 2018
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2.2 Characterization

EPR spectra were recorded on a JEOL JES-X320 electron spin
resonance spectrometer operating at the X-band frequency
(~9.16-9.17 GHz) and equipped with variable temperature
control ES 13060DVT5 apparatus. The cavity Q quality factor
was kept above 6000 in all measurements and signal saturation
was avoided by working at low-applied microwave powers.
Concentrated suspensions of GrF (15 mg GrF per mL solvent,
DMF or benzene) thoroughly degassed under N, were
mechanically stirred at 40 °C without sonication and kept in
airtight and oxygen-free vials, and EPR spectra of the resulting
dense suspensions were recorded during a 10 day time-frame.
Use of very concentrated suspensions of GrF was necessary for
successful spin-trapping experiments with POBN (see ESI for
details, section 1.21). Generally, 0.1 mL of GrF suspension was
loaded into the EPR tubes by using airtight syringes. In the
case of GrF powder, 10 mg were used. For the spin-trap experi-
ments, the reaction mixtures (GrF/solvent/POBN reacted
together at RT for 40 min) were centrifuged prior to loading
0.1 mL of the supernatants into the EPR tubes. Discussion on
the use of GrF instead of FG for the EPR studies and radical
formation on the carbon lattice is available in the ESILf
Highly-pure quartz tubes were employed (Suprasil, Wilmad,
<0.5 OD). Simulation of the EPR resonances were carried out
using the WInEPR SimFonia software (V.1.25, Dr Ralph
T. Weber. EPR Division. Bruker Instruments, Inc. Billerica, MA
USA) with second-order perturbation theory. The frequency
unit can be converted into magnetic fields units through the
following relation: 0.1 mT equals to 2.8025 MHz. Nuclear mag-
netic resonance ('°F) spectra were obtained with a JEOL
ECA-500 NMR spectrometer (*°F frequency 470 MHz, CFCl; =
0 ppm). Further experimental details can be found in the ESL.}

2.3 Computational details

The ground state (GS) structures of all the investigated species
were optimized by the ®B97X-D method®” using 6-31+G(d) and
6-31++G(d,p) basis sets.*® Solvent effects were included by
using the universal continuum solvation model based on
solute electron density (SMD).>*> Whereas the structures of
small and medium size systems (F, F~, HF, DMF, F-DMF, etc.)
were fully relaxed in geometry optimizations, to mimic the
semilocal flexibility of FG sheets, FG-like structures were
obtained by constrained geometry optimizations, keeping the
edge carbon atoms frozen. All calculations were performed
with the Gaussian09 program.*®

3. Results and discussion
3.1 EPR spectra of GrF in benzene and DMF

The stability of GrF dispersed in two model solvents (benzene
and DMF) was probed using electron paramagnetic resonance
(EPR) spectroscopy by monitoring the variation of the respect-
ive EPR envelopes over time. Fig. 1a shows the frozen matrix
(T = 123 K) X-band EPR envelope recorded for the freshly pre-
pared GrF/benzene suspension. Although the overall reso-
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Fig. 1 Low temperature (T = 123 K) frozen matrix X-band EPR spectra of GrF dispersed in benzene or DMF recorded at various times. (a) GrF freshly
dispersed in benzene (green line, Exp) and its EPR simulation (black line, Sim). (b) Overview of the diverse spin components encoded in the EPR
envelope shown in (a, Sim); the labels Ty, T, and Ts indicate triplet (S = 1) species, whereas D,, D, and D3 indicate doublet (S = 1/2) species. The rela-
tive weights were as follows: T, (4.3%), T, (8.4%), T3 (16.9%), D, (31.0%), D, (22.5%), D3 (16.9%). (c) GrF freshly dispersed in DMF. (d) GrF/DMF solution
after 6 h. (€) GrF/DMF solution after 7 days. (f) GrF/DMF solution after 10 days. Experimental parameters: 9.14-9.16 GHz frequency, 100 kHz modu-
lation frequency, 30 ms time constant, 0.5-0.8 mT modulation width, 0.4—-0.6 mW applied microwave power. In (a) and (c—f), the solid black line
corresponds to the resolution enhanced EPR resonance line (Savitzky—Golay, denoise algorithm).

nance line of the system in benzene was rather broad (~30 mT
field-spread), it exhibited several small resonances that devel-
oped symmetrically with respect to an intense narrow central
line, a signature of overlapped contributions of triplet and
doublet spin-states. The observed g-averaged (ga.) value was
estimated to be 2.000 and validated by recording the spectrum
together with the Mn(1)MgO standard (JEOL internal reference
standard, Mn(u), gegs = 2.00101 + 0.00005, ESI, Fig. S5 and S67).
A comparable EPR spectrum was observed for the neat GrF
powder (ESI, Fig. Sla and S3t). Similar EPR spectra have been
previously reported around the g = 2 region (~280-380 mT) by
Panich and co-authors*' on polycrystalline graphite fluoride
(CF),, obtained by fluorination of petroleum coke as well as by
Giraudet and co-authors in a later report (~310-380 mT
region).”> However, we noticed that by recording the EPR
signal of the GrF powder in a broader magnetic-sweep range
(50-550 mT), a broad tail emerged in the high field region
(360-550 mT) together with a broad resonance signal in the
low field region (around g = 4) (ESI, Fig. S31). These features
became strongly weakened in the diluted systems (GrF/
benzene and GrF/DMF). The ESI provides additional EPR
spectra for GrF, including the EPR power-saturation behavior
(Fig. S1a, S2-S47). Panich and co-authors suggested that the
fine structure observed around g = 2.00 in GrF was due to
resolved hyperfine components (Ag) with ~5 mT of splitting
value, originating from the interaction of an unpaired spin
(S = 1/2) with six neighboring fluorine nuclei. The authors also

4698 | Nanoscale, 2018, 10, 4696-4707

found that these hyperfine lines were rather broad (AH = 30 G
by simulation), a factor that pointed towards the joint effect of
dipole-dipole and exchange interactions between paramag-
netic centers. In the later work, Giraudet and co-authors took
the similar approach in the simulation of the observed EPR
envelope for GrF, but with the addition of two broad resonance
lines. The simulation of the signal was obtained by adding the
hyperfine contribution of six fluorine nuclei (A = 45 + 2 G, line
width of 36 + 2 G, and g factor of 2.003 + 0.001). As stated by
the authors, and similar to the Panich’s work, “the large line
width is interpreted by the joint effect of dipole-dipole and
exchange interactions between paramagnetic centers”. In the
case of the GrF/benzene frozen matrix sample, we therefore
tried to disentangle these effects previously anticipated by ref.
41 and 42 and carried out an EPR simulation of the resonance
signal in the g = 2.0 region under the assumption of an over-
lapped contribution of different spin components (Fig. 1a,
black line, Sim, and Fig. 1b showing the individual spin com-
ponents with their relative weights). The observed EPR signal
of GrF/benzene shown in Fig. 1a (Exp) can be interpreted as a
superposition of three effective triplet states (S = 1) and three
sets of spin-doublets (S = 1/2), i.e., in GrF exists a distribution
of spin-carrying defects, some close enough (through-space
distance) to show signatures of high-spin systems and others
behaving as isolated S = 1/2 defects. This hypothesis is sup-
ported by the observation that the low field signal around g =
4.0 observed in neat GrF can still be observed in the dilute

This journal is © The Royal Society of Chemistry 2018
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GrF/benzene suspension through signal accumulation (ESI,
Fig. 1b,T GrF/benzene system, 133 K, 4 mW, 40 scan accumu-
lated and averaged) and may represent the half-field transition
(Amg = 2) of these high spin (S = 1) components. The triplet
signatures (Fig. 1b, marked Ty, T,, and T;, with g-tensor (x,y,z)
of 2.000, 2.000, 2.000) gave from simulation the following axial
values (D): one large with |D| of 701 MHz (marked as T;) and
negligible '°F hyperfine contribution, one intermediate
(marked as T,) with |D| of 462 MHz and with line broadening
by hyperfine terms (four '°F nuclei, Ay, of 56.0, 14.0,
14.0 MHz), and one much smaller (marked as T3) with |D| of
202 MHz, with similarly broadened resonances (two *°F nuclei,
Ay, of 38.0,12.0, 12.0 MHz). From the point-dipole-approach,
these triplet configurations (and D values) indicate a spread of
through-space distances among the spin-carrying centers that
are effectively magnetically coupled together, with S;,-S1/,
through-space distances that lie within 4.8-7.3 A. These dis-
tances are an estimate, assuming dominant 1/r* dependence
on the D value and a dominant spin-spin (SS) contribution.*®
The biquadratic zero-field-splitting (ZFS) D-tensor comprised
two contributions: (i) a first order term arising from direct
magnetic dipoles SS interaction, and (ii) a second-order contri-
bution arising from spin-orbit coupling (SOC). In organic
based magnets, the first term usually dominates. It is known
that the point-dipole approach gives rather poor estimation of
inter-center radical distances (compared to X-ray radical dis-
tances) if the radical units interact via n-bond pathways. In
contrast, when the interacting radicals are connected through
an array of o-bonds, which tends to hamper spin delocaliza-
tion, the point dipole approach gives fairly accurate distances,
comparable to those obtained by X-ray.***® The other types of
spin active species are shown by the three sets of § = 1/2
signals in Fig. 1b, marked as D;, D, and D3;. One doublet (D4,
line-width tensor Ly, of 28.0, 28.0, 56.0 MHz) corresponded to
the relatively sharp and slightly asymmetric central signal at
Zetr = 2.000. This fingerprint indicates that the § = 1/2 spins
experienced the strong exchange regime, i.e., the exchange
energy (H) of the spin packet was much larger than Hg;, (the
dipolar interaction component), which in turn was greater
than Hys (the hyperfine component). Considering the upper
limit of the strongest triplet obtained by simulation
(701 MHz), this indicates that the exchange term (J) associated
to these spins was stronger than 0.02 cm™". Since the applied
microwave power was kept low and under non-saturating con-
ditions («1 mW), this sharp central line could not have arisen
from a double-quantum transition and very unlikely originated
from a quartet spin state (S = 3/2). The second broad doublet
(D3, Fig. 1b) belonged to an ensemble of S = 1/2 spins that
experienced weak dipolar interaction (<100 MHz) but still
larger than '°F hyperfine (Hqip, > Hy¢). This effect resulted in a
very broad line-width (L,,,) of 250.0, 196.0, 196.0 MHz encoded
in the electronic transition. The third doublet (D,, Fig. 1b) cor-
responded to S = 1/2 spins that experienced an intermediate
regime with Hg;,~Hyp¢ and a relatively narrow line-width tensor
in the frozen matrix (L) of 98.0, 98.0, 98.0 MHz. Overall, our
observations support the earlier description of Grigorieva and
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co-authors on the dominant spin-half paramagnetism for GrF-
based materials.”” Following GrF aging in benzene solution,
we did not observe severe changes in the overall EPR reso-
nance line, which remained after 6 days and 10 days similar to
that shown at the beginning of the process (ESI, Fig. S8%).
Thus, benzene can be considered a “nearly inert” solvent for
GrF which does not induce substantial degradation of the
paramagnetic centers. Chemical stability of GrF in benzene
was also confirmed by measurement of the XPS spectrum for a
10-days aged GrF sample in benzene (Fig. S25 in ESIf). After
dispersion of GrF in DMEF, the freshly prepared suspension
showed the same EPR fingerprints in a frozen matrix (Fig. 1c)
as witnessed for GrF/benzene (Fig. 1a). Additional EPR spectra
for GrF/DMF are given in the ESI} (power saturation behavior
of the entire resonance line, from 50 to 550 mT, Fig. S9a-c¥).
The concentration of spin centers on the GrF surface at this
stage was estimated to be 23.2 x 10'® spin per g, which corres-
ponds to ca. 1 center per area of 5 nm x 5 nm (see ESI, section
1.2%). This value closely resembles the estimated spin concen-
tration found to near stoichiometric C/F ratios in GrF
(C/Fy.9-1.0) by Grigorieva and co-authors, which were obtained
from in-depth analysis of bulk magnetic susceptibility experi-
ments (~22-17 x 10® spin per g).*” However, already after 6 h
stirring at 40 °C, the GrF/DMF suspension darkened consider-
ably. The X-band EPR spectrum (7 = 123 K) observed after 6 h
revealed some changes in the overall resonance line (Fig. 1d)
compared to the initial spectrum. The doublet component (S =
1/2, D; in the simulation shown in Fig. 1b) appeared to
increase strongly in intensity (relative increase) at the expense
of the Ty, T, and Tj; triplet components (see S =1 components,
Fig. 1b and ESI, Fig. S107) and the doublet component D,.
After 7 days of stirring, the EPR spectrum of FG/DMF showed
more significant changes (Fig. 1e). Besides still being centered
at gegr = 2.000, the doublet components D; and D, became
dominant, several resonances appeared throughout the spec-
trum and a novel but very minor triplet emerged. The spin-
Hamiltonian simulation of this species was very tentative
(shown by the dotted red-line in Fig. 1e). This system should
exhibit a large axial value (|D| of 1345 MHz, |E/D| of 0.04). In
this case, the inter-spin (through-space) distance of the triplet
configuration (S = 1, arising from two interacting S = 1/2) was
estimated from the point-dipole approach to fall short, at
about 3.87 A. This value corresponded well with the minimum
through-space spin-spin distance of the spin carrying defects
estimated by theory (vide infra, Fig. 4b). It is important to note
that at such later stage of the GrF aging process, an alternative
explanation for the appearance of the large triplet signal
reported above can be put forward. Namely, it may arise from
voids in the GrF sheets, especially in the areas corresponding
to sp® islands that are formed upon extended defluorination.
As discussed by Palacios and co-authors,*® the presence of
voids, such as type A3B, can lead to non-vanishing local mag-
netic moments. Consequently, S = 1 signatures can arise in the
EPR spectrum from the presence of these sublattice imbal-
ances (Ny = Ny — Ng). When the Hubbard repulsion is active,
Lieb’s theorem grants the S = 1 spin state to such defect struc-
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tures.*®*® Further aging, and after 10 days of stirring, the
dense GrF DMF solution became very dark brownish and the
EPR spectrum revealed signatures of only S = 1/2 species
(Fig. 1f and ESI, Fig. S11f), with no clear indications of
remaining higher spin-states. The spin concentration
decreased to 5.4 x 10'® spin per g, i.e. to 23% of the initial
value. These results clearly indicate that, unlike benzene, DMF
cannot be considered an inert solvent for GrF but rather a reac-
tant for GrF, capable of inducing degradation of the spin carry-
ing defects present in GrF.

3.2 Origin of radical centers

The experimental evidence of radical centers in FG raises ques-
tions concerning their origin. Let us first assume a perfect per-
fluorinated graphene structure corresponding to an un-
perturbed domain on the FG surface and consider creation of
radical centers on such an ideal structure. In spite of the out-
standing stability of perfluorocarbons (PFCs) related to the
high strength of C-F bonds,>® it was observed that defluorina-
tion of PFCs can be achieved by using strong reducing agents,
such as metals (metal surfaces, amalgams or transition metal
complexes as catalysts), electron rich organic donors (e.g:,
organic radical anions, thiolates, sulfonates)**™> or photo-
chemically.>® The partial sensitivity of PFCs to reduction is often
explained in terms of enhanced reactivity of the most electron-
deficient tertiary C-F bonds, which are therefore sometimes
termed the “Achilles heel” of PFCs.**> Referring to works by
Borden,*® which discuss that various phenomena of fluoro-
carbon chemistry can be explained by the ability of C-F o*
orbitals to act as electron acceptors, Sandford®” suggested that
the defluorination of PFCs (e.g., perfluorodecalin) is initiated
by transfer of an electron to the ¢* orbital of a tertiary C-F
bond to give a radical anion. To obtain a more detailed picture
about the role of the C-F o* orbitals and ability to accept an
electron by larger PFC structures, we computed gas phase verti-
cal (VEA) and adiabatic (AEA) electron affinities and the
HOMO-LUMO gap at the ®B97X-D/6-31++G(d,p) level of theory
for a series of medium-sized model fluorinated polycyclic
hydrocarbons and their radical counterparts (see Table S1 in
ESIT). We found that for the parent closed-shell systems, the
VEA values were negative and even AEAs, taking into account
geometry relaxation of the corresponding radical anions, were
very small. Although the VEA values increased with increasing
size of the fluorinated PHC systems, due to a possibility of
larger delocalization of the negative charge, it can be expected
that even for larger (perfect) FG structures, the electron affinity
(EA) will be small, in line with the relatively large theoretically
predicted band gap of FG varying from 3.1 to 7.5 eV (depend-
ing on the approach).’®>® variation of the VEA values with the
system size was in line with the qualitative picture provided by
the HOMO/LUMO analysis. The positive LUMO energies and
rather large HOMO-LUMO gap in closed-shell systems were
consistent with their low electron acceptor strength. As antici-
pated by Sandford and others,”” the LUMO was predicted to
have o* character and was mainly located on the central ter-
tiary carbon atom (Fig. S27 in ESIf). In line with our results on
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EA, the extent of its delocalization increased with the system
size. To sum up, although the energetically low-lying C-F c*
orbital doubtlessly plays an important role in fluorine chem-
istry (e.g., through orbital mixing, as explained by Borden
applying the second-order perturbation theory®®), it is improb-
able that mild reducing agents could initiate a radical cascade
process of defluorination by direct electron transfer to the C-F
c* orbital.

Although formation of radical centers on an ideal C;F,
layer was expected to be hampered by the low EA, the experi-
mental evidence of observable spin concentrations in C;F;
structures clearly proves the presence of isolated sp® carbon
sites. The origin of such centers depends largely on the prepa-
ration process. Recent experimental surface imaging tech-
niques have shown that fluorination of CVD graphene with
XeF, leads to formation of highly ordered sizable (150 nm) CF,
C,F chair and unfluorinated domains,®® whereas fluorination
with CF, plasma gives rise to inhomogeneous and disordered
microscopic configurations.®" From a radical center formation
point of view, in the former case, the carbon atoms at the
boundary between these domains can remain unfluorinated as
the attachment of fluorine on such sites would lead to a cis
configurations, which would be energetically unfavorable.®*
On the other hand, the inhomogeneous spatial distribution of
fluorine on CVD graphene treated with CF, plasma is
accompanied by formation of multilayer islands and structural
features such as folds, wrinkles, and ripples that are less
fluorinated, which consequently increases the probability of
spin center emergence.

3.3 Electron affinities of radical centers

The presence of radical centers (even in very low concen-
trations) can obviously dramatically change the behavior of FG
in the presence of reducing agents or nucleophilic species. As
shown in Table S1 (see ESIt), the electron affinities of radical
species derived from parent perfluorinated model systems are
very high. For instance, AEA of a fluorinated coronene radical
is 80.6 kcal mol™?, i.e., it is even larger than that of a fluorine
atom (78.4 kcal mol™"). These extremely large values of EA of
perfluorinated radicals are mainly due to the electron-with-
drawing effect of highly electronegative fluorine atoms bound
to the nearest carbon atoms but also increased delocalization
of the negative charge with increasing size of the system. This
delocalization is closely related to the presence of the already
discussed C-F o* orbitals on neighboring carbons, which can
stabilize the SOMO orbital in a pyramidal configuration of the
radical center by mutual orbital mixing.’®®* The extraordinary
oxidizing power of highly fluorinated organic radicals can
initiate the defluorination process in the presence of even
mild reducing agents. Therefore, we probed a possible scen-
ario of initial phases of the cascade reduction of FG in which
defluorination spreads outwards from a radical center (Fig. 2).
Although the total reaction enthalpies of the reduction
steps depend on the strength of reducing agent as well as sol-
vation enthalpies of the involved species, it can be seen that,
in general, they are energetically favorable and polar solvents
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Fig. 2 Possible scenario for the initial phases of reduction of FG (the F
atoms in green, the C atoms in grey/black, newly formed C=C bonds in
orange). The reaction energies are given in kcal mol™ (blue in gas phase
and red in DMF).

stabilize the charged intermediates. As expected, the oxidizing
power of the radical species is much higher (by about a factor
of 2) than that of closed-shell systems occurring in the
reduction process. However, even for the latter, the EA is
rather high as a consequence of the effect of highly polar C-F
bonds on the neighboring carbon atoms. Note that EA of the
final structure 1-IX, which is fully n-conjugated, is significantly
lower than that of the other structures. It is therefore possible
that depending on the power of the reducing agent, the
cascade defluorination process may cease after formation of
larger m-conjugated domains. Finally, let us consider possible
formation of fluorine radicals by charge transfer from fluoride
anions to the radical center. Although the gas phase value of
the EA of 1-1 is slightly larger than that of an F atom, the stabi-
lity of a small fluoride anion is significantly increased in polar
solvents (much more than 1-II), and therefore formation of F
radicals by this mechanism would be unfavorable. Let us also
underline that our results for model systems well reproduce
those obtained for larger systems and are also in good corre-
spondence with periodic calculations (see section 2.5 in ESIT).

3.4 Radical defluorination mechanism in DMF

We have shown that radical centers on FG act as efficient elec-
tron acceptors. Although such electron transfer can be a
trigger for cascade defluorination, in the case of a sufficiently
strong reducing agent, it does not explain the defluorination
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of FG observed in solvents with ionization potential in the
liquid phase significantly higher than the EA of FG point
defects. An example of such a solvent is DMF (discussed in
section 3.1), which has an ionization potential in the liquid
phase of 149 kcal mol™, compared to the EA of a radical
center 1-I of 117 kcal mol™" in the same solvent. Let us recall
that electron affinities of the subsequent species are even
smaller. Clearly, DMF can hardly be considered a direct reduc-
tant of FG in the sense of direct electron transfer to such
radical centers.

To rationalize the observed spontaneous defluorination of
FG in DMF, we suggest a mechanism initiated by hydrogen
atom transfer from DMF to the FG radical center (Fig. 3). In

1 L S [l
,(_ P ~+DMF/-DMF* (16) ] Gas: 4105

&= _HF | DMF: +13.9

B, e e
Wk o W
SN .
QY
FJ/ F[} ij DMF: -2.3

(2a)

B —
— F-DMF
Gas: -72.2
DMF: -73.3

(2b)
_—

Gas: -24.1
DMF: -18.1

(2¢)
—_—
—F-DMF
Gas: -33.0
DMF: -34.0

(2d)

— F-DMF
Gas: -17.0
DMF: -17.3

Fig. 3 Radical mechanism of defluorination of FG in DMF. (1a—c) Initial
phases of defluorination. (2a—d) Re-creation of FG radical center. The
reaction energies are given in kcal mol™.
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this mechanism, the energetically favorable initiation step (1a)
involves hydrogenation of a radical center and formation of a
DMF" radical. In principle, a cis isomer of 2-II can also be
formed, but the trans isomer is much more stable (by ca.
36 kcal mol™"). In the next step, a HF molecule can possibly be
released forming a double bond in 2-IIT by reaction (1b),
although this step is energetically less favorable and may
require some activation energy.

Nevertheless, the defluorinated structure 2-III can be
formed via reaction (2a) of a DMF" radical with another FG
radical, leading to formation of N,N'-dimethylcarbamoyl fluo-
ride (F-DMF), which appears to be a significantly more favor-
able process than recombination of FG* and DMF" radicals by
reaction (2b). Reactions (2c) and (2d) show possible ways of re-
creating radical centers, the former leading to a cascade
(radical) defluorination process. Note that subtraction of fluo-
rine atoms from the FG surface by organic radicals (namely
2,2,6,6-tetramethylpiperidine-1-oxyl) triggering the defluorina-
tion process, which is in line with the proposed steps, has very
recently been observed by Lai et al.®* Since it can be expected
that the hydrogen atom in 2-II is moderately acidic due to the
electron-withdrawing effect of fluorine atoms bound to the
nearest carbons, we also considered the possibility of proton
transfer to a DMF molecule (1c). Although the charged pro-
ducts are significantly stabilized in a polar environment com-
pared to the gas phase, the reaction energy appears to be too
large to accept this channel as a direct source of FG anions.
However, taking into account the energetically advantageous
release of the fluoride anion from 2-IV (c¢f step 2 in Fig. 2),
concerted transformation of 2-II to 2-III cannot be excluded
under harsher conditions. Let us also underline that our
model systems with fluorine atoms in the trans configuration
represent the most stable (i.e. the least reactive) radical struc-
tures® and less stable structures (e.g. radical centers on
deformed domains or edges) can enhance the defluorination
process by providing even more favorable thermodynamic and
kinetic conditions.

As the EPR spectra of FG in DMF confirmed the presence of
biradical centers (besides monoradical sites) on the FG
surface, we also studied a radical mechanism of defluorination
starting from structure 3-I (Fig. 4), for which the theoretical
distance between the spin centers (3.91 A) was in reasonable

=== ="}
Theor: R=5.91A Theor: R = 3.91A
Exp: R=4.8-7.3A Exp: R=3.87 A

Fig. 4 Structure of biradical sites on FG surface: typical biradical
present on the FG surface (A); biradical 3-1 observed in the later phases
of the defluorination process (B). The experimental distances were esti-
mated from the analysis of EPR spectra (see section 3.1).
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agreement with the experimentally derived value (3.87 A). The
energetics of the key reaction steps were very similar to those
predicted for the monoradical case (see ESI, Fig. S29%). An
important feature of this mechanism, which is in line with the
experimental observations discussed in section 3.1, is the suc-
cessive annihilation of the biradical centers. A critical step in
this context appears to be reaction of 3-III with a DMF" radical,
which could potentially lead to regeneration of biradicals
(Fig. S29bt). Although such regeneration is energetically
allowed, it is much less favorable than the formation of
n-conjugated motifs (Fig. 5).

3.5 Evidence of DMF’ radical entrapment

To validate the presence and chemical nature of the radical
species (besides those residing on GrF) developing during the
aging process of GrF in DMF, we employed the EPR technique
in conjunction with spin-trapping experiments using o-4-
pyridyl-1-oxide-N-tert-butylnitrone (POBN) as a chemical trap-
ping agent (Fig. 6a). After addition of solid POBN to the GrF/
DMF suspension, followed by incubation of these components
at RT for 40 min, a large number of radical species were
detected by EPR in the supernatant collected after centrifu-
gation. The recorded solution EPR spectrum is shown in
Fig. 6¢ and its frozen matrix in Fig. 6d. Additional EPR spectra
are provided in the ESI (Fig. S14, S16 and S197). The observed
three-lines pattern (with ~1:1:1 intensity) shown in Fig. 6c is
characteristic for nitroxide-radicals.”*®” The observed reso-
nance envelope is here found very similar to that shown by
TEMPO free radical (2,2,6,6-tetramethyl-piperidine 1-oxyl
radical, ESI, Fig. S177), and strongly suggests that the formed
POBN radical adduct originated from entrapment of a tertiary-
carbon radical, possibly the carbamoyl DMF" radical, with
structure shown in Fig. 6b. Simulation of the EPR envelopes
(Fig. 6¢c and d, red-line simulated spectra) with the WinEPR
SimFonia software gave the following spin-Hamiltonian para-
meters: giso = 2.0049, 14y = 1.340 mT (37.55 MHz), 14y =
0.172 mT (4.82 MHz), L,, = 0.210 mT (5.88 MHz), Lorentzian/
Gaussian ratio = 0.20 (Fig. 6c, red-line) and g, = 2.0066, g, =
2.0059, g, = 2.0022, A(N),, = 0.40 mT (11.21 MHz), A(N),, =
0.50 mT (14.01 MHz), A(N),; = 3.15 mT (88.28 MHz), Ly(xyz) =
0.70, 1.10, 0.80 mT (19.6, 30.83, 22.42 MHz), Lorentzian/
Gaussian ratio = 0.63 (spherical integration using theta, phi of
200 200, Fig. 6d, red-line).

The same trapped radical species by POBN was obtained
when the GrF/DMF solution was aged for a longer time (1 day,
7 days), whereas negative results were consistently found for a

3-I 3-V-a

A oo
v -F-DMF (=i
Gas: -78.5

) ) -
oA DV g

Fig. 5 Reaction of 3-1ll with a DMF" radical. For alternative (less favor-
able) reactions see Fig. S13b in ESL}
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Fig. 6 (a) Scheme for the reaction of a-4-pyridyl-1-oxide-N-tert-butyl-

nitrone (POBN) with free radicals to generate the corresponding spin-
trapped nitroxide radical. (b) Chemical structure of a DMF" radical
trapped by POBN. (c) X-band EPR spectra obtained from spin-trap
(POBN) experiments carried out on the supernatant from a GrF/DMF/
POBN mixture (T = 253 K) together with its EPR simulation (red-trace),
and (d) corresponding spectrum obtained in a frozen matrix (T = 133 K)
compared with simulation (red-trace). Experimental parameters:
9.16-9.17 GHz frequency, 100 kHz modulation frequency, 30 ms time
constant, 0.2 mT (c) or 0.8 mT (d) modulation width, 0.3 mW (d) or
4.0 mW (c) applied microwave power. Simulation parameters are given
in the text.

GrF/benzene solution aged in the presence of POBN (see ESI,
section 1.3, Fig. S137). These findings suggest that DMF reacts
with GrF via a radical mechanism. It is important to note that
there is no clear report in literature of direct trapping of carba-
moyl radical derived from DMF. However, in the recent study
of cross-benzoin and Stetter-type reactions mediated by
KOtBu-DMF by Massi et al., the authors observed generation of
a weak EPR signal of difficult interpretation in the solution of
KOtBu-DMF in presence of spin-trap agent PBN, signal that
became well resolved into a doublet of triplet upon addition of
diaryl a-diketone.’® The EPR signal encoded hyperfine split-
ting coupling constants similar to those observed here for the
GrF/DMF/POBN trapped radical species, with Ay = 1.33 mT
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View Article Online

Paper

Fig. 7 (a) Possible pathway of the trapped benzyl anion radical by PBN
during the cross-benzoin like reaction as adapted from ref. 68. (b) The
trifluoromethyl-PBN radical adduct from ref. 69.

and Ay = 0.177 mT, which the authors attributed to the suc-
cessful entrapment of benzil anion radical by PBN (Fig. 7a,
trapped radical species). Furthermore, Aggarwal et al.®® recently
reported the successful entrapment of a trifluoromethyl
radical by PBN in DMF at 298 K (Fig. 7b), which exhibited g =
2.0044, Ay = 1.411 mT, Ay = 0.1664 mT, A = 0.1781 mT, hence,
similar giso, Ax and Ay as found for the GrF/DMF/POBN
trapped radical system. Thus, because our system contains
only GrF, and the POBN radical adducts can be trapped in
DMF but not in benzene, the generation of the carbamoyl-
radical trapped by POBN (POBN-DMF radical) as shown in
Fig. 6b, is plausible.

The use of other experimental setups, e.g., GrF sonication,
as often employed for its fast dispersion in organic solvents,
leads to generation of an admixture of radical species due to
the fast temperature gradients induced in the solution. Due to
the number of other experimental variables to dissect (e.g
sonication time, power applied) such study will be devoted for
future work. As an example of other EPR signatures detected
following the sequence of a specific sonication-time/applied
power conditions (30 min, 40 kHz applied power) for the GrF/
DMF/POBN mixture is given in the ESI (Fig. S20-S24f).
However, the present findings wish to stress the notion that
radical defluorination reactions of GrF occurs even under mild
conditions in DMF.

3.6 Evidence of N,N'-dimethylcarbamoyl fluoride

As can be seen in Fig. 3, N,N-dimethylcarbamoyl fluoride
(F-DMF) plays a key role in the proposed mechanism since its
formation leads directly to defluorination and also generation
of new radical centers. To confirm formation of F-DMF, we per-
formed a series of '’F NMR measurements on FG/DMF
samples treated in different ways (see details in ESI{). The first
sample was sonicated for 2 hours at room temperature and
stirred overnight. The day after, the suspension was still pale-
grey, the color of the starting suspension. '°F NMR analysis of
the supernatant solution did not show the presence of any
F-containing compounds. A second sample of FG/DMF was
treated at 120 °C for 5 hours and then left stirring overnight at
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room temperature. This time, the suspension appeared black,
indicating that defluorination of FG had taken place. Using '°F
NMR, the supernatant liquid showed the presence of one peak
at —26 ppm, which was attributed to F-DMF (Fig. 8a). Two
more peaks, at —138 and —152 ppm, were also visible, which
could be attributed to some soluble FG fragments (cf,
—135.85, -162.45 ppm for 1,2,3-trifluorobenzene, and
—139.93, —157.07 ppm for 1,2,3,4-tetrafluorobenzene’®) or to a
product of reaction of fluoride ions with borosilicate glass (cf,,
—152.2 ppm for BF,” (ref. 71)). The peak at —26 ppm was con-
firmed to be due to the F-DMF compound by separately pre-
paring F-DMF,**”*> whose '°F NMR spectrum in DMF also con-
sisted of a peak at —26 ppm (Fig. 8b). The stability of F-DMF
under the experimental conditions was also assessed by
adding an aliquot of the compound to a FG/DMF suspension
heated at 120 °C for 5 hours and then stirred overnight. In this
case, the supernatant liquid showed again the presence of the
compound peak at —26 ppm (see ESI, Fig. S26%). Although it
cannot be fully excluded that F-DMF can be produced by
recombining DMF" and F" radicals (possibly formed during
sonication process), the presence of the F-DMF peak in '°F
NMR spectrum supports our hypothesis that defluorination of
FG in DMF results from the direct reaction between DMF" and
FG. The requirement of higher temperature indicates that
steps (2a, 2c, 2d) in the proposed mechanism require some
activation energy.

Finally, we will briefly comment on recent experimental
work by Wang et al,** in which defluorination of FG in the
presence of selected solvents was studied by various instru-
mental techniques, including XRD, FTIR, TEM, TGA and UV-

[} .4;-4'.-.”,-, g \\"\‘.‘ﬂ‘llﬁ‘(,w i J,,v'ﬂ-‘v,t\%k,"w,‘Mh'ﬂ-.‘fl

(ppm)

Fig. 8 (a) F NMR spectrum (in DMF, 470 MHz) of the supernatant
liquid obtained from a FG/DMF suspension heated at 120 °C for 5 hours
and stirred at room temperature overnight (in the inset, a close-up of
the peak at —26 ppm is shown). (b) **F NMR spectrum (in DMF,
470 MHz) of the separately prepared compound F-DMF (structure
shown in inset). (b) *°F NMR spectrum (in DMF, 470 MHz) of the separ-
ately prepared compound F-DMF (structure shown in inset).
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vis reflectance spectroscopy. They found that highly polar
(dipolar) solvents, including DMF, were able to facilitate the
FG defluorination. They rationalized this capability in terms of
high nucleophilicity, arguing that dipolar solvents can interact
via dipole-dipole interactions with the electron-deficient
carbon atom of a C-F bond, providing sufficient energy to
rupture the C-F bond. To verify this hypothesis, we calculated
the interaction energy of a DMF molecule with an ideal FG
surface by using the implicit SMD model to account for the
polar DMF environment (see ESI, Fig. S317). Although the
interaction energy was indeed found to be relatively high
(4 kcal mol™') compared to ordinary weakly interacting
systems, it was still far below the dissociation energy of a C-F
bond (~100 kecal mol™" for fluorinated coronene). Therefore,
although we agree that the nucleophilicity of the solvent plays
an important role in the later phases of defluorination, we
believe that the proposed radical mechanism supported by the
experimental evidence of the DMF" radical is a more plausible
explanation of the initial steps of the FG defluorination
process occurring in DMF.

3.7 Consequences for the reactivity of FG

We have shown that, depending on the chemical composition
of the sample, the presence of radical centers on FG can
initiate two important processes. On the one hand, direct
reduction of FG (i.e., formation of anionic centers) can occur
in the presence of mild reducing agents. On the other hand, a
radical mechanism initiated by hydrogen atom transfer can
take place provided that species sensitive to homolytic R—H
bond dissociation are present in the environment. In both
cases, a cascade defluorination process can commence,
leading preferentially to compact motifs stabilized by
n-conjugation of C—=C double bonds. It can be expected that
the defluorinated chains of carbons carrying partial positive
charge due to surrounding C-F bonds will be highly sensitive
to nucleophilic substitutions. In fact, the idea of competitive
substitution and reductive defluorination has already been
applied to account for experimental observations during the
covalent functionalization of graphene based on reactions of
FG with various nucleophilic agents, including OH™,>* CN~,*
Grignard reagents® and others. In such reactions, the main
indication of concurrent substitution and defluorination was

2-1

g

Fig. 9 Direct attack of a nucleophilic species (here OH™) on a radical
site is energetically very favorable (energy in kcal mol™ in the gas
phase).
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the composition of the resulting material, which showed only
partial functionalization of graphene (e.g., ca. 15% in the case
of G-CN) with negligible fluorine content. Nevertheless, the
presence of radical centers in FG opens possibilities for direct
attack of nucleophilic species on the radical site (Fig. 9). Such
attacks could play an important role in the initiation of Sy
reactions in solvents that are not able to trigger defluorination
on their own (e.g., methanol, ethanol, chloroform). Our calcu-
lations showed that formation of a radical anion (4-II) is ener-
getically highly favorable (AE = —70.4 kcal mol™" for the gas
phase), which strongly supports the idea that early-phase
defluorination can be caused by direct interaction of a nucleo-
phile with a radical center.

Conclusions

Defluorination of FG is a complex process involving direct
reduction, nucleophilic substitution or radical substitution reac-
tions depending on the reductive and nucleophilic strengths of
the solvent environment and/or presence of dissolved reactive
agents. By combining DFT calculations with spectroscopic (EPR
and NMR) studies, we have shown that it is the imperfectness of
the FG sheets that induces its observed reactivity, distinguishing
this 2D material from unreactive perfluorinated hydrocarbons,
such as Teflon. The low-lying C-F ¢* orbitals in an ideal FG
sheet could, in principle, render the structure susceptible to
defluorination in the presence of strong reductants. However, it
is improbable that mild reducing agents could initiate a
cascade process of defluorination by direct electron transfer to
the o* orbital. On the other hand, FG radical centers recorded
by EPR measurements exhibit much higher electron affinities,
making them ideal reactive sites for mild reducing agents and/
or nucleophilic species. Nevertheless, even the relatively large
electron acceptor strength of FG spin centers does not explain
defluorination of FG in weakly reductive environments, such as
DMF. In such cases, point defects can trigger a radical mecha-
nism, provided that species sensitive to homolytic R-H bond
dissociation are present in the environment. The proposed
mechanism was supported by spin-trap experiments as well as
'F NMR measurements, which suggested formation of DMF’
radicals under mild reaction conditions (room temperature,
simple stirring) and formation of F-DMF (under harsher
conditions such as prolonged heating at 120 °C). To sum up,
it is clear that point defects play a key role in the reactivity of
FG. Understanding relationships between the reductive/nucleo-
philic strengths of the environment, possible formation of
free radicals and point defect redox characteristics seems to
be crucial for achieving full control over the functionalization
of FG.
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ABSTRACT: Controllable synthesis of graphene derivatives
with defined composition and properties represents the holy
grail of graphene chemistry, especially in view of the low
reactivity of graphene. Recent progress in fluorographene
(FG) chemistry has opened up new routes for synthesizing a
plethora of graphene derivatives with widely applicable
properties, but they are often difficult to control. We explored
nucleophilic substitution on FG combining density functional
theory calculations with experiments to achieve accurate
control over the functionalization process. In-depth analysis
revealed the complexity of the reaction and identified basic
rules for controlling the 2D chemistry. Their application, that
is, choice of solvent and reaction time, enabled facile control

over the reaction of FG with N-octylamine to form graphene derivatives with tailored content of the alkylamine functional
group (2.5—7.5% N atomic content) and F atoms (31.5—3.5% F atomic content). This work substantially extends prospects for

the controlled covalent functionalization of graphene.

he controllable functionalization of graphene is undoubt-

edly one of the most ambitious goals in current 2D
material chemistry.'™” Unfortunately, graphene is rather
unreactive;'°™"® therefore, direct functionalization usually
leads to a low degree of functionalization'*™'® and requires
harsh reaction conditions, negatively aﬁ"ectin% the structure and
composition of the resulting derivatives.'”~>° On the contrary,
fluorographene (FG)*'™** is an attractive precursor for
synthesizing numerous graphene derivatives with well-defined
structure and stoichiometry, for example, graphane,” amino-
graphenes,”* ™" cyanographene,” graphene acid,®" sulfhydryl
derivatives,”” hydroxyl derivatives,”> and alkylated graphe-
nes.””*> Graphane (i.e., hydrogenated graphene) was found to
be a promising 2D material, extending the functionalization
strategies by taking advantage of the presence of weaker
(compared to FG) and almost nonpolar C—H bonds.**™**
However, to achieve full control over graphene derivatives
prepared from FG, it is necessary to understand the reaction
mechanisms at the microscopic level. The main factor that
needs to be taken into account is the high bond dissociation
energy (BDE) of the C—F bonds,* which disfavors reactions
involving their direct cleavage.”” The first attempt to
rationalize the observed reaction of FG with nucleophile
(Nu) species proposed a bimolecular nucleophilic substitution
(Sn2) mechanism, in which the penalty for cleavage of the
C—F bond is repaid by simultaneous formation of a new C—
Nu bond.™ It was also suggested that low-lying C—F o*
orbitals and radical defects of FG may be involved in the
process.””*'~* Recent work™ elucidated possible pathways of

-4 ACS Publications  © 2018 American Chemical Society 3580

FG defluorination, which occurs simultaneously with sub-
stitution, and addressed the role of solvent. However, despite
progress in this field, no conclusive mechanism of FG reactivity
has been achieved.

In the present work, we analyzed the full path of the Sy2
reaction of FG with Nu species, focusing on the solvent effects
and possible activation of the C—F bond by electron transfer
from a Nu. We also considered possible nucleophilic attack on
FG radical defects, which have strong electrophilic character.**
We showed that the different thermodynamic and kinetic
parameters of individual reactions steps, their dependence on
solvent characteristics, and also the active role of solvent can be
used to control possible pathways. We applied the ®B97X-D
method™ with the 6-31++G(d,p) basis set. The solvent effects
were included by using the universal continuum solvation
model based on solute electron density (SMD).** Further
computational details can be found in the Supporting
Information. We experimentally tested the suggested principles
on the reaction of FG with N-octylamine (OA) and proved (by
IR, XPS, TEM, and Raman spectroscopy) that the final
composition of FG derivatives can be controlled by changing
the solvent and reaction time.

We probed the Sy2 mechanism considering three Nu species
(OH7, NH, ", and CN") differing in their nucleophilicity, the
ability to form hydrogen bonds with fluorine atoms on FG, and
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the strength of the C—Nu bond formed by the reaction. It
should be noted that OH™ and CN~ have previously been
shown to successfully react with FG.”"*" Besides gas-phase
reaction, we also considered four solvents commonly used in
syntheses of graphene derivatives from FG,*"*>*** that is,
tetrahydrofuran (THF), acetone, methanol and N,N-dimethyl-
formamide (DMF). Among them, THF is the least polar and
inert with respect to FG. Acetone can promote the reduction
of FG*” and has been used as a solvent in the reaction of FG
with NaOH." Polar protic solvents like methanol can form
hydrogen bonds with FG and do not promote the rupture of
C—F bonds.*** Finally, DMF causes defluorination, which
can be initiated via hydrogen transfer to radical sites on FG.**

Energy profiles of the Sy2 reaction of FG with Nu™ in the
gas phase were found to significantly differ from those in
solvents (Figure 1). Stabilization of the reactants, that is, small

o
=
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—THF

—acetone
methanol

—DMF

AE(kcal/mol)
AR N oA
© oS o

oo

. AE(kcal/mol)
NS

o o O

Fnuf
T81

Nu~
R

IMS

Figure 1. Reaction profiles of the SN2 reaction of fluorographene (a)
NH, , (b) CN7, and (c) OH™ in different solvents obtained at the
®B97X-D/6-31++G(d,p)/SMD level of theory. (d) Reaction scheme.
Carbon atoms, gray; fluorine, green; nitrogen, blue; oxygen, red;
hydrogen, white.

anions, in polar environments caused an increase in the energy
barrier to ~50 kcal-mol™!, whereas in the gas phase, it was
significantly lower (~20 kcal-mol™ for OH™ and NH, ™ and 37
kcal-mol™ for CN™). After the first transition state (TS1), the
reaction proceeded through an intermediate state (IMS),
where the departing F~ remains trapped between carbon atoms
and neighboring fluorine atoms carrying partial negative
charge. To release these F~, the system must overcome
another energy barrier (TS2) ranging from 10 to 20 kcal'mol ™
in solvent to reach the final state (P). The product of CN~
attack was less stable than those of OH™ and NH,™ due to
their different nucleophilicity (the natural bond orbital (NBO)
partial charge on the carbon atom of CN™ is —0.2 e, whereas
the charges on oxygen/nitrogen atoms of OH™/NH, ™ are —1.4
e and —1.6 e, respectively) and the ability of OH™ and NH,~
to form hydrogen bonds with neighboring fluorine atoms. In
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the reaction of FG with OH™ in methanol, the protic solvent
caused an overall increase in the energy profile. This can be
rationalized by the formation of strong hydrogen bonds
between the hydroxide anion and methanol, leading to a higher
solvation energy of OH™ (92.8 kcal'mol™') compared with
NH,~ (78.0 kcal-mol™") and CN~ (63.1 kcal-mol™).

The presented calculations indicate that the Sy2 reaction
mechanism cannot fully explain the reaction of FG with
nucleophiles. Even for strong nucleophiles, such as OH™ or
NH,, the calculated barriers of Walden inversion are too high,
in contradiction with the experimentally determined activation
barrier of the FG reaction with NaOH in acetone (14 + 5 kcal-
mol™).* Lai et al.*’ suggested that the defluorination of FG
may start by single electron transfer (SET) from a nucleophile
to FG, followed by rupture of the C—F~ bond and creation of a
radical site on the carbon atom. Although it has been suggested
that C—F o* orbitals in perfluorinated polycyclic hydrocarbons
can act as electron acceptors,””*' ~* the electron affinity of FG
is too low (~4 kcal'mol™") to explain the sensitivity of FG to
reduction in the presence of mild reducing agents.**
Considering that the ionization potential of OH™ is 38.7
kcal-mol ™", the suggested SET mechanism does not seem to be
plausible (see Table S7 in the SI).

Recent studies showed that radical defects exist in FG with
enough concentration (of 1 defect per 1000 carbon atoms) to
trigger the FG reactivity."* The graph of reaction energies in
Figure 2a shows that nucleophilic attack on radical sites
existing on pristine FG'* was energetically favorable in all
environments. A polar solvent environment generally caused a
decrease in the released energy due to stabilization of the
negatively charged Nu species. The amide anion had the
largest affinity to FG (AE = —60 kcal-mol™" in solvent) owing
to its high nucleophilicity and also the formation of a hydrogen
bond between the —NH, group and released F~ (structure La
in Figure S4). On the contrary, AE for CN~ was only about
—10 kcal'mol™. As for Sy2 reaction on pristine FG, the
stabilization of OH™ in methanol led to a smaller AE
compared with other solvents. In comparison to the Sy2
mechanism, the reaction barriers of Nu attack on an FG radical
center were much smaller (in DMF, 21 kcal-mol™ for NH, ",
almost 8 kcal-mol™! for CN7, and ca. 15 kcal-mol™! for OH;
see Figure 3). In the case of OH, the estimated barrier was in
good agreement with the experimental value (14 + S kcal-
mol™1).%

Because the Nu species contributes a negative charge to FG,
the neighboring C—F bonds become susceptible to heterolytic
cleavage, releasing fluoride anions to the environment (Figure
2b). In all cases, cleavage of a C—F bond on carbon in the
ortho position was preferred. Although release of F~ in the gas
phase is inconvenient, stabilization of F~ in a polar environ-
ment makes the process favorable (with low activation
energies; Figure 3 and Figure SS), especially in the case of
OH™ and CN™. Even for NH,", the required energy was low in
the polar solvent, suggesting that the release of F~ can occur at
room temperature. The newly created radical center after F~
detachment can be attacked by another nucleophile. Figure 2c
shows that this reaction is also energetically favorable in all
environments and follows similar trends as the first attack.

Our results show that the radical centers on FG may play
multiple roles in the reactivity of the material, as (i) electron
acceptors (in the presence of a sufficiently strong reducing
agent),***" (ii) triggering points for radical defluorination (if
sufficiently stable radicals can be formed),™ or (iii) electro-
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Figure 2. (a) Reaction energies for nucleophilic attack on a radical
site of FG. (b) Energies of heterolytic dissociation of the C—F bond
neighboring the C—Nu bond. (c) Reaction energies of the second
nucleophilic attack on the radical center.

philic centers for nucleophilic attack (Scheme 1). Scheme 1
shows that whereas paths A and B lead to partial or complete
defluorination, path C results in substitution. All three
pathways can occur concurrently. However, the different
kinetic and thermodynamic parameters of individual steps and
their dependence on solvent characteristics enable control over
the processes of defluorination and substitution. For instance,
reaction of FG with a nucleophilic agent (e.g., NaCN) in an
inert solvent (e.g., methanol) under mild conditions should
preferentially proceed via path C, resulting in a high content of
sp’ carbon atoms in the lattice, whereas the degree of
substitution (CN/F ratio) could be controlled by the reaction
time. Use of the same nucleophile in a defluorinating solvent
(e.g., DMF) leads to Gr-CN with very low content of fluorine,
as reported in ref 31. Another option could be to control the
topology of functionalization. Namely, instead of using a
nucleophile in reducing solvent, as in the previous case, one
could start with the reducing phase (without Nu), during
which sp* carbon domains would be preferentially formed in
the lattice, and then a Nu would be added afterward.

To demonstrate the potential for controlling FG reactivity,
we used an amine-group-bearing compound (N-octylamine) as
a nucleophile and carried out the reaction in two types of
solvents (o-dichlorobenzene (0-DCB) and DMF) using
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Figure 3. Reaction profiles for nucleophilic attack of (a) NH,™, (b)
CN7, and (c) OH™ on a FG radical site, followed by release of F~
from the neighboring carbon atom. (d) Reaction scheme. Carbon
atoms, gray; fluorine, green; nitrogen, blue; oxygen, red; and

hydrogen, white.

Scheme 1. Possible Reaction Pathways of Defluorination
and Nucleophilic Substitution Starting on FG Radical
Centers: (A) Electron Transfer, (B) Hydrogen Transfer,
and (C) Nucleophilic Attack
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variable reaction time. 0-DCB was chosen as an inert, that is,
nondefluorinating solvent (see the SI), unlike DMF. The
progress of reaction of FG with OA significantly differed in the
two solvents. In the case of DMF, the reaction proceeded
quickly. Within 20 min, the purified FG derivative displayed
intense C—H stretching vibrations originating from the
attachment of OA aliphatic chains (Figure 4a). After 6 h, the
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Figure 4. FT-IR spectra of graphene—octylamine derivatives after
reaction in (a) DMF and (b) 0-DCB, along with spectra of pristine
octylamine, graphene, and products from control reactions. C 1s HR-
XPS spectra and atomic analysis results (insets) of the graphene-
octylamine derivatives after reaction in (c) DMF and (d) o-DCB. (e)
Raman spectra of the N-octylamine-functionalized FG derivatives
after 6 h of reaction in the two solvents.

sp> band in XPS visibly increased, and almost complete
defluorination (3.5 at % of F, Figure 4c) occurred. In the case
of 0-DCB, after 6 h of reaction, a C—H stretching vibration
band appeared, but the C—F band was still prominent (Figure
4b) and the F content remained high at 31.5 at % (Figure 4d).
The nitrogen content also differed considerably (7.5 and 3.8 at
% for DMF and 0-DCB, respectively), corroborating the
previous results. Slower kinetics of the reaction in 0-DCB is in
line with the higher activation barrier predicted by the DFT
calculations (Figure S6). According to the N content (after
subtraction of the N content measured in control reactions,
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Table S9), the functionalization degree was calculated as 11.4
and 6.5% for the derivatives prepared in DMF and 0-DCB,
respectively. Apart from the very low F content in the 6 h
derivative in DMF, after 20 and 30 min, the F/N atomic
content could be further controlled at 21.5:3.7% and 14:5.4%,
respectively. The Raman spectra of the 6 h products displayed
high I,/ ratios (ca. 1.3 and 1.4 for DMF and 0-DCB samples,
respectively), which, along with the band broadening, indicated
high functionalization degree®’ (Figure 4e). Finally, chemical
mapping with energy-dispersive X-ray spectroscopy in STEM
showed the homogeneous incorporation of N (thus OA) in the
flakes, suggesting the production of similarly homogeneous
OA-functionalized graphene derivatives (Figure S7). These
results clearly demonstrate that the composition of function-
alized graphenes prepared by FG chemistry can be controlled
by varying the solvent and reaction time, opening new doors
for fine-tuning the properties of graphene derivatives.
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ABSTRACT: The nitrogen doping of graphene via mild and low
energy processes to afford homogeneous product composition and
topology with high nitrogen content (>10 at. %) remains a
challenge of contemporary 2D materials chemistry. Here, we report
a previously unexplored route to synthesize N-doped graphene
(NG) with exceptionally high N content (up to 18.2 at. %) by
reaction of fluorographene (FG) with NaNH, in N,N-dimethyl-
formamide (at 130 °C) or acetonitrile (at 70 °C). The N content
can be tuned by changing the reaction time, temperature, and/or
solvent, ranging from 6.6 to 18.2 at. %, mainly in the form of
pyridinic and pyrrolic configurations. With thermal annealing, the
N content remained constant up to 400 °C but then decreased by
~50% upon being further annealed to 1000 °C. Density functional
theory (DFT) calculations showed that nitrogen incorporation into
the carbon lattice mostly occurred at vacancies present in the starting material. We also conducted a thorough rationalization of side-
reaction pathways leading to byproducts, which were confirmed by GC-MS analysis. This is the highest yet recorded N content for a
wet chemical doping procedure and at such a low temperature of 70 °C. The reported synthetic approach thus offers a sustainable
and cost-effective way to prepare NG with a broad tunability window of N content for potential applications related to energy
storage and catalysis.

KEYWORDS: Nitrogen-doped graphene, Fluorographene, Wet chemistry, Eco-friendly organic synthesis, Density functional theory,
Reaction mechanism

B INTRODUCTION to an inhomogeneous distribution of nitrogen in the
lattice.”*"

Interestingly, fluorographene (FG) has been reported to
undergo N-doping after Hummers oxidation to form
fluorographene oxide, which after heating at 800 °C with
melamine affords NG with N levels of 2 at. %.* However,
although a structurally well-defined graphene derivative®” was
used as a substrate, allowing homogeneous doping, the
pathway relied on established high temperature routes and

yielded only low N content. It was also demonstrated that FG

Doping graphene with heteroatoms can significantly alter its
electronic structure, giving rise to novel 2D materials with
tunable electronic, magnetic, and chemical properties that can
be exploited in diverse applications."”” In particular, nitrogen
doping can imprint active centers on graphene suitable for
(electro)catalytic,”” electrochemical (energy storage and
sensors),” and spintronic applications.”"* Currently, methods
for preparing nitrogen-doped graphene (NG) mostly rely on
chemical vapor deposition of nitrogen-containing mole-

cules,"”"* high temperature NH; treatment of GO' and can undergo direct N-doping by ammonia gas which occurs
graphene,” or solvothermal reaction of GO with N-containing simultaneously withzsdz‘e‘ﬂuorination at temperatures between
molecules (e.g., melamine, acetonitrile, pyridine, urea, 200 and 400 °C.”™" Density functional theory (DFT)
hydrazine) with subsequent annealing at high temper- calculations have revealed that the first reaction step involves
atures.'®'” Comprehensive reviews of synthetic pathways for nucleophilic substitution of fluorine atoms by amino groups,
NG can be found in pertinent articles.">*'® Although high N-

content NGs (ca. 7 at. %) can be obtained through Received: November 30, 2019

solvothermal pathways and annealing,'®'” or high temperature Revised:  February 2, 2020

treatment of oxidized graphenes,”'>'” such pathways are Published: February 25, 2020

energy-demanding due to the high temperatures required
(usually >800 °C). In addition, solid state reactions often lead

© 2020 American Chemical Society https://dx.doi.org/10.1021/acssuschemeng.9b07161
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Figure 1. (a) General synthetic route toward NG. (b) FT-IR spectra of starting material (GrF) and product (NG). (c) XPS survey spectrum of NG
synthesized at 130 °C in DMF. (d) Deconvoluted C 1s, and (e) N 1s XPS envelopes (the numbers in the legends represent the atomic contents of
different N configurations with respect to nitrogen atoms only; the numbers inside the curves represent the atomic contents of different N
configurations with respect to all atoms in the material). (f) TGA of NG in N, (insets show deconvoluted N 1s envelopes of NG samples

withdrawn at 400 and 1000 °C).

which can then undergo deprotonation and cyclization into
aziridinic configurations. These could potentially be trans-
formed into either pyridinic or graphitic N in the honeycomb
carbon lattice. Owing to formation of NH,F during the solid
state synthesis (with characteristic double IR band of [NH,]*
at ca. 3250 cm™' present at 300—400 °C, along with some
XRD peaks), the nitrogen content might not solely be
attributed to doping. Despite these interesting results, the
methods still rely on rather high temperatures (300—500 °C)
and usage of toxic, flammable, and environmentally dangerous
ammonia gas. Recently, we reported the synthesis of NG
with 8.6 at. % N content (or 9.8 N/C at. ratio) homogeneously
distributed in the graphene lattice by exploiting the expanding
wet chemistry of FG.”® In particular, FG reacted with NH,OH-
HCl in DMF at 130 °C for 30 h. The N-doping was explained
to have begun with decomposition of NH,OH into ammonia,
which then reacted with vacancies present in the FG lattice,
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incorporating mostly pyridinic N atoms. Nevertheless,
NH,OH-HCI is acutely toxic>” and the achieved N-content
remained at similar levels as previously reported. Therefore,
the development of a simple, cost-effective, and eco-friendly
synthetic pathway that gives access to homogeneous N-doping
with elevated N content continues to be an experimental
challenge. Moreover, the achievement of high levels of N
doping would be beneficial for a wide range of NG materials
applications, such as in (electro)catalysis for energy production
and materials for energy storage.

In the present work, we showed that wet chemistry of FG,
even at mild temperatures as low as 70 °C, afforded up to 18.2
at. % N-doping when the more reactive and less health-
hazardous”® NaNH, was used (Figure 1a). Interestingly, the
N-doping was tunable by the tweaking of the reaction
conditions, such as time, temperature, and solvent environ-
ment. In particular, the reaction proceeded in DMF (r.t.—130

https://dx.doi.org/10.1021/acssuschemeng.9b07161
ACS Sustainable Chem. Eng. 2020, 8, 4764—4772
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Figure 2. (a) SEM and (b) HR-TEM images of a few-layered NG flake. (c) Magnification of the same flake showing its edge structure and the
atomic lattice of the graphene skeleton. (d) High angle annular dark-field (HAADF) TEM image of the flake used for energy-dispersive X-ray
spectroscopy chemical mapping (EDS) for (e) nitrogen and (f) carbon.

°C), acetonitrile (ACN, 70 °C), and propylene carbonate (PC,
130 °C) as solvents. The solvent DMF is relatively environ-
mentally friendly as it is rapidly biodegradable when released
to water and soil (with a halflife of 18—36 h) and photo-
oxidizable in air over a period of days.”” With acetonitrile, we
obtained not only a more environmentally friendly process but
also one that was safer to human health than that with
DMF,”*™** combined with homogeneous and record N-doping
levels (18.2 at. %). To elucidate the high-yield incorporation of
N atoms into the graphene lattice, we employed DFT
calculations. Vacancies in FG were shown to act as reactive
centers for [NH,]™ nucleophilic attack, followed by healing or
expansion of the vacancies, whereas direct N incorporation
into the unperturbed FG lattice was found to be energetically
demanding.

B RESULTS AND DISCUSSION

Synthesis and Characterization of Nitrogen-Doped
Graphene. NG was synthesized using graphite fluoride (GrF)
as a starting material, which was first exfoliated by sonication in
solvent into several-layered sheets of FG and then reacted with
sodium amide (NaNH,) at 130 °C (DME) or 70 °C (ACN)
for a maximum of 3 days (Figure 1a). The FT-IR spectrum of
the starting GrF (Figure 1b) showed only bands from the CF
and CF, bonds (1200 and 1305 cm™!, respectively), whereas
the spectrum of the NG derivative in DMF was dominated by
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bands at 1570 and 1210 cm™" due to the developed sp* carbon
network. Both the latter vibrations are typical for carbon and
heterocyclic aromatic rings.”> Additional vibrational modes of
the aromatic rings appearing at 1400 cm™' were ascribed to
heteroatom substitution (such as in pyridinic configura-
tions).>*** Theoretical IR calculations were also in agreement
with the present interpretation.”>*® The 1210 cm™ band in
NG overlapped with that of CF vibrations, but XPS confirmed
(Figure 1c) that almost all F atoms (0.2 at. % residue) were
eliminated. A weak and broad feature in the region between
3600 and 2900 cm™' may indicate the minor presence of N—
H, C—H, and O—H groups. The Raman spectrum of NG
consisted of two features at 1300 and 1590 cm™,
corresponding to D and G bands, respectively (Figure S2).
The broad character of the D-band and high Ij,/I ratio value
of 1.3 suggested the presence of a large number of point
defects and/or highly functionalized graphene materials,
whereas the G-band was assigned to vibrations of sp* carbon
domains formed by the reductive defluorination of FG.® As
discussed later, the NG products obtained from reaction at
shorter times (1 to 24 h) or in ACN exhibited very similar
features.

According to XPS analysis, the product was doped with
exceptionally high N content of 15 at. % in DMF (Figure 1c)
and 182 at. % in ACN (Figure 3c), and was practically
fluorine-free (F: 0.2—0.9 at. %). In comparison to the material

https://dx.doi.org/10.1021/acssuschemeng.9b07161
ACS Sustainable Chem. Eng. 2020, 8, 4764—4772
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Figure 3. (a) Time evolution of the elemental composition of NG materials synthesized at 130 °C. (b) Time evolution of nitrogen group
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material prepared at 70 °C with its deconvoluted N 1s region (inset). (d) Survey XPS spectrum of NG _PC with its deconvoluted N 1s region

(inset).

reported by Zoppellaro et al.*® (F: 7.7 at. % and N: 8.2 at. %),
the reaction with NaNH, achieved a much higher degree of
defluorination and significantly higher (almost twice) nitrogen
doping level. Indeed, deconvolution of the high-resolution C
1s XPS (HR-XPS) profile (Figure 1d) showed that the NGs
consisted mostly of sp*-hybridized carbons and other
components at higher binding energies (BEs), corresponding
to carbons bonded to nitrogen and oxygen atoms with
significantly overlapping binding energy values.”**>*”* The
HR-XPS N 1s profile suggested the presence of three
components (Figure le) with BEs of ~398.5, ~ 400, and
~401.2 eV, typically assigned to pyridinic, pyrrolic, and
graphitic configurations, respectively.”®*?%*® After the
thermal treatment of NG at 400 °C in an inert atmosphere
(Figure 1f), the N content remained practically unchanged (15
at. %, Figure S3). However, the deconvoluted N 1s envelopes
(insets in Figure 1f) revealed that pyrrolic nitrogens were
partly transformed to thermodynamically more stable pyridinic
nitrogens. At 1000 °C, the pyrrolic nitrogens were further
reduced with a concomitant reduction of pyridinic nitrogen,
while the content of graphitic nitrogen remained virtually the
same, as expected for this configuration. It should be noted
that in the BE range for pyrrolic nitrogens, other groups may
also appear, such as amino and aziridinic groups. Nevertheless,
presence of these groups is less probable in view of the high
stability of this component up to 400 °C, which would not be
expected for such out-of-plane functionalities. Ninhydrin tests
(Figure S4) also did not support the presence of amino
groups.” The component ascribed to pyrrolic nitrogens
probably contained a significant amount of protonated
pyridinic nitrogens, as suggested by significant changes of the
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spectral areas at ~398.5 and ~400 eV in the N 1s XPS profiles
of the NG material after acidic and basic washings®® (Figure
SS). The dominant presence of pyridinic nitrogens was also
supported by the 5.4 point of zero charge of the NG (Figure
S6), which coincided with the pK, of pyridine (5.2).*°
However, for the sake of clarity, the component at 400 eV is
denoted throughout the text as pyrrolic.

SEM imaging revealed few-layered flakes or agglomerates
with a lateral size of up to 1 um (Figure 2a), in agreement with
HR-TEM images showing almost transparent flakes of ca. 1 gm
(Figure 2b). Magnification of the edges confirmed a layered
structure of stacked sheets with a distinguishable lattice in each
layer (Figure 2c). Importantly, EDS chemical mapping
revealed the homogeneous distribution of nitrogen atoms
over the carbon lattice (Figure 2d—f). The specific surface
areas of the products as obtained by N, and CO, adsorption
isotherms were 110 and 287 m?/g, respectively (Figure S7a).
The higher value from the CO, measurement was attributed to
its higher diffusion rate ensuring better accessibility in narrow
pores; it thus probed constricted spaces more accurately than
N, at 77 K. Adsorption of CO, revealed micropore volume
filling of around 0.025 cm?®/g (Figure S7b); on the contrary, N,
did not show filling of the micropores. According to pore size
distribution characteristics, the size of the micropores was
around 0.4 nm, i.e., in the range of ultramicropores (<0.7 nm).

To gain a deeper insight into the N-doping process of FG,
samples were synthesized using different reaction times,
temperatures, and solvents. The XPS spectra of the samples
withdrawn at different times of the reaction performed at 130
°C suggested that the initial phase of the reaction was very fast.
Within 1 h, the fluorine content decreased from 52.3 at. %

https://dx.doi.org/10.1021/acssuschemeng.9b07161
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Scheme 1. Possible Side-Reactions in FG Reacted with NaNH, in DMF”
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“Products in green frames were observed experimentally; products in orange frames play important roles in other reactions that take place in FG +
NaNH, + DMF system. Reaction energies and energy barriers (reported for endothermic and the least exothermic processes in brackets) were
obtained at the wB97X-D/ 6-31++G(d,p) /SMD level of theory. All values are in kcal-mol ™.

(Figure S8) to 3.5 at. % (Figures 3a and S9), and the nitrogen
content exceeded 11 at. %. The N 1s XPS envelope at this
point (1h, Figure S10a) revealed a much higher component at
~400 eV of 54.5 at. % compared to that of the final product
(Figure le, 36.8 at. %). As the reaction proceeded beyond 1 h,
F atoms were further eliminated while N atoms were increased
(Figure 3a) and the component at ~400 eV was partially
transformed to that at 398.5 eV (Figures 3b and S10),
indicating rearrangement of the less stable pyrrolic struc-
tures””***" to pyridinic configurations. Oxygen was introduced
during the initial stage of the process but gradually decreased
as the reaction continued (Figures 3a and S9). FT-IR and
Raman spectra showed the same features for all products as the
sample which was treated for 3 days (Figure SI11).
Interestingly, the doping process was almost complete at 24
h, since the N and F contents reached 14.5 and 0.7%,
respectively, compared to 15 and 0.2% at 72 h, suggesting the

4768

energy demands of the reaction could be reduced by using the
shorter reaction time.

To investigate the possibility of N-doping under mild and
eco-friendly conditions, the reaction was also performed at 70
°C in DMF for 72 h. The product was similar to that obtained
after 3 to 6 h of reaction at 130 °C in terms of the elemental
composition as well as nitrogen functionalities (Figure S12),
indicating that the reaction still proceeded under such
conditions, although at a rate decreased by an order of
magnitude. Materials synthesized in acetonitrile (NG_ACN)
and propylene carbonate (NG _PC) at 70 and 130 °C,
respectively, were also tested. NG _ACN was practically
fluorine-free (0.9 at. %) and exhibited a remarkably high
nitrogen content corresponding to 18.2 at. % (Figure 3c). In
similarity to the NG material, pyridinic groups amounted to
almost half of the total nitrogen content of the NG_ACN
material. NG_PC (Figure 3d) contained less nitrogen (9.9 at.
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(a) double vacancy
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NH; NH3 + F~
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Figure 4. Nucleophilic attack of NH,™ on a biradical center of (a) DV(14) leading to the formation pyrrolic or pyridinic nitrogen and (b) SV
leading to the formation graphitic nitrogen. Carbon atoms are gray, fluorine green, nitrogen blue, and hydrogen white. Reaction energies are in kcal-

mol™L,

%) with a lower proportion of pyridinic groups and more
nitrogen atoms with BEs of around 400 eV. The possible
reason for the higher N content in the case of ACN and DMF
might be related to the fact that NaNH, is notably less soluble
in PC than in the other two solvents. Another possible reason
could be the higher reactivity of carbonate esters (like PC)
with strong nucleophiles (here, the NH,™ anion) ,** which can
lead to more efficient competitive reactions compared to those
in DMF and ACN.

Insights into the Reaction Mechanism. Various
scenarios of nitrogen incorporation into the FG lattice were
studied by DFT at the ®wB97X-D/6-31++G(d,p) level of
theory*”** using the Gaussian09 program.” Solvent effects
were taken into account by using the universal continuum
solvation model based on electron density (SMD).* First, a
reaction pathway involving a point defect in FG was
investigated (Figure S20). Radical point defects (one fluorine
atom missing) present in real FG samples have previously been
identified as strong electrophiles responsible for the reactivity
of FG.**® Thus, we anticipated that the reaction might
proceed via nucleophilic attack of NH,™ on a point defect,
followed by dissociation of an adjoining C—F bond (reaction
energy AEp = —62.1 kcal-mol ™). The amino groups can either
react with radical species leading to byproducts observed
experimentally (see Scheme 1) or be transformed to aziridinic
arrangements (AEp = —42.7 kcal'mol ™!, Figure S20-IILa), as
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also proposed for the attack of NH; on FG.*” C—F bond
dissociation and release of F~ and HF (transformed to F~ by
reaction with NH,™) were supported by the experimental
observation of NaF based on XRD measurements (Figure
S15a). As the aziridinic group is highly reactive, it would be
chemically transformed in a reaction mixture containing strong
nucleophiles and radicals (see Scheme 1). Therefore, neither
amino nor aziridinic functionalities should be expected in NG,
in line with the N 1s XPS data.

Taking into account the high reactivity of the aziridinic
group,
potentially lead to the formation of an in-plane nitrogen
configuration (Figure S20). However, the reaction step
involving the cleavage of lattice C—C bonds was found to be
prohibited due to a high energy barrier (E, > 100 kcal-mol ™},
Figures S21 and S22). Therefore, the direct insertion of
nitrogen into an unperturbed FG lattice seems to be highly
improbable, and the presence of vacancies in the lattice needs
to be considered to explain the feasibility of the N-doping
process under mild conditions.

To investigate the types of vacancies that may occur in the
starting material, we performed periodic boundary condition
(PBC) calculations using spin-polarized DFT in combination
with the Perdew, Burke, and Ernzerhof functional with
Grimme correction (PBE-D2)°° and projected augmented
wave potentials (PAW) representing atomic cores, as

we considered a reaction mechanism that could
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implemented in the Vienna ab initio simulation package
(VASP).>'~>* For further computational details, see the SI.
Several types of vacancies are known to occur in a graphene
lattice® and may also exist in FG: point defects (e.g., Stone—
Wales vacancy SW(55—77)), single vacancies (SV), double
vacancies (DV), triple vacancies (TV), etc. Since a distribution
of spin-carrying sites was found in FG samples,"® we also
included vacancies with radical centers as well as biradical sites.
The distances between radical centers on the edges of
vacancies (2.9-7.5 A) corresponded to values estimated
experimentally using electron paramagnetic resonance (EPR)
(4.8—7.3 A in freshly prepared sample, 3.9 A after treatment
with DMF).*®

On the basis of a comparison of cohesion energies (eq S1 in
SI), SW(55—77) and DV(555—777) vacancies were identified
as the most stable (Figure S23). However, a combination of
these vacancies with a point defect is not probable due to the
high C—F bond dissociation energy, which is comparable with
that of unperturbed FG (~100 kcal'mol™). Therefore, we
studied the nucleophilic attack of NH,™ on radical centers of
the third and fourth most stable vacancies, namely SV and
DV(14) (Figure 4a,b and Figures S24 and S25). The first
reaction step, i.e., NH,™ nucleophilic attack accompanied by
release of a fluorine anion, was more favorable for DV(14)
(AEg = —65.1 kcal'mol ™, Figure 4a) than for SV (AEg = 3.8
kcal'mol™, Figure 4b). The reaction then proceeded via
dehydrogenation and further defluorination. N incorporation
into SV led to formation of graphitic nitrogen and was
energetically the most favorable (AEy = —255.5 kcal-mol ™).
In the case of DV(14), we considered the formation of both
pyridinic and pyrrolic N. While the creation of a six-membered
ring with pyridinic N was found to be feasible (AE = —72.3
kcal'mol™’, Figure 4a), the formation of a five-membered ring
with pyrrolic N was less favorable (AE = —32.6 kcal'mol™").
These findings suggest that the N-doping process predom-
inantly involves the formation of graphitic and pyridinic
structures. It should also be noted that nucleophilic attack can
lead to the expansion of a vacancy (Figure S34). This process
can increase the number of active sites on the lattice and thus
significantly affect the amount of incorporated nitrogen atoms.

We also employed GC-MS to verify the suggested reaction
mechanism in DMF. GC-MS analysis of supernatants acquired
by centrifugation of the reaction mixture revealed that various
species were formed during the N-doping process (Tables S1,
S2, Figures S16—S19). The main byproducts included
dimethylamine (DMA), dimethylaminoacetonitrile
(DMAACN), tetramethylurea (TMU), dimethylurea
(DMU), and formyltrimethylurea (FTMU). Hence, the
reaction system of FG mixed with NaNH, in DMF evidently
involved many side-reactions. By conducting a thorough
theoretical exploration of possible reactions of FG with
NH,™ and those encompassing DMF, we rationalized the
occurrence of all the main byproducts observed experimentally
(shown in green frames in Scheme 1). Species in orange frames
are important for other reactions in the system; some of them
are created without the presence of FG and/or NaNH, (see
more comprehensive Schemes S1—S3 in the SI). It is worth
noting that the radical centers of FG enable radical reactions
and significantly enrich the number of possible byproducts in
comparison with DMF and DMF + NaNH, systems. The GC-
MS analysis of a supernatant acquired from the reaction
mixture in ACN was also performed (see Table S3). The
formation of the main byproducts was rationalized by
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theoretical calculations (Scheme S4). In comparison to those
in the reaction in DMF, the byproducts were less diverse, and
their formation was energetically less favorable, confirming that
ACN is the least reactive environment among the used
solvents.

B CONCLUSIONS

The synthesis of highly N-doped graphene by the reaction of
FG with NaNH, under mild and sustainable conditions was
reported. The highest yet recorded nitrogen content of 18.2 at.
% in graphene at mild conditions was attained in acetonitrile as
solvent at 70 °C. The nitrogen atoms were assigned as pyrrolic,
pyridinic, and graphitic configurations. The product retained
the same nitrogen composition and content up to 400 °C, a
finding which might have significant applicability in catalysis at
elevated temperatures.

DFT calculations revealed that the nucleophilic attack of
NH,™ on point defects and vacancies naturally present in the
starting material was energetically favorable and could explain
the formation of pyrrolic, pyridinic, and graphitic config-
urations observed experimentally. In addition, the suggested
mechanism and rationalization of side-reaction pathways
corroborated the experimentally determined byproducts of
the reaction. It was concluded that the radical centers of FG
may trigger a chain of radical side-reactions and enrich the
number of byproducts in the reaction system.

The developed synthesis of highly N-doped graphene under
mild conditions in solution by exploiting the susceptibility of
FG toward nucleophilic agents appears to be a tunable, cost-
effective, and environmentally friendly pathway for preparing
N-doped graphene materials that could have wide applicability
in (electro)catalysis, energy production, and storage.
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Covalently Interlinked Graphene Sheets with Sulfur-Chains
Enable Superior Lithium—-Sulfur Battery Cathodes at

Full-Mass Level

losif Tantis, Aristides Bakandritsos,™ Dagmar Zaoralovd, Miroslav Medved, Petr Jakubec,

Jana Havldkovd, Radek Zbotil,* and Michal Otyepka*

Sulfur represents a low-cost, sustainable, and high theoretical capacity
cathode material for lithium—sulfur batteries, which can meet the growing
demand in portable power sources, such as in electric vehicles and mobile
information technologies. However, the shuttling effect of the formed lithium
polysulfides, as well as their low conductivity, compromise the electro-
chemical performance of lithium-sulfur cells. To tackle this challenge, a so
far unexplored cathode, composed of sulfur covalently bonded directly on
graphene is developed. This is achieved by leveraging the nucleophilicity

of polysulfide chains, which react readily with the electrophilic centers in
fluorographene, as experimental and theoretical data unveil. The reaction
leads to the formation of carbon—sulfur covalent bonds and a particularly high
sulfur content of 80 mass%. Owing to these features, the developed cathode
exhibits excellent performance with only 5 mass% of conductive carbon
additive, delivering very high full-cathode-mass capacities and rate capability,
combined with superior cycling stability. In combination with a fluorinated
ether as electrolyte additive, the capacity persists at =700 mAh g after

100 cycles at 0.1 C, and at =644 mAh g™ after 250 cycles at 0.2 C, keeping
~470 mAh g even after 500 cycles.

corporation.?l With the rapid develop-
ment and broad application of mobile
devices, electric and unmanned vehicles,
as well as with the rise of smart grids and
networks for “the internet of things,” the
demand for batteries with higher perfor-
mance and lower cost is rapidly growing.>
Lithium-sulfur batteries (LSBs) could
offer a promising alternative for energy
storage because of the high theoretical
capacity (1672 mAh g™) and specific energy
(2600 Wh kg™).>-8 Moreover, sulfur is envi-
ronmentally friendly and a key byproduct
of the petroleum industry, with attractive
features for commercialization, such as
abundance and low cost.*2l However, sev-
eral bottlenecks hamper the practical devel-
opment of the LSBs*™ including the
sulfur’s poor conductivity, its large volume
change, and the “shuttling-effect” of
lithium polysulfides (PSs), formed during
the charge/discharge process.” The dis-
solution of these lithium PSs (Li,S,, n 2 4)
into the liquid electrolyte leads to low

1. Introduction

Lithium—ion batteries are electrochemical rechargeable energy
storage systems leading the battery market of portable electronics
for telecommunications and information processing since the
1990’s, after the first commercial cell was introduced by Sony

Coulombic efficiency, poor sulfur utilization, fast capacity fading,
and other parasitic reactions with the Li anode.l1>"]

To address these challenges, different strategies emerged in
the past few years for the development of advanced composite
cathodes designed for high sulfur utilization and stability. In
particular, pinning of sulfur in engineered materials acting as
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high-affinity hosts for sulfur and development of functional
separators which hinder the shuttling of lithium PSs have
been pursued.'®2% In this frame, nanostructured carbon-based
materials are intensively explored as sulfur hosts because of
their lightweight nature, good electrical conductivity, large sur-
face area, and excellent mechanical properties.”>*’l In a pio-
neering work, an ordered mesoporous carbon was exploited
to encapsulate sulfur in order to improve its utilization and
restrain the shuttling-effect of the lithium-PS species.'? How-
ever, such pure carbon hosts, although being porous, suffer
from sluggish cycling stability due to the weak interactions
between the PSs and the carbon surface. Therefore, the design
and development of new nanocarbons with sulfur-binding sur-
face groups is essential.?*?’] Such functional groups can offer
strong anchoring sites for the robust immobilization of the
sulfur and PS species, effectively limiting the shuttling-effect
during charging/discharging for long and stable lifecycle.l?$2°]
In addition, nanocarbons, especially carbon nanotubes and gra-
phene, may not only act as sulfur hosts, but can also mitigate
its low electrical conductivity and improve the mechanical prop-
erties.’*34 However, most of the reported strongly immobilized
or covalently-bonded sulfur cathodes have achieved low cycle-life,
low sulfur loading contents, or were obtained on nonconductive
matrices (e.g., polymers or amorphous carbons), necessitating
the addition of high amounts of conductive, but electrochemi-
cally inactive additives, and thus, eventually, limiting the true
(i-e., total mass-based) cathode capacities (Table S1, Supporting
Information). Therefore, the strong covalent bonding of sulfur
on conductive materials, affording cathodes with appropriately
high sulfur loading, is challenging but essential for leveraging
the full potential of LSBs and high utilization of sulfur.

In this work, we report the successful development of a
graphene-sulfur cathode with very high sulfur loading, whereby
the sulfur chains are immobilized by covalent bonding to
graphene. The loading in covalent-sulfur reached an unprec-
edented 80 mass%, increasing the full-cell specific capacity
and, importantly, limiting the shuttling-effect even at very low
specific currents, thus ascribing outstanding cycling stability.
Moreover, achieving such a high covalent-sulfur loading on gra-
phene instead of graphene oxide or porous/amorphous carbons
did not compromise the cathode’s electrical conductivity and
thus allowed operation with a very low content of conductive,
but electrochemically inactive additives. Accessing such highly
and covalently sulfur-derivatized graphene was only possible
via the rich chemistry of fluorographene (FG),3>3¢ exploiting
the high electrophilicity and chain-propagating reactivity of its
carbon-centered radicals.?®¥] Remarkably, the use of sodium
polysulfide (NaPS) and FG (instead of elemental sulfur, metal
sulfides, or graphene) was discovered as a unique pathway,
offering adequately nucleophilic centers at the PS chain ends,
reacting effectively and extensively with the respective electro-
philic carbon sites developed through defluorination of FG,
affording a densely sulfurized graphene cathode.

2. Results and Discussion

Recently, it was shown that the use of strong nucleophiles in
aprotic solvents is a very effective way of FG functionalization
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through nucleophilic attack, initiated on the electrophilic radical
centers at the defect sites of FG.?38 Because the nucleophile
delivers a negative charge, the neighboring C—F bonds become
susceptible to heterolytic cleavage, promoting the next step of
defluorination and substitution.l’”38 Here, we explored the
strong nucleophilicity of PS ions (demonstrated by their ability
to attack the electrophilic carbons of alkylhalides®*#% according
to the [X—-R-X + Na,S, accord,, + 2NaX] pathway), but applied for
the first time in the reaction with FG in N-methyl-2-pyrrolidone
(NMP) at 80 °C (Figure 1a, and Experimental Section). FT-IR
analysis of the purified reaction product (graphene-polysulfide,
GPS), unveiled the development of covalent C—S bonds, and
the extensive defluorination of FG (Figure 1b). In particular,
the C—F band of FG at =1200 cm™ decreased and a new
band at =1580 cm™ emerged in GPS due to the aromatic ring
stretching, indicating the successful defluorination and the
formation of conjugated C=C bonds, respectively.!! Impor-
tantly, the band at =1150 cm™ demonstrated the development
of covalent C—S bonds (stretching vibration).*? In contrast, the
spectrum of a control sample obtained after a reaction of FG
with elemental sulfur (GS, Figure 1b) showed a very intense
C—F band and no C—S vibrations, while the strong S—S bands
originated from deposited elemental sulfur. The high sulfur
content in the GS control sample, as IR suggests, is only due
to weak sulfur interactions with FG. Indeed, a treatment of GS
with carbon disulfide—a very good solvent for sulfur—clearly
demonstrated the sulfur-leaching in GS, unlike covalent GPS
(Figure Sla, Supporting Information). A dramatic difference
on the stability was also clearly demonstrated in the electro-
chemical testing of the two materials, as discussed later. The
spectra of the starting NaPS and sulfur are also shown in
Figure 1b, confirming the absence of the C—S vibration band
at 1150 cm™ which was only observed in the case of the GPS
product.

The sulfur content for each sample was determined via
thermogravimetric analysis (TGA, Figure 1c), based on the
mass loss between 200 and 350 °C.*¥ Accordingly, =80 and
=85 mass% of sulfur was found for GPS and GS, respectively.
Lower sulfur loading could be achieved by reaction of FG with
a lower amount of NaPS with respect to the FG and/or by a
shorter reaction time. On the other hand, the lower content in
PSs would also lead to higher content in fluorine atoms, since
both processes, that is, defluorination and substitution, occur
simultaneously (as discussed below). The higher content in
fluorine atoms is, however, undesirable because C—F bonds
increase the band gap of graphene and hinder the material’s
electrical conductivity.*! Another control reaction (identical
to the reaction for obtaining GPS but using electrochemically
exfoliated graphene instead of FG) showed only 5 at.% sulfur
content (product EEGS, Figure S1b, Supporting Information),
corroborating the important role of FG for developing cova-
lent bonding of NaPS chains to graphene. Evolved gas analysis
(EGA) with mass spectroscopy for the GS and GPS materials
during TGA under air (Figure 1d) showed that the SO and SO,
evolution profiles were wider for GPS than for GS, indicating
stronger interaction with graphene in the former case, due
to the covalent bonding of PSs on the graphene skeleton, in
line with the IR analysis. Furthermore, the TGA thermogram
from GPS showed a smooth transition point to the mass-stable
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Figure 1. a) Reaction scheme for covalent binding of sodium polysulfide (NaPS) to fluorographene (FG) leading to graphene-polysulfide (GPS),
b) FTIR spectra for elemental sulfur, NaPS, GPS, the sulfur-reacted FG derivative (GS), and the starting FG, c) thermograms of sulfur, GS, and GPS.
d) Evolved gas analysis with mass spectrometry for SO and SO, fragments during TGA of GS and GPS (normalized ion currents at maximum) and

e) Raman spectra of GS, GPS, and NaPS.

region after total sulfur loss, in contrast to a sharp transition
point observed for GS and elemental sulfur samples (Figure 1c,
and inset). The smooth transition point is an indirect evidence
of sulfur trapping or covalent immobilization on surfaces,?>*!
corroborating the direct evidence of the C—S bonds obtained
from the IR spectra.

The successful covalent sulfur-functionalization of FG via its
reaction with NaPS was also confirmed by Raman spectroscopy
(Figure 1le). The GS, GPS, and NaPS spectra showed the charac-
teristic S—S bonds from the NaPS chains at 149, 212, and 470 cm™
(vef. [46]), while in EEGS the S—S bonds were present only at noise
level (Figure Slc, Supporting Information). It is noted that FG
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does not have any Raman peaks due to the absence of aromatic
rings and high fluorescence.?® Importantly, GPS showed two
peaks at 395 and 987 cm™! (Figure le, and inset), corresponding to
covalent C—S bending and stretching vibrations, respectively./*l
In contrast, they were absent in NaPS and GS, verifying further
the presence of covalent C—S bonds between the PS chain ends
on the graphenic skeleton of GPS. Furthermore, GPS exhibited
the characteristic D and G bands at around 1330 and 1580 cm™,
respectively, due to the restoration of the aromatic network! ! after
the defluorination. The ratio of I, and I band intensities for GPS
was 0.96, which along with the broadening of the bands, demon-
strated a high degree of graphene functionalization.>
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Figure 2. a) XPS survey spectra of GPS, GS, and pristine FG, b) C 1s HR-XPS spectra of pristine FG, GPS, and GS, respectively and c) S 2p HR-XPS

spectra of pristine NaPS, GPS, and GS, respectively.

X-ray photoelectron spectroscopy (XPS) spectra confirmed
the high sulfur content in GPS and the drastically reduced
F 1s peak, indicated the efficacy of the reaction through the
substitution—defluorination propagation pathway (Figure 2a,b).
The Na 1s peak was also observed due to a few unreacted PS
chain ends, as discussed below. More specifically, the decon-
voluted C 1s spectra of pristine FG (Figure 2b) displayed two
components at 290.1 eV due to CF—CF and at =291.8 eV due to
C—F,.31 On the other hand, the C 1s region of GPS showed a
dominant component at 284.8 eV corresponding to graphitic sp?
carbons, while the C—F components practically disappeared,
explaining the low F content (Table S2, Supporting Informa-
tion). Another component emerged at 285.6 eV corresponding
to carbons covalently bonded to sulfur.?? In antithesis, the var-
ious covalent CF components were preserved at a significantly
high extent in GS (Figure 2b), indicating that sulfur did not
effectively react with FG in this case, but mostly deposited on
the surface through weak interactions.’” The S 2p spectrum
of GPS, indicated strong modification of the electronic density
distribution of the PS chains after the functionalization reac-
tion, in comparison to the starting NaPS (Figure 2c). In par-
ticular, NaP§$ displayed four doublets at 162.0 eV (terminal S
atoms), 163.5 eV (central S atoms), and 165.8 and 168.9 eV due
to small amount of oxidized sulfur and sulfates, respectively.>?!
On the other hand, the terminal S component was drastically
reduced in GPS, indicating that a cyclization and crosslinking
reaction took place, retaining only a few unmodified PS ends
in the product. Control samples confirmed the extremely low
sulfur content in EEGS (1.6. at.%, Table S2 and Figure S1d,
Supporting Information), further indicating the necessity of the
synergy between the strong nucleophilic centers in NaPS and
reactive electrophilic sites in FG, for the reaction to proceed.l

The morphology of GPS corresponded to few-layered gra-
phene sheets densely covered by sulfur, as observed with

Adv. Funct. Mater. 2021, 2101326

2101326 (4 of 10)

scanning electron microscopy (SEM, Figure 3a). Further inspec-
tion with high-resolution transmission electron microscopy
(HR-TEM, Figure 3b) showed few-layered graphene sheets with
high content of sulfur, as energy-dispersive X-ray spectroscopy
(EDS, Figure 3D, inset) and chemical mapping (Figure 3c,d)
indicated. It is also worth noting that the sulfur/carbon rich and
poor regions perfectly coincided (e.g., arrows in Figure 3e,f),
providing further evidence that sulfur was intimately bonded to
graphene, without forming independent sulfur-rich areas. Even
after 250 charge/discharge cycles and thorough washing, the
SEM of the cathode showed that the distribution of sulfur on
the sheets was fully preserved (Figure 3g,h).

To provide mechanistic insight into the formation of covalent
C—S bonds during the reaction of NaPS with FG, the nucleo-
philic attack of short PS chains (S¥, x=2, 4,and 6) on various FG
structures (Figure 4a-c; Figures S2-S4, Supporting Information)
was explored by density functional theory (DFT) calculations.
Interestingly, unlike in the case of smaller nucleophiles, 38 a
direct attack of PS on single atomic radical centers in highly
fluorinated graphenes was not found energetically favorable,
due to sterical hindrance from the neighboring fluorine atoms
carrying partial negative charge. However, the low ionization
energy of PS chains and relatively high electron affinity of the
FG radical centers (Table S3, Supporting Information) sug-
gest that a defluorination reaction can be initiated by electron
transfer from the PS chains to the radical centers of FG.I*]
NMP solvent can also trigger defluorination of FG,’ as also
shown here in the FT-IR and Raman spectra of the pristine FG
and the FG after 24 h treatment in NMP at 80 °C (Figure S5a,b,
Supporting Information). Indeed, the nucleophilic attack of PS
chains became more favorable on the larger defluorinated gra-
phene domains (Figure 4a—c; Figures S2-S4, Supporting Infor-
mation), which exhibit electrophilic character in the vicinity
of C—F bonds showing increasing susceptibility of FG to the
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Figure 3. a) SEM image of a GPS electrode before testing and b) HR-TEM image of the GPS material (with EDS spectra in inset). c—f) Carbon and
sulfur EDS maps of GPS at two different areas. Arrows on panels e,f) highlight the perfect overlap of sulfur and carbon rich or poor regions. g,h) SEM

images of the GPS material after testing 250 charge per discharge cycles.

PS nucleophilic attack with decreasing fluorine content. The
formation of a C—S bond and the charge transfer from PS to
FG caused spontaneous detachment of a fluoride ion from the
substrate. Importantly, the free end of the PS chain could act
as a nucleophile in subsequent reaction steps leading either to
crosslinking of graphene sheets (in the case of longer chains)
or to cyclization (in the case of short chains, Figure 4d).

In order to evaluate the electrochemical performance of
GPS, cathode electrodes were prepared by doctor blading of
a paste containing 90% GPS as active material. Since GPS
contains few-layered graphene (rather than graphene oxide
or other non-conductive carbon matrices), the need of con-
ductive additive was limited to only 5 mass%, which is of key
importance toward high full-cathode-mass capacities. The final
cathode was evaluated against lithium metal in an 1 M lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI) electrolyte dis-
solved in dioxolane (DOL) mixture with a fluorinated ether
(TTE, 1,1,2,2-tetrafluoroethyl 2,2,3,3-tetrafluoropropyl ether,
known to limit the solubility of lithium PSsP®). Cyclic voltam-
metry of GPS (Figure 5a) at 0.1, 0.2, and 0.5 mV s7! showed
a broad anodic peak during charging, and a two-step sulfur
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reduction, similar to DOL/DME (dimethoxy ethane, Figure S6,
Supporting Information). The oxidation of the cathode was
completed in two stages, with the broad peak at =2.45 V repre-
senting the conversion of Li,S;, to Li,S, (n > 2) and the forma-
tion of elemental sulfur. The reduction was also completed in
two clearly separated steps: the peak at 2.25 V is ascribed at the
reduction of elemental sulfur to Li,S, (4 < n < 8) while the peak
at 1.7 V corresponds to the subsequent reduction of Li,S, to
Li,S1_,.571 A typical charge/discharge curve of a LSB consists of
two plateaus during discharge. The first one corresponds to a
solid (Sg) — liquid (Li,S,) transition with a theoretical capacity
of 418 mAh g! while the second discharge plateau corresponds
to further reduction of lithium PSs to Li,S,/Li,S with a theo-
retical capacity of 1254 mAh g .8 On the other hand, short
sulfur chain cycling is performed through a solid-solid phase
transition from S to Li,S having only one discharge plateau at
=1.8 V.’ In the present case the discharge curve of GPS com-
bines the typical long-sulfur-chain LSB characteristics with
the short sulfur chain discharge plateau (Figure 5b). Inter-
estingly, as it was shown by the theoretical calculations, both
short and longer chains of PSs can react covalently with the
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Figure 4. a—c) Nucleophilic attack of (Sg)>~ on FG with different level of defluorination. d) Nucleophilic attack of (S;)?~ on the edge of fluorinated and
defluorinated areas of FG resulting in a cyclized structure of the PS chain. Fluorine atoms detached in the next reaction step are marked by an orange
circle. Reaction energies are in kcal-mol™". Carbon atoms are grey, fluorine blue, and sulfur yellow. Hydrogen atoms on edges of model molecules are

hidden for clarity.

graphene backbone (Figure 4). Therefore, the discharge pla-
teaus at 2.3 and =2 V are related with the longer sulfur chains
while the discharge plateau at =1.8 V corresponds to the short
sulfur chain phase transition (S,4,—S?7). The reduction peak
potential values are down-shifted compared to DOL/DME sol-
vent due to the low lithium PS solubility in TTE, leading to
controlled Li,S precipitation.®”] The electrochemical profiles
recorded during the galvanostatic charging/discharging of the
GPS cathode were well maintained for more than 50 cycles at
a specific current of 0.1 C (167 mA g!, Figure 5b), owing to
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the high electrochemical reversibility. Upon cycling, the pla-
teau contribution from the short sulfur chains increased at the
expense of the long sulfur chains, indicating a disproportona-
tion of the long chains to shorter ones, along with some Li,S,,
losses in the electrolyte. This can also account for the small
capacity fade in the subsequent cycles. The stability of GPS was
outstanding for both high and low specific currents; the ini-
tial capacities of 636 mAh g (1 C), 930 mAh g™ (0.2 C), and
920 mAh g (0.1 C) were maintained at 470 mAh g! after 500
cycles, 644 mAh g™! after 250 cycles, and >700 mAh g! after
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Figure 5. Electrochemical performance of the GPS cathode against lithium metal in T m LiTFSI in 1:1 DOL:TTE electrolyte. a) CV curves at 0.1, 0.2, and
0.5 mV g7, b) charge/discharge profiles at 0.1 C, c,d) cycling performance at different C-rates, e) rate capability at rates varied from 0.2 to 2 C, and
f) photos of the glass fiber separator after cycling for the GPS and GS cathodes (1 C = 1672 mA g™'). The specific capacities in the figure refer to the
sulfur-based mass.

100 cycles, respectively (Figure 5c,d; Figure S7, Supporting  practical application potential. Most of the so far developed
Information). The 700 mAh g value corresponds to cathodes required high amounts of conductive additives (e.g.,
630 mAh g! with respect to the active material (90% GPS con- 20 mass%, ref. 027651 10 mass%, ref. [°6%%), or/and could sustain
tent), and 507 mAh g™ with respect to the whole cathode mate- ~ only low sulfur loadings,?>¢364%70 thus compromising the
rial mass (Table S1, Supporting Information). The cathode was  full-cathode-mass capacity. For example, Zhou et al.ll achieved
also endowed with excellent rate capability (Figure 5e), with 600 mAh g at 0.5 C, which translated into 220 mAh g™ with
capacities of 485 mAh glat 1 C (1.67 A g'!) and 290 mAh g  respect to full cathode mass, since the sulfur content was lim-
even at 2 C (3.3 A g7)). Importantly, after the rate capability test,  ited at 46 mass%. Similarly, Zheng et al.’ reported an out-
the cathode regained its initial capacity of =800 mAh g™!, when  standing capacity of 775 mAh g™ after 150 cycles, but this value
the C-rate returned back at 0.2 C (Figure 5e). reduced to 400 mAh g! with respect to full cathode mass. In

The above results were attainable only in the case of GPS, another instance, carbonized metal organic framework crys-
since the non-covalent GS derivative obtained with elemental  tals to trap sulfur in the pores, interwoven with carbon nano-
sulfur showed very low initial capacity of 380 and =260 mAh g™ tubes to increase conductivity, delivered 650 mAh g™ at 0.2 C,
after only 15 cycles at 1 C (Figure S8, Supporting Information),  but only 260 mAh g™ with respect to full cathode mass.?’! In
tested under the same conditions as the GPS cathode. More-  addition, the use of nonconductive metal oxides (MgO,? or
over, the initial Coulombic efficiency was 108%, indicating a  BaTiO;/*¥) to capture the lithium PSs resulted to 60-66% sulfur
very strong shuttling-effect during the first charge.® The dis-  loading, but a 20% conductive binder was necessary. Further-
solution of the yellow elemental sulfur was also clearly visible = more, quite often, multistep and high temperature procedures
in the glass fiber separator after 45 cycles of the GS cathode  were required, increasing the cost and environmental impact of
(Figure 5f), in contrast to the case of GPS. the products.?#29707275] For example, Zhang et al.?’! reported

To interpret the results in perspective with the current state  carbon nanocages as a sulfur host achieving 77 mass% sulfur
of the art, a comparison between the GPS cathode and other loading and good electrochemical performance. However,
sulfur-based materials studied in LSBs was necessary (Table S1,  the synthetic procedure required the preparation of graphene
Supporting Information). The capacity values were calculated  oxide, reduction with hydrazine, immobilization of a polymer,
with respect to the total mass of the cathode material con-  growth of iron oxide nanoparticles, high temperature hydro-
taining all additives and non-active components, at the last  thermal treatment for 15 h, calcination at 800 °C, and acidic dis-
recorded cycle, which is beneficial for evaluating better their  solution of the inorganic particles, before the loading of sulfur
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through additional steps. Therefore, the herein GPS cathode
presented very high full-cathode-mass capacities and rate capa-
bility combined with outstanding cycling stability (464 mAh g™
after 250 cycles at 0.2 C), attained through a particularly simple,
one-step procedure, via the chemical reaction of FG with NaPS
in NMP at 80 °C. Importantly, these features were attained at
a controlled low-temperature of 25 °C, unlike other top-rated
materials whose performance is not yet connected with specific
temperature conditions.327#7¢ This is of particular importance
since the usually fluorinated electrolytes or additives used in
LSBs are of high viscosity, thus small temperature differences
induce dramatic changes on the capacities recorded.”7® It
should be emphasized that for the reaction there was no size-
selection procedure after the sonication of bulk graphite fluo-
ride, leading to full material economy, which is of significant
importance for the cost and applicability of the cathode. This
is further strengthened considering that graphite fluoride, first
synthesized in 19347°%% and heavily explored since the 70’s as
a primary lithium Dbattery electrodel'#2 (Matsushita Electric
Co. 1975[8%]), is easily accessible on the market and produced in
large quantities as an industrial lubricant.[8+3¢)

3. Conclusion

An efficient and straightforward approach to prepare a highly
and covalently sulfurized graphene cathode for LSBs is
reported, exploiting the nucleophilicity of PS anions and the
electrophilic centers in FG. The chemical reaction affords
an electrochemically active cathode material with a remark-
ably high covalent sulfur content of 80 mass%. The covalent
bonding was clearly observed and verified with infrared and
Raman spectroscopies, as well as with theoretical calculations
unveiling the mechanism of the nucleophilic attack of the PSs
chains primarily on carbons adjacent to fluorinated areas. Elec-
trochemical cycling of the sulfurized-graphene material against
metallic lithium exhibited top-rated performance with only
5 mass% of conductive additives and at a low temperature of
25 °C. The cathode showed high sulfur utilization and specific
capacities at both low and high current rates, excellent cycling
stability, and high rate capabilities. The described methodology
offers an effective pathway for the development and study of
previously unexplored cathode materials for LSBs, exploiting
the alkylhalide-like and elegant chemistry of fluorinated carbon
matrices. The simple, eco-friendly, and cost-effective cathode
combined with the very high sulfur loading could represent a
strong candidate for practically efficient LSBs.

4. Experimental Section

Sodium Polysulfide Preparation: 1 m of sodium sulfide nonahydrate
(Na,S-9H,0) was dissolved in a water-ethanol mixed solvent (1:1 volume
ratio) and 1 m of sulfur (S) was added subsequently. The solution turned
from yellow to dark orange indicating the gradually increasing chain-
length of the PSs while reacting at 30 °C for 3 h (Figure S9, Supporting
Information).3 The solvent was vacuum dried and the residue was
milled in a mortar to create a fine powder.

GPS Preparation and Control Samples: To prepare the covalently modified
graphene with sulfur (GPS), FG (250 mg) was stirred in NMP (15 mL) for

Adv. Funct. Mater. 2021, 2101326

2101326 (8 of 10)

48 h at room temperature, followed by further exfoliation via sonication for
4 h. After the exfoliation, NaPS (2 g) was added and the mixture reacted at
80 °C under reflux for 48 h, in N, atmosphere. The final product (GPS) was
centrifuged, washed with NMP, distilled water, ethanol, and acetone and
finally it was freeze dried to form a fine powder.

The same procedure was repeated using electrochemically exfoliated
graphenel®”] (instead of FG) and NaPS, affording the control sample
EEGS, which contained very low sulfur amount. The reaction between
elemental sulfur (instead of NaPS) and FG afforded the control sample
GS, with high amount of sulfur, in which C—S covalent bonds were not
detected. In both control samples the same mass ratios of C:S were
used during the synthesis, as in the main GPS product.

Structural and Chemical Characterization: FT-IR spectra were recorded
on an iS5 FTIR spectrometer (Thermo Nicolet) using the KBr pellet
accessory. Spectra were recorded by summing 50 scans, using pure
KBr for the background acquisition. Baseline corrections were applied
to the collected spectra. TGA with EGA was performed with a Netzsch
STA 449 C Jupiter thermo-microbalance instrument at a heating rate of
10 °C min~' under an N, flow in the furnace. The masses of released
gases over the range 18-64 m/z were determined with a QMS 403 Aéolos
instrument (Netzsch) under a synthetic air flow. To avoid overloading
the spectrometer with adsorbed water, a heating to 100 °C and
consequent cooling to room temperature was performed prior to the
EGA measurements. Raman spectra were collected using a DXR Raman
spectroscope (Thermo Scientific) equipped with a laser operating at a
wavelength of 633 nm. XPS was carried out with a PHI VersaProbe II
(Physical Electronics) spectrometer using an Al Ka source (15 kV, 50 W).
The obtained data were evaluated and deconvoluted with the MultiPak
(Ulvac-PHI, Inc.) software package. The spectral analysis included
Shirley background subtraction and peak deconvolution employing
mixed Gaussian-Lorentzian functions. Electron microscopy images were
obtained using a JEOL 2010 TEM equipped with a LaBg type emission
gun operating at 160 kV. EDS was recorded on an Oxford x-MAX 80T
(SSD) at 200 kV accelerating voltage. Scanning transmission electron
microscopy high-angle annular dark-field imaging analyses for EDS
mapping of elemental distributions on the products were performed
with an FEI Titan HRTEM microscope operating at 80 kV.

Theoretical Calculations: To explore possible reaction mechanism of
sulfur covalent binding to graphene, DFT calculations were performed
to model the nucleophilic attack of short PS chains (S%7, x=2, 4, and 6)
on various FG structures. Ground state structures of all investigated
species were optimized at the wB97X-D/6-31++G(d,p) level of theoryl882
using Gaussian16 software.’% Solvent effects were taken into account
by the universal continuum solvation model based on electron density
(SMD).P Ovalene molecule with three different levels of fluorination
was used as a model of partially defluorinated FG (Figures S2-S4,
Supporting Information).

Electrochemical Characterization: The slurries were prepared by mixing
the active material (GPS), Ketjen black and polyvinylidene fluoride
(polymer binder) with a weight ratio of 90:5:5 (total mass 40 mg),
using NMP as solvent (around 0.4 mL). The homogenization of the
slurries was performed in a ultrasonicating bath for 2 h to break any
agglomerates and then using a planetary mixer (Thinky ARV-310LED) for
10 min at 2000 rpm under vacuum. This procedure was repeated three
times.

After homogenization, the slurries were casted, on a carbon coated Al
foil, which was used as a substrate and current collector, using a 180 um
stainless steel doctor blade. After casting, the electrodes were dried at
80 °C under vacuum overnight. The mass loading of total material on
an 18 mm diameter coin was =4 mg (=1.6 or 1.15 mg cm~2 of sulfur).
The electrodes were tested in sealed electrochemical cells (El-cell)
using lithium foil as the counter electrode, and a glass fiber separator
(0.26 mm, El-cell). The electrolyte contained 1 m LiTFSI (Aldrich) in a
mixed solvent of 1,3-dioxolane (DOL, Aldrich) and dimethoxy ethane
(DME, Aldrich) or TTE (TCl) (DOL:DME or DOL/TTE, 1:1 by volume)
and 100 uL of the electrolyte was introduced in each cell.

The cells were assembled in Ar-filled glovebox (both H,O and O,
contents were below 1.0 ppm). Galvanostatic discharge/charge test was
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carried out on a battery test system (BCS-810, Biologic) in the range
of 1.5-2.8 V at 25 °C. Cyclic voltammetry was performed at different
scan rates from 0.1 to 0.5 mV s, All the current densities, C-rates, and
specific capacities were based on the weight of sulfur (unless otherwise
stated).

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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Anchoring of Transition Metals to Graphene Derivatives as
an Efficient Approach for Designing Single-Atom Catalysts

Dagmar Zaoralovd, Radim Mach, Petr Lazar, Miroslav Medved,* and Michal Otyepka*

Graphene derivatives with anchored metal atoms represent a promising class
of single-atom catalysts (SACs). To elucidate factors determining the bond
strength between metal atoms and graphene derivatives, a series of late

3d and 4d elements, including the iron triad, light platinum group elements,
and coinage metals (Fe, Co, Ni, Ru, Rh, Pd, Cu, Ag, and Au), in different
oxidation states (from 0 to +111) bonded to either cyanographene (CG) or
graphene acid (GA) is explored. The vast diversity of N---Me and O---Me bond
dissociation energies is related to charge transfer between the metal and
substrate. The ability of CG and GA to reduce metal cations and oxidize metal
atoms is attributed to the 7-conjugated lattice of the graphene derivatives.
The binding energies of core electrons of the anchored metals are predicted
to enable experimental identification via X-ray photoelectron spectroscopy.

the hydrophilic/hydrophobic, porosity,
and surface properties of graphene-
based materials.”l For a long time, the
low reactivity of graphene hindered its
controllable sp3-functionalization, but
various successful strategies have now
been proposed, opening up routes toward
a vast spectrum of possible graphene
derivatives.®l In particular, advances in
fluorographene (FG)®! chemistry have
significantly enlarged the family of gra-
phene derivatives with a number of new
members.'! Hydroxyl, thio, cyano, alkyl/
aryl, and doubly functionalized deriva-
tives with controllable composition have

The anchoring of metals is accompanied by either complete or partial spin
quenching, leading in most cases to the same oxidation state of the metal
regardless of its initial charge. The identified features can be utilized in
designing new materials with a high potential in heterogenous SACs as well

as electrochemical and spintronic applications.

1. Introduction

Graphene derivatives belong to the most studied 2D materials
owing to their extraordinary chemical, electronic, and mag-
netic properties, which have been utilized in an ever-growing
range of applications, including electronics, spintronics,
catalysis, and energy storage.!! The potential applications of
graphene have been significantly extended by both doping
and functionalization.l?l Substitutional doping of the lattice
carbons by heteroatoms, such as nitrogen, boron,™ and
sulfur,® has been established as an efficient way to modulate
the electronic, magnetic, and spintronic properties of gra-
phene.l®) Noncovalent functionalization enables control over
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been successfully prepared by the par-
tial nucleophilic substitution/reduction
of FG.%1 Cyanographene (CG), i.e.,
graphene densely functionalized by -CN
groups, and its oxidized successor gra-
phene acid (GA), i.e., graphene function-
alized by -COOH groups,™ facilitate
further functionalization because they
can serve as a covalent trap for metal species, e.g., single
metal atoms, ions or metal nanoclusters.!"?!

Single metal atoms immobilized on a supporting material
have been used in heterogenous catalysis as so-called single-
atom catalysts (SACs).[¥] Owing to reduced size of metal
particles, the SACs exhibit extraordinary catalytic activity
and selectivity. Thus far, SACs have been employed in CO
oxidation,3# the oxygen reduction reaction,™ hydrogen
evolution reaction,'® selective hydrogenation,!/l dehydro-
genation,!®l and photocatalytic reactions.'”) Many different
materials such as potassium vanadate/carbon nanoribbon
networks,?% graphitic carbon nitride,?!l nitrogen-doped gra-
phene,?2l  defective nanodiamond-graphene hybrid,!7¢17418]
MXene,!?)l alumina,™] and metal organic framework!16¢24
have been employed as a support of SACs which are synthe-
sized mostly via thermal exfoliation, atomic-layer deposition,
wet impregnation, and hydrothermal methods. However, these
methods usually require high temperatures and/or reducing
atmosphere, and thus resulting materials can act as a sup-
port only to a narrow group of metal elements. On the other
hand, owing to the facile synthesis and the presence of homog-
enously distributed -CN and -COOH groups, CG and GA can
serve as low-cost and stable platforms for a wide portfolio of
metal atoms and cations implying their high potential for
SACs applications.

Recently, CG has been employed for the robust coordina-
tion of Cu(II)/Cu(l) ions, resulting in a mixed-valence catalyst

(1of 1) © 2020 Wiley-VCH GmbH
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that can flawlessly perform the oxidative coupling of amines
and oxidation of benzylic C—H bonds.?? Mild impregnation
of GA with Pd(OAc), has yielded GA-Pd nanohybrids that can
serve as highly active catalysts in the Suzuki-Miyaura cross-
coupling reaction.l'”?l Applications of the novel hybrids have
not been restricted to catalysis. Single Pt adatoms have been
successfully anchored to CG, overcoming their relatively low
interaction with a pristine graphene layer.”) CG with cova-
lently bound silver has been shown to have unprecedented
antibacterial activity, even higher than that of free ionic
silver (D. Panacek, work in preparation). The charge transfer
between an atom/ion and CG/GA support may also be utilized
in graphene-based supercapacitors.?! However, anchoring
of single metal atoms on graphene-based substrates remains
challenging due to competitive processes, such as aggregation
into larger clusters or adsorption onto the graphene plane or
into defects in the graphene lattice.l”’] Chemical moieties such
as nitrile and carboxyl groups homogenously distributed on a
graphene lattice can improve the binding of single atoms and
prevent undesirable processes.

In the work described in this paper, we aimed to gain a
general overview of the nature of chemical binding and oxida-
tion states of single metal atoms and ions grafted on CG and
GA substrates through density functional theory calculations.
An extensive series of model structures containing atoms
and ions of late 3d and 4d elements, including the iron triad,
light platinum group elements, and coinage metals (Fe, Co,
Ni, Ru, Rh, Pd, Cu, Ag, and Au), in different oxidation states
(ranging from 0 to +III) bonded to CG or GA was analyzed
in terms of bond dissociation energy and charge exchange at
the PBEO/Def2TZVP level of theoryl?® using the Gaussian09
program.[?] Solvent effects were taken into account by using
the universal continuum solvation model based on electron
density.?”) X-ray photoelectron spectroscopy (XPS) binding
energies of the investigated metal atoms and ions were cal-
culated by the FHI-aims codel3! using the PBEO functional
with the tight basis set (for further computational details, see
the Supporting Information) to facilitate experimental iden-
tification of the hybrid materials. We anticipate that all the
considered nanomaterials are stable enough to be considered
suitable SACs, although those containing metals in low oxida-
tion states may suffer from competitive processes, such as on-
surface adsorption and/or agglomeration, especially in polar
environments.

2. Results and Discussion

First, we compared the bond dissociation energies (BDEs) of
the metal atoms and ions in the gas phase. BDEs largely depend
on the oxidation state (charge) of the metal ion rather than the
chemical nature of the element (Figure 1). In the gas phase,
the range of BDEs was rather wide-from =5 to 50 kcal mol™
in the case of zero-valent metal atoms (Figure 1b,c, red bars),
50 to 80 kcal mol™! for Me* (Figure 1b,c, green bars), 240 to
370 kcal mol™ for Me?" (Figure 1b,c, blue bars), and 600 to 880
kcal mol™! for Me** (Figure 1b,c, orange bars). It is also worth
noting that in the gas phase, the BDE values of a particular
metal atom/cation on CG and protonated GA were comparable
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(maximum difference of =15 kcal mol™, Table S1, Supporting
Information).

The aqueous environment significantly narrowed the range
of BDEs (Figure 1d,i)—from 1 kcal mol™ (Au’ on CG) to
329 kcal mol™ (Au** on dp-GA), and also differences between
the oxidation states were less regular, indicating a strong impact
of the polar solvent on the stability of CG/GA- - -Me complexes
in solution. Since we considered the deprotonated form of GA
(i-e., dp-GA) in the aqueous environment, BDEs of metal cations
on dp-GA were larger than those on CG (by 2-7 kcal mol™ in
the case of Me", 19-24 kcal mol™! for Me?*, and 31-41 kcal mol™
for Me3*, see Table S2, Supporting Information) due to stronger
electrostatic interactions between the metal and dp-GA.

Importantly, metal atoms and cations in oxidation states +I
may also adsorb on the graphene plane and/or into vacancies
in the graphene structure since the adsorption energies in the
gas phase ranged from =1 to 60 kcal mol™ on these sites,?’!
comparable to the BDEs from nitrile and carboxyl groups.
Moreover, aggregation of Me? and Me" into larger clusters may
also occur, which could suppress the catalytic activity of the
material (the cohesive energy of the metals ranged from =60
to =160 kcal mol™).32 However, the BDEs of metals in oxida-
tion states +1I and +I11 were much higher, and therefore Me?*
and Me?*" ions anchored to -CN and -COOH groups are likely to
have higher stability.

Both CG and GA are known to act as electron donating
substrates, reducing the charge on an adsorbed metal atom/
cation.'?*< The degree of reduction again strongly depends
on the initial charge of the binding particle. In the gas phase,
the most significant charge transfer (i.e., most dramatic
decrease of the initial charge) was found in the case of Me3*
and the lowest in the case on Me? (Figure 1c,h). The reduction
strengths of CG and GA were comparable, which indicated
that the electron donating potential of these two substrates
was predominantly associated with the 7-conjugated carbon
lattice rather than with the functional groups. Although the
same trend was observed in the aqueous environment, the
charge transfer was significantly suppressed (Figure 1le,j). In
addition, although the negatively charged carboxylate group
was involved in charge transfer between dp-GA and the metal
(vide infra), the reduction capacity of dp-GA was only very
slightly larger than that of CG (the differences in the trans-
ferred charge were in the range of 0.0-0.3 e, see Table S2,
Supporting Information).

Similar trends in BDEs and the resultant charges confirmed
the expected connection between these two parameters. In the
gas phase, there was a strong correlation between the BDE and
charge transferred between the metal and CG (Aq) (Figure 2a,
coefficient of determination R?> = 0.93). However, the correla-
tion was practically lost in water (Figure 2b, R? = 0.17). This
was apparently related to solvation effects. Cations possessing
higher initial charge were more stabilized in the aqueous envi-
ronment. Thus, their BDE values were more reduced. Indeed,
after subtraction of the solvation energy (E,,) from the BDE,
pair correlation showed a notably higher coefficient of deter-
mination (R? = 0.62, Figure S2a, Supporting Information),
although not as high as in the gas phase. Analogous results
were obtained for GA/dp-GA (Figures S2b and S3, Supporting
Information).
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Figure 1. a,f) Scheme of considered metal elements and model molecules representing CG (top), GA neutral (middle), and deprotonated GA (dp-GA,
bottom). BDEs of metals on b,d) CG and g,i) GA in the gas phase and dp-GA in aqueous solution, respectively. Mulliken charges on metal atoms/
cations after binding on c,e) CG and h,j) GA/dp-GA in the gas phase and water, respectively. The colors of the bars indicate the initial charge on the
metal atom/cation. Carbon atoms are gray, nitrogen blue, oxygen red, and hydrogen white.

To elucidate the rules that govern the charge transfer between
the metals and substrate, we also plotted results for the pair
correlation of Aq and electron affinity (EA)B3 of metal atoms/
cations (Figure 2c,d for CG and Figure S3c,d, Supporting Infor-
mation, for GA/dp-GA). The plots showed a strong dependence
(R?=0.98 for CG and 0.95 for GA) in the gas phase and notably
lower correlation (R? = 0.77 and 0.65 for CG and dp-GA, respec-
tively) in water. Thus, the reduction of metals is largely ruled by
their electron affinity in the gas phase, whereas in the aqueous
environment other factors, such as the polarity of the CG/dp-
GA- - -Me*" bond, hydration enthalpy of partially reduced Me**
and MO energy shifts (vide infra), can also play an important
role. In general, the metal cations were reduced less in water
than in the gas phase.
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2.1. Iron Triad (Fe, Co, Ni)

Whereas the metal cations acted as electron acceptors, most
of zero-valent metals (Fe, Co, Ni, Ru, Rh together with Cu and
Ag) were oxidized, and their oxidation was enhanced in water
compared to the gas phase (Figure 1c,e for CG). The ability of
the substrates to reduce or oxidize a particular atom/ion can be
rationalized in terms of frontier orbitals of a free metal atom/
cation and CG/GA (see also Figures S14 and S15, Supporting
Information). For example, the more pronounced oxidation of
Fe® by CG in water (Aq = -0.5 e and —1.8 e in the gas phase
and water, respectively) was apparently related to the slightly
higher highest occupied molecular orbital (HOMO) energies of
Fe? (3d(beta): —2.2 eV, 4s(alpha): —3.2 eV, Figure 3b) compared
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Figure 2. Pair correlations of BDE and Aq (calculated based on Mulliken charges) between CG and a metal in a) the gas phase and b) water, and pair
correlations of the electron affinity of a free metal atom/cation and Aq in c) the gas phase and d) water. The groups were divided according to the

initial charge on the metal atom/cation.

to the lowest unoccupied molecular orbital (LUMO) energy of
CG (-3.3 eV) in water. In contrast, in the gas phase, the HOMO
energies of Fe? (3d(beta): —4.2 eV, 4s(alpha): —5.1 eV) lay between
the HOMO and LUMO of CG (-5.2 and —3.4 eV, respectively,
see Figure 3a). Consequently, efficient electron transfer (mainly
from 4s, 3d,,, and 3d,,_,, orbitals of Fe® according to natural
bond orbital (NBO) analysis,*¥ Table S4, Supporting Informa-
tion) can occur in water, whereas in the gas phase, changes
in the electron density distribution are mainly associated with
delocalization of electrons from the occupied valence orbitals
of Fe® to the LUMO of CG (Table S3, Supporting Information).
Although Co® and Ni° exhibited similar trends (Figures S6 and
S7, Supporting Information), Aq decreased along the row from
Fe to Ni due to the decreasing HOMO energy of the respec-
tive metal atom, i.e., with increasing ionization potential of the
metals. In the case of GA, the HOMO and LUMO energies
(4.7 and —2.9 eV in the gas phase, respectively) were slightly
upshifted with respect to those of CG, and thus Fe®, Co° and
Ni® were not oxidized but negligibly reduced (Aq = 0.1 e in all
cases). It is worth noting that the small differences between
the HOMO/LUMO energies of CG and GA lead systematically
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to slightly larger charge transfer (by 0.1-0.6 e) from the latter
substrate to all studied zero-valent atoms (see Table S1, Sup-
porting Information). In water, Fe® was oxidized by dp-GA, sim-
ilarly to CG- - -Fe® which is rather surprising considering the
negative charge of dp-GA (Table S2 and Figure S4, Supporting
Information).

As mentioned above, in the case of metal cations, both CG
and GA acted as reducing agents, with less pronounced charge
transfer in water compared to the gas phase. The frontier orbital
analysis showed that solvent effects had a dramatic impact on
the HOMO and LUMO energies of metallic cations (Figure 3c—f
and Figures S6-S13, Supporting Information). For example, the
LUMO energy of Fe?" increased from —20.5 eV (gas phase) to
-1.6 €V (water), and the LUMO energy of Fe** increased from
—36.6 eV (gas phase) to —74 eV (water). As the HOMO of CG
was practically unaffected by solvent effects (5.2 and —5.1 eV in
the gas phase and water, respectively), Fe?* was reduced more in
the gas phase (Ag=1.2 e) than in water (Aq=0.2 e). In addition,
the removal of an electron from the HOMO of CG (forming a
CG cation) decreased its energy to 9.6 eV in the gas phase,
meaning that Fe3* could accept two electrons (Aq = 2.2 e).
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Figure 3. Comparison of HOMO and LUMO energies of CG and free metal atoms/cations: a) Fe® in the gas phase, b) Fe® in water, c) Fe?" in the gas
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On the other hand, the HOMO energy of the CG cation was
—5.9 eV in water (Figure S16, Supporting Information), and
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thus approximately only one electron was transferred from CG
to Fe*™ (Ag=1.2¢).
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Table 1. Results for metal atoms/cations bound to CG in the gas phase
and water: initial charge on Me** in e (g;), most favorable multiplicity of
the free metal atom/cation (M,), resultant charge on Me** after geom-
etry optimization in e (g;), most favorable multiplicity of the CG-Me
complex (My), spin density on Me in the CG-Me complex (p,), oxidation
state of metal atom/cation in complex with CG (ox.), and XPS binding
energies in eV (XPS).

Me gas phase Water
g M a9 M¢  ps XPS) a M g M p, ox
Fe 0 5 05 3 29 7176 7057 O 5 18 5 40 1l
2 5 08 5 31 7275 7156 2 5 18 5 40 1
3 6 08 4 30 7301 7182 3 6 18 6 40 I
Co 0 4 01 4 28 7900 7754 0 2 09 4 21 0
2 4 07 2/4 209 7968 7819 2 4 17 2/4 309 1
3 5 0.8 3/5 209 7991 7845 3 5 18 3/5 3.0 I
Ni 0 3 00 3 1.7 86.0 8478 0 3 08 3 1.0 |
2 3 06 3 1.0 8737 855 2 3 08 3 1.0 |
Ru 0 5 0.1 3 22 4718 4490 0 5 1.1 5 3.2 |
3 6 09 6 31 4846 4616 3 6 199 6 20 1l
Rh 0 4 00 2 1.0 3093 3045 0 4 09 2 3.0 1
3 5 08 3 20 3220 3172 3 5 19 5 30 1l
Pd 0 1 00 1 00 3378 3323 0 1 00 1 00 ©
2 3 08 3 09 3438 3433 2 3 09 3 1.0 |
Cu 0 2 00 2 07 9473 9265 0 2 09 2 0.0 |
1 1 0.7 1 0.0 9524 9317 1 1 0.9 1 0.0 |
2 2 08 2 00 9551 9343 2 2 09 2 0.0 |
Ag O 2 D - - - 0 2 08 2 00 |
1 1 0.7 1 00 3767 3706 1 1 0.8 1 0.0 |

Au 0 2 -01 2 09 8.7 88 0 2 01 2 10 0
1 1 06 1 00 942 904 1 1 09 1 0.0 |

33 09 1 00 1001 933 3 1 09 1 0.0 |

AThe spin densities on Me for different multiplicities M are the same; ®)No
binding minimum was found; 9Energies of 2pyj; and 2py; orbitals of Fe, Co, Ni,
Cu, 3d3; and 3ds, orbitals of Ag, Pd, Rh, 4fs); and 4f;; orbitals of Au; 9Results of
loosely converged geometry optimization.

Analogous results were observed for Co?* and Co**
(Figure S6, Supporting Information). However, because the
LUMO energy of the metal cation decreased from Fe to Ni, the
LUMO of Ni?* in water (5.5 eV) was lower than the HOMO of
CG (5.1 eV), resulting in much higher charge transfer (1.2 e,
Figure S7d, Supporting Information) than for Fe?* and Co?"
(0.2 e and 0.3 e, respectively). Interestingly, two spin states of
CG- - -Co*" in the gas phase (M =2 and 4) and CG- - -Co*" (M =
3 and 5) in both environments were equally favorable. This was
because the spin densities on the metal cation were practically
the same (Table 1), resulting from partial spin quenching by
the substrate (Figure S5, Supporting Information). GA exhib-
ited similar reduction strengths in both the gas phase and
water because the HOMO and LUMO energies of GA (—4.7
and -2.9 eV) and dp-GA (4.4 and -2.7 eV) were comparable to
those of CG. Therefore, mainly results of CG will be discussed
further (for results of GA/dp-GA, see Tables S1 and S2, Sup-
porting Information).
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2.2. Light Platinum Group Metals (Ru, Rh, Pd)

In the gas phase, the zero-valent atoms of groups 8-10 4d ele-
ments were more strongly bound to CG/GA substrates than
their 3d element counterparts (see BDE values in Table S1,
Supporting Information). However, the oxidation of Ru’ Rh?,
and Pd° in the aqueous environment was less pronounced
than that of respective 3d elements resulting in weaker electro-
static interactions and thus slightly lower BDE (Table S2, Sup-
porting Information). It is worth noting that Pd° is the only
element from groups 8-10 that was not oxidized in the aqueous
environment.

The binding characteristics of Ru*" can be compared with
those of Fe3*. In the gas phase, the LUMO energy of Ru** was
higher than that of Fe** by =3 eV (Figure S8c, Supporting Infor-
mation), which enabled the transfer of two electrons from the
CG substrate, resulting in a very similar degree of reduction
(Aq(Fe**) = 2.2 e and Ag(Ru*") = 2.1 e). Despite similar resultant
charges on the metals and also bond distances (d(N- - -Fe’*) =
1.93 A and d(N- - -Ru*) = 1.99 A), the BDE of Ru*" was about
70 kcal mol™ smaller because the two-electron transfer occurred
to a less stable LUMO orbital.

In group 9, we observed a similar degree of charge transfer
(Aq(Co*) = 2.3 e, Aq(Rh?*) = 2.2 e in the gas phase and
Ag(Co*) = 1.3 e, Ag(Rh*!) = 1.1 e in water) stemming from a
low-lying LUMO in both cations (Figures S6 and S9, Sup-
porting Information). Binding of Rh3* was slightly weaker (by
=50 kcal mol™ in both environments) than that of Co**, mainly
due to the lower stability of the LUMO in Rh*', although
other factors, such as electrostatic attraction between the Me**
and neighboring nitrogen or differences in bond distances
(d(N---Co*) =1.90 A, d(N-.-Rh*) = 2.02 A in the gas phase
and d(N---Co*) =2.09 A, d(N- - -Rh*) = 2.17 A in water), may
also have played some role.

In group 10, the higher lying LUMO of doubly valent Pd**
cations only allowed approximately one-electron transfer,
similarly to the case of Ni?* (Aq(Pd?*") = 1.2 e, Aq(Ni*") =14 e
in the gas phase, Ag(Pd?") = 1.1 e, Aq(Ni?*") = 1.2 e in water).
Despite a larger bond distance for Pd?* (d(N- - -Pd*") = 2.00 A
vs d(N---Ni**) = 1.87 A in the gas phase, d(N---Pd**) =199 A
vs d(N.--Ni?") = 1.85 A, in water), the BDE value of Pd?*" was
=20 kcal mol™' larger than that of Ni** in both environments,
consistent with the slightly lower energy of the LUMO in Pd?*
(Figures S7 and S10, Supporting Information).

2.3. Coinage Metals (Cu, Ag, Au)

Zero-valent Cu and Ag exhibited pronounced oxidation in the
aqueous environment (Ag (Cu®) = —0.9 e and Aq (Ag%) =-0.8 e
in water), since their HOMO orbitals lay between the HOMO
and LUMO orbitals of CG (Figures S11 and S12, Supporting
Information). Apart from lower electrostatic interaction, the
lower BDE of Ag? (by =25 kcal mol™) can be explained in terms
of its larger atomic radius than that of Cu’, resulting in a longer
CG---Me® bond (d(N---Cu’) = 1.86 A vs d(N- - -Ag®) = 2.14 A).
However, due to the lower lying HOMO orbital of Au® (Figure
S13, Supporting Information), the charge on Au was unaffected
(Ag = 0.1 both in the gas phase and water). This in combination
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with the longest bond (d(N- - -Au’) = 2.21 and 2.24 A in the gas
phase and water, respectively) resulted in the lowest BDE (4.6
and 1.3 kcal mol™ in the gas phase and water, respectively) of
all the considered metals.

Monovalent copper and silver cations were comparably
reduced in the gas phase by CG (Ag(Cu*) = 0.3 e, Ag(Ag*) = 0.3
e) due to their similar LUMO energies (Figures S11 and S12,
Supporting Information). A higher binding energy of Cu* (by
=15 kcal mol™) can be explained in terms of its smaller ionic
radius, and thus shorter bond length (d(N---Cu*) = 1.85 A,
d(N-.-Ag") = 2.10 A), resulting in stronger electrostatic inter-
action. However, the significantly lower LUMO energy of Au®
(Figure S13, Supporting Information) enhanced charge transfer
(Agq(Au*) = 0.5 e). This, in combination with the bond distance
of 2.01 A, resulted in a higher BDE for Au* by =6 kcal mol™
than that of Cu’. In contrast, the LUMO energies of Cu* and
Ag" in the aqueous environment differed more substantially
(Figures S11 and S12, Supporting Information), leading to
slightly stronger charge transfer to the latter (Aq(Cu*) = 0.1 e,
Aq(Ag*) = 0.2 e). However, the bond length of Cu* was again
shorter (d(N---Cu*) =1.86 A, d(N- - -Ag*) = 2.15 A), resulting in
a lower BDE for Ag" (by =5 kcal mol™). Although Au* exhibited
similar charge transfer (Aq(Au®) =0.1e), the bond length of 1.97 A
in combination with the low lying LUMO orbital (Figure S13,
Supporting Information) caused the BDE to be higher by =8
and =12 kcal mol™! than that of Cu® and Ag*, respectively.

Double-valent cation Cu®" can be compared to its neighbor
Ni%* in the same row of the periodic table. Although Ni** was
reduced more by CG (Ag(Ni**) = 1.4 and 1.2 e in the gas phase
and water, respectively, Figure S7, Supporting Information)
than Cu?" (Aq(Cu?") = 1.2 and 1.1 e in the gas phase and water,
respectively, Figure S11, Supporting Information) and the bond
lengths were comparable (d(N- - -Ni*") = 1.87 and 1.85 A in the
gas phase and water, respectively, and d(N---Cu®) = 1.87 A
both in the gas phase and water), the BDE of Cu?* was higher
in the gas phase (by =45 kcal mol™) due to electron transfer to
a lower lying LUMO orbital (-25.3 and —23.4 eV for Cu?* and
Ni2*, respectively). However, the aqueous environment destabi-
lized the LUMO orbital of Cu?* (~5.1 eV) more greatly than that
of Ni?* (-5.5 eV), resulting in a stronger bond for Ni?* in water
(by =7 kcal mol ™).

The BDE of Au*" was the highest of all the studied metals in
both environments. Since the LUMO energy of Au** (-371 eV
in the gas phase and —175 eV in water, Figure S13, Supporting
Information) was less affected by the aqueous environment than
the other Me3* cations, transfer of two electrons from the sub-
strate to Au’* took place in both environments (Aq(Au**) =2.2 e
and 2.1 e in the gas phase and water, respectively).

2.4. The Role of 7-Conjugated Electron-Donating Substrates

To investigate the roles of 7-conjugation in a substrate and dif-
ferent anchoring functional groups, we considered acetonitrile
(ACN) and acetic acid (AcOH/AcO") as molecular substrates
analogous to CG and GA/dp-GA, respectively. The ability of
substrates to reduce a metal atom/cation was clearly related to
their HOMO and LUMO energies. Figure 4 shows an example
of a palladium atom/cation bonded to different substrates. As
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already mentioned, the HOMO/LUMO energies of GA/dp-GA
were only slightly upshifted compared to those of CG, resulting
in similar values of Aq. However, it is worth noting that the
small difference of HOMO/LUMO energies of CG/GA leads
to a dissimilarity in the case of Me® which are oxidized by CG
(except for Au®) but negligibly reduced by GA in the gas phase
(see Figure 1 and Table S1, Supporting Information). On the
other hand, the lower HOMO energies of ACN (-9.5 eV both
in the gas phase and water) and AcOH/AcO™ (-8.1 eV in the
gas phase and —6.8 eV in water) made the charge transfer from
the substrate to metal atom/cation less favorable. Similarly, the
higher LUMO energies of ACN (0.9 eV in the gas phase and
1.0 eV in water) and AcOH/AcO™ (0.3 eV in the gas phase and
1.6 eV in water) made charge transfer in the reverse direction
less efficient.

Electron density difference (EDD) plots of Pd*" bound to
different substrates in an aqueous environment (Figure 4e-h)
demonstrated that the charge was transferred from the
n-conjugated network of CG rather than from a nonconjugated
functional group, as in the case of ACN. The capability of nitrile
groups in CG to facilitate electron transfer between the con-
ductive m-conjugated carbon lattice and anchored metal cations
makes the material of great potential for electrocatalysis and
electrochemistry in general. On the other hand, the negatively
charged dp-GA and AcO™ can both provide electrons from lone-
pair orbitals of oxygen. Different amounts of charge transfer
were evident in EDD plots of CG-Me complexes of different
initial charge of Me (Figure S17, Supporting Information).

To describe the properties of SACs in an acidic environ-
ment, we considered a protonated form of GA in water. Pro-
tonation of the carboxylate groups caused only a slight upshift
of the HOMO/LUMO energies (—4.4/-2.7 eV for dp-GA and
—4.8/-3.1 eV for GA). Therefore, the charge transfer was com-
parable in both environments. However, BDEs were notably
smaller in the case of protonated GA because of weaker elec-
trostatic interactions, as shown for Co?* and Co*" complexes
(Figure S18, Supporting Information).

2.5. Oxidation States and XPS Binding Energies of Anchored
Metal Atoms/lons

Oxidation states could not be directly derived from the resultant
charge on metal atoms/cations due to their known poor cor-
relation.*! However, the formal oxidation state could be esti-
mated from the spin population on the metal atom/cation.®!
In general, the anchoring of metal cations on CG/(dp-)GA was
accompanied by the reduction of Me*" and led to either com-
plete (Cu?") or partial spin quenching (e.g., the multiplicity of
free Fe3* cations of 6 was decreased to 4 and 5 in the gas phase
and water, respectively), opening up possibilities for monitoring
the entrapment of metal species by electron paramagnetic reso-
nance (EPR). The capability for preserving unpaired electrons
on the metal center in Fe** makes these materials attractive for
spintronic applications. Interestingly, the resultant spin popula-
tion on the metal, and thus their oxidation states, were often
the same regardless of the initial charge on the metal cation.
For the cation pairs Fe?*/Fe3t, Co?*/Co*", and Cut/Cu?', this
feature in combination with their high BDE values can be
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Figure 4. Comparison of HOMO (blue) and LUMO (red) energies of different substrates (CG, GA, ACN, and AcOH) and a free atom/cation of
a) Pd®in the gas phase, b) Pd® in water, c) Pd?" in the gas phase, and d) Pd?" in water. Electron density difference (EDD) plots of Pd** bound to e) CG,
f) dp-GA, g) ACN, and h) AcO™. The isosurface value was set to e,g) 0.015 a. u. and f,h) 0.003 a. u.; a blue/red isosurface indicates decreased/increased
electron density. Green arrows show charge transfer between a metal and substrate, green numbers are differences in Mulliken charges on the metal
before and after bonding to substrate. Carbon atoms are gray, nitrogen blue, oxygen red, hydrogen white, and palladium cyan.

utilized for designing new efficient mixed-valence SACs, as
already reported for the CG- - - Cu*/Cu?" material.['?3]

The XPS binding energies were sufficiently distinct to allow
different oxidation states of the anchored metal species to
be distinguished in an experimental spectrum (Table 1). For
instance, the oxidation states of iron Fe®, FeZ*, and Fe3* have
2ps); binding energies of 705.7, 715.6, and 718.2 eV, respec-
tively. Likewise, zero-valent copper and its cations (Cu/
Cu*/Cu®") have 2p;, binding energies of 926.5, 931.7, and
934.3 eV, respectively. Notably, Cu*/Cu®* ions were success-
fully anchored to CG and the Cu 2p;,, envelope measured by
high-resolution XPS showed peaks at 932.6 and at 934.9 eV,[1%]
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in excellent agreement with the calculated values. The mutual
agreement of experimental peak positions and our calculated
values for Cu® and Cu?' ions corroborates the reliability of
our theoretical approach and usefulness of the binding ener-
gies for the identification of synthesized CG/GA---Me**
nanomaterials.

3. Conclusions

Late 3d and 4d elements, including the iron triad, light plat-
inum group elements, and coinage metals, of different initial

© 2020 Wiley-VCH GmbH
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oxidation states and multiplicities anchored on CG and GA
exhibited a vast diversity of binding characteristics. The BDEs
calculated in the gas phase were in the range 5-880 kcal mol™
and were significantly decreased in an aqueous environment
(1-329 kcal mol™?). The CG/GA---Me bond strength was
closely related to the amount of charge transferred between the
metal atom/cation and substrate and to the electron affinity of a
particular metal atom/cation. In water, the most strongly bound
atoms/cations to CG were Au** and Co**, with respective BDEs
of 289 and 104 kcal mol~!, whereas the lowest BDEs (below 10
kcal mol™) were found for Fe?*, Co?*, and Au®. Due to the nega-
tive charge of dp-GA, and thus strong electrostatic interactions,
the BDE values of the most strongly bound cations (Au*" and
Co*") were upshifted by =40 kcal mol™, in contrast to the most
weakly bound cations (Ag* and Cu*) with BDEs of 10-20 kcal
mol™ on both substrates. BDEs of metals in oxidation states
+II and +III were much higher, which may indicate a higher
stability for an SAC based on Me?" and Me*" ions anchored on
CG/GA.

In general, the anchoring of metal cations on CG/GA
substrates was associated with metal reduction. In the case
of zero-valent metals, either negligible charge transfer or
oxidation can occur. The level of oxidation/reduction of a
metal atom/cation can be explained in terms of the HOMO
and LUMO energies of the respective metal atom/cation and
the substrate. As the HOMOs of the substrates lay higher
than the LUMOs of metal cations, electrons could be trans-
ferred from the substrate to the metal (metal reduction). In
an aqueous environment, the difference between the LUMO
(Me*) and HOMO (substrate) was significantly decreased,
suppressing the charge transfer. On the other hand, the
HOMO energies of zero-valent metals were in the range of
the HOMO and LUMO (or even higher than LUMO) of the
substrates, allowing charge transfer from the metal to the sub-
strate (metal oxidation) to take place.

The ability of CG and GA to oxidize/reduce metal atoms/
cations took place due to the presence of the 7-conjugated net-
work in the graphene lattice rather than different functional
groups. Examples of metal atoms/cations bonded to acetoni-
trile (ACN) and acetic acid (AcOH) demonstrated lower charge
transfer due to the higher HOMO and lower LUMO energies
of ACN/AcOH compared to the graphene-based substrates. In
a neutral/basic environment, the lone electron pairs of oxygens
in carboxylic groups of dp-GA and AcO™ may also be involved
in electron transfer from the substrate to metal.

Spin populations of the metal atoms/cations indicated that
the same oxidation state could be assigned to some metal
atoms/cations of different initial charge, opening a route
toward mixed-valence SACs. Despite the same oxidation
states, in many cases, notable differences between the final
partial charges were predicted, and consequently, the oxida-
tion states can be distinguished by their corresponding XPS
binding energies. The large spread of binding energies and
significant variations of the partial charges and spin popula-
tion on the metallic centers arising from their communication
with the conductive 7-conjugated carbon lattice via the nitrile
or carboxylate groups indicate the huge potential of these
materials for heterogenous SACs and other electrochemical
and spintronic applications.
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Single Co-Atoms as Electrocatalysts for Efficient Hydrazine

Oxidation Reaction

Ravishankar G. Kadam, Tao Zhang, Dagmar Zaoralovd, Miroslav Medved,
Aristides Bakandritsos, Ondrej Tomanec, Martin Petr, Johnny Zhu Chen, Jeffrey T. Miller,
Michal Otyepka, Radek Zbofil,* Tewodros Asefa,* and Manoj B. Gawande*

Single-atom catalysts (SACs) have aroused great attention due to their

high atom efficiency and unprecedented catalytic properties. A remaining
challenge is to anchor the single atoms individually on support materials

via strong interactions. Herein, single atom Co sites have been developed

on functionalized graphene by taking advantage of the strong interaction
between Co?" ions and the nitrile group of cyanographene. The potential of
the material, which is named G(CN)—Co, as a SAC is demonstrated using the
electrocatalytic hydrazine oxidation reaction (HzOR). The material exhibits
excellent catalytic activity for HzOR, driving the reaction with low overpo-
tential and high current density while remaining stable during long reaction
times. Thus, this material can be a promising alternative to conventional
noble metal-based catalysts that are currently widely used in HzOR-based fuel
cells. Density functional theory calculations of the reaction mechanism over
the material reveal that the Co(ll) sites on G(CN)—Co can efficiently interact
with hydrazine molecules and promote the N—H bond-dissociation steps

the extensive use of fossil fuels not only
causes severe environmental issues but
also compromises efforts to attain a sus-
tainable energy future.?l This has made
researchers to investigate cost-effective
and non-polluting alternatives to produce
energy in a greener manner, through
such systems as photovoltaic cells, elec-
trolyzers, and fuel cells. Among them,
fuel cells have attracted great attention
over the past few years.ll These devices
can convert the chemical energy in fuels
such as hydrogen, alcohols, organic acids,
and hydrazine into electricity, with high
efficiency and minimal greenhouse gas
emissions. Among the fuels used in fuel
cells, hydrazine is of particular interest for
the following three reasons: 1) It produces

involved in the HzOR.

1. Introduction

The rapidly growing global energy demand has led to the con-
sumption of increased amounts of non-renewable fossil fuel
resources, including coal, petroleum, and natural gas. However,

only N, and H,0 and it does not release
the greenhouse gas CO, or other harmful
byproducts as fossil fuels do; 2) Hydrazine
is relatively easy to store and transport
with existing infrastructures, as it is liquid at room tempera-
ture; and 3) Direct hydrazine fuel cells (DHFCs) have a large
theoretical cell voltage (+1.61 V) and higher energy/power den-
sity than many other fuel cells (e.g., compared with H,/O, fuel
cell, which is considered one of the best fuel cells).! However,
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Scheme 1. Synthesis of G(CN)—Co catalyst. In the structural model, C, F, N, and Co atoms are represented by grey, cyan, blue, and green balls.

in order to enable DHFCs to work effectively and find large-
scale practical applications, the rational design and synthesis
of advanced, efficient, and sustainable electrocatalysts that can
replace noble metal-based electrocatalysts (such as Pt, Pd, Ir,
Au, and their alloys), which are currently widely used in them,
is required.P!

In recent years, single-atom catalysts (SACs) have attracted
increased research attention in heterogeneous catalysis since
they offer an ultimate atom economy and allow for the full
exposure of active sites, resulting in greater catalytic activity
in comparison to nanocatalysts.**! Some SACs have also been
reported to catalyze various electrochemical reactions with
excellent efficiency. However, there are also challenges when
applying SACs in practical systems, due to the tendency of
single atoms to cluster and leach during the reactions. One
effective strategy to address these challenges entails the use of
2D materials as substrates to anchor the single atoms.[®10-20
Graphene, a 2D material, which has large surface area, high
electrical conductivity, and good stability, has received signifi-
cant interest as a support material for making SACs. Graphene
is of interest also because of its ability to tune the electronic
properties of the guest atoms. Surface-functionalized graphene
derivatives, in particular, can render strong interactions with
the single atoms, and thereby stabilize SACs and prevent their
aggregation and transformation into nanoparticles during cata-
Iytic reactions.[”19-27]

To this end, herein we present a novel approach to anchor
single Co(Il) ions on cyanographene (G—CN) sheets to obtain
Co-based single atom catalysts (G(CN)—Co SACs). The syn-
thetic process is schematically described in Scheme 1. The
amounts of Co(II) ions on G—CN could easily be varied
by changing the relative amount of Co(lI) ions mixed with
G—CN. The materials showed efficient electrocatalytic activity
toward the hydrazine oxidation reaction (HzOR). Comple-
mentary experiments and density functional theory (DFT)
calculations corroborated the anchoring of atomically isolated
cobalt sites on G—CN. The successful binding of Co(II) ions
to G—CN was verified with inductively coupled plasma mass
spectrometry, high-resolution transmission electron micro-
scopy (TEM), extended X-ray absorption fine structure (EXAFS)
and X-ray absorption near edge structure spectra (XANES).
The resulting materials exhibited among the highest electro-
catalytic activities for HzOR as well as better activities than
many noble metal-based catalytic systems reported in the lit-
erature. The stability of the materials was also investigated,
and the results suggested that both G—CN and the strong bond
between its CN groups and Co(II) ions were crucial in pre-
venting single Co sites from leaching during the electrocatalytic
reaction.
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2. Results and Discussion
2.1. Synthesis and Structural Characterization of G(CN)—Co Catalyst

The procedure applied to synthesize G(CN)—Co is illustrated
in Scheme 1 (see Supporting Information for more details). It
follows similar steps as those used to produce various function-
alized graphene.”] Powder X-ray diffraction pattern (Figure 1a;
Figure S1, Supporting Information) confirmed the absence of
distinctive peaks associated with Co or Co-based inorganic par-
ticles. This indirectly suggests the dispersion of Co in isolated
forms on the structures of the material. The representative
TEM image revealed the presence of G—CN sheets (Figure 1b)
without any heavy element-associated inorganic particles.
Furthermore, high-angle annular dark-field scanning TEM
(HAADF-STEM) (Figure 1c) showed that individual Co atoms
are uniformly dispersed on the G—CN sheets. The Co atoms
are the bright spots marked with yellow circles in the magnified
HAADF-STEM images shown in Figure 1d. In the literature,
advance detectors had been used for HAADF-STEM images to
probe Co SACs on N-doped carbon. 252930

Elemental mapping performed with HAADF-STEM image
(Figure le—j) confirmed a homogenous dispersion of Co single
atoms on the G—CN sheets, besides O, N, and C atoms. How-
ever, as precise identification of the lighter elements with
HAADF-STEM is challenging 3% we had to resort to XANES
and EXAFS to indirectly determine them (see below).

X-ray photoelectron spectroscopy (XPS) was applied to inves-
tigate the chemical composition of G(CN)—Co. The survey
spectra (Figure 2a) confirmed the presence of C (85.7%), N
(8.8%), O (4.8%), and Co (0.7%). The deconvolution of the
C 1s spectrum (Figure S2a, Supporting Information) dis-
played distinct peaks with binding energies (BEs) of 284.82
and 286.01 eV that can be assigned to sp? C and sp* C atoms
bound to —CN groups.”*}l Deconvolution of the N 1s spec-
trum (Figure S2b, Supporting Information) gave three peaks
at 398.77, 400.00, and 401.31 eV corresponding to different
nitrogen functional groups, respectively (see further details
in the Supporting Information). The peak at BE of 781.87 eV
(Figure 2b), with the corresponding satellite peaks at 785.19
and 788.77 eV, was assigned to Co?" 2p species.?¥ The charge
transfer and the interaction between Co(II) cations and N-atoms
in G—CN was analyzed by high-resolution (HR)-XPS of N 1s
envelope (Figure S3, Supporting Information).

The oxidation state and coordination environment of cobalt
species in G(CN)—Co were further determined by XANES and
EXAFS. The pre-edge XANES peak can be used to identify
the oxidation state of the catalyst (Figure 2c).3°l The pre-edge
energy of G(CN)—Co SACs (7708.1 eV) was very similar to that

© 2021 Wiley-VCH GmbH
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Figure 1. Characterization of G(CN)—Co (3.4 wt%): a) Powder X-ray diffraction (XRD) patterns of G—CN and G(CN)—Co; b) TEM image; c) repre-
sentative high-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) image; d) magnified HAADF-STEM image showing
the presence of single Co atoms (highlighted by yellow circles); and e) another HAADF image of G(CN)—Co along with the corresponding elemental

mapping images of f) Co, g) O, h) N, i) Co and N, and j) Co, N, and C.

of CoO (7708.3 eV) and single site Co(II) on SiO,. The result
we obtained for the latter is similar to one reported before.3®!
The k%*weighted magnitude of the first shell peak of EXAFS
spectrum for G(CN)—Co (black) and CoO (blue) are very sim-
ilar to each other (Figure 2d). CoO has 6 Co—O bonds at 2.06 A
(about 1.7 A phase uncorrected distance in Figure 2d), as can
be seen from the fitting results given in Table S1, Supporting
Information. In the case of CoO, there is a large second shell
peak due to the scattering by Co—(0)—Co at about 2.8 A. This
higher shell peak is characteristic of Co-oxide nanoparticles.

Small 2021, 2006477

2006477 (3 of 7)

The EXAFS of G(CN)—Co shows only the first shell Co-X scat-
tering, also with 6 Co—N (or O), at 2.07 A with no scattering
from Co atoms at longer distance, which is consistent with
single Co?" ions. In EXAFS, the scattering is proportional to
the number of electrons; thus, it is not easy to distinguish
the type of scattering from C, O, and N atoms. The first shell
coordination number of Co/SiO, is 4 Co—O at 1.98 A, which
is similar to the result previously reported for this material.®!
The absence of a higher shell Co—O—Co (in Co/SiO,) is sim-
ilar to that of G(CN)—Co, which is a SAC containing Co(II)

© 2021 Wiley-VCH GmbH
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Figure 2. a) Survey X-ray photoelectron spectra of G(CN)—Co. b) High-resolution X-ray photoelectron spectra of G(CN)—Co showing the Co 2p region.
X-ray absorption spectra of G(CN)—Co (black curve), CoO reference (blue curve), and Co(ll)/SiO, (another reference material, which we prepared for
comparative study (red curve). c) Co K-edge XANES and d) k? weighted magnitude of Fourier transformation of EXAFS (inset: the proposed model

for G(CN)—Co.

sites with 6 Co—N (or Co—O) bonds, each with a bond dis-
tance of 2.07 A.

2.2. Electrocatalytic Performance of G(CN)—Co for HzOR

The electrocatalytic performances of the as-prepared materials
containing different amounts of Co (i.e., G(CN)—Co (1.2 wt%),
G(CN)—Co (1.5 wt%), and G(CN)—Co (3.4 wt%)) for HzOR
were studied. First, cyclic voltammetry (CV) curves for the
catalysts in the presence of 50 mmol L™ hydrazine solution
in phosphate buffered saline (PBS) (pH 74) at a scan rate of
10 mV-s7! from —0.5 to 0.3 V (vs SCE) were recorded (Figure 3a).
The anodic peaks, which were observed in the CV curves of all
three catalysts, could be attributed to the oxidation of hydrazine,
demonstrating that all samples had catalytic activity toward
HzOR. Among the catalysts, G(CN)—Co (3.4 wt%) displayed
the best electrocatalytic activity for the reaction, with a relatively
large negative onset potential (which means a low overpoten-
tial), with a value of =0.28 V (vs SCE). The corresponding
values for G(CN)—Co (1.2 wt%) and G(CN)—Co (1.5 wt%) were
—0.25 and —0.26 V, respectively. G(CN)—Co (3.4 wt%) also gave
a large negative peak potential of —0.1 V (vs SCE) while the cor-
responding values for G(CN)—Co (1.2 wt%) and G(CN)—Co
(1.5 wt%) were —0.07 and —0.09 V, respectively. Additionally,
the peak current density during the HzOR over G(CN)—Co
(3.4 wt%) was =3.5 mA cm~2, which was higher than those of
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G(CN)—Co (1.2 wt%) and G(CN)—Co (1.5 wt%), with values of
2.7 and 3.0 mA cm™2, respectively. These results showed that
G(CN)—Co (3.4 wt%) required a lower overpotential to catalyze
HzOR compared with G(CN)—Co (1.2 wt%) and G(CN)—Co
(1.5 wt%), indicating that the electrocatalytic activity of these
materials increases with the amount of Co. The result also indi-
cated that G(CN)—Co’s electrocatalytic activity for HzOR was
related to the Co(II) single sites. In addition, the support mate-
rial, G—CN, showed negligible activity toward HzOR, indirectly
corroborating that the anchored Co(II) cations were the active
sites. It is also worth adding that the catalytic performance of
G(CN)—Co (3.4 wt%) for HzOR was higher than that of many
other transition and noble-metal based nanocatalysts that were
recently reported (see Table S2, Supporting Information). The
mass activities of the three materials for HzOR were com-
pared by normalizing the current densities to the mass of Co
atoms in the materials. The results indicated that G(CN)—Co
(1.2 wt%) gave the highest catalytic activity for HZOR per mass
of Co (Figure 3b). This means, although higher loading of Co
could enhance the overall HzOR activity in terms of current
density, their relationship was not linear. Therefore, the loading
of metals could be optimized to further lower the cost of such
catalysts while achieving optimal electrocatalytic activity or cur-
rent density.

The CV curves of HzOR obtained over G(CN)—Co materials
using different concentrations of hydrazine solution (ranging
from 10 to 50 mmol L) are shown in Figure S4a—c, Supporting

© 2021 Wiley-VCH GmbH
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Figure 3. a) Cyclic voltammetry (CV) curves of HzOR obtained over G(CN)—Co (1.2 wt%), G—(CN)-Co (1.5 wt%), G(CN)—Co (3.4 wt%), and G(CN) using
50 mmol-L™" hydrazine in PBS (pH 7.4) at a scan rate of 10 mV-s™' and b) the corresponding current density normalized to the total mass of Co atom:s.

Information. The current density in the CV curves was found to
be proportional to the hydrazine concentration (see Figure S4d—f,
Supporting Information). The shapes of the CV curves revealed
only oxidation peaks and no cathodic peaks during the reverse
scans, confirming that the oxidation (or HzOR) over G(CN)—Co
was an irreversible process. On the other hand, kinetic studies
revealed that increasing electrochemical scan rates resulted in a
slight shift toward positive peak potential in the catalytic HzOR
(Figure S5a—c, Supporting Information). This is related to the
mass diffusion-controlled electrochemical processes involved
in HzOR and the occupation of active sites by the reacting spe-
cies, as reported in our previous works.}®3% The oxidation cur-
rent density was found to be linearly proportional to the square
root of scan rate (Figure S5d-f, Supporting Information), once
again indicating that the HzOR over the materials was diffu-
sion-controlled.'*”*1 The electron transfer number (n) involved
in HzOR over the catalysts was determined based on the slope
of the current density (I/A) versus square root of the scan rate
(V%) using equation:[¥—*!

I/A=3.01><10_5n[(1_a) na]l/ZCD—l/Zvl/Z R

where I is the current produced by the electrocatalytic reaction,
A is the surface area of the working electrode (A = 0.071 cm?), n
is the total number of electrons involved in the HzOR, « is
the electron transfer coefficient, n,, is the number of electrons
involved in the rate-determining step (n,=1), D is the diffusion
coefficient, ¢ is the concentration of hydrazine (¢ =50 mmol L),
and v is the scan rate. The values of « and D are determined
based on the linear relationship between the peak potential (E,)
and the natural logarithm of scan rate (log v) (Equation (2)) as
well as on the linear correlation between the current density
(I/A) and the inverse square root of time (t™/2) as expressed by
the Cottrell equation (Equation (3)):

E, =k+[0.03/an,]logv (2)

where k is a constant and n,= 1

IJA=nFCD"2 7 112112

where F is Faraday constant (F = 96 496 C mol™).
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By using Equations (1-3), the total number of electrons
involved in the HzOR for the tested catalysts was calculated
to be close to 4. This indicated that the reaction would pro-
ceed through a 4-electron process to complete the oxidation
(Figure S5, Supporting Information), and the net reaction could
be written as: N,H, + 4OH™ — N, + 4H,0 + 4e™.

The long-term stability of electrocatalysts is important for
their practical application in DHFCs. Thus, the stability of the
three materials during electrocatalysis was evaluated by moni-
toring the change in current density near their respective peak
potentials in 50 mmol L' hydrazine for 10 000 s (Figure S6,
Supporting Information). The results showed that there was
only a minimal change in the residual current density during
the reaction, suggesting that the materials remained reasonably
stable during the HzOR. All the above electrochemical results
clearly demonstrated that G(CN)—Co materials could serve as
efficient noble metal-free electrocatalysts for HzOR. This also
means that these materials have a potential to serve as sustain-
able electrocatalysts at the anode side of DHFC, given their
excellent activity as well as good atom economy and non-noble
elemental composition.

2.3. Density Functional Theory Studies of the Reaction
Mechanism of HzOR on the Catalysts

The mechanism of HzOR over the electrocatalyst was studied
step-by-step by geometry optimizations of N,H,, N,, and all
intermediates with and without G(CN)—Co catalyst using
DFT in combination with the implicit solvation model*’ to
account for the aqueous environment. Theoretical models
of the G(CN)—Co catalyst were derived from a trans-14f,14k-
dicyanoovalene molecule representing the G—CN substrate
by anchoring either a single Co?* cation (model A, Figure S7a,
Supporting Information) or a Co?" cation coordinated with five
water molecules (model B, Figure S7b, Supporting Informa-
tion) to one of the cyano groups. The positive binding affinity
of Co?" cations to G—CN was recently rationalized in terms of
efficient charge transfer from the substrate to metal cations.[*’]
The reaction mechanism consists of four deprotonation steps
(in basic environment) and four electrochemical oxidation steps
(Figure 4). In total, four electrons are released. The HzOR may

© 2021 Wiley-VCH GmbH
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Figure 4. Reaction mechanism of hydrazine oxidation reaction (repre-
sented with yellow bubble) with and without the G(CN)—Co catalyst (in
the center). The numbers marked in red and green correspond to reac-
tion energies (in eV) obtained without and with the catalyst (model A),
respectively.

proceed via two routes differing in steps 3-5 by dissociation of
N—H bonds, which are however energetically comparable (see
detailed mechanisms in Figures S8 and S9, Supporting Infor-
mation). Without the catalyst, all reaction steps (except step
7) are energetically demanding (the values marked in red in
Figure 4). The presence of G(CN)—Co catalyst significantly pro-
motes the deprotonation steps 1, 3, 5, and 7 (the values marked
in green in Figure 4) due to lowering of the N—H bond polarity
(see Tables S3 and S4, Supporting Information). In addition,
the negatively charged intermediates (i.e., the N—H bond dis-
sociation products) are stabilized owing to charge transfer from
N,H, (x = 1-4) to the catalyst (see g, values in Tables S3 and S4,
Supporting Information), which further decreases the reaction
energies of these steps. The electrochemical steps (i.e., electron
releasing steps 2, 4, 6, and 8 in Figure 4) are energetically more
demanding in the presence of the catalyst.

The coordination of Co?* ion in G(CN)—Co with water mole-
cules lowers the positive charge on Co?" and thus decreases
the binding affinity of hydrazine molecule to G(CN)—Co
catalyst, from —1.3 to —0.6 eV (step 0 in Figures S8 and S10,
Supporting Information). However, the reaction energies and
ionization potentials do not substantially change compared to
those attained by the simpler model, which does not explicitly
take into account water molecules. For example, the reaction
energies of steps 1 and 2 decrease from —0.4 to —0.3 eV and
from 3.7 to 3.0 eV, respectively (Figures S8 and S10, Supporting
Information). Interestingly, a deprotonation step involving
coordinatively bound water molecules was also found feasible
(path b in Figure S10, Supporting Information). Although, this
process can face competition with one involving a direct attack
of OH™ on hydrazine, the deprotonation steps appear to be
energetically more favorable in the presence of the catalyst.

3. Conclusions

In summary, we have successfully developed Co-based SAC,
denoted G(CN)—Co, with well-defined Co(II) sites by a simple

Small 2021, 2006477

2006477 (6 of 7)

www.small-journal.com

synthetic method. The material showed efficient and selec-
tive electrocatalytic activity toward HzOR with low onset/peak
potential, high current density, and good stability. The electro-
catalytic performances of G(CN)—Co for HzOR were also found
to be better than many metal-based catalysts reported in the lit-
erature. DFT calculations of the reaction mechanism indicated
that single Co active sites would readily interact with the hydra-
zine molecules and significantly foster the N—H bond disso-
ciation steps. The presented simple synthetic strategy used to
produce G(CN)—Co SAC and their efficient catalytic properties
can encourage further research into other SACs with improved
catalytic activity for HzOR and other reactions.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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