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Abstract. Proton exchange membrane fuel cells (PEMFCs) are vital energy-conversion
devices in a hydrogen-fueled economic. In this study, we performed density functional theory
(DFT) calculations to study 4e~ oxygen reduction reaction process on transition metal embedded in
single and double vacancies (SV and DV) in a graphene. We calculated bonding energy and
adsorption energy on CoX3; (X = B, C, N, Si, P and S) and CoXs (X = B, C, N, Si, P and S)
embedded in graphene. Our DFT results indicate that formation of CoX3 is unfeasible and the
formation of CoXj4 is feasible. In addition, the crucial role of ligand atoms near embedded metal
atoms is revealed via the molecular orbital theory. Then the Gibbs free energy of CoXy are
calculated and the CoN4, CoS4, and CoP4 are predicted to be active for catalyzing ORR, and these
also show ligand atoms’ coordination effect for catalytic activity of central metal. Furthermore, we
observed that they have identical rate-determining step (RDS). This work can provide some
references for transition atoms catalytic doped in carbon materials.

Annomayus. ToTMBHBIE AIEMEHTHI ¢ MPoToHOOOMeHHOM MemOpanoit (PEMFCs) sBustoTcs
KU3HEHHO BaXKHBIMHU YCTPOMCTBAMU IJisi IpeoOpa3oBaHuUsl YHEPTUU B BOJOPOAHON HKOHOMHUKE. B
STOM HKCCIIEJOBAaHUU MBI BBITIOJIHWIIA pacdeThl Teopuu QyHkiuonana mioTHoctH (DFT) mis
M3y4YeHUs Tpoliecca peakluu BOCCTAHOBJICHHMS 4€  KHUCIOpoJa Ha IEePEXOJHOM MeETallle,
BHEJPEHHOM B OJIMHOYHBIC U ABOIHbIe BakaHCHH (SV u DV) B rpadene. Mbl paccuutanu SHEPTUio
cBsi3u 1 dHepruto agcopoumu s CoXz (X =B, C, N, Si, Pu S) u CoX4 (X =B, C, N, Si, P u S),
BHeJpeHHbIX B rpaden. Hamm pesynbrarsl DFT nokassiBatot, 4yto oOpa3oBanue CoX3 HEBO3ZMOXKHO,
a oOpazoBanne CoXs Bo3MOkHO. Kpome Toro, pemiarpomas poib aTOMOB JIMTaHAa BOIH3U
BHEJJPEHHBIX aTOMOB MeETajlla PACKpBHIBAETCS C TMOMOIIBIO TEOPUU MOJICKYISIPHBIX OpOuTamei.
3arem paccuuThiBaeTcsi cBoOomHas dHeprus [n66ca CoXs, u npeamomnaraercs, uto CoN4, CoSs u
CoP4 Oynyt axtuBHBIMH 17151 KaranusupoBaHusi ORR, u oHu Taxke neMOHCTpUpPYIOT 3¢h¢deKT
KOOpAMHAIIMU aTOMOB JIMTAHJa JJIsl KaTaJIMTHUYECKOW aKTMBHOCTU IEHTpasibHOro Meraia. Kpome
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TOTO, MBI 3aMETWJIM, YTO y HHMX WICHTUYHBIN mmar ompeneneHust ckopoctu (RDS). Dra pabora
MOJKET MPEIOCTAaBUTh HEKOTOPBIE CCHUIKM HA NMEPEXOAHBIE aTOMBI, KATaJUTUUYECKH JIETUPOBAHHBIE B
YIJIEPOJHBIX MaTepuaax.

Keywords: PEMFCs, oxygen reduction reaction, density functional theory, coordination
effect.

Knrouesvie cnosa: PEMFCs, peakuusi BOCCTAaHOBJICHHS KHUCIOpOAa, Teopusl (yHKIMOHAIA
IJIOTHOCTH, KOOPIMHAIIMOHHBIHN 3(h(eKT.

Research Background and Theoretical Research

The concerns over the hasty depletion of fossil fuels, the cumulative increase in energy
consumption and the associated ecological issues have compelled society to explore the polymer
electrolyte membrane fuel cell (PEMFC) for the future energy utilization. The further
commercialization of such promising technology is seriously hindered by the state-of-the-art
electrocatalysts Pt for the oxygen reduction reaction (ORR) with the operation voltages are 0.8 V,
being away from the theoretical 1.23 V and then accounting for the energy consumption [1].
Furthermore, the high cost and the natural scarcity of the noble metal hamper its economical
attraction. In the regard, it is clear challenging but indispensable to design the earth-abundant
alternatives with superior electrochemical performance to boost the reaction and minimize the usage
of the noble metals.

Inspired by the pioneering work portraying the impressive ORR activity of macrocycles
containing transition metal (TM) coordinated with the nitrogen in 1964, the development of the
graphene with TM/N motifs is vigorous due to the advantages of the adjustable performance and
atomic utilization [2]. Generally, since the catalytic ability is directly related with the TM d orbital
level according to the famous d band model [3], selecting the TM element with suitable d band
center is a common strategy to overcome the ORR sluggish kinetics [4]. Herein, the active sites
consisted by FeN4 or CoNy are identified by both theoretical and experimental investigations. In
addition, based on the ligand-field effects, the variability in d orbital of the TM atom could be
achieved by altering the coordinated elements with dissimilar electronic structures as well as the
different concentration [5]. Such strategy is confirmed by the presence of Fe/S, Fe/P or Co/P
embedded graphene with the superior electrocatalytic performance beyond the TM/N combination
[6]. Furthermore, our recent work focused on the TM/O co-doping graphene reveals the high
efficiency of the NiO>C> configuration acted as the oxygen electrode materials, further supporting
the tailoring effect of the coordination environment on the TM reactivity [7]. Indeed, the interaction
between the TM and its local coordinated environment provides the so-called synergetic effect.
However, the unambiguous investigation on the physical origination at the atomic level is
untouched. In the regard, in order to the targeted design, it is imperative to get in-depth insight into
the influence of the interactions between the TM and local environment on the corresponding
electrocatalysis.

In this manuscript, density functional theory (DFT) calculations are used within
an electrochemical framework to analyze the ORR electrocatalysis. Herein, the CoX, embedded
graphene (X = B, C, N, Si, P, S; n = 3, 4) are systematically studied, as schematically shown in
Figure 1. Our goal is located at the influence of the local environment, the Co selection as the
reprehensive TM element is reasonable due to the high activity [8-9]. Both metal center and ligand
atoms are considered as adsorption site for oxygen atom. the adsorption behavior of
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the intermediates is preferentially calculated, which allows valuating the scaling relationship and
thermodynamic free energy. Via analyzing partial density of states (PDOS) and the Mulliken
charge, the relationship between the activity and the electronic structures is revealed. The data
provide the fundamental understanding of the variation of the TM reactivity caused by the local
environment and further identify the optimal candidate to guide the top-down experimental
syntheses.

CoSi4 CoP4 CoS4

Figure 1. The optimized structures of CoX, embedded graphene.

Computation method

All calculations are performed within the DFT framework as implemented in DMol® code
[10-11]. The generalized gradient approximation with the Perdew—Burke—Ernzerhof (PBE)
functional is employed to describe exchange and correlation effects [12]. The DFT Semi-core
Pseudopots (DSPP) core treat method is implemented for relativistic effects, which replaces core
electrons by a single effective potential and introduces some degree of relativistic correction into
the core [13]. The double numerical atomic orbital augmented by a polarization function (DNP) is
chosen as the basis set [10]. A smearing of 0.005 Ha (1 Ha = 27.21 eV) to the orbital occupation is
applied to achieve accurate electronic convergence. In order to ensure high-quality results, the real-
space global orbital cutoff radius is set as high as 5.2 A. In the geometry structural optimization, the
convergence tolerances of energy, maximum force and displacement are 1.0x107> Ha, 0.002 Ha/A
and 0.005 A, respectively. The spin-unrestricted method is used for all calculations. A conductor-
like screening model (COSMO) was used to simulate a H>O solvent environment for all
calculations [14]. COSMO is a continuum model in which the solute molecule forms a cavity
within the dielectric continuum. The DMol}/COSMO method has been generalized to periodic
boundary cases. The dielectric constant is set as 78.54 for H2O. Some previous results have shown
that this implicit solvation model is an effective method to describe solvation [15-16]. The 15 A-
thick vacuum is added to avoid the artificial interactions between the functional graphene
monolayer and its images.

It 1s generally believed that the ORR of a fuel cell has two reaction mechanisms: one is that
O is directly reduced to H2O (02 + 4H" + 4¢~ — 2H,0), called the four-electron process; the other
is Oz to form the metastable H2O2 (O2 + 2H' + 2e” — H»0), called the two-electron process. The
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difference is whether the hydrogen peroxide is produced before the O—O bond breaks. Previous
experiments show that [17], the four-electron process is the main process, and the efficiency is
much higher than that of the two-electron process. Therefore, we only discuss the four-electron
process. In order to evaluate the performance of ORR electrocatalyst, we consider the four-electron
association mechanism as the possible reaction path of the cathode:

Ox(g)+ * + (H++ ¢') »O0H* (R1)
OOH*+ (H'+ ¢) —»0* + H,O(I) (R2)
O* + (H+ ¢7) — OH* + H,O(I) (R3)

OH* + (H'+ ¢") — 2H,0(l) (R4)

Where the asterisk (*) represents an active site on the catalyst surface, (1) and (g) refer to
liquid phase and gas phase, respectively.

In the reaction energy landscape, all ORR intermediates are described as proton/electron (H +
e ) transfers [18]. The adsorption energy of the corresponding intermediates are calculated by the
following,

Eads(M) = Esys — Esubstrate — EM (1)

where Egys, Esubstraie and Enm are the total energy of the adsorption systems, the functional
graphene and ORR intermediate, respectively. Eags < 0 corresponds to an exothermic adsorption
process.

The Gibbs free energy changes (AG) of the ORR elemental steps have been calculated
according to the computational hydrogen electrode (CHE) model developed by Nerskov et. al.
where the chemical potential of proton/electron (H" + €7) in solution is equal to the half of the
chemical potential of a gas-phase H>. The AG for every elemental step can be determined as
following:

AG = AE + AZPE — TAS + AGypn + AGy 2)

where AE is the electronic energy difference based on DFT calculations, AZPE implies the
change in zero-point energy, T denotes the temperature (equal to 298.15 K here), AS shows the
change in the entropy, and AGyn and AGu are the free energy contributions due to variation in pH
values (pH is set as 0 in acid medium and 14 in alkaline medium) and electrode potential U,
respectively. The zero-point energies and entropies of the ORR intermediates are calculated from
the vibrational frequencies according to standard methods. Following the suggestion of Wilcox, et.
al. [19], in order to reduce the calculation, the monolayer is fully constrained. AG < 0 corresponds
to an exothermic adsorption process. The free energy G of O is derived as G(O) = 4.92+2G(H20)—
2G(H2) by utilizing OER equilibrium at the standard conditions 12.

Results

Figure 1 presents the optimized structures of CoXn, embedded graphene. Severe deformation
of the graphene is induced by the inserting the CoP,, CoSin and CoS, motifs whilst the flatness is
preserved for the CoBn, CoC, and CoNy, respectively, in consistence with the previous results. In
order to uncover the ligand influence on the Co electronic structure, the partial density of states
(PDOS) of CoP, are analyzed as the representative. As shown in Figure 2, the clear overlaps of the
pd band are observed where the Co d-orbital is concentrated above —5 eV and the P p-orbital is
ranged from —10 to 5 eV, indicating the strong pd orbital hybridization. Therein, besides the Fermi
energy, the hybridized peaks are distinguished at —0.77, —1.84 and —4.55 eV for CoP3; and —1.76,
—2.58 and —4.24 eV for CoPs, respectively. Furthermore, the P s-electron distribution is mainly
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varied from —15 to —10 eV, revealing the faint effect on the Co d-band. Due to the PDOS similarity,
it is concluded that the binding between Co and its environment is originated from the pd
interaction. Herein, the corresponding Co d-band center &4 is summarized in Table 1.
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Figure 2. The partial density of states (PDOS) of CoPh.

Table 1.
THE GEOMETRIC AND ELECTRONIC STRUCTURES OF THE CoX, EMBEDDED GRAPHENE

CoB; CoCs CoNs CoSis CoPs CoSs CoBs CoCs CoNs CoSis CoPs3 CoSs
deox 189 192 189 214 208 213 187 178 185 219 203 205
hcoc 000 003 000 013 010 008 010 008 008 016 015 0.14
Ep -3.28 —6.52 -791 629 -6.18 -3.84 -339 —-7.97 479 441 -454 -2.73
&d -271 -159 -185 -2.00 -277 -123 -115 -236 -149 -144 -195 -185
Mco -055 —-0.29 013 -087 -092 -051 -032 -0.20 0.23 -034 -059 -0.29
Mx 022 —005 -042 081 064 -000 026 002 -041 073 061 0.02

In order to character the sufficiency of the O, activation, the important step of O adsorption
molecule on CoX, embedded graphene is examined. Due to similarity, the CoP3 and CoP4 are acted
as the representatives. The corresponding adsorption energies are listed in Table 1. The O, molecule
prefers to chemically suit at the Co atom via the end-on configuration where the corresponding
length of Co—O bond and O—O bond are 1.693 A and 1.295 A for CoP3, 1.864 A and 1.305 A for
CoP4, respectively. According to the Mulliken charge analysis, charge is transferred from
the substrate to the adsorbed O, molecule. Furthermore, the partial density of states clearly reveals
the obvious hybridization between the O p-orbital and the Co d-orbital of CoP4 in Figure 3, besides
the Fermi energy, the hybridized peaks is at —2.50, being accounted for the O activation, which
correlates with the elongation of the O—O bond.

We use graphene as the catalytic substrate and transition metal Co is doped on the single and
double vacancies. Such a structure can be associated with a substitutional impurity in graphene.
The transition metal has a larger atomic radius than the carbon atom. In the single vacancy
substitution doping, the Co atom will protrude from the surface of the graphene, as shown in Figure
1, which is about 1.3 A above the surface, and correspondingly the height is much smaller
protruded in the double vacancy, which is in same ligand element-nitrogen. Due to the different
nature of the ligand atoms, CoX4 structure will show different structures, such as non-metallic
elements such as P, S, Si, etc. Atomic radius and electronegativity are far different from carbon
atoms, which will result in ligand atoms, even with the protrusion of surrounding carbon atoms,
the structural stability is reduced to varying degrees.

m Tun nuyenzuu CC: Attribution 4.0 International (CC BY 4.0) 201


http://www.bulletennauki.com/

broemens nayxu u npaxkmuxu [ Bulletin of Science and Practice T. 7. Ne2. 2021

https://www.bulletennauki.com https://doi.org/10.33619/2414-2948/63
6 6
Co-s Co-s
=——Cod ——Co-d
s O-s S —0-s
< ——0p < —O0p
O 44 S 41
& <
E % 8 .
o
04 A
20 -15 -10 -5 0 5 0 o ;; 7 p . .
Energy i . . B

Energy
Figure 3. The PDOS of Oz adsorbed CoP;.

In the cathodic electrocatalytic reaction, the surface of the carbon-based catalyst acts as
reaction sites, and the adsorption and desorption of O and several oxygen-containing intermediates
requires moderate strength and conforms to the volcanic principle, so that the reaction can be
carried out quickly and stably. At the same time, the catalyst requires high stability. As shown in
Table 1, we calculate the stability of all structure forms, we can see that the binding energy of CoNy
is —7.91 eV, which has good stability.

According to the four-electron association mechanism in (R1), (R2), (R3), (R4), we calculated
the catalytic properties of three ORR intermediates O, OH, OOH. The advantageous adsorption
properties of ORR intermediates are prerequisites for the reaction to proceed. The results of
adsorption energies are shown in Table 2. It can be seen that adsorption energies of CoX4 to OOH
ranges from —1.48 to —3.76 eV, and that of O is from —2.98 to —5.99 eV, and adsorption energies of
OH values ranged from —2.65 to —5.05 eV, of which CoB4 has the strongest adsorption energy for
three intermediates. In addition to B ligand doping, adsorption energies of CoX3 are stronger than
that of CoX4. According to the previous reaction formulas (R1)(R2)(R3)(R4), the front two
reactions are mainly adsorption of OOH and O-O bond cleavage in ORR, and the latter two
reactions mainly involve the formation and desorption of H2O molecules. CoBs4 and CoX3 have
strong adsorption capacity, but they are not conducive to the desorption of H2O. CoNy4, CoS4, and
CoP4 can be considered as oxygen reduction electrocatalysts.

Table 2.
THE ADSORPTION OF REACTANT O, AND THE ORR INTERMEDIATES (eV)

CoBs CoCs CoN: CoSis CoPs Co0Ss CoBs CoCs CoNs CoSis CoPs; CoSs

Eaus(O2) -3.33 -1.30 -0.73 -156 —-0.66 —0.58 -1.62 —-1.40 -3.10 —1.98 -1.95 -2.05
Eads(OOH) -3.76 -1.96 -1.76 —-2.13 —-153 —-1.48 —247 -278 —-3.05 —-2.88 -222 -232
Eaas(O) -5.99 —-4.17 -3.11 —-4.43 -3.13 -298 429 -460 -576 -56 —4.87 —4.59
Eads(OH) -5.05 -3.12 -2.84 -3.43 —-265 —-2.67 —3.72 -4.03 433 —-4.17 -3.71 —-355
Eass(O2)-side -3.33 -1.30 -0.73 -156 —-0.66 —0.56 —-1.61 —-1.40 -3.05 —-1.98 -1.95 -2.05
Eaas(O2)-end -2.66 -1.14 -0.73 -1.20 —0.55 -0.58 -1.62 -1.38 -3.10 -1.98 -1.63 -1.65
doo 139 140 131 138 131 133 139 139 145 142 142 140
Moz -0.52 -0.45 -0.40 -0.52 —0.39 -0.48 —050 -0.54 -0.73 -0.59 -0.63 —0.58

Based on the data in Table 2, E(O), E(OH), and E(OOH) were used as a function of
adsorption energy of OH, and a dot plot was drawn and fitted, as shown in Figure 4. We can get the
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linear relationship of ORR intermediates about E(OH):
Eads(OOH)=0.93Ea4s(OH)+3.05 (4)
Eads(0)=1.46E.4s(OH)+1.92 (5)

E,,,(OOH)=0.92E,, (OH)+0.95

2| E.(0)=1.33E,, (OH)+0.35

E_ (OH)

ads

Figure 4 The adsorption energy E.gs of the ORR intermediates as a function of Eaqs(OH).

The fitted line slope is comparable to that of porphyrins, and the adsorption energy of O is not
much discrete with respect to E(OH). According to the data in Table 2, it can be seen that different
ligand atoms have a certain regulation effect on the ORR catalytic performance of metal centers.
The Eags data of N, S and P doping differs little, and the catalytic performance. It is known from
previous studies that in the transition metal doping, the carbon atoms bonded to the metal center
may be oxidized, leading the central metal to electrons, prolonging the C—M bond, and
strengthening the bonding of the O-M bond. When other carbon atoms are oxidized, it may cause
weakening of the active center. On the contrary, N, P, etc. are hardly oxidized due to their

electronegativity, ensuring a stable framework of the catalyst.

Table 3.
THE GIBBS FREE ENERGY G AT THE POTENTIAL OF 0V AND 1.23V

CoBs CoCs CoNs CoSis CoPs CoS: CoBs CoCs CoNs; CoSi; CoP; CoSs

OOH 110 311 338 343 339 351 250 229 191 211 283 266

U=0 O 065 138 244 098 232 247 112 088 -0.14 -0.05 070 0.90
OH 187 0.15 056 -014 058 0.61 -045 -0.74 -0.99 -0.88 —-0.39 —0.25

OOH —259 -058 -0.31 -0.26 -0.30 —0.18 -1.19 -1.40 -1.78 —-1.58 -0.86 —1.03

U=1.23 o 311 -108 -0.02 —-148 -0.14 001 -134 —-158 —260 —251 —-1.76 —1.56
OH -3.10 -1.08 -0.67 —-1.37 -0.65 —-0.62 —-1.68 —1.97 —-2.22 —-2.11 -1.62 —-1.48

It can be seen from the foregoing that the double vacancy doping has better performance than
the single vacancy, and we calculated the free energy of the double vacancies doping with reaction
intermediates as shown in Table 3. It can be seen from Fig. 5 that when the potential is 0 V, apart
from CoB4 and CoSis, all catalytic materials are exothermic reaction steps. The formation step of
H>O is the slowest step in each catalytic structures, and when the potential is 1.23V, there is an
energy barrier in the O—O bond splitting step and the HoO forming step, and the R4 step is most
notable, which reaches around 0.65 eV, it is the thermodynamic rate-determining step (RDS) in all
steps. In summary, it can be determined that R4 is RDS of the reaction, the minimum is about
0.6 eV at 1.23 V, which is expressed as being difficult to desorb in the reaction. Among them, CoNy,
CoP4 and CoS4 have better performance, which is consistent with the previous analysis.
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Figure 5. The Gibbs free energy G (a).

Conclusion

According to the first principal calculation, the catalytic performance of transition metal and
different ligand atoms embedded graphene in the oxygen reduction reaction was studied. The
adsorption energy of O and OOH has a linear relationship with the OH adsorption energy, it shows
the adjustment of the catalytic properties of the central metal by ligand atoms. CoNs, CoS4 and
CoP4 have better performance than other catalytic structures. They have the same rate determining
step in the desorption process. The adsorption energy of OH is about 0.4 eV higher than that of Pt
(The adsorption energy of the surface of Pt(1 1 1) is —2.26 eV), resulting in higher energy barriers.
In all aspects, CoN4, CoS4 and CoP4 have similar properties and enhanced catalysis activity.
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