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C

Inspired by the composites of N-doped graphene and transition metal-based materials as well as MXene-
based materials, heterostructures (M—N4—Gr/V,C) of eight different transition metals (M = Ti, Cr, Mn, Fe, Co,
Ni, Cu, and Zn) doped with nitrogen-coordinated graphene and V,C as potential catalysts for the oxygen
reduction reaction (ORR) using density functional theory (DFT) were designed and are described herein.
The calculations showed that the heterostructure catalysts (except for Zn—-N4-Gr/V,C) were
thermodynamically stable. Ni-N4—Gr/V,C and Co-N4-Gr/V,C showed higher activities towards the
ORR, with overpotentials as low as 0.32 and 0.45 V, respectively. Excellent catalytic performance results
were observed from the change in electronic structure caused by the strong interaction between V,C
and the graphene layers as well as the synergistic effect between the MN,4 groups and the graphene
layers. This study further provides insights into the practical application of ORR catalysts for MXene
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1 Introduction

In recent years, the development and utilization of clean energy
have received global attention due to the serious environmental
pollution caused by fossil fuels. Proton exchange membrane
fuel cells (PEMFCs), as clean and efficient energy conversion
devices, have attracted increasing attention due to their high
energy transformation efficiency, high power density, and low
emissions.”” The cathode oxygen reduction reaction (ORR) is
key to determining the fuel cell performance and energy
transfer efficiency of PEMFCs, and the slow dynamics process is
a major limiting factor in their efficiency.** Currently, the most
widely used cathode catalysts in PEMFCs are Pt/C catalysts,” but
their high cost, low stability, and low activity hinder their large-
scale commercialization. Therefore, to reduce the use of Pt
metals, noble metal-free catalysts should be screened and
designed for the ORR.

Two-dimensional (2D) transition metal carbides and
nitrides, known as MXenes, constitute a large family of 2D
materials.® To date, MXenes have attracted significant attention
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systems through the modulation of the electronic structure of two-dimensional materials.

for their potential applications in energy storage,” sensors,*™*°
and catalysis."*™** Specifically, MXenes with fast charge transfer
properties, adjustable chemical-specific surface area, and high
electrical conductivity offer broad prospects for electrochemical
energy applications. They are also considered as promising
carriers and prominent conductivity enhancers to obtain
synergistic effects for fast charge transfer kinetics."*** Zhu et al.,
have synthesized superlattice-like heterostructure of Fe-N-C
with MXene by experiments with a positive onset potential of
0.92 V in the electrocatalytic oxygen reduction reaction (ORR)
and a durability of 20 h in alkaline electrolytes.’® Zhang et al.,
obtained Ni1/Ni2- and Fel/Ni2-modified MXene-based double
atom catalysts (DACs) as excellent bifunctional ORR/OER cata-
lysts by introducing non-precious metals such as Fe/Co/Ni on
the MXene surface through first-principles calculations.”” Zhou
et al., by first-principles calculations for 3d, 4d and 5d transition
metal single atoms immobilized on the surface of 2D titanium
carbides (Ti,CT and Ti;C,T) as active sites, derived good ORR
activity for single-atom Cu-doped Ti,CO, catalysts with an
overpotential of 0.25 V.*® V,C exhibited good performance as
a carrier material for catalysts in the ORR.

Nitrogen atom-doped graphene'®' is a potential alternative
to Pt-based catalysts due to its high activity and low cost. To
design highly stable catalysts, they must be stabilized using
novel supports. 2D MXenes with abundant nonmetallic groups
include a graphene layer stabilized by the strong interaction
forces of nitrogen coordination, which not only modulates the
catalytic properties of the selected transition metals but also
affects the intrinsic activity of the 2D MXenes.?*** Constructing

© 2022 The Author(s). Published by the Royal Society of Chemistry


http://crossmark.crossref.org/dialog/?doi=10.1039/d2ra01956f&domain=pdf&date_stamp=2022-05-11
http://orcid.org/0000-0002-5968-0608
http://orcid.org/0000-0001-6178-6084
http://orcid.org/0000-0002-2075-9327
https://doi.org/10.1039/d2ra01956f
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra01956f
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA012023

Open Access Article. Published on 12 May 2022. Downloaded on 4/3/2026 6:49:54 AM.

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

(cc)

Paper

heterogeneous structures is a powerful strategy for designing
high-performance materials, where phenomena such as charge
transfer can be observed.”®*” Geng et al. synthesized a large-area
Mo,C/MXene on graphene templates,”® and this heterogeneous
structure was highly active for electrocatalysis via the hydrogen
evolution reaction (HER) with a lower starting voltage than that
of Mo,C-only electrodes. Zhou et al. constructed G/Ti,C, G/V,C,
G/Nb,C, and G/Mo,C heterostructures by theoretical simula-
tions, among which G/V,C and G/Mo,C readily underwent
electrocatalysis with an ORR overpotential of 0.36 V.*

Using their synergistic effects, the composites of N-doped
graphene and transition metal-based materials are one of the
main electrocatalysts for HER, OER, and ORR.****> Due to the
excellent conductivity and charge transfer kinetics of V,C
MXene,”**** We are inspired to investigate the possibility of
using it as a potential carrier material for N-doped graphene to
develop efficient ORR catalysts. Considering the nature of
transition metals and the effective charge transfer kinetics of
MXene, the heterostructure of N-doped graphene and transition
metal-based material composites with V,C (M-N,-Gr/V,C) were
investigated as a superior ORR catalyst. The electrocatalytic
properties of eight different transition metals (M = Ti, Cr, Mn,
Fe, Co, Ni, Cu, and Zn) doped with nitrogen ligands were
investigated for graphene with V,C heterostructures. Their
electronic properties, free energies, and volcano curves were
obtained using DFT calculations. The calculations showed that
the MN, group was the active center of the reaction interme-
diate and Ni-N,-Gr/V,C had a promising ORR catalytic effect.
The ORR effect of the eight catalysts was investigated by
analyzing the interactions between the MN, groups and the V,C
substrates through the charge transfer mechanism. The density
of states (DOS) indicated that increased ORR activity arose from
the moderate hybridization between the d-orbital of the Ni atom
and the p-orbital of O. The volcano curves indicate that Ni-N,—
Gr/V,C and Co-N,-Gr/V,C are located at the peak of the
volcano, resulting in the highest activity with moderate inter-
action between the reaction intermediate and the catalyst. This
study provides a novel approach for the design of ORR catalysts
through the modulation of the electronic structure of 2D MXene
materials and inspiration for the practical application of high-
performance electrocatalysts in MXene systems.

2 Calculation method
2.1 Method

All calculations were performed using the Vienna Ab initio
Simulation Package (VASP),** wherein the Perdew-Burke-Ern-
zerhof (PBE) generalization of the generalized gradient
approximation (GGA) was used to describe the exchange rela-
tion effect.*® A plane-wave basis set with a cutoff energy of
550 eV and a projector-augmented wave (PAW) potential were
used.*” To simulate the heterogeneous structure of graphene
and MXene, we used 2 x 2 x 1 graphene supercell and 1 x 3 X
1 V,C supercell while swapping the a and b coordinates of
graphene. Specifically, the lattice mismatch ratio is 1.85%
(Table 1). The initial layer spacing of the heterogeneous struc-
ture was set to 3 A. A vacuum layer of 20 A was applied in the
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Table 1 Lattice mismatch ratio (6) and interlayer distance (d) of the
graphene/MXene heterostructures

System a(A) b (A) Heterostructure (A) 0 (%) d(A)
G 2.46 4.26 4.92 x 8.52 (2 x 2) 1.85% 2.10
V,C 5.01 2.89 5.01 x 8.67 (1 x 3)

vertical direction so that the lattice strain of graphene has
a negligible effect on the binding properties and catalytic
activity.” The model structure is fully optimized in the con-
strained supercell using a total energy of 10~* eV and a force of
0.02 eV A", The weak van der Waals (vdW) interactions
between the graphene layers and MXene can be described using
Grimme's DFT-D3 dispersion correction scheme.*® The Gamma
scheme was used to sample the Brillouin zone, with a k-point
grid of 2 x 3 x 1 for geometric optimization and 4 x 6 x 1 for
electronic structure calculations. The partial charge density and
charge transfer were evaluated by Bader charge analysis.** The
DOS was calculated to analyze the atomic bonding, interatomic
interactions, and electrical conductivity in the reaction
following adsorption. The minimum energy pathway was ob-
tained using the climbing image nudged elastic band method*’
and MD simulations with a time step of 2 fs using density
functional tight-binding.**

2.2 Calculations

The adsorption energies (E,q5) were calculated for all interme-
diates during the ORR reactions (*O, *O,, *OH, and *OOH):

Eaqs = Eagss — Eaa — Es (1)
where E,q/s, Eaq, and Es represent the energies of the MXene
substrate, free adsorbate, and adsorbate on the pure MXene
substrate, respectively. A negative E,qs indicates that the
adsorbed molecules are energetically favored to adsorb on the
catalyst surface.

The free energy diagram of the reaction was calculated
according to the method developed by Nerskov et al. The reac-
tion free energy is the difference between the initial and final
states, and the change in the Gibbs free energy at each step of
the ORR is given by:

AG = AEpgr + AZPE — TAS + AGy + AGyy (2)

where AEppr, AZPE, and AS are the changes in the reaction
energy, zero-point energy, and entropy from the initial state to
the final state, respectively, as calculated by DFT. T is the
standard room temperature (298.15 K). The vibrational
frequencies were calculated by density general function theory,
and the ZPE correction values and entropies were obtained. The
vibrational frequencies and entropies of the gas-phase mole-
cules can be found in the NIST database.*” AGy is the free energy
contribution associated with the applied electrode potential U,
while AG,y is the correction for the H" free energy by concen-
tration. AGpy = In 10 x pH x kgT, where kg is the Boltzmann
constant, and pH = 0 under acidic conditions. The standard
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Table 2 Gibbs free energy of oxygen-containing intermediates (O,
OH, and OOH) AGso, AGsop, and AGscon; 1 °FR represents the
overpotential in the ORR process

System AGxo AGron AG+oon YORR
Ti-N,~G1/V,C —1.67 —1.49 2.01 —
Cr-N,-Gr/V,C —0.01 —0.22 2.94 1.45
Mn-N,-G1/V,C 1.10 0.19 3.31 0.98
Fe-N,~Gr/V,C 1.65 0.54 3.54 0.69
Co-N,~Gr/V,C 2.26 0.78 3.80 0.45
Ni-N,-Gr/V,C 2.75 0.91 3.96 0.32
Cu-N,-Gr/V,C 2.73 0.73 3.84 0.50

hydrogen electrode (SHE) method was used to calculate the
ORR overpotential ( °%¥), and we considered the 4e~ associate
pathway of the ORR under acidic conditions, which is the main
mechanism of transition metal-doped graphene with V,C/
MXene heterostructured catalysts.

* 4+ 0,(g) + H" + e~ —> *OOH (3)
*00H + H" + e~ — *O + H,0(1) (4)
*0+H"+e — *OH (5)

*OH + H" + e~ - H,O(l) + * (6)

where * represents the adsorption sites on the catalyst surface
and *OOH, *O, and *OH are oxygen intermediates. The Gibbs
free energy was calculated for each ORR step (Table 2), and the
ORR overpotential is given by:

NORR = 1.23 — AGmin/e (7)

where AGp,, is the minimum Gibbs free energy for the four
reaction steps given by eqn (3)-(6) and 1.23 V is the equilibrium
potential of water at pH 0 and 298.15 K.

The expression was used to calculate the formation energy of
the M-N,-Gr/V,C defect Eg:

Ey = Evn,cv,e T 6puc — (Egv,e + 4un + um) (8)

where Ey n,-criv,c and Egy, ¢ are the respective energies with M-
N,-Gr/V,C and g/V,C defects within the optimized geometry of
graphene; the numbers 4 and 6 denote the number of doped N
and C atoms removed from the pristine graphene sheet to form
M-N,-Gr defects; uc is the chemical potential of carbon as the
total energy per carbon atom of defect-free graphene;**** uy is
the chemical potential of N or half of the total energy of a N,
molecule; and wy is the chemical potential of an isolated
transition metal atom.

2.3 Models

In this study, the heterostructure formed by transition metal-
doped graphene with V,C was used to improve the activity of
the cathode catalyst. Four N atoms were chosen to modify gra-
phene, and the transition metal atoms were placed in the center
of the N atoms, resulting in an M-N,-Gr/V,C heterostructure. A
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Fig. 1 (a) Top view and (b) side view of M-doped N-coordinated
graphene supported by V,C/MXene, and their interlayer distances; the
pink, cyan, and gray balls denote V, N, and C atoms, respectively.

total of eight structures were studied: Ti-N,-Gr/V,C, Cr-N,-Gr/
V,C, Mn-N,-Gr/V,C, Fe-N,-Gr/V,C, Co-N,-Gr/V,C, Ni-N,-Gr/
V,C, Cu-N,-Gr/V,C, and Zn-N,-Gr/V,C (Fig. 1a).

3 Results and discussion

Composites of N-doped graphene and transition metal-based
materials that form heterostructures with MXene are known to
act as bifunctional catalysts for ORR and OER.* To further
motivate the catalytic activity of single atom-doped N-liganded
graphene as an active site, we formed heterostructures of M-
doped N-liganded graphene with V,C. The synthesis of such
heterostructures is feasible, as recent experiments generated
MoC, films directly on the graphene surface via chemical depo-
sition as well as on the graphene nanoribbons.>* The distance
between our designed graphene and V,C heterostructure is 2.1 A
(Fig. 1b) and resulted in an energy of —10.13 eV, indicating
strong coupling between the interfaces. After the transition metal
was modified, the formation energy was calculated (shown in
Fig. 2), where a negative value indicated the greater stability of
the structure, and only the Zn-doped N-liganded graphene het-
erostructure was found to be unstable. The other transition
metals follow the sequence according to stability intensity: Ti-
N,-Gr/V,C > Co-N,~Gr/V,C > Fe-N,-Gr/V,C > Ni-N,-Gr/V,C >
Cr-N,-Gr/V,C > Mn-N,-Gr/V,C > Cu-N,-Gr/V,C, with the results
ranging from —5.64 to —1.59 eV.

The transition metal d-band center is a useful parameter for
predicting the catalytic performance of a catalyst. The calcu-
lated d-band center (d;) is shown in Fig. 2, and the results
indicate that the d, of Ti-N,~Gr/V,C, Cr-N,-Gr/V,C, and Mn-
N,-Gr/V,C are close to the Fermi level (E;). The absorption
would, therefore, be too strong for the intermediate and may
deactivate the catalyst. In addition, the d, of Cu-N,-Gr/V,C and
Zn-N,-Gr/V,C are far from the Ey, resulting in an adsorption
capacity too weak for the ORR. Unlike Ti-, Cr-, Mn-, and Cu-
based systems, Fe-, Ni-, and Co-based systems have moderate
d. values and are expected to show good catalytic activity for
the ORR.

3.1 ORR thermodynamic process of the M-N,-Gr/V,C
heterojunction catalyst

Due to the weak adsorption of O, and *OOH on pristine gra-
phene and transition metal atom-doped graphene, such as M-

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Formation energy and d-band center of different transition
metal heterostructures M—N4-Gr/V,C (M = Ti, Cr, Mn, Fe, Co, Ni, Cu,
and Zn).

N-Gr, the ORR always via the associative mechanism rather
than the dissociative mechanism. ORR needs to overcome the
high energy barrier on the surface.**® Therefore, in our calcu-
lations, we calculated the catalytic activity of M-N,-Gr/V,C
using the binding pathway of ORR (eqn (3)—(6)). To understand
the catalytic effect of the M-N,~Gr/V,C catalyst, we calculated
the thermodynamic processes to obtain the Gibbs free energy of
the 4e™ path at U= 0 and 1.23 V as well as the theoretical voltage
to evaluate the catalytic performance of the M-N,-Gr/V,C
catalyst. It should be noted that the overpotential (n °%¥) for the
assessment of catalytic activity is determined by the maximum
free energy difference (AG) in the 4e” step, indicating that
a lower free energy may not always lead to better catalytic

View Article Online
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performance. The ORR process for Ti-N,-Gr/V,C, Cr-N,-Gr/
V,C, and Mn-N,-Gr/V,C had high overpotentials, resulting in
poor catalytic activity, while the "°*® values of Fe-N,-Gr/V,C,
Co-N,-Gr/V,C, Ni-N,-Gr/V,C, and Cu-N,-Gr/V,C were rela-
tively low at 0.69, 0.45, 0.32, and 0.50 V, respectively. As shown
in Fig. 3, at an electrode potential of zero (U = 0 V), the free
energies of the basic reduction steps for the Mn-N,-Gr/V,C, Fe-
N,-Gr/V,C, Co-N,-Gr/V,C, Ni-N,-Gr/V,C, and Cu-N,-Gr/V,C
catalysts and their theoretical potentials decreased, indicating
that the ORR process was self-initiated. Experimental and
theoretical calculations have revealed that changes in the
adsorption of oxygen-containing intermediates are key to rate
limiting in catalytic reactions.”” The hydrogenation of OH to
water increased significantly in the Ti-N,-Gr/V,C and Cr-N,-
Gr/V,C catalysts, which is not favorable for the ORR process.
The hydrogenation *OH to H,O is the rate-determining step for
Ti-N,—Gr/V,C, Cr-N,~Gr/V,C, Mn-N,-Gr/V,C, Fe-N,-Gr/V,C,
Co-N,-Gr/V,C, Ni-N,-Gr/V,C, and Cu-N,-Gr/V,C. Among
them, Ni-N,-Gr/V,C and Co-N,-Gr/V,C exhibited high ORR
performance with theoretical overpotentials of 0.32 and 0.45 V,
respectively; Co-N,-Gr/V,C showed a catalytic activity compa-
rable to that of the Pt/C catalyst.

The free energy of adsorption of oxygen-containing inter-
mediates of ORR is shown in Table 2. The results showed that
the free energies of adsorption of O on Ti-N,-Gr/V,C (—1.67 eV)
and Cr-N,-Gr/V,C (—0.01 eV) were significantly lower than on
the other reactive groups (1.65-2.75 eV). As mentioned above,
the strong binding of O prevents the subsequent reaction
process. This is illustrated in the energy diagram in Fig. 3a,

a 5 c
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Fig. 3 Free energy diagrams of ORR intermediates on (a) Ti—-N4—Gr/V,C, Cr—N4—Gr/V,C, (b) MN—-N4—-Gr/V,C, (c) Fe—N4—-Gr/V,C, (d) Co—Ny—
Gr/V,C, (e) Ni-N4—Gr/V,C, and (f) Cu—N4—Gr/V,C surfaces at zero electrode potential (purple lines), working potential (orange lines), and

equilibrium potential (green lines).
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curves.

where the rate-determining steps of the ORR on M-N,-Gr/V,C
are the generation of *OH and *OOH from *O.

The linear relationship of the Gibbs free energy between
different oxygen-containing intermediates was obtained during
the calculation of the 4e™ reaction, further revealing the
performance of ORR on these heterogeneous structured cata-
lysts. As shown in Fig. 4a, a strong linear relationship exists
between the oxygenated intermediate *OOH (G+oon) and *OH
(AG+on) Gibbs free energies, center as descriptors, where the
Ni-N,-Gr/V,C catalyst is located at the top of the volcano plot
and demonstrates the highest activity. A comparison with the
corresponding data on the Pt(111) surface revealed that Ni-N,-
Gr/V,C has a high catalytic performance for ORR. The d-band
center revealed improved catalytic activity between —1.5 and
—2.5, with Ni-N,-Gr1/V,C showing the highest catalytic activity.

3.2 Effect of V,C as the substrate material on M-N,-Gr

To study the effect of V,C as a substrate carrier material on M-
N,-Gr, we calculated the projected DOS (Fig. 5). In the absence
of V,C as the substrate material, Ti-N,—Gr and Cr-N,-Gr cata-
lysts exhibit a small amount of electron crossing at the Fermi
energy level and possess significant electron leaps at the Fermi
energy level, indicating their very weak conductivity.

Notably, Ni-N,-Gr exhibits semiconducting properties
through its paramagnetism, a perfectly symmetric electron
population in the spin-up and spin-down orbitals, and lack of
an electron leap at the Fermi energy level. However, in the
presence of V,C substrate as the material (Fig. S17}), the M-N,—
Gr1/V,C catalyst undergoes a large number of electron transi-
tions at both Fermi energy levels, while Ni-N,-Gr changes from
paramagnetic to the metallic nature of Ni-N,-Gr/V,C with
strong electron transfer ability. This further indicates that V,C
as the carrier material can improve the conductivity of the
catalyst and thus the catalytic activity. Moreover, the Bader
charges of the transition metals with and without the V,C base
material were calculated. In the absence of V,C, M experiences
losses in charge transfer to N in M-N,-Gr, while this charge loss
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versus the change in Gibbs free energy (AG«o — AGxon) and n

"ORR versus d-band center

gradually decreases with the change of M. The charge transfer
range is 1.66-0.86e. In the presence of V,C as the substrate
material, the charge transfer of M in M-N,-Gr/V,C decreased
significantly to 1.39-0.61e (Table S1t), indicating that the
adsorption is favored when oxygen-containing intermediates
are adsorbed, further facilitating the catalytic reactions.

3.3 Effects of changes in electronic structure on ORR activity

The adsorption of reactants on the catalyst surface is a prereq-
uisite for the ORR. We investigated the adsorption properties of
oxygen-containing intermediates on different transition metal
surfaces. Table 3 shows the adsorption energy of O, (Eads-o,), the
distance between adsorbed oxygen atom (do o), the distance
between transition metal and oxygen atoms (dy_o), and the
number of charges obtained by O, from M-N,-Gr/V,C (Q — O,).
The adsorption energy and O-O bond length of O, were in the
ranges of —0.46 to —4.25 eV and 1.28 to 0.46 A, respectively,
indicating its ability to adsorb stably on the surface. In the
reaction process, the binding of an effective catalytic site to an
intermediate cannot be too strong or it would be not conducive
to further reduction reactions. After the stabilization of O,
adsorption, the O-O bond lengths were measured and were
found to all be elongated compared to the bond length of O,
itself (1.21 A). In addition, O, and *OOH got different charges
from the transition metal M, and the corresponding charge
transfer ranges were 0.39-0.97e and 0.49-0.58e, respectively,
and it can be found that O, and *OOH at Ni-N,-Gr/V,C from M
get the least charge, indicating that they are relatively weakly
adsorbed on the surface and can be desorbed in the reaction,
which is favorable for the ORR reaction. O, possessed different
charges, mainly due to charge transfer from the MN, group to
0,, indicating that the M-N, group was the active center.

The electronic properties of O, adsorbed on the M-N,-Gr/
V,C catalysts were calculated to reveal the high reactivity and
ORR activity of the constructed heterostructure catalysts. First,
the partial density of states (PDOS) of all catalysts were found to
exhibit strong DOS at the Fermi energy level (Ef), and the M-

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Adsorption energy of oxygen (Esgs-0,). intermolecular
distance of adsorbed oxygen (do-o), distance between transition
metal and O atoms (du-o), number of charge transfers obtained by O,
(Q — O) and OOH (Q — OOH (e)) from the M—N4—Gr/V,C substrate (Q
-0,

Q- Q-
Properties E.aso0, (€V)  do-o (A) duo(d) 0,(e) OOH ()
Ti-N,~Gr/V,C ~ —4.25 1.46 1.75 0.97  0.56
Cr-N,-Gr/V,C —2.16 1.42 1.68 0.85 0.57
Mn-N,-Gr/V,C —1.17 1.42 1.83 0.86 0.83
Fe-N,-Gr/V,C —0.90 1.30 1.93 0.51 0.52
Co-N,-Gr/V,C —0.53 1.29 2.08 0.56 0.51
Ni-N,-Gr/V,C —0.46 1.28 2.14 0.39 0.49
Cu-N,~Gr/vV,C  —0.71 1.29 1.95 0.43  0.53

d orbitals were strongly coupled to the O-p orbitals, indicating
the high M-3d electron concentration within the catalyst
(Fig. S21). These high 3d states provided enough electrons for
the intermediates, which led to extremely strong interactions
and the difficult release of the intermediates. In contrast, the
Co-N,-Gr/V,C and Ni-N,-Gr/V,C catalysts showed marked
improvement with moderate binding compared to the other
catalysts. The Co-3d and Ni-3d states not only had significant

© 2022 The Author(s). Published by the Royal Society of Chemistry

peak overlap with the O-2p orbitals at the Fermi energy level
(Fig. 6) but also have moderate interactions at the catalyst and
intermediate. Second, in the analysis of the distribution of
exchange charges, the charge on the substrate gradually
decreases, transferring to the transition metal and further
transferring to the O, molecule. As shown in Table 3, the O,
molecule gains a significant amount of charge, making it easier
for O, to adsorb on the catalyst, with a charge transfer range of
0.39-0.97e. Meanwhile, the O-O bond length is significantly
stretched compared to the initial length of 1.21 A, indicating the
favored reduction of O,. Finally, for O, adsorbed in the Co-N,-
Gr/V,C and Ni-N,-Gr/V,C distributions of exchange charges
(Fig. 6a and b insets), the blue and yellow regions represent the
depletion and accumulation of electrons, respectively. The
differences in charge density indicate that the positive charges
are mainly concentrated in the middle of the two O atoms
perpendicular to the O-O bond, while the negative charges are
mainly concentrated on the two O atoms, leading to repulsive
interactions between them.*® In general, the negative charge
accumulated on the O atom helps to trigger the dissociation of
0,. O, molecules receive their charge from the M-N, group,
which is considered as the reactive group, and its electron
donating capacity is a key factor affecting the catalytic activity of
the system.
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The designed Ni-N,-Gr/V,C and Co-N,-Gr/V,C catalysts
were subjected to dynamics testing (Fig. 7). The results showed
that the energy of the Ni-N,~Gr/V,C catalyst oscillated back and
forth over a range and no bonds were broken or formed between
the atoms during the simulation, indicating that the Ni-N,-Gr/
V,C catalyst was kinetically stable. In contrast, the Co-N,~Gr/
V,C catalyst showed significant energy fluctuations at 900 K,
which may destabilize the catalyst.

14374 | RSC Adv, 2022, 12, 14368-14376

4 Conclusion

We simulated the heterostructures of eight different transition
metals (M = Ti, Cr, Mn, Fe, Co, Ni, Cu, and Zn) doped with
nitrogen-coordinated graphene with V,C as potential ORR
catalysts using DFT calculations and investigated the hetero-
structure stability, active volcano map, electrical conductivity,
adsorption energy of the intermediates, and electronic structure

© 2022 The Author(s). Published by the Royal Society of Chemistry
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of the transition metals. It was found that the heterostructure
catalysts were thermodynamically stable, except for Zn-N,-Gr/
V,C. Moreover, it was thermodynamically determined that Ni-
N,-Gr/V,C is a potential ORR catalyst with an overpotential of
0.32V, and the d-band center as a descriptor has a good volcano
curve relationship with the overpotential. In the presence of the
V,C substrate, there is a strong electron jump at the Fermi
energy level, improving the conductivity of the catalyst. The Ni-
N,-Gr/V,C catalysts also demonstrated excellent thermody-
namic stability at 500 and 900 K. The results are significant for
the rational design of transition metal-doped N-liganded
graphene/MXene heterostructure catalysts with high ORR
performance.
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