Int. J. Electrochem. Sci., 16 (2021) Article 1D: 210332, doi: 10.20964/2021.03.48

International Journal of

ELECTROCHEMICAL

SCIENCE
www.electrochemsci.org

Short Communication

Cobalt-Phosphorus Decorated Graphene as Electrocatalyst for
Oxygen Reduction Reactions: A Density Functional Theory
Study

F. X. Chen!”, L. B. Yu!, S. S. Liut, C. J. D. Monthe!, M. Wu?, X. B. Jiang?, Z. F. Yuan!

1 School of Energy and Power Engineering, Jiangsu University of Science and Technology, 212003,
Zhenjiang, Jiangsu, China

2School of Chemistry and Chemical Engineering, Hunan University of Science and Technology,
411201, Xiangtan, Hunan, China

3 School of Materials Science and Engineering, Jiangsu University of Science and Technology,
212003, Zhenjiang, Jiangsu, China

“E-mail: yljust18@163.com

Received: 5 November 2020 / Accepted: 5 January 2021 / Published: 31 January 2021

Proton exchange membrane fuel cells (PEMFCs) are extremely vital energy-conversion devices in the
hydrogen economy. In the manuscript, the ORR electrocatalysis catalyzed by the Co/P doped graphene
is investigated by the density functional theory calculations. The binding strength between Co and its
coordination is -5.64 eV, being much stronger than the Co cohesive energy, which effectively guarantees
the stability of Co atomic distribution. According to the adsorption affinity as well as the free energy,
the P ligand is easily oxidized by the OH adsorption. Intriguingly, the presence of OH activator
significantly boosts the ORR activity of Co/P doped graphene and the corresponding overpotential is
reduced from 1.11 V to 0.73 V. Furthermore, the positive influence of P on the ORR activity is
highlighted compared with CoC4 moiety possessed the overpotential of 0.92 V. This work provides the
deep understanding of OH activation mechanism as well as the new strategy for the design of carbon-
based materials as oxygen electrodes.
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1. INTRODUCTION

The increasing concerns over the hasty depletion of fossil fuels and the associated environmental
pollution have compelled society to explore the polymer electrolyte membrane fuel cells (PEMFCs) for
the future energy utilization[1]. However, its massive commercialization is seriously hindered by the
sluggish kinetic of oxygen reduction reaction (ORR) at the cathode[2, 3], even catalyzed by the noble Pt
nanoparticles[4, 5]. Furthermore, the degradation of the relative Pt-based electrode under the harsh
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working environment due to the Ostwald ripening[6, 7], would limits its long-term application. In the
regard, it is a critical task to design the earth-abundant alternatives with superior electrochemical
performance.

Since the discovery of graphene in 2004, the tremendous efforts have been devoted to the
graphene-based materials as ORR electrodes. Especially, the functional graphene with TM/N embedding
has been remarkably progressed, due to the advantages of the adjustable performance as well as atomic
utilization[8-10]. Since the catalytic ability is directly related with the TM d orbital according to the
classic d band theory[11], the introduction of the TM element with suitable d band center into the carbon-
skeleton is a common strategy to accelerate the ORR sluggish kinetics[12]. Take CoNs-decorated
graphene as an illustration, the high efficiency is originated from the proper reactivity to split O-O bond
and avoid OH poisoning[13-16]. Beyond the TM decoration, the glue atoms play the critical role to alter
the ORR activity via changing the coordination environment[17]. Herein, the P element is an astute
choice as ligand coordination due to the same valence electrons and similar chemical properties with
respective to the familiar nitrogen[16, 18, 19]. Interestingly, Jiao et. al. have synthesized P doped porous
carbon and revealed the considerable ORR activity and the excellent long-term stability, in comparison
with the benchmark Pt/C[19]. Furthermore, Zheng et. al. have developed Co/P co-doped reduced
graphene oxide by pyrolysis process, wherein a negative shifting of the half-wave potential with the
value of 12.8 mV is observed with respective to the commercial Pt/C counterpart, indicating its improved
ORR activity. Therein, The high efficiency is be ascribed to the Co-P bonding[20]. However, being
completely different from the well-established N ligand, the embedded P atoms are easily oxidized to
form P-O and P-OH bonds under the ORR condition owing to its low electronegativity[21, 22].
Considering the outstanding activity of the Co/P functionalized graphene, the underlying mechanism is
intensively inspired us to explore but untouched yet.

In this manuscript, density functional theory calculations are performed to analyze the ORR
electrocatalysis of the CoPC3 decorated graphene within an electrochemical framework. The adsorption
behaviors and the thermodynamic free energy profiles are evaluated to ascertain the ORR activity. Our
results indicate during the ORR process, the embedded P is spontaneously oxidized and the preferential
OH adsorption would promote the ORR activity. The data provides the fundamental understanding of
the TM reactivity with the P ligand.

2. COMPUTATIONAL METHOD

Within the DFT framework all calculations are accomplished as achieved in DMol3 code[23,24].
The generalized gradient approximation with the Perdew—Burke—Ernzerhof (PBE) functional is applied
to depict exchange and correlation effects[25]. The DFT Semi-core Pseudopots (DSPP) core treat
method is employed for relativistic effects, which substitute core electrons by a single effective potential
and popose some degree of relativistic correction into the core[26]. The double numerical atomic orbital
augmented by a polarization function (DNP) is selected as the basis set[23]. A smearing of 0.005 Ha (1
Ha = 27.21 eV) to the orbital occupation is adopted to realize 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
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geometry structural optimization, the convergence tolerances of energy, maximum force and
displacement are 1.0x10-5 Ha, 0.002 Ha/A and 0.005 A, respectively. The spin-unrestricted method is
applied for all calculations. A conductor-like screening model (COSMO) was utilized to simulate a H20
solvent environment for all calculations[27]. COSMO is a continuum model in which the solute molecule
forms a cavity within the dielectric continuum. The DMol3/COSMO method has been generalized to
periodic boundary cases. The dielectric constant is set as 78.54 for H20. Some previous results have
demonstrated that this implicit solvation model is an effective method to describe solvation[28,29]. The
15 A-thick vacuum is applied to prevent the artificial interactions between the functional graphene
monolayer and its images.

Generally, the ORR mechanisms are the four-electron process (O2 + 4H* + 4e” — 2H>0) or two-
electron process (O2 + 2H" + 26 — H20,)[30]. According to the previous investigations[31-33], the
former mechanism is discussed herein and the corresponding elementary steps are listed in the
following[34]. Whereas, the asterisk (*) represents an active site on the catalyst surface, (I) and (g) refer
to liquid phase and gas phase, respectively.

OOH associated mechanism:

O2(g)+* — O2* ( O2* adsorption )

O2* + (H*+e) —» OOH* (OOH* formation)

OOH* + (H™+ ¢e) — O* + H20(l) ( O* formation)

O* + (H*+¢e) —» OH* (OH* formation)

OH*+ (H*+ e") — H20(l) (H20 formation)

O> dissociation mechanism:

O2(g) +* — Ox* ( O2* adsorption)

O2* — 20* (O2* dissociation )

O* + (H*+ e) —» OH* (OH* formation)

OH*+ (H™+ ¢) — H20(1) (H20 formation )

The adsorption energy of the corresponding intermediates are calculated by the following[35],
Eads(M) = Esys— Esubstrate — Em (1)

where Esys, Esubstrate and Em are the total energy of the adsorption systems, the functional graphene
and ORR intermediate, respectively. Eads < 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 Ngrskov 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 H2[36]. The AG for every elemental step can be determined as following:

AG = AE + AZPE — TAS + AGpn + AGuy (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 AGpH and AGuy 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.[37], in order to reduce the
calculation, the monolayer is fully constrained. AG < 0 corresponds to an exothermic adsorption process.
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The free energy G of Oz is derived as G(O2) = 4.92 + 2G(H20) — 2G(H>) by utilizing equilibrium of
oxygen evolution reaction at the standard conditions[38].

3. RESULTS AND DISCUSSION

Figure 1(a) presents the optimized CoPCgz configuration where the apparent protrusions of Co
and P atoms are observed and the length of Co-P bond is 2.09 A.
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Figure 1. (a) The systematical structures of the functional graphene with CoPCz moiety, (b) The partial
density of states (PDOS) for the interaction between Co and its coordination PCs, (c) The partial
density of states (PDOS) for the Co d band of CoPC3 moiety in comparison with CoC4 moiety,
(d) The charge density difference of CoPCz moiety.

The binding energy between Co and its surrounding PCs is -5.64 eV, being much stronger than
the Co cohesive energy (-4.10 eV)[39]. It indicates the good resistance against the Co clustering, being
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beneficial for the feasibility of the experimental synthesis[40, 41]. The strong Co capture is further
revealed by the partial density of states given in Figure 1(b). As shown, the orbital couplings between
Co d band and PCs p band are clearly occurred from -10 eV to Fermi energy meanwhile a little
contribution of sd hybridization is identified. Furthermore, the P introduction significantly changes the
Co d band with respective to the CoC4 counterpart, as demonstrated in Figure 1(c). Additionally, the
charge density difference in Figure 1(d) provides the visual image of the Co-P bond, confirming the
covalent characteristic of the Co-P interaction. Furthermore, the electron distribution is evaluated by the
Milliken change analysis. For CoPCz moiety, the Co is negatively charged with the value of -0.50e
meanwhile the positive value of 0.67e is found for P ligand. For comparison, the Co site in CoCs moiety
possesses fewer Mulliken charge with the value of -0.33e. Herein, the electron accumulation on Co atom
is promoted by the P coordination due to the low electronegativity[42, 43]. Therefore, the mentioned
results clearly demonstrate the disparity between CoPCz and CoCs. Since the reactivity is remarkably
sensitive to electronic structure, it is reasonably speculated that the ORR activity is tuned by the P
introduction.

Since the compromise adsorption ability is a prerequisite of the single atom catalysts for ORR
electrocatalysis, the adsorption strengths of ORR intermediates are evaluated in Table 1.

Table 1. The adsorption energy of reactant O2 and the ORR intermediates (eV).

CoPC3 with OH
CoPCs ) CoCy4
pre-adsorption
side-on ) o -1.01 -1.45
Eads(O2) dissociation
end-on -1.13 -1.12
side-on ] o -1.59
Eads(OOH) dissociation
end-on -1.84 -1.97
Co-top -4.43 -4.02 -4.37
Eads(O) P-tOp
Bridge -5.36 -5.52 -4.86
Co-top -3.18 -2.94 -3.20
Eads(OH) P-top -3.36
Bridge -2.82 -2.05 -2.30
Co-top -0.61 -0.11 -0.30
Eads(HZO) P-tOp '013

Bridge
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Figure 2. The adsorption configurations of ORR intermediates on the CoPC3z moiety (a) and CoPCs
moiety with OH activation (b).

Figure 2 presents the favorable adsorption configurations. For CoPCs, the O dissociation
adsorption is spontaneously occurred, implying the progress of O dissociation mechanism[22, 44], that
is, 1/20; + 2(H" + ) +* - O* + 2(H" + &) —» OH* + (H" + &) — H20. Besides, the O and OH are
energetically preferred on bridge site and the top site of P atom, respectively. The corresponding
adsorption energies Eags are -5.36 and -3.36 eV. The ultra-exothermic values demonstrate too strong
affinity of CoPCsz with respective to the data of Pt(111) (Eads(O) =-4.24 eV and Eags(OH) = -2.24 eV)[34],
implying the ORR might be suffered from the O/OH poisoning.

To ascertain the mentioned assumption, the free energy profiles are evaluated in Figure 3(a) and
the corresponding free energy changes of the elementary steps are listed in Table 2. Under U =0V, all
the ORR elementary steps are exothermic and the corresponding free energy changes AG are -2.43, -
1.30, -0.65, -0.42 and -0.12 eV, respectively. The applied potential U changes the free energy profiles.
At U = 1.23 V, the endothermic steps are identified at the first HO formation, OH formation and the
second H20 formation with the corresponding AG of 0.58, 0.81 and 1.11 eV, respectively. Herein, the
rate-determining step is located at the second H>O formation, indicating that the ORR on the CoPCs is
limited by the poisoning of OH. Therefore, the overpotential is ascertained as 1.11 V, revealing the faint
ORR electrocatalysis.
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Figure 3. The ORR pathways and the corresponding free energy diagrams for the CoPC3z moiety (a),
CoPCs moiety with OH activation (b) and CoCs moiety (c).
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Table 2. The Gibbs free energy change AG at the potential of 0 V and 1.23 V.

CoPC3 with OH
CoPCs . CoCy4
pre-adsorption

R1 -2.43 -0.78 -1.05

R2 -1.30 -0.55 -0.31

Uu=o0vV R3 -0.65 -1.73 -2.02
R4 -0.42 -1.37 -1.19

R5 -0.12 -0.50 -0.35

R1 -2.43 -0.78 -1.05

R2 -0.07 0.68 0.92

Uu=123V R3 0.58 -0.50 -0.79
R4 0.81 -0.14 0.04

R5 1.11 0.73 0.88

As previous reported, the easy oxidation of P in the C skeleton has been demonstrated[21].
Furthermore, the self-activation to alleviate too strong adsorption ability could be achieved by the
adsorption of the OH specie as the activator[22, 43, 45]. Therefore, the ORR performance of the CoPCs
with preferential OH adsorption is further studied. According to the adsorption configurations in Figure
2, the O prefers the end-on adsorption on the Co top site. For the ORR intermediates, the O is adsorbed
on bridge site meanwhile OOH and OH are identified on the top site of Co atom. The corresponding Eads
are -1.13, -1.84, -5.52 and -2.94 eV for O, OOH, O and OH, respectively. Compared with the pristine
CoPCs3, the strong OH capture is effectively suppressed due to the transformation of the adsorption site
from P top to Co top. It implies the alleviation of OH poisoning. To further ensure the OH activation
mechanism, the corresponding free energy profile is shown in Figure 3(b). Notably, the OOH associate
pathway is considered due to the lack of dual sites for O2 dissociation[46]. As presented, the endothermic
steps at U = 1.23 V are located as OOH formation and the second H.O formation with the corresponding
AG are 0.68 and 0.73 eV, indicating the latter is the rate-determining step. Herein, the presence of OH
specie acts as the activator and remarkably reduces the overpotential from 1.11 V to 0.73 V. Therefore,
the preferential OH adsorption improves the ORR electrocatalysis. Furthermore, the data of CoC4 are
supplemented for the comparative analysis in order to reveal the influence of P dopant on the Co
reactivity. As demonstrated in Figure 3(c), the ORR performance of CoC4 moiety is thermodynamically
limited by the OOH formation and the corresponding AG is 0.92 eV. That is, to boost the ORR catalyzed
by CoC4 moiety needs the overpotential of 0.92 V. Herein, the presence of P into the C skeleton results
into the decrease of the overpotential from 0.92 V to 0.73 V, indicating the improved activity of CoPCs.
Therefore, the introduction of P ligand significantly accelerates the sluggish ORR progress. Our results
highlight the importance of the ligand on the adjustment of electrocatalysis[47].
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Figure 4. The schematic diagram of OH activator on CoPCs moiety.

4. CONCLUSION

The electrocatalysis of Co/P embedded graphene as ORR electrode are systematically
investigated by means of the density functional theory calculations. Due to the intensive pd
hybridization, the strong binding energy between Co and PCs with the value of -5.64 eV ensures the Co
atomic distribution. According to the free energy profiles, the embedded P is spontaneously oxidized by
the preferential OH adsorption. The presence of the OH activator on P site significantly suppresses the
strength of the OH capture on Co site and then promotes the ORR activity. The corresponding
overpotential of CoPCs is reduced from 1.11 V to 0.73 V. For comparative analysis, the free energy
profile of CoC4 decorated graphene reveals the ORR process is thermodynamically hindered by the OOH
formation with the overpotential of 0.92 V. Therefore, the introduction of P ligand significantly
accelerates the sluggish ORR progress. Our results highlight the importance of the ligand on the
adjustment of electrocatalysis. With respect to the novelty of this study, the new material of the
electrocatalystic of the self-oxidation is beneficial for ORR electrode activity.
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