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Transition metal carbides and nitrides are interesting non-precious materials that have been shown to replace or reduce the

loading of precious metals for catalyzing several important electrochemical reactions. The purpose of this review is to

summarize density functional theory (DFT) studies, describe reaction pathways, identify activity and selectivity descriptors,

and present a future outlook in designing carbide and nitride catalysts for the hydrogen evolution reaction (HER), oxygen

evolution reaction (OER), oxygen reduction reaction (ORR), nitrogen reduction reaction (N,RR), CO, reduction reaction

(CO,RR) and alcohol oxidation reactions. This topic is of high interest to scientific communities working in the field of

electrocatalysis and this review should provide theoretical guidance for the rational design of improved carbide and nitride

electrocatalysts.

1. Introduction

Transition metal carbide (TMC) and nitride (TMN) materials are
synthesized by incorporating carbon and nitrogen atoms into
the interstitial sites of transition metals, all 3d elements, as well
as 4d and 5d elements of group IVB-VIB early transition metals.'
3 These TMC and TMN materials have demonstrated unique
physical and chemical properties, which combine the
characteristic properties of covalent solids, ionic crystals, and
transition metals.*® For example, they often possess the
extreme hardness and brittleness of covalent solids, the high
melting temperature and simple crystal structures of ionic
crystals, and electronic and magnetic properties similar to
transition metals.* TMC and TMN materials often show
characteristic properties similar to platinum-group metals
(PGMs).127-9 Currently PGM-based catalysts are the best performing
catalysts for many electrochemical reactions.®© However, the high
cost and low earth-abundance of PGMs are potentially major
obstacles for the large scale application of technologies that rely on
the use of PGMs as catalysts. The utilization of TMC and TMN
materials, either as catalysts or as catalyst supports, has the potential
to replace or substantially reduce the loading of PGMs for several
electrocatalytic reactions.
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The rational design of active and selective TMC and TMN
catalysts relies on the fundamental understanding of the
interactions between molecular species and the catalyst
surface. However, the atomistic picture of such interactions
cannot be achieved by relying on experimental techniques
alone. Theoretical calculations that provide an accurate
description of bond forming and breaking processes at the
atomic level are suitable in this regard. Density functional
theory (DFT) electronic structure calculations, based on the
time-independent Schrodinger equation, have emerged as an
important, reliable, and transferable method to investigate the
molecular processes at the nanoscale. Thus, DFT calculations,
which provide the ground state energy of a system, offer a
unique opportunity to compute the energetics of a reaction on
catalytic surfaces. DFT calculations have been applied
extensively to understand the electrocatalytic applications of
TMC and TMN catalysts. The DFT based atomistic understanding
of catalyst structures and reaction mechanisms, as well as the
identification of key reaction descriptors, play an important role
for the accelerated discovery of catalysts based on TMC- and
TMN materials.

In this review, we aim to summarize and provide an in-
depth discussion of recent DFT studies of energy related
electrochemical reactions performed on TMC- and TMN-based
electrocatalysts. We will first introduce parameters and
structural models that are typically used for DFT calculations of
TMC and TMN surfaces. We will then summarize the general
trends in the utilization of TMC- and TMN-based catalysts for a
wide range of electrochemical reactions, including hydrogen
evolution reaction (HER), oxygen evolution reaction (OER),
oxygen reduction reaction (ORR), nitrogen reduction reaction
(N,RR), CO, reduction reaction (CO,RR) and alcohol oxidation
reactions. We will also identify opportunities and challenges for
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Table 1 Summary of DFT calculated parameters for selected electrochemical reactions on TMCs and TMNs as either catalysts or
catalyst supports.

Reactions System DFT/DFT+U Functional Unit cell k-points
DFT (vdW=van der Waals
correction)
Unmodified and metal-modified NbC, TaC, TiC, VC(111) DFT GGA-PW91 3x3 3x3x1
and WC, W,C, Mo,C(0001)!1 - - - -
Pt and Pd supported on W-/C-terminated WC(0001)*? DFT GGA-PBE 2x+/3 4x4x1
B-Mo,C(0001)13 DFT GGA-PW91 3x3 4x4x1
FesC(001), B,C(111), M0o,C(011) and (101), TiC(310)4 DFT GGA-RPBE 2x2 4x4x1
M;N; (M = Sc, Ti, Y, Hf, Ta and Mo, N is nitrogen) (100) DFT GGA-RPBE 3x3 4x4x1
facet?® - - - -
HER PdH/NbN(111) and PdH/VN(111)® DFT GGA-PW91 3x3 3x3x1
Co,N(111) and V-Co,N(111)Y7 DFT GGA-PBE 2x2 3x3x1
M,1Cn0, and M,,1N,O, (M = Sc, Cr, Hf, Mo, Nb, Ta, Ti, V, DFT GGA-PBE 3x3 4x4x1
W,Zr;n=1,2,3)8 - - - -
Heteroatom X (X = N, B, P, S) doping effect on the HER of DFT GGA-PBE-vdW 3x3 5x5x1
M,C MXene (M = Ti, Mo)*° - - - -
Ni-Activated TMCs (M =V, Fe, Cr, and Mo)?® DFT GGA-PBE 2x2 -
Single atom catalysts of transition-metal (23 different TM) DFT GGA-PBE-vdW 2x4 3x5x1
doped phosphorus carbide monolayer (a - PC)20 - - - -
WC, Mo,C, VC, NbC, TaC(110) and TiC, ZrC(0001)3 DFT GGA-PW91 3x3 3x3x1
V,4C3, VgCy and VC surfaces of (0001), (110) and (111)%* DFT GGA-PBE - 4x4x2
OER Co-doped FesC@Carbon nano-onions?? DFT GGA-PBE 2x1 4x4x1
M:C, (M =Ti, V, Nb, Ta, and Mo, C is carbon)> DFT GGA-PBE-vdW 2x2 5x5x1
IrO,(110), IrO,/NigN(111) and 1rO,/Fe,N(111)23 DFT GGA- PW91 5x5 1x1x1
Ni; 5Coy.sN and PF/Ni; sCoq sN nanorods arrays?* DFT GGA-PBE-vdW - 3x3x1
NiFeP/MXene electrocatalyst?® DFT+Upgr GGA-PBE-vdW 4x4 3x3x1
Pty/TiC(001)26 DFT GGA-PBE 3x3 5x5x1
Pdw/TiC(001)* DFT GGA-PBE 3x3 3x3x1
Graphene(G) and N-doped graphene(NG) supported on DFT BEEF-vdW \/37 x \E -
ORR  FesC(010) and Fe(110) 27 - - V2 xA2 -
Monolayer Pt, Pd, Au supported on WC(0001)28 DFT GGA-PW9I1 3x3 5x5x1
TiN(111) and TiN(200)2° DFT GGA-PBE 2x2 4x4x1
Different facets of CoN3° DFT GBRV-RPBE 2x2 8x8x1
Pt/Pd-doped Nb,CT, MXene (T = O, F and OH)3! DFT+Upgr GGA-PBE-vdW 3x3 5x5x1
Molybdenum carbide nanodots (Mo,C/C)32 DFT GGA-PBE - 5x5x1
Different facets of MoC and MoCj 5® DFT GGA-PBE 2x2 4x4x1
Surfaces of y-MoN33 DFT GGA-PBE 4x4 4x4x1
Rocksalt and zinc blende of VN, ZrN, CrN and NbN34 DFT GGA-RPBE 3x3 4x4x1
Zincblende (110) surfaces of metal nitrides3® DFT GGA-RPBE 3x3 4x4x1
N,RR VNO (111)38 DFT GGA-PW9I1 2x2 3x3x1
VN(111) and VNg 7500.,5(111)37 DFT GGA-PW91 4 x4 4x4x1
M,XT, MXenes (M =Ti, V, Zr, Nb, Mo, Ta, W; X = C, N)38 DFT BEEF-vdW 2x2 4x4x1
M,C (M = Sc, Ti, V, Cr, Mn, Fe, Zr, Nb, Mo, Ta and Hf) DFT GGA-PBE-vdW 4 x4 3x3x1
MXenes3® - - - 5x5x1
Single TM embedded in MXene (Mo,TiC,0,) defects?*® DFT GGA-PBE-vdW 3x3 3x3x1
Series of single TM atom anchored Mo,CO, or Ti,CO,* DFT GGA-PBE-vdW 2x2 5x5x1
PdH/TaC(111) and PdH/NbC(111)%2 DFT GGA-PWI1 3x3 3x3x1
M/WC (M = Mn, Fe, Co, Ni, Cu, Zn, Ru, Rh, Pd, Ag, Ir, Pt, and DFT GGA-RPBE 2x2 2x2x1
Au)*3 - - - 6x6x1
Pty /WC and WC* DFT GGA-RPBE 3x2 2x3x1
Transition metal carbides (MXenes)*® DFT GGA-PBE-vdW - 5x5x1
CO,RR TiC- and TiN-supported single-atom?4® DFT GGA-RPBE-vdW 4x4 3x3x1
Palladium-modified TMNs (Pd/TMN)16 DFT GGA-PWI1 3x3 3x3x1
Ti,CT, and Mo,CT, MXenes*’ DFT GGA-PBE-vdW 3x3 3x3x1
2 | Chem. Soc. Rev., 20xx,XX,XX This journal is © The Royal Society of Chemistry 20xx
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O-terminated M,X0O, type MXenes, where M = Sc, Ti, Zr, Hf, DFT GGA-PBE-vdW 3x3 2x2x1
V, Nb, Ta, Cr, Mo, W; and X=C, N. 48 - - - -
M3C, (M =Sc, Ti, V, Cr, Mn, Y, Zr, Nb, Mo, MoTi, Hf, Ta, and DFT GGA-PBE-vdW 3x3 5x5x1
W)4o - - - -
Mo,C and TizC, MXenes*° DFT+Upgr GGA-PBE 3x3 4x4x1
Single transition metal (TM = Sc, Ti, V, Cr, Mn, Fe, Co, Ni, DFT GGA-PBE-vdW 3x3 3x3x1
Cu, Zn) atom catalysts on Ti,CN,>! - - - -
Mo Carbides>? DFT BEEF-vdW 3x3 4x4x1
Pd/WC(0001) for MOR53 DFT GGA-PWI1 3x3 3x3x1
MOR, Pt and @-WC surfaces for MOR>* DFT GGA-PBE 3x3 3x3x1
EOR Series of Pt-modified WC(0001) for MOR>> DFT GGA-PBE 3x3 4x4x1
Pty /TaC(111) for EOR>® DFT GGA-PWI1 3x3 3x3x1
Pty /WC(0001) for EOR%? DFT GGA-PWI1 3x3 3x3x1

improving the electrocatalytic performance of these materials
using DFT calculations.

2. DFT Methods

The low index thermodynamically stable surfaces (e.g. (111),
(100), and (110) surfaces) are typically used to represent the
nanoparticle catalyst surface to gain a mechanistic
understanding of active sites, reaction mechanisms, and key
activity and selectivity descriptors. The DFT optimized bulk
structures are used to cleave the relevant surface to study
surface reactions. Within this approach, the binding energy (BE)
of an adsorbate on a catalyst surface can be calculated
as11,14,16,29,42,58-64
BE = E(siab-adsorbate) — E(slab) = E(adsorbate) ~ (EQuation 1)
where E(gjap-adsorbate), E(siab)y aNd E(adsorbate) are the total energy of
slab with adsorbate, the total energy of clean slab, and the
energy of adsorbate in the gas phase, respectively. According to
this definition, more negative adsorption energy indicates
stronger adsorption.?®
The DFT calculated total energy can be used to compute
the Gibbs free energy (G) of a gas phase species as 146165
G =E + ZPE-TS (Equation 2)
Here, E is the total energy of a species obtained from DFT
calculations. ZPE and S are the zero-point energy and entropy of
a species, respectively. First-principles DFT calculations can be
used to determine the vibrational modes with reasonable
accuracy. Then the entropy of a species can be calculated using
the DFT calculated vibrational frequencies using the harmonic
normal mode approximation as3?:%6
Svib = kBZf of mmes(z -in(1-e™)
where x; for each vibrational mode is defined in terms of the

vibrational frequency, v;, as®
Ay

= keT

And the ZPE value can also be calculated from v; as39.6¢
# of model

Egpr = 1/22i of mo eshvi

Here, ks and R are the Boltzmann constant and the Planck’s
constant, respectively, and T is temperature. Thus, the ZPE and
entropy contribution can be calculated within the DFT
approach.

Electrochemical reactions occur in complex environments
that are influenced by the electrolyte, solution pH, applied

Xi

(Equation 3)

Xi (Equation 4)

(Equation 5)

This journal is © The Royal Society of Chemistry 20xx

potential (U), and other electrochemical conditions. Thus, the
DFT modeling of electrochemical reactions to include all these
environmental factors poses a significant challenge. A simplified
approach developed by Norskov et al. has been successful in
describing the thermodynamics of electrochemical reactions
using the DFT calculated energetics.5”7° Within this
Computational Hydrogen Electrode (CHE) model, the free
energy change (AG) between two states at the electrochemical
environment is calculated according to the following steps:
(1) At applied potential (U) = 0 V, the chemical potential (the
free energy per H) for the reaction (H* + e7) is equal to that of
1/2Hyg). 6676971
(2) The effect of applied potential on the free energy change
between states that involve an electron transfer is determined
by the term: -eU, where U is the electrode
potential.15'30'34'41'55'67'70
(3) The pH correction on the free energy of H* ions are
calculated as>40:4162,68707273 G\, = —kgT In[H*] = kgT In 10 x pH.
Thus, the change in free energy (AGy) at (U) = 0 V is calculated
a56,11,15,21,61,68,71,72,74
AGp = AE + AZPE -TAS (Equation 6)
where AE is the binding energy of adsorbed species calculated
using DFT. The zero-point energy corrections (AZPE) and
entropy differences (AS) are calculated within a harmonic
approximation for adsorbed species.'® The influence of U on the
free energy change of the reaction involving an electron is
calculated using the following equation: 1%30,34,55,67,70
AGy= AGy— neU (Equation 7)
where n is the number of electrons transferred in the reaction.
When the effect of the pH value of the electrolyte is taken into
account, the following equation is used to calculate the change
in free energy:5,24,31,39—41,55,62,68,73,75,76
AG = AGy + AG(pn)= AGp — neU + kgT In 10 x pH (Equation 8)
where kg is Boltzmann constant. When the effect of solvent is
considered, the energy correction arising from the solvation
effect (Aso) was defined as: 3177
Asol = Etot— E(sur+adsorbate)_ Esolvent + E(sur+so|vent) (Equation 9)
where Eiot, E(sursadsorbate)r Esoivents @Nd Esurssovent) Fepresent the
computed total energies of the surface with adsorbates as well
as the solvent layer, surface with adsorbates, solvent layer, and
clean surface with solvent layer, respectively. The following
equation was used to calculate the change of free energy when
the solvation effect was considered.3%77

Chem. Soc. Rev., 20xx,xx,xx | 3
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AG = AGy + AG(pH)+ AT

= AGp— neU + kgT In 10 x pH+As, (Equation 10)
Additionally, other methods such as the constant electrode
potential (CEP) method have been developed to study the
potential dependence of electrochemical reactions.”®1 In such
methods, the Fermi energy is adjusted to a target value by
varying the number of electrons in the system during each step
of the geometry optimization, which enables to fix the work
function (¢) of the system and consequently the electrode
potential (U). Thus, the U value remains constant during the
electrochemical reaction. The U value of the electrode can be
calculated by relating the ¢ value of the system to the
experimental work function of the standard hydrogen electrode
(SHE) as follows,”2:80

U= (Equation11)
A value of ~4.3 eV has been proposed for ®sue by Anderson et
al.8283 in their studies of various electrochemical interfaces.

The activation energy (E,), defined as the energy difference
between the transition state and the initial state, of a chemical
reaction can be calculated using the climbing image nudged
elastic band (CI-NEB) or dimer methods within the DFT
approach.426:84-86 The Brgnsted—Evans—Polanyi (BEP) relations
provide a correlation between kinetics with thermodynamics of
a chemical reaction and can be derived from the transition state
(TS) energy and reaction energy. Thus, BEP scaling relations can
often be used to estimate the activation energy barrier instead
of performing computationally expensive explicit transition
state calculations.®”:88 Reaction network investigations with
activation energies of elementary steps obtained from explicit
transition state search using the methods such as CI-NEB
provide a complete and accurate picture of the reactivity of
catalysts. However, such investigations are often
computationally very demanding. In this regard, the scaling
relation and descriptors-based approach proposed by Norskov
and co-workers38°2 are advantageous for accelerating the
catalyst discovery.

Table 1 summarizes the typical methodology used for DFT
or DFT+Upgr25:31,50,76,93-95 caculations of TMC and TMN surfaces.
For DFT+Upr calculations, the value of Hubbard Upgr parameter
is determined by either comparing the DFT calculated electronic
bandgap with the experimental value or by linear response (LR)
theory.?6%8 The low index surfaces in DFT calculations are
usually modelled using (3 x 3) and/or (4 x 4) surfaces, which are
large enough to minimize the lateral interactions between the
adsorbates. For such surfaces, k-points between 5 x5 x 1 to 3 x
3 x 1 are sufficient for the Brillouin-zone integration. The
interactions between electrons and nuclei are treated with all-
electron-like projector augmented-wave (PAW) potentials. The
electronic exchange and correlation effects are typically
described within the generalized gradient approximation (GGA)
using Perdew-Burke—-Ernzerhof (PBE), revised PBE (RPBE), or
Perdew-Wang (PW91) functionals including van-der Waals
(vdW) correction to account for the dispersion forces. PBE and
PW91, two of the most widely used functionals, produce similar
results and trends for many simple properties, such as lattice
constants, bulk moduli, and atomization energies. These
functionals have also been regularly used to calculate more

b - bsue

e
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complex properties of materials, including the catalytic
properties of TMCs and TMNs.16:23,34,36,61,99

3. Electrochemical Reactions

3.1 Hydrogen Evolution Reaction (HER)

The water electrolysis reaction (i.e., H,0 — H, + 1/20,), which
involves the HER and OER half-reactions, is a promising
alternative to steam methane reforming (SMR) to produce CO,-
free hydrogen. Production of CO,-free hydrogen with
renewable electricity is crucial for enabling sustainable and
fossil fuel free energy technologies.115

HER is the cathodic half-reaction of water electrolysis (2H*
+2e"— H,(g)).*>1% In acid electrolyte, two reaction mechanisms
of HER have been proposed, namely the Volmer-Heyrovsky and
Volmer-Tafel reaction pathways,>62101 both of which occur in
two steps.>'%15 Along the Volmer-Heyrovsky pathway (Figure
1(a)), the Volmer step corresponds to hydrogen adsorption to
the surface of the catalyst, i.e., H* + e + * — H" (where *
represents the hydrogen adsorption site). In the Heyrovsky
step,%2 a proton from the solution reacts with an electron and
an adsorbed H on the surface to form H,, i.e., ion-atom
recombination: H" + H* + e— H,(g) + *. Along the Volmer-Tafel
reaction pathway, two adsorbed hydrogen atoms on the surface
of a catalyst combine and evolve as molecular hydrogen in the
Tafel step, i.e., atom-atom recombination: H* + H"— H,(g) + 2.
In alkaline electrolyte, the typical process of HER can be
summarized in two steps, known as the Volmer—Heyrovsky
reaction pathway (Figure 1(b)):1%101 (1) H,0 + e +* — H" + OH"
and (2) H,O+H +e— Hz +OH +~

(@) T #
Py zéwz?; esagu

4 0404040 C‘3°O+c.3“dunc.3°°?@

R C.D+Oé® s, 0404040
Ry . WRr Wae

L N
;f ﬁt%or x“‘ﬁ Vs Byt et B =+ OH 41,
(-] o o (-]
it i R ST L5
S Ihr Seeeine
VLYY S s
Figure 1. The mechanism of hydrogen evolution reaction (HER)
in (a) acidic and (b) alkaline media. Reproduced from ref. 21
with permission from the Royal Society of Chemistry, Copyright
2019.

According to the Sabatier principle, when hydrogen binds
too strongly with the catalyst surface, it leads to hydrogen
poisoning that leaves no free sites for further adsorption. %1115
On the other hand, if hydrogen binds too weakly to the catalyst
surface, unduly high overpotentials are necessary for proton
adsorption. Hence, an ideal catalyst should have optimal H*
binding energies between these two extremes.>%1521 From the
perspective of both theory and experiment, the Gibbs free
energy change of adsorbed hydrogen (AGy+) is the key factor for
describing the HER activity of an electrode in acidic
electrolysis.12121415  |n  alkaline environments, besides
thermodynamic AGy+, the kinetic barrier to water dissociation

may also govern the overall reaction rate, in addition, OH
binding energies may be an important factor.* Binding energy

This journal is © The Royal Society of Chemistry 20xx
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(and the Gibbs free energy) values of the HER intermediates,
which can be routinely calculated using DFT, largely rely on the

geometric and electronic structures of the electrocatalysts.
Therefore, DFT is uniquely positioned to be utilized as a
screening tool for the discovery of new HER electrocatalysts. At
present, most DFT studies of TMC and TMN based catalysts
often treat ZPE and S as constants. However, for some sytemes,
especially 2D MXene, this may not be valid for describing the
HER. For example, in HER calculations, while ZPE is 0.04 eV for
the hydrogen atom adsorbed on the Pt surface, ZPE is 0.17 eV
for the carbon-based catalysts. Such a difference in ZPE can
potentially lead to significant errors with respect to the optimal
range of BIGy+ values.59102103 Therefore, ZPE should not be
treated as a constant for predicting the HER activity over TMC
and TMN catalysts.

Extensive DFT calculations have been performed for HER
over TMC and TMN catalysts,56:9,11-14,16-21,60-62,65,71,72,85,100,101,104-
119 and selected results are summarized in Table 2. The
adsorption of atomic hydrogen has been used as a probe to
compare the HER activities of various TMC surfaces, including
3-Mo0,C(0001) and the (111) surfaces of TiC, VC, NbC, and TaC.13
The DFT calculated results demonstrate that hydrogen is
adsorbed more strongly on the metal-terminated carbide
surfaces compared to the parent metal surfaces (Table 2),
which is partially attributed to the tensile strain that occurs in
the carbide surfaces when carbon incorporates into the
corresponding metal lattice. On the contrary, when hydrogen is
adsorbed on C-terminated carbide surfaces, the adsorption
energies are much weaker than the corresponding closest-
packed parent metal surfaces, except for some cases where
very stable C-H species are formed (Table 2). The DFT results
indicate that the hydrogen adsorption energy can be correlated
to the d-band center of the carbide surfaces, provided that the
contributions of the d-states resulting from hybridization with
non-bonding C-s states are minimized.

Hydrogen coverage is reported to play a role in the binding
energies of hydrogen on TMC surfaces. When TMC catalysts,
including WC, FesC, B4C, Mo,C, and TiC, were assessed for the
effect of surface hydrogen coverage on catalyst activity, the
calculated results suggested that metal carbide surfaces were
more susceptible to the coverage effects, in comparison to pure
metal counterparts.’* As a note, the hydrogen coverage on
these surfaces ranged from 1/4 to 1/2 monolayer hydrogen
(Hwmu), with the exception of Fe3C(001), which ranged from 1/6
to 1/3 Hy. The results showed weakened HBE due to lateral
interactions (Table 2), in contrast to a strengthening trend that
was often observed on the corresponding parent metals. This
correlated with increased exchange current densities for the
HER on metal carbides relative to the parent metal
counterparts. The results also showed that the HER activity of
monometallic carbide catalysts was between low activities
observed for early transition metals and high activities observed
for PGMs.

Platinum (Pt) and palladium (Pd) overlayers on W- and C-
terminated WC(0001) surface, at coverages ranging from 0.25
ML to 2 ML, have been studied using DFT.2? It was demonstrated
that both Pt and Pd overlayers showed strong adhesion to the

This journal is © The Royal Society of Chemistry 20xx

WC support, which was accompanied by the modification of the
electronic structure of surface atoms. As a result of increased
overlayer stability, these PGM overlayers were predicted to
form on the W-terminated WC(0001) surface rather than on C-
terminated WC(0001). The electronic structure of Pt and Pd
Table 2 DFT calculated hydrogen binding energy (HBE, eV) and
Gibbs free energy change (AG, eV) on TMC and TMN catalysts
and catalyst supports. (1) metal-terminated carbide surfaces
and C-terminated carbide surfaces were denoted as M-ter and
C-ter, respectively, in Ref.13; (2) 1/4, 1/2, 1/9, 3/9 and 6/9 etc.
represent the hydrogen coverage on the catalyst surface;

Species HBE (eV)
acidic media M-ter C-ter -
Mo,C(0001)13 -3.32 -3.00 - -

- -3.36 (C-H) - -
Mo(110)13 -3.04 - - -
Pt(111)13 -2.66 - - -
NbC13 -3.37 - - -
Nb13 -3.20 - - -
TaC13 -3.40  -3.92(C-H) - -
Tal3 -3.28 - - -
Tic13 -3.58 - - -
Tit3 -3.37 - - -
WC(0001)12 -3.29 -3.47 - -
Ptpm/WC(0001)12 -2.57 -3.09 - -
Pt,m/WC(0001)*? -2.87 -2.75 - -
Pdu /WC(0001)*2 -2.51 -2.56 - -
Pd,m /WC(0001)12 -2.94 -2.86 - -
Pt(111)12 -2.70 - - -
Pd(111)12 -2.77 - - -
Species HBE (eV)
acidic media (Hwy) 1/4 1/2 - -
B,C(111) -0.69 -0.46 - -
TiC(001) -0.30 -0.22 - -
Fe;C(101) -0.62 -0.49 - -
Mo,C(101) -0.76  -0.42 - -
WC(0001) -0.85  -0.60 - -
Species HBE (eV)®
acidic media  (Hwmy) 1/9 3/9 6/9 -
PdH(111) 0.01 - - -
PdH/NbN(111) -0.13 0.08 -0.20 -
PdH/VN(111) 0.21 0.12 0.66 -
Pd/VN(111) -0.64 -0.67  -0.50 -
Species AGy (eV)?
acidic media  (Hmy) 1/8 2/8 3/8 4/8
TiC, 0.76 0.52 0.85 0.50
VG, 0.49 0.47 0.43 0.36
NbC, 0.14 0.15 -0.001 -

0.004

TaC, 0.11 0.22 -0.06 0.11
MoC, -0.001 0.10 0.22 0.45

monolayers on both W- and C-terminated surfaces was
determined by the ligand and strain effects, however, upon
deposition of a second metallic layer, the strain effect overtook
the ligand effect, and the lattice mismatch became the main
factor that determined the electronic structure of the
supported Pt and Pd overlayers. The calculated values of the
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HBE (Table 2) on the studied metal overlayers were correlated
to experimental values of exchange current densities (Figure
2(a)). Such correlations revealed a volcano-like feature with
both an explanatory and predictive capacity. The obtained

results indicated that Pt/WC showed HER activity comparable
to that of Pt and thus was identified to be a promising candidate
to replace bulk PGM electrocatalysts for the HER.
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Figure 2. (a) Volcano relationship between HBE and exchange current density for HER. Reproduced with permission from ref. 12
from Elsevier, Copyright 2013; (b) Volcano relationship of HER activity as a function of AGy in acidic medium, (c) Volcano
relationship of HER activity as a function of AGy in alkaline medium, (d) alkaline HER activity as a function of AGoy on metals,
TMCs, and metals-modified TMCs. Reproduced with permission from ref. 11 from American Chemical Society, Copyright 2019; DFT
calculated density of states (DOS) of (e) (110) and (f) (111) surfaces on VC, VgCy, and Pt, respectively. Reproduced with permission
from ref. 21 from the Royal Society of Chemistry, Copyright 2019; The calculated (g) hydrogen coverage and (h) HER theoretical
current densities of the Tafel reaction on the surface of the transition-metal nitrides as a function of the applied potential (U/V vs
RHE). (i) Volcano relationship of the HER activity and AG, on TMNs. Reproduced with permission from ref. 15 from American
Chemical Society, Copyright 2017; (j) The d-band density of states for PdH(111), PdH/NbN(111), PdH/VN(111), NbN(111), and
VN(111) [The vertical orange line represents the Fermi energy (EF) of zero]. (k) DFT-calculated free energy (AG) diagrams for HER
on PdH, PdH/NbN(111), PdH/VN(111), and Pd/VN(111) surfaces at U = 0 V, where H" coverages are 1/9, 3/9, and 6/9 monolayer
hydrogen (Hy.). Reproduced with permission from ref. 16 from Wiley-VcH, Copyright 2020; (I) The configuration of V-CosN(111)
surface, DFT calculated free energy diagram for the HER on CosN and V-Co4N, DFT calculated DOS on CosN and V-Co4N (d-band

Potential (V vs. RHE)
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centers also illustrated) and linear sweep voltammetry (LSV) curves of CosN, W-Co4N, and Mo-CO4N. Reproduced with permission

from ref. 17 from Wiley-VcH, Copyright 2018.

Zhang et al.'* studied the correlation between the
experimental HER activity and DFT-calculated binding energies
of HER intermediates over a large number of TMC and
monolayer metal-modified TMC materials. As shown in Figures
2 (b) and (c), it was found that the HER activity correlated
strongly with the DFT-calculated AGy values on TMC and metal-
modified TMC surfaces under both acidic and alkaline HER
conditions. A volcano-type relationship on metal-modified
TMCs indicated that the HBE should be a good descriptor for
this class of materials under both electrolyte conditions. The
free energy change for hydroxyl binding (AGoy) did not exhibit a
strong correlation with the measured alkaline HER activity
(Figures 2 (d)), indicating that AGoy was not a good descriptor
for HER on TMC and metal-modified TMC materials, and that
the adsorbed hydroxyl did not directly participate in the rate-
determining step of the alkaline HER.1!

DFT calculations have also been used to systematically
analyze a variety of important catalytic parameters for TMCs of
the same parent metal, but with different stoichiometries
(MxCy). For example, DFT calculations were performed to study
the HER activity of various polymorphs of vanadium carbides.?*
The calculated results showed that VgC; was the most active for
the HER compared to V4C3; and VC in both acid and alkaline
environments. This was attributed to a lower crystal formation
energy and more facile formation of carbon defects that
increased the specific surface area, as well as a larger V-C bond
length and weaker bond strength that contributed to a more
desirable HBE and smaller AGy+. Moreover, the calculated d-
band density of states on the (110) and (111) surface of VC/V;sC;
showed a similar electronic signature of surface atoms to Pt
(Figures 2 (e) and (f)).

DFT calculations were also used as a screening tool to
identify stable and active TMN (TM = Sc, Ti, Y, Hf, Ta, and Mo)
catalysts for HER.'> DFT was employed to calculate the free
energy change AGy+ at various H coverages (from 1/8 to 1 ML)
on the (100) surfaces of TMNSs, as well as the activation energy
of the Tafel reaction to form H,. The calculated results predicted
TaN as a promising HER catalyst with a low overpotential
around -0.09 V vs RHE (Figure. 2(g)). Meanwhile, the calculated
barrier
for the Tafel reaction on TaN was 0.84 eV, which was very close
to the value (0.85 eV) on Pt(111). More interestingly, it was also
found that the rate of the Tafel reaction on TaN was very similar
to that previously reported on Pt(111) at around the equilibrium
potential (Figure. 2(h). Thus, TaN was predicted to be a good
candidate based on the calculated HER current densities as a
function of applied potentials (Figure. 2(i)).

TMN materials have also been studied as supports of ML
PGM for HER. In one study, the HER activity of Pd supported on
NbN and VN was evaluated as a potential catalyst with 2 ML
coverage of Pd.'® Supported Pd was unique from other PGM
analogs because of the formation of the Pd hydride (PdH) phase
under HER conditions. Consequently, HBE (Table 2) and AGy«
values (Figure 2(k)) for H* coverage ranging from 1/9 to 6/9 ML
were calculated on PdH(111), PdH/NbN(111), and PdH/VN(111),
representing the experimental Pd/C, Pd/NbN, and Pd/VN

This journal is © The Royal Society of Chemistry 20xx

catalysts, respectively. Pd/VN was also considered to address a
scenario of incomplete Pd hydride formation on the VN
substrate. In agreement with the experimental observations,
the calculated results (Figure 2(k)) predicted that the HER
activity should follow the order: PdH/NbN(AGy« = 0.07) > PdH
(AGyx = 0.22) > PdH/VN (AGyx = 0.41) > Pd/VN (AGy« = -0.43).16
Interestingly, it was noted that the trends in the AGy- values
remained the same even at higher coverages of H" (6/9 Hy.) on
the PdH(111), PdH/VN(111), PdH/NbN(111) and Pd/VN(111)
surfaces. This was also consistent with the d-band center (Eq,
Figure 2(j)) shift in PdH due to the interaction with the nitride
supports. Compared to PdH (Eq=-1.86 eV), PdH/NbN (E4=-1.28
eV) exhibited a positive shift in Ey5, which strengthened the
binding for the reaction intermediate H". In contrast, PdH/VN
(Eq = -1.95 eV) showed a negative shift in Ey, which led to a
weakened binding of H". Recent studies have suggested that the
electronic signature of p orbitals (e. g. p-band center, Fermi-
abundance, peak-positions etc) can be used to correlate the
catalytic activities of heteroatom doped graphene-based
catalysts.120-123 Thus, a similar strategy would be useful for the
design of TMC and TMN based catalysts with C/N atoms
exposed to the surface of catalyst nanoparticles.

Chen et al.'” proposed that by introducing certain
transition metals (e.g. V, Mo, and W) to Co4N, the d-band center
could be tailored to manipulate the material as an efficient HER
catalyst. As shown in Figure 2(l), the calculations confirmed that
doping Co4N with V, Mo, and W, made water adsorption more
favorable in comparison to unmodified Co4sN. Moreover, the
AGy+ values of V-Co4N (-0.25 eV), Mo-CoyN (-0.21 eV), and W-
Co4N (-0.25 eV) were more thermoneutral than that of CosN (-
0.56 eV), suggesting that metal doping could facilitate the
hydrogen adsorption/desorption process. The calculated d-
band center (E4) of CosN, V-Co4N, Mo-CosN, and W-CosN were -
1.79eV,-1.86eV,-1.91 eV, and -1.92 eV, respectively, indicating
a change in the d-band center after metal doping. The DFT
calculations were in good agreement with the experimental
results (Figure 2(l)) in that V-CosN, Mo-CosN and W-CosN
exhibited an overpotential of 37 mV, 44 mV, and 40 mV at 10
mA cm?, respectively. These overpotentials were all
substantially lower than CosN. Overall, these results confirmed
that the HER catalytic activity of TMN can be effectively
modulated by tailoring the d-band center, an insight that should
be useful for the design of more efficient TMC and TMN
catalysts for HER and other electrochemical reactions.

First-principles calculations have also been accepted to
study HER performance on emerging 2D MC, (TiC,, VC,, NbC,,
TaC,, MoC,) MXenes®, which are a class of two-dimensional
inorganic compounds that consist of a few atoms-thick layers
of transition metal carbides, nitrides, or carbonitrides, i.e.,
M1 X Ty, here, n = 1-4, M = early transition metals, X = C and/or
N, T, = O, F and OH183147.4850,124 As shown in Table 2, the DFT
results showed that the AG," values of TiC, and VC, were
positive and higher than 0.3 eV at different H* coverages, which
indicated that they were not ideally suited to promote HER. In
comparison, the AGy value on TaC, was 0.06 e V at 3/8 ML of H,
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very close to the value of 0.09 eV reported on Pt. MoC,, at low
H coverage (1/8 ML), was predicted to possess a superior HER
activity with an ideal |AGy«| value of 0.001 eV. In addition, DFT
calculations were performed to calculate the activation
energies of elementary steps in HER. It was found that the
energy barrier of the Heyrovsky step (0.26 eV) was significantly
lower than that of both Tafel steps studied (1.49 eV and 1.69
eV) at different reaction pathways for the MoC, catalyst,
suggesting that the HER of 2D MoC, should follow the Volmer-
Heyrovsky mechanism. Moreover, Ding et al.*® also investigated
the HER performance of heteroatom X (X=N, B, P, S) doped M,C
MXene (M = Ti, Mo) with and without oxygen functional groups
using DFT calculations. Compared with the X-doped pristine
M,C MXene, the calculated results predicted better HER activity
over X-doped M,CT, (M = Mo, Ti; T = O). In particular, the
calculated AGy" for N-doped Ti,CO, was 0.087 eV, which
suggested that the HER activity of N-doped Ti,CO, should be
comparable to the Pt(111) surface (Figure 3(a)).
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Figure 3. (a) The calculated overpotential (n, = +AG,/e") vs AGy”
on X-doped Ti,CO, (X = B, N, P, S) and pristine Ti,CO,.
Reproduced with permission from ref. 19 from Elsevier,
Copyright 2020; The calculated linear relationship between free
energy of hydrogen adsorption (AGy) and oxygen vacancy
formation energy (E;) of (b) M,;1C,0; and (c) M,;1N,0,. Black,
blue, and red, symbols represent M,X0,, M4X30,, and M3X,0,,
respectively. Reproduced with permission from ref. 18 from
American Chemical Society, Copyright 2018; Mechanisms of
HER enhancement by Ni activated TMCs under acidic and
alkaline conditions (d) the calculated AGy+, the calculated
schematic and free energy diagrams of the proposed HER
pathway on the surface of Ni-GF/VC catalyst in (e) acidic and (f)
alkaline media. The VC,4s and VCqy,, represent the Ni-adsorbed
VC and Ni-doped VC, respectively. Reproduced with permission
from ref. 9 from Wiley-VcH, Copyright 2020.
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DFT calculations were also used to screen a large set of 2D
oxygen-terminated MXene-based materials, including 30
transition-metal carbides (M,;1C,0,) and 30 transition-metal
nitrides (M,.1N,O;) to identify potential MXenes with improved
HER activity.'® The screening results showed that the oxygen
vacancy formation energy (E;) scaled linearly with the AGY"
(Figures 3(b) and (c)), suggesting that E; could be used as a
descriptor of HER on this class of MXene. These investigations
provided new insights into the design of promising MXene
based HER electrocatalysts.

In a recent combined experimental and DFT study, Yang et
al.® proposed a universal strategy to improve the HER
performance of TMCs. According to their proposed scheme, the
HER activity of TMCs (M = V, Co, Fe, and Cr) could be
significantly increased by Ni single atom incorporation on the
surfaces of TMCs. Experimental results showed that the TMCs
catalysts exhibited superior HER performance in alkaline and
acidic electrolyte after introducing the Ni atom into TMCs. DFT
calculations were performed on VC(111) and VC(100) surfaces
to identify the origin of such enhanced activity of Ni
incorporated TMCs. The results showed that the Ni atom
energetically favored to be adsorbed on VC(111) and VC(100)
surfaces. Furthermore, the calculated AG," of Ni-adsorbed VC,
Ni-doped VC, and pure VC suggested that Ni-adsorbed VC(100)
surface exhibited an optimal HER activity with a small AGy"
value of 0.161 eV (Figure 3(d)), and thus the corresponding
active site was predicted to be the adsorbed Ni single atom. In
addition, the authors also calculated the kinetic energy barriers
of a Heyrovsky step and Volmer step on Ni-adsorbed, Ni-doped,
and pure VC catalysts (Figures 3(e) and (f)). The calculated AGy*
for the Volmer and Heyrovsky steps for a Ni-adsorbed VC
catalyst were 0.161 eV and 0.464 eV, respectively. These values
were found to be slightly lower than the corresponding values
(-0.171 eV and 0.516 eV) on Ni-doped VC catalyst and (0.208 eV
and 0.597 eV) on a pure VC in the acidic solution (Figure 3(e)).
In alkaline electrolyte, the free energy barrier of water
dissociation (AGy,0) and the AG," on Ni-adsorbed VC were also
lower than those on the Ni-doped VC and pure VC catalysts
(Figure 3(f)). These studies indicated that the introduction of
the single Ni atom on the surface of the VC could decrease the
free energy barrier of the Volmer and Heyrovsky steps in both
acidic and alkaline electrolytes.

3.2 Oxygen Evolution Reaction (OER)

The OER is a critical half-reaction of electricity-driven water
splitting?* and is the oxidation process at the anode,>?? i.e.,
2H,0 — O, + 4H*+ 4e (in acidic media)?* and 40H- — O, + 2H,0
+ 4e- (in alkaline media).?* In general, in acidic media (Figure 4
(a)), the half-reaction proceeds through the following
sequential elementary steps:>21.125 (1) * + H,0 — OH" + H* + e,
(2) OH* = O + H*+ e, (3) O + H,0 — OOH" + H*+ e, and (4)
OOH" — " + 0, + H* + e. In alkaline electrolytes, the OER
proceeds via the following sequential elementary steps:222476
(1) "+OH — OH"+e, (2) OH"+OH — 0"+ H,0 + e, (3) O™ +
OH — OOH" + e, and (4) OOH™ + OH" — O, + " + H,0 + e". Thus,
in the first step, an H,O molecule dissociates into OH" and H" in
acidic media, or OH- adsorbs on the catalyst surface and forms

This journal is © The Royal Society of Chemistry 20xx
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OH" in alkaline media (step 1). Then, the formed OH"
subsequently undergoes a deprotonation reaction (in acidic
media) or reacts with OH- (in alkaline media) to form O* (step 2).
In the following step, the O* binds with a second H,0 molecule
(in acidic media) or OH" (in alkaline media) to form the OOH"
intermediate (step 3). Finally, OOH" undergoes deprotonation
reaction (in acidic media) or binds with OH- (in alkaline media)
to form 0,", which desorbs from the catalytic sites as O,(g)
leaving the sites free for the next cycle of the reaction (step 4).22
The change in free energy (AG) of step 1, step 2, step 3, and step
4 are denoted as AG;, AG,, AGs, and AG,, respectively. The
binding energy (BE) and change in free energy (AG) are
calculated by using the equations (1) to (10) as described in the
introduction. Commonly, the theoretical overpotential (n°t®),
defined as n°® = max (AG;, AG,, AG;, and AG,)/e — 1.23
V,52431,76,125,126 i ysed to evaluate the OER activity of a catalyst
(here 1.23 V is the overpotential for water oxidation at ambient
conditions (T = 298.15 K, P = 1 bar, pH = 0)).>2! Compared with
the HER, which consists of two-electron transfer processes, the
OER involves four proton-coupled electron transfer reactions
(O-H bond breaking and attendant O-O bond formation),>?* is
kinetically more sluggish, and proceeds at high overpotentials.
The sluggish kinetics of OER is considered to be a bottleneck of
water oxidation technologies. Hence, OER is the key process
that controls the overall efficiency of electrochemical water
splitting.

At present, the state-of-the-art OER catalysts are Pre-
dominantly PGM-based catalysts (e.g., supported RuO, and
Ir0,).>2224 The high cost and global scarcity of PGM resources
may limit the use of these catalyst materials in OER
technologies.?12324 Furthermore, the short-term durability of
some PGM-based OER catalysts at reaction conditions presents
serious limitations to water oxidation technologies. In particular,
RuO; is highly unstable under high anodic potentials in acid and
alkaline electrolytes, oxidizing to form RuO,4 and dissolving in
solution during the OER. Thus, it is of great significance to
develop low-cost, stable, and highly efficient OER catalysts as an
alternative to precious metal-based catalysts.>?*

Many DFT calculations have been performed for OER over
TMC and TMN catalysts,3:521-25:31,100,109,125,127-136 gnd selected
results are summarized in Table 3. A fundamental
understanding of the OER mechanism and the origin of the
reaction overpotential is necessary to rationally design the
improved OER performance of TMC and TMN catalysts. Table 3
summarizes the DFT calculated binding energies (BE) and the
change in free energy (AG) of OER intermediates (i.e., O,, O, OH,
and OOH) on TMC and TMN materials. DFT calculations were
performed to study the OER on various polymorphs of
vanadium carbides (including VC, V,C;, and VgC;).2! The results
showed that the (001) surfaces exhibit higher catalytic
performance for OER, compared to other surfaces. However,
the calculated overpotentials (n°R) were 1.55, 1.80, and 1.70 V
on V,C3(001), VgC,(001), and VC(001) (Table 3), respectively.
Such relatively large overpotentials may arise from the strong
affinity of reaction intermediates (i.e., O,, O, OH, and OOH). All
of these values were relatively larger when compared to that of
Ru0, (0.37 V) and IrO, (0.56 V),?! suggesting that such classes of
vanadium carbides are not ideal for OER.

This journal is © The Royal Society of Chemistry 20xx

The electrochemical stability of the transition metal
carbides (TMCs, TM =Ti, V, Zr, Nb, Mo, and Ta) over a wide pH
and potential range has been investigated by using
chronopotentiometry (CP) titration measurements and DFT
calculations.? It was observed (Figure 4 (c)) that the stability of
TMCs correlates well to the oxygen binding energy (OBE) of the
parent metal, i.e., the higher the stability (higher carbide
oxidation potential vs RHE) of TMCs, the higher the DFT-
calculated OBE (more negative values) of the parent metal. The
correlation demonstrated that all of the studied TMC
electrocatalysts have stability for HER/HOR in a large range of
pH. Furthermore, the carbides of TaC, TiC, and ZrC were
predicted to be stable for ORR or OER.

The OER on the pristine and Co-doped cementite (210)
surfaces were studied via the DFT calculations to gain a deeper
insight into their OER performances.?? The DFT calculated
change in Gibbs free energies (AG) of the elementary steps
were used to identify the rate-determining step on undoped
and doped cementite (210) surfaces. The results showed that
the formation of OOH” is the rate-determining step, and the AG
values were 2.78, 2.69, 2.73, 2.73, and 2.75 eV for the four
mono-Co-doped and the pure cementite systems (Table 3),
respectively. The DFT predictions were not consistent with the
experimental results, which showed that Co-doped cementite
has much lower OER overpotential than pure cementite.
Further DFT calculations were performed to calculate the OER
free energy diagrams on surfaces with Fe and Co at the same
lattice position of cementite. The calculated results (Table 3 and
Figure 4 (d)) illustrated that the AG for the rate-determining
step is 2.35 eV for the Co-doped cementite which is lower than
that (2.75 eV) calculated on pristine cementite, implying that
the Co-doped cementite catalyzes OER more efficiently and
requires a lower overpotential. Furthermore, it was observed
that the surface Co sites tend to bind the OER intermediates
mildly with a moderate reaction barrier for the rate-
determining step of OER, compared with pure cementite.
Similar calculations were performed to calculate the OER free
energy profiles on Ni- and Mn-doped cementite systems (Table
3). The calculated results showed that the AG for the rate-
determining step were 3.16 eV and 2.01 eV for Mn- and Ni-
doped cementite, respectively, suggesting that the OER
performance of Ni-doped cementite is superior to Mn and Fe
doped systems. The theoretical results were in good agreement
with the experimental measurement of OER performance, i.e.,
Co = Ni>Fe>Mn.

The potential of emerging 2D MC, (TiC,, VC,, NbC,, TaC,,
MoC;) electrocatalysts for the OER has been systematically
investigated by extensive DFT calculations.® The stability of MC,
monolayers in electrochemical conditions was studied using
surface Pourbaix diagrams (plotting the most
thermodynamically stable state under relevant standard
hydrogen electrode (Usye) and pH values) (Figure 4 (b)). The
calculated Usye in the acidic medium were 1.91, 1.37, 1.04, 0.86,
and 0.38 V for VC,, MoC,, TiC,, TaC,, and NbC,, respectively,
indicating that these MC, monolayers exhibit excellent stability
in acid conditions. Theoretically calculated overpotential (n°R)
were 0.95, 0.68, 0.93, 0.72, and 0.45 V for TiC,, VC,, NbC,, TaC,,
and MoGC,, respectively, implying that MoC, catalyzes the OER
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most efficiently among all MC; systems. More importantly, the (0.42 V) and IrO; (0.56 V), which suggests that MoC, could be a
predicted overpotential on MoC, is comparable to that on RuO, candidate to replace precious metal-based catalysts for OER.
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Figure 4. (a) Reaction scheme of the 4e- OER, (b) Surface Pourbaix diagrams of TiC,, VC,, NbC,, TaC,, and MoC, monolayers.
Reproduced with permission from ref. 5 from Wiley-VcH, Copyright 2020; (c) The stability (carbide oxidation potential vs RHE) of
transition metal carbides (TMCs, TM = Ti, V, Zr, Nb, Mo, and Ta) in acidic (pH = 1) and alkaline (pH = 12) media as a function of
parent metal oxygen binding energy (OBE). Reproduced with permission from ref.3 from American Chemical Society, Copyright
2014; (d) The mechanism and Gibbs free energy changes for the OER elementary steps over pristine and Co-doped cementite.
Reproduced with permission from ref. 22 from Elsevier, Copyright 2019; (e) The mechanism and (f) Gibbs free energy changes for
the OER elementary steps on Ni; 5Co; 5N and PF/Ni; sCo1 5N electrocatalysts. Reproduced with permission from ref. 24 from Wiley-
VcH, Copyright 2017; (g) The calculated density of states (DOS) for NiFeP/MXene, NiFe-LDH/MXene, and NiFe-LDH (the zero point
energy refers to the Fermi level), (h) Local density of states (LDOS) about 3d orbitals of Ni and Fe for the NiFeP/MXene and NiFe-
LDH nanosheets (the dashed lines represent the d-band center for the corresponding catalyst) and (i) the charge density
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distribution diagrams show the differences between NiFe-LDH and NiFeP/MXene (light red: O, dark grey: C, blue: Ti, pink: H, yellow:
Ni, green: Fe, dark red: P). Reproduced with permission from ref. 25 from Elsevier, Copyright 2021.

Core-shell type of material structures have also been
explored for OER in an effort to reduce the precious metal
loading from the catalyst design. For example, the OER
performance of Iridium overlayer on low-cost metal nitrides
(Ir/M4N, M = Fe, Co, and Ni) have been probed by the
combination of experimental measurements and theoretical
calculations.2? The experimental results showed that the
Ir/Fe;N core@shell catalyst exhibited good OER activity and
stability. The DFT calculated values of [AG(O") - AG(OH")], a
descriptor of OER activity, were 1.72, 1.69, and 1.85 eV for
Ir0,(110), IrO,/NizgN, and IrO,/FesN surfaces, respectively.
When compared with pristine IrO,(110), the results showed

that the value of [AG(O") - AG(OH")] shifted positively by 0.13
eV on IrO,/Fe4N, whilst shifted negatively by 0.03 eV on
IrO,/Ni4N. The positive shift on IrO,/FesN brings the OER activity
of IrO,/FesN close to the peak of the volcano. In line with the
experimental observations, the DFT calculated results predicted
that the OER performance of IrO,/Fe;N is superior to IrO, and
IrO,/NigN. This study demonstrated that core@shell type
structures, such as IrO,/FesN, could be promising candidates to
reduce Ir loading from the catalyst design.

The electronic structure of surface catalytic sites can be
modified by doping with promoters. Phosphorus (P) and
fluorine (F) co-doping on NiCo bimetallic nitride surfaces have

Table 3 Summary of DFT calculated the binding energies (BE, eV) or the change in free energy (AG, eV) of possible OER species
(i.e., Oy, O, OH, and OOH) on TMC and TMN catalyst and catalyst supports. Note: AGs, represent the calculated free energies are

considering the salvation effect on the selected catalysts.

Models OH (e} OOH 0, neER (V)
(001) AG=0.77 AG=1.11 AG=3.90 - 1.55
V,Ca2t (110) AG=-1.50 AG=-0.07 AG=-2.82 - 6.51
(111) AG=-0.42 AG=-1.38 AG=-2.99 - 6.68
(001) AG=0.64 AG=0.76 AG=3.90 - 1.70
ez (110) AG=-0.97 AG=0.02 AG=-1.47 - 5.16
(111) AG=-1.75 AG=-1.09 AG=-3.97 - 7.66
(001) AG=0.32 AG=0.66 AG=3.44 - 1.80
VgCy2t (110) AG=-0.22 AG=-1.38 AG=-1.99 - 5.68
(111) AG=-0.70 AG=-1.64 AG=2.14 - 4.10
pure AG=0.34 AG=1.20 AG=3.95 - -
Co dope at Fel AG=0.38 AG=1.30 AG=4.08 - -
Co dope at Fe2 AG=0.38 AG=1.32 AG=4.01 - -
M-Cementite??  Co dope at Fe3 AG=0.35 AG=1.25 AG=3.98 - -
Co dope at Fe4 AG=0.36 AG=1.24 AG=3.97 - -
Co dope at Fe AG=0.55 AG=1.69 AG=4.04 - -
Mn dope at Fel ~ AG=0.14 AG=0.64 AG=3.80 - -
Ni dope at Fel AG=0.83 AG=2.32 AG=4.33 - -
TiC, AG=1.04 AG=2.17 AG=4.35 - 0.95
VG, AG=1.91 AG=2.36 AG=4.03 - 0.68
MC,® NbC, AG=0.57 AG=2.09 AG=4.25 - 0.93
TaC, AG=0.86 AG=1.94 AG=3.89 - 0.72
MoC, AG=1.37 AG=2.48 AG=4.16 - 0.45
Iro, BE=-0.24 BE=-1.48 - - -
IrO,/MyN?3 IrO,/NisN BE=-0.28 BE=-1.41 - - -
IrO,/FesN BE=-0.34 BE=-1.51 - - -
PF/Niy sCo; sN2* Niy sCo1sN - AG=0.12 AG=3.16 AG=3.21 1.81
PF/NiysCoysN - AG=0.97 AG=3.22 0AG=3.77 1.02
Nb,CO, AG=0.19 AG=2.36 AG=3.35 BE=-0.29 0.94
Nb,CF, AG=0.22 AG=3.02 AG=3.65 BE=-0.22 1.53
Nb,CO,-Pd AG=1.79 AG=3.24 AG=4.59 - 0.56
Nb,CO,-Pt AG=0.51 0AG=2.85 AG=3.75 - 1.01
Nb,CT, (T=0, F, Nb,CF,-Pd AG=1.37 AG=2.79 AG=4.47 - 0.45
and OH) with Nb,CF,-Pt AG=0.52 AG=2.27 AG=3.92 - 0.97
Pt/Pd single  Nb,CO,-Vo-Pd AG=1.14 AG=2.51 AG=4.20 - 0.44
atoms*! Nb,CO,-Vo-Pt £G=0.76 £G=2.38 £G=3.81 - 0.39
AGs,=0.88 AGsy=2.31 AGso=4.18 - 0.64
Nb,CF-Ve-Pd AG=0.93 AG=3.04 AG=4.16 - 0.58
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szCFz-VF-Pt AG=0.83

AGs,=0.80

AG=2.25
AGs=2.39

AG=3.85 -
AGs,=4.02 -

0.37
0.40

been explored as a strategy to enhance the OER activity of
bimetallic nitrides.?* DFT calculations were performed to
compute the formation energy and explore the stability of P and
F heteroatom-doped Ni; sCo1 5N structures, i.e., PF/Ni; 5Co; 5N,
and NPF/Ni;sCo;sN. The calculated results showed that the
formation energies were -4.73 eV and -4.60 eV for
PF/Ni; sCo; 5N and NPF/Ni; 5Coq sN, respectively, indicating that
P and F co-doping on Ni; sCo; 5N is energetically more favorable
to form PF/Niy sCoq 5N rather than NPF/Ni; 5Co; sN. As shown in
Table 3 and Figures 4 (e) and (f), DFT calculations demonstrated
that the rate-determining step on Ni; 5Co; sN and PF/Ni; sCoq 5N
was the formation of OOH" during the OER process. The DFT
calculated overpotential was lower on PF/Ni; sCo; sN compared
to NiysCoysN, indicating a superior OER activity of the former,
in agreement with the experimental results. The PF/Ni; sCo1 5N
hybrid catalyst manifested a low overpotential of 280 mV at 10
mA cm2, a Tafel slope of 66.1 mV dec?, and excellent durability
in 1.0 m KOH solution in comparison to the IrO, catalyst. These
findings demonstrated that heteroatom-doping of bimetallic
nitride surfaces is a potential strategy to design advanced OER
catalyst.

Chen et al.?> experimentally studied NiFeP/MXene as an
OER electrocatalyst. The NiFeP/MXene showed a Tafel slope of
35 mV dec? and a low overpotential of 286 mV at 10 mA cm?2,
which surpassed the performance of several existing NiFe-
based catalysts.137-140 |n an alkaline electrolyte, NiFeP/MXene
also exhibited a cell voltage of only 1.61 V to achieve a current
density of 10 mA cm2. DFT+U calculations were performed to
understand the origin of the excellent OER performance of the
NiFeP/MXene electrocatalyst. The calculated density of states
(DOS) illustrated that the NiFeP/MXene showed higher DOS
than NiFe-LDH near the Fermi level (Figure 4 (g)). Furthermore,
the calculated local DOS (LDOS) of 3d orbitals of the Ni and Fe
atoms in NiFeP/MXene and NiFe-LDH catalysts revealed that
the d-band centers of the Ni and Fe atoms in NiFeP/MXene (-
2.24 eV) were upward shifted, compared to the single NiFe-LDH
(-2.61 eV) system (Figure 4 (h)), implying that the introduction
of MXene and phosphating process could effectively
manipulate the location of the d-band center and electron
density distribution (Figure 4 (i)) and resulting in an enhanced
OER performance.

The OER activity of Pt/Pd SACs on a series of MXene-based
catalysts of Nb,CT, (T = O, F, and OH) have been investigated.3!
In one study, DFT+U calculations including solvation effect were
performed on Pt/Pd deposited (denoted as Nb,CO,-Pt, Nb,CO,-
Pd, Nb,CF,-Pt, Nb,CF,-Pd, and Nb,C(OH),-Pt, and Nb,C(OH),-Pd)
and doped (denoted as Nb,CO;,-Vo-Pt, Nb,CO,-Vo-Pd, Nb,CF,-
Ve-Pt, Nb,CF,-Ve-Pd, Nb,C(OH),-Vou-Pt, and Nb,C(OH),-Vou-Pd)
on Nb,CT, MXenes. The calculated formation energy and
diffusion barrier of single Pd/Pt atom on Nb,CT, substrates
suggested that these O/F-terminated systems possessed high
stability and dispersibility, especially for Pt/Pd dopants,

whereas the OH-terminated systems were found to be unstable.

Table 3 summarized the calculated AG and overpotentials (n°R)
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of OER on the stable Pt/Pd SACs supported on Nb,CT,. The
overpotential on doped SACs was much closer to (or even
smaller than) that of Ir0,(110) (1.63 V), the best performing OER
catalyst. Nb,CO,-Vo-Pt and Nb,CF,-Vi-Pt showed the lowest
voltages of 0.39 and 0.37 V, respectively, which resulted in the
lowest n°ER. Including the solvation effects in DFT calculations
on Nb,CF,-Ve-Pt, the best SAC candidate identified in the study,
resulted in a small change in the adsorption energy and free
energy of OER intermediates but no significant change was
observed on the general trend of their inherent catalytic
properties (Table 3).

3.3 Oxygen Reduction Reaction (ORR)

Electrocatalysis of the ORR is of paramount importance in
enhancing the performance of various next-generation energy
conversion and storage devices, such as fuel cells, metal-air
batteries, and certain electrolyzers. Fuel cells can convert the
chemical energy in fuels into electrical energy directly through
electrochemical reactions, and possess the ability to reach
higher efficiencies than heat engines. The proton-exchange
membrane fuel cell (PEMFC) is particularly promising for future
use in light transport (e.g., cars) and certain portable
applications.?.141 PEMFCs function as electrochemical engines
that convert the chemical energy of H, and O, directly into
electrical energy, with H,0 as the only by product. At the anode,
H, is catalytically split into protons and electrons (H, — 2H* +
2e7). While the formed protons permeate through an
electronically insulating membrane, the electrons travel along
an external load circuit to the cathode to create the current
output. Simultaneously, a stream of oxygen is delivered to the
cathode, where the oxygen is reduced and water molecules are
formed as a product.* Despite its promise, PEMFC technology
suffers from the sluggish kinetics of ORR at the cathode, even
when the most efficient Pt/C catalysts are used.?83° Pt/C ORR
catalysts are not only expensive, but also suffer from Pt
dissolution durability, poor tolerance to CO poisoning, and poor
corrosion resistance of carbon black in alkaline electrolyte,?%3°
due to which the large-scale commercialization of fuel cell
powered technologies is seriously limited.4? Therefore, it is of
great interest to reduce or replace the use of precious metals
from the design of ORR catalysts to obtain low cost, durable,
corrosion-resistant, and active cathode catalysts.

Depending on the number of overall electrons transferred
during the reaction, the ORR can be divided into two classes,*2%
28,67,84,142-145 that is, 4e” ORR to H,O/OH- or 2e- ORR to hydrogen
peroxide (H,0,). In acid electrolyte, the direct 4e” pathway is O,
+ 4H* + 4e- — H,0, and the 2e- pathway plus 2e pathway is O,
+ 2H* + 2e- — H,0, followed by H,0, + 2H* + 2e- — 2H,0. In
alkaline media, the direct 4e- pathway is O, + 2H,0 + 4e- — 40H-,
and the 2e pathway plus 2e” pathway is O, + H,O + 2e- — OOH-
+ OH, followed by OOH" + H,0 + 2e- — 30H-. Alternatively,
hydrogen peroxide can be the end product of 2e- ORR. In acidic

medium, the 2e  pathway is O, + 2H* + 2e-— H,0,, and In
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alkaline medium, the 2e” pathway is O, + H,O + 2e— OOH" +
OH-.

Thus, the overall ORR proceeds through either a direct four
electron-proton (4e°) transfer step or two-step of two electron-
proton (2e” + 2e’) transfer by reducing O, to H,0 (H,0,) or OH-.
In acid electrolyte, the direct 4e- pathway proceeds via a
dissociative pathway.27:14>147 The dissociative route follows the
reactions, (1) O, +" — O™ + 0%, (2) O + H* + e — OH", and (3)
OH" + H*+ e — H,0 + . In contrast, the 4e” pathway of two-step
2e transfer includes two possible mechanisms, the associative
and peroxo pathways. The associative pathway follows:27.143-
145147 (1) " + O, + H*+ e — OOH", (2) OOH" + H*+ e — 0" + H,0,
(3) O" + H* + e — OH", and (4) OH" + H* + e —" + H,0. The
second possible mechanism is the peroxo pathway, which is a
competitive reaction to the step (2) in the associative
pathway.?’ In this step a proton may attack the oxygen directly
bound to the surface, resulting in the parasitic formation of
H,0,. The peroxo pathway thus follows:143144,146 (1) * + O, + H* +
e — OOH", (2) OOH" + H* + e- — HOOH", (3) HOOH™— OH" +
OH", and (4) OH" + H* + e — H,0". In alkaline electrolytes, the
direct 4e- pathway includes the following process:”3.7576,148 (1)
0, + "+ H,0 + e — OOH" + OH, (2) OOH" + e — O + OH, (3)
O"+H,0+e — OH"+0OH-, and (4) OH  + e — "+ OH".

The overall rate of a chemical reaction is often dictated by
the most energetically demanding step. The DFT calculated ORR
free energy diagrams allow for these steps to be identified as a
function of external potential (U).3967:142 |n these calculations,
the thermodynamic limiting potential (U,) is defined as the
highest potential at which all the reaction steps are downhill in
free energy’®, and the theoretical overpotential (n°fR) is defined
as the difference between the equilibrium potential of U = 1.23
V and the limiting potential.>'*® Thus, n°fR can be used as a
measure of the activity of a catalyst: the lower the n°f® the
more active the catalyst, and vice versa. In addition, it is well
known that the Gibbs free energy of O, cannot be accurately
calculated with DFT methods.>283%148 Hence, the free energy of
0, is typically evaluated from the Gibbs free energy change of
the reaction 2H, + O, — 2H,0, which is experimentally
determined to be 4.92 eV.?2:24,28,31,73,76

Several DFT studies have been performed for ORR over
TMC and TMN catalysts.3-5,26-31,67,75,84,100,105,128,133,141»145,147,149»157
Table 4 provides a summary of DFT calculated the binding energies
(BE) of ORR intermediates (i.e., O, H, O, OH, and H,0) and the
energetics (heats of reaction AH,, activation energies E,, and the
change in free energy AG) of all of the possible ORR elementary
reactions on TMC and TMN materials.

DFT based calculations were performed to study the ORR
performance of Pt- and Pd-modified TMCs.#2% In one study, the
adsorption, diffusion, and dissociation of O, on a palladium
monolayer supported on a TiC(001) (Pdw./TiC(001)) surface
were investigated using ab initio DFT calculations.* The strong
adhesion of monolayer palladium to the TiC(001) support
helped maintain the monolayer configuration and avoid
clustering or sintering. The presence of the TiC(001) substrate
was also found to strongly modify the electronic structure of the
supported Pd, resulting in a similar d-band center as that of
Pt(111) (Figure 5(a), -2.38 eV vs -2.39 eV). The supported Pdy,
on TiC(001) was found to strengthen O, adsorption capacity,

This journal is © The Royal Society of Chemistry 20xx

resulting in dissociation and diffusion barriers of O, comparable
to those on a Pt(111) surface. For instance, as shown in Table 4,
on the Pdy,/TiC(001) (3 x 3) surface, O, preferentially adsorbed
at the hollow site with an adsorption energy of -2.20 eV. For the
lowest energy path, the energy barriers were 0.48 eV and 0.42
eV for O, dissociation and diffusion, respectively. Meanwhile, it
was also found that the stronger adsorption energy of oxygen,
the lower the dissociation barrier of oxygen on Pdy,/TiC(001),
consistent with the Brgnsted-Evans-Polanyi (BEP) relationship.*
Furthermore, OY(originated from the dissociation of the
adsorbed 0,) also preferentially adsorbed at the hollow site
with a binding energy of -1.54 eV, which is comparable to the
value of -1.50 eV on Pt(111). It was also found that the O
diffusion barrier on Pdy,/TiC(001) was much smaller than
Pt(111) (0.38 eV vs 0.71 eV). The favorable O, dissociation and
diffusion predicted from DFT calculations suggested that
Pdw/TiC(001) could be a potential candidate for ORR.

Similar DFT calculations were performed on Pt,/TiC(001)
P(2 x 2), with various coverages of Pt (1/4 ML, % ML, % ML, and
1 ML), and Pty /TiC(001) P(3 x 3) surfaces.?® The structure-
property relationship of the Pt-modified systems was evaluated
on Pt,/TiC(001) via the calculations of activation energy of O,
dissociation. The activation energy to break the O-O bond was
found to decrease with increased Pt coverage for the
Pt,/TiC(001) P(2 x 2) surface. For Pty /TiC(001) P(3 x 3), (Table
4), the energy barrier for O, dissociation was 0.36 eV, which was
lower than that of Pt,/TiC(001) P(2 x 2) (0.81-1.35 eV) and close
to the energy barrier (0.37 eV) calculated on the Pt(111) surface.
Furthermore, it was found that a decrease of dissociative
adsorption energy (more negative) corresponding to the lower
dissociation barrier of O,, which was also in consistent with the
BEP relation. Additionally, the authors in this study also
calculated the OBE values on TiC(001) for P(2 x 2) and P(3 x 3)
surfaces (Table 4). Compared with the pristine TiC(001) and
Pt(111) surfaces, it was found that the Pty /TiC(001) P(3 x 3)
surface can effectively dissociate O," and release the produced
0" atoms due to its lower O, dissociation barrier and weaker
OBE. These results suggest that Pty /TiC(001) may be a low-cost
alternative to Pt/C for ORR catalysis.

A comparative study of structure, electronic properties,
and the ORR activity on My, /WC(0001) (M = Pt, Pd, and Au) was
performed using the DFT calculations.?8 The strong interactions
between the WC substrate and the supported ML metal
resulted in the improved stability of My, /WC(0001). As shown
in Table 4, the ORR intermediates on Auy/WC(0001) were
moderately bound compared to Pty,/WC(0001) and
Pdy /WC(0001). The dissociative channel for ORR on
M /WC(0001) surfaces was found to be kinetically hindered
because of the large energy barrier associated with direct O,
dissociation. Thus, the ORR most likely proceeds via the
associative pathway on metal-modified TMC surfaces. The DFT
calculated results (Table 4) showed that Auy,/WC(0001) could
be a possible Pt-free candidate for ORR. On Auy,/WC(0001), the
ORR proceeds through O, adsorption, its hydrogenation to
OOH", OOH" dissociation to O, followed by the hydrogenation
of 0" to OH", and the hydrogenation of OH" to produce H,0".
The rate-determining step was predicted to be the
hydrogenation of OH* to form H,0", and had an activation
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energy barrier of 0.83 eV, which is comparable to that on low
index Pt surfaces. The final product H,O" easily desorbed from
the catalyst with a desorption energy barrier of 0.46 eV (Table
4), and the surface active sites then recovered to perform the
next cycle of ORR on Auy, /WC(0001) catalyst. In contrast, the
intermediates O" and OH" were found to bind strongly on both
Pty /WC(0001) and Pdy, /WC(0001) surfaces, which inhibited
the recovery of the surface active sites and led to the
deactivation of the catalysts. Thus, Auy/WC(0001) was
predicted to be a promising candidate based on the calculated
Gibbs free energy change along the dissociative pathway.

The ORR activity of other low-cost materials supported on
TMCs has also been investigated. In one such study, DFT
calculations including explicit water layers were conducted on
graphene (G) and N-doped graphene (NG) supported on
FesC(010) and Fe(110), i.e, FesC(010)/G, Fe3C(010)/NG,
Fe(110)/G and Fe(110)/NG.?” Both FesC and Fe substrates
significantly stabilized the ORR intermediates (OOH", O" and
OH") on G and NG, of which binding on the latter was much
stronger than the former. Notably, among the ORR
intermediates, the O" binding affinity was much stronger than
other ORR intermediates on these catalytic systems. The OBE
followed the order: unsupported system < Fe;C support < Fe
support (Figure 5(b)). A correlation was also found between the
oxygen binding strength and the Bader charge on adsorbed O,
caused by the presence of the substrate (Figure 5(b)). As the O
binding increased, there was an increasing negative charge on
the adsorbed O. The calculated free energy diagrams (Figure
5(c)) showed that the calculated overpotentials n°*® were 1.10,
0.78, 0.96, 1.23, and 0.65 V for Fe3C(010)/G, Fe;C(010)/NG,
Fe(110)/G, Fe(110)/NG, and Pt(111), respectively, suggesting

that Fe3C(010)/NG should be more active for the ORR than Fe-
supported NG, and similar to Pt(111). Therefore, Fe;sC(010)/NG
was predicted to be a good candidate to replace Pt for ORR
catalysis. The FesC/NG system exhibited higher ORR activity
than the Fe-supported NG, mainly because of the non-linear
tuning of the binding energies of ORR reaction intermediates
(i.e. breaking the scaling relation between the adsorption
energy of OH" and O" (A,4sG(0) = 2A,4sG(OH)) (Figure 5(c)). This
finding suggested that a heterostructure consisting of an NG
overlayer and a substrate with stronger electron-donating
properties, between FesC and Fe, may approach or even exceed
the ORR activity of the Pt(111) surface.

The electrochemical ORR on two different facets of TiN,
including TiN(111) and TiN(200) surfaces, were studied by DFT
calculations.?® The stronger binding of the ORR reaction
intermediates: O,", OH", and H,0" (Figure 5(d)) on these
surfaces suggested that pure TiN does not efficiently catalyze
the ORR.?°

Different from pure TMNs, DFT calculations performed on
overlayer cobalt oxide on cobalt nitride (CoO/CoN) have been
shown to significantly promote the ORR.30 Different facets of
two different phases of cobalt nitrides, i.e., the facets of (100),
(110), and (111) on rocksalt (CoNgs) and zinc blende (CoNgg)
were considered. The DFT computed n°*® were 1.09, 1.07, and
1.73 V for (100), (110), and (111) facets of CoNgs, respectively,
suggesting that the CoNgs would not be suitable as an ORR
catalyst. However, on CoNgg, the calculated n°Rwere 1.40, 0.96,
and 0.64 V for (100), (110), and (111) facets, respectively,
suggesting that CoNzz(111) was the most active facet for the
ORR (Figure 5(e)). The rate determining step for which was

Table 4 Summary of DFT calculated binding energies (BE, eV) of possible ORR species (i.e., O, H, O, OH, and H,0) and the energetics
(heats of reaction (AHg, eV) and activation energies (E,, eV) of all of the possible ORR elementary reactions on TMC and TMN
catalyst and catalyst supports. The bold font E, represents the rate-determining step (RDS) of ORR. The activation energy of the
rate-determining step of the ORR is 0.79 eV on the Pt(111)?%84 and 0.80 eV on the Pt(100).2834

ORR species and elementary Pty /TiC(001)26 Pdu/ Pt/ Aum/ Pdu/
reactions TiC(001)*  WC(0001)2  WC(0001)22  WC(0001)28
0O, BE=-2.35 on P(3 x 3) surface BE=-2.20 BE=-1.55 BE=-0.30 BE=-1.37
BE=-2.30 on P(2 x 2) surface
H - - BE=-2.69 BE=-1.87 BE=-2.76
(0] BE=-1.86 on P(3 x 3) surface BE=-1.54 BE=-4.01 BE=-2.87 BE=-4.13
BE=-1.69 on P(2 x 2) surface
OH - - BE=-2.78 BE=-1.83 BE=-3.25
H,O - - BE=-0.97 BE=-0.46 BE=-0.49
Dissociative path(4e)
1.0, — 20" AHy=-0.79 AHy=-0.84 AHy=-0.38 AHy=-0.42 AH(=-0.83
E,=0.36 E,=0.48 E,=1.14 E,=1.56 E,=1.03
2.0% + H* +e- — OH* - - - - -
3.0H" +H*+e — H,0+" - - - - -
Associative path(2e+2e")
1.0," + H* + e — OOH" - - AHy=-0.36 AHy=-0.91 AHy=-0.56
- - E.=0.84 E,=0.31 E,=1.14
2.00H"+H*+e — 0"+ H,0 - - AHp=-1.32 AHy=-0.69 AHy=-1.66
- - E,=0.28 E,=0.68 E,=0.38
3.0"+H*+e — OH" - - - AHo=-1.65 -
- - - E,=0.22
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4.0H" + H* + e — H,0" - - - AHp=-1.19 -
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Figure 5. (a) Density of state (DOS) of Pd bulk, Pd(111), Pd ML/TiC(001) and Pt(111), the vertical broken thick lines represent the
location of d-band center. Reproduced with permission from ref. 4 from AIP, Copyright 2016; (b) The correlation between the
oxygen adsorption Gibbs free energy and Bader charge for the adsorbed O on graphene (G) and N-doped graphene (NG) supported
on Fe3C(010) and Fe(110). (c) The theoretical ORR potential as a function of A,4sG(O) and A,4sG(OH) on graphene (G) and N-doped
graphene (NG) supported on Fe3C(010) and Fe(110). Reproduced with permission from ref. 27 from American Chemical Society,
Copyright 2018; (d) The DFT calculated binding energies of O,, 20H, and 2H,0 on different sites of TiN(200) and TiN(111) surfaces.
Reproduced with permission from ref. 29 from Elsevier, Copyright 2014; (e) The theoretical different facets of ORR limiting
potential for RS and ZB CoN. Calculated ORR free energy diagram on (f) RS CoN(100) and (g) ZB CoN(110) with and without a
supported overlayer of CoO. Reproduced with permission from ref. 30 from American Chemical Society, Copyright 2018. The
calculated d-band center (h) and volcano relationship (i) of Nb,CO,-Pd, Nb,CO,-Pt, Nb,CF,-Pd, Nb,CF,-Pt, Nb,CO,-Vo-Pd, Nb,CO,-
Vo-Pt, Nb,CF,-Ve-Pd, and Nb,CF,-V¢-Pt, respectively. (j) and (k) are the corresponding calculated AG of elementary steps along 4e-
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pathay toward ORR for Nb,CO,-Vo-Pt and Nb,CF,-V-Pt. (I) The calculated volcano plots of n°RfR vs. the OH” binding energy (Eoy+)
for the selected catalysts. Reproduced with permission from ref. 31 from the Royal Society of Chemistry, Copyright 2020.

predicted to be the reduction of O" to OH". The calculated
Pourbaix diagrams showed that the TMN surfaces can be easily
oxidized (low oxidation potential ~0.2 V) to form a layer of the
corresponding metal oxides under the ORR operating potential.
The DFT calculations were performed on CoO/CoN to consider
the oxide overlayer formation on CoN at ORR operating
conditions. On CoO, the author concluded that only a few top
layers of CoN are converted to CoO due to the diffusion-limited
kinetics. It was found that the CoO overlayers could significantly
alter the calculated ORR limiting potential. Among the CoO/CoN
configurations investigated, ML CoO formed on the CoNgs(100)
and CoNz(110) surfaces possess the high U, of 0.88 and 0.77 V,
respectively. These values of U, were in good agreement with
the experimental value of 0.85 V, leading to a lower n°*R of 0.35
and 0.46 V for CoNgs(100) and CoNgz(110), respectively,
suggesting that the formed oxide layer can significantly improve
the performance of ORR on CoN (Figures 5(f) and (g)).

The potential of the emerging 2D MXenes (TiC,, VC,, NbC,,
TaC,, MoG,) as electrocatalysts for ORR has been systematically
investigated using the first-principles calculations.> The DFT-
calculated results showed that each elementary reaction step
of ORR on MC, was downhill in energy at U = 0 V, suggesting
that the ORR should proceed spontaneously. The protonation
of adsorbed 0, to OOH" was considered as a potential-
determining step (PDS). The calculated n°fR were relatively high,
at 0.66, 0.78, and 0.58 V for TiC,, VC,, and NbC,, respectively,
indicating an unfavorable ORR on these materials. In contrast,
the DFT-calculated n°fR are 0.37 and 0.47 V on TaC; and MoG,,
respectively. These values are smaller than the value of n°f®R
calculated on Pt-based electrocatalysts. Hence, TaC, was
predicted to be an promising ORR electrocatalyst.

In addition, DFT+U based study has been used to
investigate MXene-supported Pt/Pd SACs for ORR, the solvation
effect was considered.3! It was demonstrated that Pt/Pd single
atoms were kinetically unstable on OH terminated Nb,CT,,
while the stable configuration of Pt/Pd was found on O/F
terminated Nb,CT,. A volcano-like relationship between the d-
band center and the binding energies of ORR reaction
intermediates was observed on Nb,C Mexene systems (Figures
5(h) and (i)). Among the selected catalysts, the d-band center
(Eg) of Nb,CO,-Vo-Pt and Nb,CF,-Ve-Pt were -2.53 eV and -2.61
eV, respectively, very close to that of Pt(111) (Eq=-2.44 eV),
indicating that the above two selected catalysts should possess
excellent ORR activity. The DFT calculated ORR free energy
diagrams of these two catalysts, Nb,CO,-Vo-Pt (Figure 5(j)) and
Nb,CF,-V¢-Pt (Figure 5 (k)), suggested that the rate-limiting step
was the formation of OH", and the corresponding n°®® values
were 0.48 and 0.40, respectively. The n°fR of Nb,CF,-V-Pt was
smaller than Pt(111) (0.45 V), and the reaction barrier for the
rate-limiting step was comparable to Pt(111) (0.73 eV vs. 0.79
eV), implying that Nb,CF,-V(-Pt should be a promising ORR
catalyst (Figure 5(1)).

16 | Chem. Soc. Rev., 20xx,XX,XX

3.4 Nitrogen Reduction Reaction (N;RR)

Ammonia (NHs) is one of the most common and important
industrial chemicals, used in synthetic fertilizers and other
industrial applications.324% The current industrial process for
ammonia synthesis still relies on a century-old Haber-Bosch
process,?3234:3639-41 in which NHj; is produced from the reaction
of hydrogen and atmospherically-abundant, inert dinitrogen (N,)
at high pressure and temperature using a promoted metal
catalyst.32343% Conventionally, this process consumes large
quantities of energy derived from fossil fuels, and releases a
significant amount of CO, into the atmosphere. In comparison,
the electrochemical nitrogen reduction reaction (N,RR, Ny +
6H* + 6e — 2NHj;()) at ambient conditions using renewable
promising nitrogen
fixation.323>4068 Thijs strategy can significantly reduce the
energy input, carbon emissions, and dependence on fossil fuel-
derived hydrogen.®? In addition, the NH; produced by
electrochemical N,RR can be easily separated from the
hydrogen feed gas, and the N,RR process can be tuned by
adjusting the electrolyte, operating potential, pH, etc., to
significantly improve the production yield of NHs. Therefore,
the electrochemical N;RR is considered a promising alternative

electricity is a alternative for

to the Haber-Bosch process to produce NH; at ambient
conditions.3236,39,40

The electrochemical N,RR has attracted much interest in
recent years as a preferred way to produce NH; at mild
conditions. However, the atomistic understanding of reaction
mechanisms and catalyst design principles for electrochemical
N,RR remain limited. In general, electrochemical N, to NH;
conversion occurs via two main mechanisms33.40.41,158-160 (Figure
6(a): One is the dissociative mechanism, where the N=N triple
bond of adsorbed N, would first split to form two N atoms
adsorbed on the surface. Then the adsorbed N atoms undergo
reduction reactions to produce the NHs;. Another is the
associative mechanism, where the adsorbed N, molecule is first
reduced to form N,H,”, followed by the N-N bond scission and
reduction reactions to form NHs. Furthermore, the associative
pathway involves three possible reaction channels,159.160
including distal, alternating, and enzymatic pathways (Figure
6(a)). On transition metal nitride surfaces, the Mars-van
Krevelen (MvK) mechanism has been found to be energetically
favorable.343¢ Along the MvK pathway of N,RR, a surface N
atom is first reduced to NH; by protonation and the N vacancy
(generated on the surface) is then filled by N, adsorption. N,*
then undergoes reduction reactions to form the second NHs,
either by associative (A-MvK) or dissociative (D-MvK)
pathways.343>161 Along the D-MvK mechanism, N, adsorption
and reduction can proceed on either a single-vacancy or dimer
N-vacancy.3435161 |n the case of a single-vacancy, one of the N
atoms generated from N," dissociation fill the single N-vacancy,
while the other N atom will bind on the top of neighboring
surface metal sites. The adsorbed N* atoms then undergo three
sequential hydrogenation reactions to form NH;". Finally, NH3"
desorbs as a final product. On a dimer (N-vacancy pair), this

This journal is © The Royal Society of Chemistry 20xx
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process only occurs when the nitrogen atom from the gaseous
N, dissociation filling the single-vacancy is endothermic. In this
situation, the produced single-vacancy will remain until another
surface N atom through the MvK mechanism produces a second
NHs molecule, resulting in the second N-vacancy. Then, the N
atoms from the dissociation of N, fill the two N-vacancies and
the active sites on the surface are regenerated.

The overall electrochemical N,RR process consists of two
different kinds of elementary steps: electrochemical steps
which involve proton plus electron transfer and non-
electrochemical steps that do not involve proton/electron
transfer (e.g. N, adsorption, N, dissociation, and NH;
desorption).3435161  The largest difference between two
adjacent electrochemical steps is defined as the potential-
determining step (PDS) with the corresponding largest free
energy change values named AGpps.34%2 The limiting potential,
i.e., the bias (U,) is defined as a potential required to make all
electrochemical steps exothermic can be calculated via the
following equation:4%41 U, = -max (AG4, AG,, AG3, AG,....., AG) /e
=-AGpps/e, where AG; is the free energy change of each
elementary electrochemical step in the NRR. The limiting
potential U_has been used as a well-accepted activity descriptor
of N,RR. However, the non-electrochemical steps cannot be
tuned by applying bias (U). Such non-electrochemical steps that
determine the overall rate of the N,RR are the rate-determining
step, with the corresponding free energy change values named
AGgps.

N, is a stable molecule as evidenced by the strong triple
bond between nitrogen atoms. Catalysts that have the ability to
back donate electrons to the antibonding orbitals (7*) of N,
leads to the elongation of N-N bond in N," and thus facilitate the
N-N bond cleavage, a bottleneck in N,RR.4%162 TMCs and TMNs,
which exhibit similar adsorption behaviors as noble metals, are
ideally suited in this regard.3?3* More specifically, the sp
hybridized orbital of TMC and TMN materials deviates from
parent transition metals, and again hybridizes with the s state
of carbon or nitrogen and the d state of the TM at the surface
center. After these hybridizations, the excess occupied orbitals
have an ability to back donate electrons to the ©* orbitals of N,.
On the other hand, the HER is a competing reaction that likely
occurs on the same catalytic sites responsible for the N,RR. Thus,
a good N,RR catalyst should selectively promote the N,RR and
suppress the HER.&34

Several DFT calculations have been performed for the N,RR
over TMC and TMN catalysts,?32-41,62,159-161,163-165 ge|ected
results are summarized in Table 5. Mo,C embedded on ultrathin
carbon nanosheets (Mo,C/C) has been reported to show excellent
catalytic performance for N,RR: a high NH; yield rate (11.3 pg h''mg
-1 Mo,C) and Faradic efficiency (7.8%). DFT calculations were used to
gain an insight into the origin of high activity of Mo,C/C catalysts. The
DFT results showed that N, binding is much stronger on Mo,C (-0.84
eV) compared to MoO,-Mo,C (-0.16 eV).32 This suggested that N,
activation readily occurs and thus a facilitated N,RR is expected on
Mo,C. Based on the DFT calculated free energy changes, the limiting
potential (U,) was predicted to be -0.61 V on Mo,C, and the N,RR
preferably occurred via the following sequential steps (Table 5(a),
the distal channel of the associative pathway in Figure 6(a), and

This journal is © The Royal Society of Chemistry 20xx

Figure 6(b)): N, = NNH* — NNH," —~NNH;* — N* + NH; = NH* —
NH," —NH;" — NH;. Among all the electrochemical steps in the N,RR
on Mo,C, NH," — NH;" was found to be the rate-determining step
(RDS) with an activation energy of 0.92 eV (Table 5(a)). In addition,
the free energy and energy barrier of possible pathways for NRR on
MoO,-Mo,C were also calculated. The calculated results showed that
the most favourable pathway proceeds via the following elementary
steps (Table 5(a), and the alternative channel of the associative
pathway in Figure 6(a)): N," = NNH* — NNH," — NHNH," — NHNH;"
— NH" + NH; =~ NH,"— NH3" — NHs. The rate-determining step
(RDS) was predicted to be the desorption of NH;™ with an energy
barrier of 1.53 eV. The calculated results were in good agreement
with the experimental observation that Mo,C/C nanosheets were
highly efficient and robust N, fixation catalysts. The excellent NRR
catalytic activity was mainly attributed to the abundant nitrogen
adsorption active sites and unique electronic structure of Mo,C
nanodots, which enabled an efficient cleavage of the N=N bond.
First-principles DFT calculations were used to explore the
possibility of using cubic MoC as an electro-catalyst for NRR.® The
binding energies of reaction intermediates of N,RR were calculated
on various crystallographic surfaces (including (100), (110), (111),
(311), and (111)" surfaces, where * represent Mo-defects) of cubic
MoC (Table 5(b)). The DFT calculated changes in Gibbs free energies
of N, adsorption and its direct dissociation to 2N* are -0.40 eV (-2.01
eV), -0.24 eV (-1.55 eV), and -0.14 eV (-0.61 eV) on the MoC(111),
MoC(111)" and MoC(311) surfaces, respectively, implying that these
surfaces promote the adsorption and dissociation of N,. The
calculated Gibbs free energies for the adsorption of hydrogen atoms
(H* + e — H") and dissociation and adsorption of nitrogen atoms (
+1/2N, —N*) were used to determine surface coverage of N and or
H atoms. The results showed that MoC(111), in comparison to the
other MoC surfaces studied, was more resistant to the accumulation
of H-atoms at low cell potential due to the stronger binding of N
relative to H. The free energy changes were also calculated along all
possible reaction pathways (via dissociative and associative
mechanism) on MoC(111) (Table 5(a)). It was found that the
potential-determining step (PDS) and the thermodynamic limiting
step via the dissociative mechanism were the formations of adsorbed
NH," and the desorption of NH3" with the free energy change of 0.44
(AGpps) and 0.60 eV (AGgps), respectively. However, for the
associative mechanism, the PDS and RDS were the hydrogenation of
N," to form NNH" and the desorption NH3", and the corresponding
AGppsand AGgrps were 0.28 and 0.60 eV, respectively, suggesting that
the N,RR on the MoC(111) surface is expected to follow the
associative mechanism. Furthermore, the effect of carbon vacancies
on the N,RR on the MoC(111) surface, i.e., MoCy5(111) was also
studied. The results (Table 5(b)) showed that an increase in the Mo:C
ratio significantly increased the binding affinity for N, and N on (111),
(111) ¥, and (311) surfaces of MoCgys. Such an increase in the Mo:C
ratio was found to prevent the accumulation of H-adatoms on
MoCy5(111). The DFT calculated the free energy diagrams (Table
5(a)) for all of possible N,RR elementary reactions on MoCys(111)
showed that the overpotentials along the dissociative and
associative pathways were -0.51 and -0.52 V, respectively. But NH3
desorption was found to be energetically facile with AGgps value of
0.49 eV. This study illustrated that the introduction of carbon
vacancies on the MoC(111) surface could be beneficial to selective
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N,RR catalysis. Thus, MoC could be a good candidate catalyst for
electrochemical N;RR.

Theoretical calculations, primarily based on DFT methods,
have also been performed to investigate the N,RR activity of y-MoN.
Low index catalyst surfaces such as (001), (100), (101), and (111)
were selected to model the N,RR.33 The DFT-calculated free energy
diagrams showed that y-Mo,;N(111) promotes the N,RR via the
associative pathway and has a relatively small limiting potential (U =
-0.70 V, Table 5(a)). The facilitated N,RR on MoN(111) surface is
mainly ascribed to the favourable binding of N,/N intermediates
(Table 5 (b)), resulting in facile N-N bond scission. The stronger

Chem Soc Rev

affinity to N” also prohibits the adsorption of H*, an HER
intermediate, and suppresses the competing HER.

The electrochemical N,RR was predicted to proceed via the MvK
mechanism on TMN-based catalysts. DFT based calculations have
been employed to study the catalytic performance of low index
surfaces (rocksalt (100/111) and zinc blende (100/110) surfaces) of
ZrN, NbN, CrN, and VN for electrochemical N,RR.3* Extensive DFT
calculations showed that the N,RR is not accessible via the
associative and dissociative pathways on these nitrides. The
dissociation pathway on TMN-based catalysts is hindered due to the
high activation energy barrier of direct N, dissociation to 2N". On the

other hand, the associative pathway is predicted to be inaccessible
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Figure 6. (a) The possible electrochemical NRR mechanism on catalyst surfaces, including the direct dissociative mechanism and the distal,
alternating, and enzymatic of associative mechanism. Reproduced with permission from ref. 158 from the Royal Society of Chemistry,
Copyright 2019; (b) The calculated Gibbs free energy change of electrochemical NRR on Mo,C. Reproduced with permission from ref. 32 from
Wiley-VcH, Copyright 2018; (c) DFT-calculated free energy diagrams of electrochemical NRR on N-vac and O-vac of the VNO(111) surface at
U =0 V. Reproduced with permission from ref. 36 from Wiley-VcH, Copyright 2019; Comparison of the free energy change (AGpps, the AG of
the potential-determining step (PDS)) of the most endothermic electrochemical step of NH; formation on (d) four different facets of ZrN,
NbN, CrN and VN (Reproduced with permission from ref. 34 from American Chemical Society, Copyright 2016) and (h) the (110) facets of the
ZB structures of TMN surfaces (Reproduced with permission from ref. 35 from American Chemical Society, Copyright 2017) via MvK
mechanism. The number inside (or above) each bar indicates the number of protons and electrons required to complete the catalytic cycle
of 2NH; formation. The labels above each bar indicate the species formed prior to PDS, and the bolded texts indicate the species formed
right at the PDS. For Figure (d), the most favourable reaction mechanism for filling the N-vacancy, either associative (A-MvK) or dissociative
(D-MvK), is specified inside the bar corresponding to each surface; Comparison of the calculated free energy of adsorption of O, OH, or H
(relative to 2N) to the surface vacancy of catalytically active nitrides (AGn+x+), in eV, where X = O, OH or H) of (e) stable facets of ZrN, NbN,
CrN and VN (Reproduced with permission from ref. 34 from American Chemical Society, Copyright 2016) and (f) the (110) facets of the ZB
structure of TMNs (Reproduced with permission from ref. 35 from American Chemical Society, Copyright 2017). Free energies are calculated
relative to Ny), Hyg), and H,O. A negative value of AGn«.x indicates that it is thermodynamically favourable to fill the vacancy with N,
rather than O, OH, or H. All free energies are evaluated at the calculated onset potential (V vs RHE) for each nitride listed at the bottom of
the figure; Calculating and comparing the activation free energy barrier (G,) of regenerating the catalyst by N, dissociation and the migration
of nitrogen atoms from the bulk toward the surface to refill the N-vacancy of (g) the RS(100) facet of ZrN, NbN, CrN and VN (Reproduced
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with permission from ref. 34 from American Chemical Society, Copyright 2016) and (i) the (110) facet of ZB structures of TMN surfaces
(Reproduced with permission from ref. 35 from American Chemical Society, Copyright 2017). If the G, value of vacancy migration much larger
than the vacancy replenishment, the catalyst is likely to be able to regenerate itself and endure the catalytic cycle.

Table 5 Summary of DFT calculated parameters: (a) the energetics (heats of reaction AHg and activation energies E,, eV), Gibbs free energy
change (AG, eV) and (b) binding energies (BE, eV) of possible N,RR species (i.e., N, N;H, N,H, Np, NH, NH,, NH3, NNH, NNH,, NHNH, NHNH,,
NH,NH, and N,H,) of all of the possible N,RR elementary reactions on TMC and TMN catalysts and catalyst supports, where * represent Mo-
defects; (c) Gibbs free energy change of the potential-determining step (AGpps, €V) in the mechanism of forming the first ammonia
molecule via the Mvk mechanism on TMN catalysts; (d) Gibbs free energy change of the potential-determining step (AGpps, €V) and rate-
determining step (AGgps) for nitrogen electroreduction to ammonia via both a single and a dimer N-vacancy MvK mechanism on TMN
catalysts; (e) Gibbs free energy change of the potential-determining step (AGpps, €V) for formation the second ammonia molecule via an
associative or dissociative mechanism, and barrier of N, dissociation (E,, eV) on TMN catalysts. The optimal reaction pathway of the
potential-determining step (PDS) or rate-determining step (RDS) are in bold font.

(a) Reaction Corresponding reaction steps of N,RR in different mechanism
Species mechanism
BE=-0.84¢eV  «Ea=0.90eV +Ea=-0.01eV +Ea=0.58 eV +Ea=-0.00eV E.=-0.02eV_
] N2(g) N NNH |\INHz NNH3 N" +NHs(g) —=NH +Ni
Distal Ea=0.92 eV =0.00.¢!
=——NH; + NHs(g) >2NH3(g)
BE = -0. su «E2=0.90eV «Ea=0.15eV «Ea=0.68eV «Ea=0.54eV « Ea= 1356V +Ea=0
- N2(g) N2 NNH NHNH NHNH: NH2NH; NH2NH3 —
Mo,C NHs( )Ea=0.00eV2NH @
. + 3 8 = 3(8
Alternative \BE= -0.84eV  x Ea=0.90_eV + Ea=0.15eV + Ea=0.68eV xEa=2.42eV + Ea=0.00eV *
Na(g) N3 NNH NHNH NHNH; NHNH3 NH " + NHz(g)
* Ea=0.00eV
NH3 + NH3(g)———="2NHs(g)
\BE= -0.16 eV x Ea=0.69eV + Ea=0.22eV +Ea=0.55eV %+ Ea=-0.52eV 4 Ea=0.14eV *
. N2(g) N2 NNH NNH; NNH3 N +NH3(g)—="NH + NHs(;
Distal * Ea=1.53eV
NH3 + NH3(g)——="2NH3(g)
BE=-0.16eV  xEa=0.69eV «Ea=0.48eV «Ea=047eV «Ea=0.58eV « Ea=165eV +Ea=0
Mo0O,-Mo,C3? N2(g) N2 NNH NHNH NHNH: NH2NH, NH2NH3 —
1.53eV
; + NHs(g)—>2NH3(g)
Alternative BE=-0.16eV  «Ea=0.69eV »Ea=0.22eV +Ea=0.36eV «Ea=0.44eV « Ea=0.38eV 4 |
Na(g) N2 NNH NNH2 NHNH; NHNH3 NH" + NHas(g)
* E.=1.53eV
NH3 + NH3(g)™—="2NHs(g)
AG=-0.41eV  «AG=-2.00eV *AG=-047eV  « * AG =-0.47 eV * AG =0.44 eV * AG=0.43 eV
S Na(g) N> LN =N " +NH ~)NH > NH " + NH; ———=2NH,
Dissociative +« AG = 0.60.eV AG =0.60 eV
2NH3; — = NH3 + NH3(g)——=2NHs(g)
AG=-041eV 4 AG=0.28eV « AG =-0.26 eV «0G=-181eV +0G=0.60eV -0.47eV
MoC(111)¢ N2(g) N2 NNH NNH; NH3 +N —==N NHg(g)—>NH
AG=024eV  « AG = 0.60 eV
) =NH3 + NHs(g) =2NHs(g)
AG=-0.41eV 4 AG =0.28 eV +AG =-0.50 eV + AG =-0.04 eV «AG=-0.14 eV +AG =-0.83 eV
Associative N2(g) N2 NNH NHNH NHNH2 NH2NH, NHs(g
AG = 0.60 eV
—2NHs(g)
‘AG=-0459 eV xAG=-3.58eV *AG=0.42eV  « * AG=0.42¢eV * AG =0.51 eV * «+ AG =0.51 eV * A
5 Na(g) N2 2N N~ +NH 2NH NH™ +NH; ——==2NH; -
issociative « AG = 0.49 eV AG = 0.49 eV
. 2NHs ——==NHs + NH3(g)———=2NHs(g)
MoCos(111) AG=-0.59€V AG =-0.06 eV «AG =-0.17 eV «0G=-216eV «AG=049eV  « AG =0.42eV
L N2(g) N2 NNH |\INH2 NHz +N N NHa(g)ﬁNH
Associative AG=0.26eV
)2 NH; + NH3(g) ™ 2NHs(g)
AG=-265eV_, AG= oosev ~ AG=014eV__, AG=137eV AG=358eV___,
N,(g) N"-N" -NH"———=NH" -NH"——=NH" - NH, —/———=NHj -1
Sc,C* Enzymatic AG=120eV L AG =085 eV
NH3 - NH3 ﬁZNﬂg(g)
AG=-282¢eV__, AG=-002eV_, AG=029eV___, L AG=158eV AG=1306eV___,
N,(g) N -N N*-NH"——=NH" -NH"———=NH" - NH, ——=NHj -
Ti,C3 Enzymatic AG=122eV AG = 0.79 eV
——=NH; - NH; ——=2NH;(g)
AG=-285¢eV__, AG=-008eV_, AG=-200eV___, AG=061ev___, AG=053eV___,
N,(g) N -N N*-NH'——=NH" -NH'—=NH" - NH,———=NHj, -
V,C3 Enzymatic AG=066eV L AG=145eV
NH3 - NH3 —=2NH;3(g)
AG=-204eV__, AG=028eV_, AG=-249eV___, AG=044eV AG=035eV___,
N2 (g) N -N N -NH —=NH -NH —=NH -NH,—=NH; -1
Cr,C3? Enzymatic AG=068eV LAG=1.40 eV
—=NHj3 - NH; ———=2NHj3(g)
AG=0.12eV_, _ ,AG=023eV_, AG=-052eV___, AG=-001ev___, .
N2 (g) N"-N" N -NH NH -NH —=NH -NH,
Fe,C* Enzymatic AG=-094eV___ AG=-037eV____, LAG=-011eV LAG=031eV
NH NH2 ﬁNHZ - NH3 HH3 - NH3 2NH3
(8)
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AG=-253eV__, AG=005eV_, AG=-270eV___, AG=097eV___, AG=020eV___,
N2 (g) N -N N -NH —=NH -NH —=NH -NH, NH, -1
Zr,C3° Enzymatic AG=116eV LAG=048eV
>NH3 - NH3 >2NH3(g)
AG=-2.16¢eV__, AG=021eV_, L AG=038eV__ AG=229eV___ AG=03%9eV___,
N2 (g) N -N N -NH —=NH -NH —=NH -NH; NH; -1
Nb,C3? Enzymatic AG=051eV LAG =098 eV
>NH3 - NH3 2NH3(g)
AG=-269¢eV_, AG=-001eV_, AG=-300eV___, AG=126eV___, AG=027eV___,
N2(g) N -N N -NH —=NH -NH —=NH -NH, NH, -
Hf,C3° Enzymatic AG=155eV LAG=051eV
NH3 - NH3 >2NH3(g)
AG=-194eV__, AG=022eV AG=-198eV____, LAG=001eV_ ., AG=022eV___,
N2 (g) N -N N -NH —=NH -NH —=NH -NH, NH, -1
Hf,C3° Enzymatic AG=067eV +AG=126eV
ﬁNH’j - NH3 %ZNH3(g)
0G=-067eV ,AG=0.94eV +0G=0.17eV «AG=-2.26eV «AG=0.15eV  «AG=0.02eV  +AG=0.20eV
Distal N2(g) N2 NNH NNH2 NNH3 NH I
ista
(AG=-067eV 48G=0.94eV x0G=026ev «AG =-0.60 ev * AG =-0.05 eV « AG=-1.50eV
. N2(g) N2 NNH NHNH NHNH: NH2NH,; NH2NH
Alternative AG=0.58 eV
Mo,C3® ———2NHs(g)
AG=-149¢eV__, AG=020eV_, AG=-011ev___, LAG=002eV__ . AG=-170eV___,
N2 (g) N -N N -NH —=NH -NH —=NH -NH,—=NH, -
Enzymatic AG=046eV LAG=127eV AG=0.51eV
——=NH; - NH; ——==NH; - NH,(g)———NHj(g)
AG=-085ev ,AG=089ev +AG=-078ev *0G=-0.26eV *0G=-0.67eV «AG=-0.58eV  +AG=037eV
Distal N2(g) N2 NNH NNH NNH3 N NH \
ista (g)
AG=-085eV . AG=0.89eV +8G=0.59ev «0G=-031ev «AG=-0.51eV « AG=-1.03eV
. N2(g) N2 NNH NHNH NHNH> NH2NH; ——==NH3NH.
Alternative AG=0.61ev
Mn,C3° ——2NHz3(g)
AG=-089eV_, AG=025eV_, AG=-118eV___, AG=-062eV___, AG=-008eV___,
N2(g) N -N N -NH ——=NH -NH ——=NH -NH,—=NH, -
Enzymatic AG=028eV LAG=041eV AG = 0.61 eV
——=NH; - NH; ——=NH; - NH,(g)——NHj(g)
AG=-0.05eV 4 AG=0.06eV +0G=-1.09 eV + AG =-0.05 eV +DG=-002eV «AG=-124eV  ,AG=0.34eV
. Na(g)——N: NNH NNH; 22V \INH; =N NH s
Distal 3(g)
Mo,TiC,0,- AG=-0.05eV 4 AG=0.06eV «AG=-0.93 eV «AG=-0.12eV +AG=1.04eV « AG=-1.63eV
0 . N2(g) N> NNH NHNH NHNH: NH2NH, ———="NH2NH:
Mosa Alternative AG=058 eV
—2NHs(g)
. AG=00lev ,AG=0.11ev +0G=-1.08 eV *0G=-0.13 eV *0G=-0.12eV «AG=-112ev  ,AG=0.25eV
Distal N2(g) N2 NNH NNH2 NNH3 N NH |
ista
g
Mo-,TiC,0,- AG=0.01lev ,AG=0.11lev +0G=0.87 ev «0G=021ev «0G=0.74eV x« AG=-2.37 eV *
o ) Na(g) N2 NNH NHNH NHNH2 NHzNH, ——==NH3NH3
Hfsa Alternative AG =0.98 eV
—2NHs(g)
AG=-004eV ,AG=0.15ev «AG=-111eV +AG =-0.1eV +0G=005eV ,AG=-118eV  ,AG=0.09eV
Distal N2(g)— N2 NNH NNH2 NNH3 NH N
ista (g)
Mo,TiC,0,- AG=-0.04eV  xAG=0.15ev « DG =0.91eV +0G=-178 eV «0G=0.82eV « AG=-219 eV
o ) Na(g) =N, | NHNH NHNH; NH2NH, ——==NH3NH:
Zrsa Alternative AG=0.97 ev
—2NHs(g)
\8G=023ev ,AG=-0.09ev »0G=-0.98 eV +0G=-0.22 eV #08G=—019eV ,AG=-0.86eV  xAG=0.22¢
) Na(g) N2 NNH NNH; NNH3 N NH
Distal 2NHs(g)
Mo,TiC,0,- AG=0.23eV 4 AG=-0.09eV «0G =-0.40 eV « 0G =-0.44 eV +0G =042 eV « 0G= —2.84eV
20 Na2(g) N2 NNH NHNH NHNH; NH2NH, ——="NH:NI
Tasa Alternative AG=0.77 eV
—="2NHs(g)
8G=0.10 eV ,AG=0.00eV +0G=-115ev +AG=0.22eV «AG=-050eV ,AG=-1.14eV _ ,AG=046eV
bistal Na(g) N2 NNH NNH2 NNH3 NH 1
ista (g)
Mo,TiC,0,- AG=0.10 eV 4 AG =0.00eV « AG =0.87 eV » 0G =-0.95 eV »0G= -0.15ev » AG=-1.81eV
P , Na(g) N2 = = NHNH; NHaNH; ———==NH,NH
Wsa Alternative AG=0.81ev
—="2NHs(g)
. AG=0.02ev 4, AG=0.05ev «AG=-1.09ev +AG =0.03 eV +0G=-017ev ,AG=-1.23eV +0G=0.48 eV
Distal N2(g) N2 NNH NNH: NNH3 N NH !
Ista (g)
Mo,TiC,0,- AG=0.02eV , AG=0.05eV «AG = -0.98 eV +0G=0.88 eV +0G=0.14ev * AG=-1.67eV
2.t O Nalg) N, ~NNH ! NHNH, NH,NH; ————==NH;NH:
Resa Alternative AG=0.81ev
—="2NHs(g)
AG=011ev ,AG=0.26eV «0G=-115ev + 0G =-0.28 eV +0G=-032ev  ,AG=-114eV « 0G =0.32.eV
. Na(g) N2 NNH NNH2 NNH3 N NH |
Distal a(g)
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MOzTiC202- AG=0.1lev ,AG=0.26eV « AG = 0.59 eV «0AG=-0.80 ev +0G=0.03 eV % AG = .1_32 eV *
N2 N2 NNH NHNH NHNH> NH2NH
Osgp0 Alternative (&) AG=0.72 eV g }
——="2NHs(g)
+0G=0.79 ev «0G=-0.27 ev + AG =-0.48 eV «0G=-0.77 ev +*0G=-0.23 eV «0G=-0.51eVv +0AG=0.33 ev
Mo@TiCO  Distal N2 NNH NNH> NNH3 NH NH; NH3
+08G=0.70 ev «0G=-0.46 eV «0G=-0.28eV «0G=0.15ev +A0G=-0.76 eV +0G=-037eV +0G=0.58 eV‘
RU@TI,CO, Distal 2 ) NNH2 NNH3 H NH2 NH3 .
«0G=0.46eV «0G=-0.26 eV * 0G =-0.25eV «0G=0.16 eV + 0G =-0.56 eV +*0G=-035eV +0AG=0.59 eV'
RUGMo,CO,t  Distal N2 NNH NNH> NNH3 NH NH2 NH3 ;
« OG =0.64 eV « AG =-0.59 eV « AG=-0.77eV «0G=-041ev «0G=-076eV  ,AG=047eV  ,AG=0.58eV
Ti@Mo,CO#  Distal N2 NNH NNH> NNH3 NH NH> NH3 '
AG=0.02eV  «AG=1.52eV * AG=-0.28eV  x * AG =-0.28 eV * AG =-0.79 eV * 5
(100/010) Na(g) =N, =N EN" +NH LNH = NH" + NH,
* AG =0.05 eV AG =0.05eV
2NHs ——=NHs + NHs(g)—>e 2NHs(g)
AG =-0.88 eV sAG—17 ev *AG=-0.53eV  « * AG=-0.53 eV * AG=-0.43 eV *
(101) Na(g) =N 2ON N+ NH 2 NH £ NH” + NH
* AG =0.70eV .70 eV
2NH; —=>NHs + NHs(g)—imHs(g)
AG=-0.68eV  xAG=-3.64eV *AG=0.09eV  « * AG =0.09 eV * AG=0.70eV * *
(111)
N2(g) N2 2N N~ +NH 2NH NH ™ + NH;
*AG=0.92eV AG =0.92 eV
Dissociative 2NH; NH3 * NH3(g) 2NHs(g)
! (111)- AG=-0.82eV xAG=-401leV_  xAG=0.02eV « *AG=0.01eV *0G=074eV & *
N2(g) N2 2N N~ +NH 2NH NH ™ + NH;
defects * AG =0.50 eV AG =0.50 eV
2NH; ——=NH3 + NH3(g)——=2NHs(g)
AG=0.02eV  «AG=1.40eV * G =0.17 eV *AG=-1.23 eV * +AG= —0.27eV *
(100/010) Na(g) N> =NNH =~NNH; NHS N ~NH " +NF
AG =0.05eV
(@ —2NHs(g)
'Y-MOZN (101) ‘AG =-0.88eV xAG=0.16eV *AG=0.13eV *AG=-1.12eV * * AG =-0.53 eV *
faces® Na(g) N NNH NNH> NH3 +N NH ™ +NH
surraces AG=0.70 eV
(8—"2NHs(g)
Associative
AG -0.68 eV « AG =-0.06eV *AG=-0.14 eV * AG =-1.68 eV * * AG =0.09 eV
(1112)
Na(g) N3 NNH NNH> NH3 +N ——=NH" + Nt
AG =0.92 eV
(@—"2NHs(g)
- AG=-0.82eV  xAG=0.18 eV * AG =0.0.03 eV *AG=-2.21eV * * AG=0.02eV
(1112)
dof Na(g) N2 NNH NNH; NH3 + N ——=NH" + NI
efects AG =0.50eV
(g ———"2NHs(g)
(b) Species The binding energies (BE) of possible N,RR species on TMC and TMN catalysts and catalyst supports.
(111) BEnH = -6.02 eV, BEnm, = 3.89 eV, BEnm; = -1.50 eV, BEnnn = -3.19 eV, BEnnu, = -4.83 eV, BEnunn
=-5.05 eV, BENHNH, = -3.80 eV, BENnH,NH, =-2.02 eV
BEH = -3.26 eV, BEy = -4.88/ - 6.86 eV and BEn, = -0.89/ - 1.06 eV
(100) BEn =-2.07 eV, BEy = -4.39/ - 6.25 eV and BEn, = -0.23/ - 0.05 eV
MoC® (110) BEn =-2.77 eV, BEy = -4.39/ - 5.48 eV and BEn, = -0.80/ - 0.89 eV
(111) BEn =-3.30 eV, BEy = -4.95/ - 6.54 eV and BEn, = -0.89 eV
(311) BEx = -3.03 eV, BEy = -4.88/ - 6.03 eV and BEn, = -0.77/ - 0.80 eV
(111) BENH = -6.01 eV, BEnm, =-3.71 eV, BEnn; = -1.39 eV, BEnnk = -3.71 eV, BEnnH, = -5.24 eV, BEnnnH = -5.18
eV, BENHNH, = -3.65 eV, BEnH,NH, =-1.98 eV
BEx =-3.37 eV, BEy =-7.73 eV and BEn, = -0.93/ - 1.24 eV
(100/010) BEn =-2.96 eV, BEy = -3.95/ - 5.72 eV and BEn, = -0.44/ - 0.01 eV
MoCo 5 (101) BEn =-3.00 eV, BEy = -6.04 eV and BEn, = -0.73/ - 1.13 eV
(112)* BEn =-3.31 eV, BEy = -7.62 eV and BEn, = -0.74/ - 1.65 eV
(311) BEw =-3.50 eV, BEy =-7.53/ - 7.28 eV and BEn, = -0.91/ - 1.60 eV
(100/010) BEnH = -3.86 eV, BEnw, = - 2.97 eV, BEn; = -0.95 eV, BEnnn = -1.65 eV, BEnnw, = -2.94 eV, BEnnH,
=-2.41eV,
BEx =-2.53 eV, BEy = -4.88 eV and BEn, = -0.65 eV
Mo (101) BEnH = -6.19 eV, BEnm, = -4.93 eV, BEny, = -1.68 eV, BEnnn = -3.79 eV, BEnnH, = -5.12 eV, BEnHNH,
Y-Mo, _
surfaces33 B B _ =-4.56 eV,
BE = -3.80 eV, BEy = -6.96 eV and BEn, = -0.80/ - 1.54 eV
(111) BENH = -6.42 eV, BEnh, = -4.03 eV, BEnH, = -1.82 eV, BEnnH = -3.81 eV, BEnnH, = -5.41 eV, BEnHNH,
=-4.17 eV,
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BEn =-3.48 eV, BEy =-7.84 eV and BEn, =-0.92/ - 1.34 eV
BEnH =-6.75 eV, BEnH, =-4.32 eV, BEnH; =-1.40 eV, BEnnH = -3.71 eV, BEnnH, =-5.14 eV, BENHNH,

=-5.64 eV,
BEn =-3.34 eV, BEy=-7.13/-8.07 eV and BEn, =-1.01/ - 1.48 eV

(111)-
defects

VNO(111)- BEn =-5.79 eV, BEn, = -0.21 eV, BEn, = -2.12 eV, BEnw; = -1.14 eV, BEnn = -5.45 eV, BEnn, = -3.68 eV, and BEn,+,
Nyac®® =-4.24 eV
VNO(111)- BEn =-7.31 eV, BEn, = -0.80 eV, BEhn, = -3.82 eV, BEnw; = -1.34 eV, BEnn = -6.48 eV, BEnn, = -4.26 eV, and BEn,H,
Oyac®® =-5.53 eV
(c) Reaction Gibbs free energy change of the potential-determining step (AGpps, €V) in the mechanism of forming
Species mechanism  the first ammonia molecule via the Mvk mechanism

Rocksalt (100) Rocksalt (111) Zinc blende (100) Zinc blende (110)
ZrN3 AGpps =0.76 AGpps =1.42 - AGpps =1.02
NbN34 Mvk AGpps =0.65 AGpps =1.12 - AGpps =0.59
CrN34 mechanism AGpps =0.46 AGpps =0.58 AGpps =1.11 AGpps =0.54
VN34 AGpps =0.51 AGpps =0.85 AGpps =0.97 AGpps =1.06
(d) Reaction Zinc blende (110)3°
Species mechanism Single vacancy Dimer vacancy

AGpps AGgps AGpps AGgps
RuN - 1.89 0.23 -
CoN 0.27 1.31 0.27 -
NiN 0.10 2.98 0.10 3.76
NbN 0.59 - 0.68 -
CrN 0.54 - 0.54 0.88
RhN D-Mvk - 4.57 - 1.41
ZN mechanism 1.23 - 1.23 -
OsN - 1.26 0.52 0.65
WN 0.55 - 0.55 -
FeN 0.75 - 0.75 -
IrN - 3.17 - 0.58
PtN - 4.26 3.11 -
PdN - 4.21 - 4.27
VN - - - 1.24
(e) Gibbs free energy change of the potential-determining step (AGpps, €V) for formation the second ammonia
Species molecule via an associative (Assoc.) or dissociative (Dissoc.) mechanism, and barrier of N, dissociation (E;) on TMN

catalysts
Rocksalt (100) Rocksalt (111) Zinc blende (100) Zinc blende (110)
Assoc. Dissoc. Assoc. Dissoc. Assoc. Dissoc. Assoc. Dissoc.
AGpps AGpps Ea AGpps  AGpps Ea AGpps  AGpps Ea AGpps  AGpps Ea

ZrN34 0.76 0.76 0.11 1.42 1.56 0.18 - - - 1.02 1.02 0.46
NbN34 0.65 0.65 0.35 1.12 1.12 0.45 - - - 0.59 0.59 0.04
CrN34 0.85 0.76 0.58 0.77 0.71 1.27 1.24 1.11 2.09 0.76 0.54 0.30
VN34 0.51 0.51 0.30 0.85 0.85 0.55 0.97 1.22 1.57 1.06 1.24 0.21

due to unfavorable thermodynamics for the formation of NH,", a key
reaction intermediate of N,RR. However, the N,RR is predicted to
occur via the MvK mechanism on these TMN surfaces. Following the
A-MvK and D-MvK mechanisms (Table 5 (c) and 5(e)), the first NHs
molecule is formed by the protonation of a surface N atom, forming
a N vacancy. A N, molecule is then activated on the N vacancy, which
undergoes a series of reduction and dissociation reactions to form
the second NHs. Among all TMNSs, rocksalt (100) of VN and CrN have
been predicted to show excellent NRR activity with relatively low
overpotentials (-0.51 and -0.76 V, respectively) via the D-MvK
mechanism. Furthermore, these two catalysts also endow the low
number of proton-electron pairs (6(H*+e’), Figure 6(d)) that are
required to form 2NH; to complete the catalytic cycle, and might

22 | Chem. Soc. Rev., 20xx,XX,XX

result in relatively high current efficiencies. Moreover, these two
nitride catalysts were predicted to have excellent stability (Figure
6(e) and 6(g)) in a N RR-relevant electrochemical environment. As
such, VN and CrN are TMN materials predicted to have excellent
catalytic activity for N;RR.

TMNs in the zinc blende (ZB) phase have also been explored for
electrochemical N,RR.3> Detailed DFT calculations on the ZB(110)
facets of 23 TMNs identified RuN and CrN as the best catalytic
candidates. The calculated free energy change of the potential-
determining step (AGpps) and rate-determining step (AGgps) for
electrochemical N,RR to NHs via both a single and a dimer N-vacancy
with D-MvK mechanism on TMN catalyst are summarized in Table
5(d). The potential-determining step (PDS) for the ZB(110) facets of
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RuN and CrN were the formation of NH," and NH", respectively. The
calculated AGpps and the number of proton-electron pairs required
to produce 2NH; on all TMNs are shown in Figure 6(h). The calculated
free energy of adsorption of O, OH, or H relative to dissociated 2N*
(AGn#x+), Wwhere X = O, OH or H, a negative value of AGn+x¥)
indicates that it is thermodynamically favorable to fill the vacancy
with N, rather than O, OH, or H) on the surface vacancy of
catalytically active nitrides are shown in Figure 6(f), which inform the
resistance to the poisoning of the surface vacancy. Comparison of the
calculated activation free energy barrier (G,) of catalyst
replenishment by N, dissociation for refilling the N-vacancy and the
migration of nitrogen atoms from the bulk toward the surface to fill
the vacancy is shown in Figure 6(i). These calculations predict the
stability of nitrogen vacancies and the possibility of catalyst
regeneration. Generally, If the G, value of vacancy migration is much
larger than that of vacancy replenishment, the catalyst is likely able
to regenerate and endure the catalytic cycle. Based on the calculated
AGpps, the number of proton-electron pairs required for the
formation of 2NHj3, the poison tolerance of surface vacancies, and
the regeneration of the active site during the electrochemical N,RR
process, it is apparant that RuN and CrN can serve as good candidates
for electrochemical N,RR.

Furthermore, DFT calculations were performed to
understand the N,RR mechanism on a surface N-vacancy (N-vac)
and an O-vacancy (O-vac) of VNO (111).36 The study showed that
the N,RR proceeds via the MvK mechanism combined with the distal
channel of the associative mechanism (Figure 6(a)), and N-vac
facilitated N,RR is predicted to be more facile than O-vac facilitated
N,RR. This is primarily due to the over binding of some of the N,RR
intermediates (Table 5(b)) on the surface O-vac of VNO (111). For
N-vac facilitated electrochemical NRR (Figure 6(c)), the PDS was
predicted to be the reduction of N," to N,H" (i.e. N,* + 1/2H,(g) —
N,H"), with an endothermic energy change of 0.56 eV, consistent
with the experimental observation that the first electron-transfer
step was the PDS. For O-vac facilitated electrochemical N,RR (Figure
6(c)), the PDS was NH," + 1/2H,(g) — NH;", with a thermodynamic
energy change of 0.62 eV. The slightly smaller uphill energy change
for the PDS on the N-vac compared to that on the O-vac surface
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indicates that the electrochemical N,RR on the N-vac surface is more
favourable. The stronger binding of N,RR intermediates on the O-vac
led to the deactivation of the catalytic sites as observed in the
corresponding experiments.3” This study demonstrated that N
vacancies on VNO surfaces are the active sites for the
electrochemical transformation of N, to NH3.

The electrocatalytic N,RR activity and mechnism on MXene
based materials have also been investigated using DFT
calculations.333% In a recent study, Johnson et al.38 explored the N,RR
activity on a set of bare and functionalized MXenes via a DFT high-
throughput computational investigation. Their study revealed that
the PDS was NH;" formation from NH," on bare MXenes, whereas,
the PDS was the formation of N,H" on functionalized MXenes via an
associative mechanism. The calculated onset potentials on M,XT,
MXenes (M =Ti, V, Zr, Nb, Mo, Ta, W; X = C, N; T, = bare, H, O, N)
were shown in Figure 7(a), which suggested that the overpotential
on the bare MXene increased with the period number of the M
constituent of the MXene. It was also found that the pristine Mo,C
had the lowest overpotential (0.56 V) and Ti,CO, showed the largest
overpotential among the studied pristine and functionalized
MXenes. On the other hand, it was also found that the type of
functional group played an important role in regulating the stability
and performance of N,RR on MXenes. For instance, pristine MXenes
were not stable and were transformed into functionalized MXenes
under the electrochemical N,RR conditions based on Pourbaix
diagrams and selectivity analysis (Figures 7(b) and (c)). Therefore, it
was concluded that only the functionalized MXenes should have low
theoretical overpotentials, remained stable, and possessed high
selectivity toward NH; compared to the competing HER under the
electrochemical conditions.

Wang et al.3° also have systematically studied electrochemical
N,RR on a series of transition metal M,C (M =Sc, Ti, V, Cr, Mn, Fe, Zr,
Nb, Mo, Ta, and Hf) MXenes, and computed their U, to identify
promising electrochemical N,RR catalysts. The DFT-calculated BE of
N, adsorption on M,C indicated that N, favorably adsorbed on the
atop metal site in an end-on configuration and the two-fold hollow
site with a side-on configuration. For the 3d TM M,C (M =Sc, Ti, V,
Cr, Mn and Fe), the BE of N, followed the order: Sc,C > Ti,C > V,C >
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adsorptions on Ti,CO, and Mo0,CO, MXenes, (k) the calculated reaction free energies for N,” to NNH" on various TM@Ti,CO, and
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Cr,C > Mn,C > Fe,C, while the 4d-5d M,C BE followed the order: Zr,C
> Nb,C > Mo,C and Hf,C > Ta,C. According to the calculated AG of
each elementary step of electrochemical N,RR (Table 5(a)), it was
found that Mo,C showed the lowest U, of -0.46 V and the N,RR
followed the associative pathway. The corresponding PDS was
predicted to be the reaction of NH,"NH3" + (H* + ) — NH3"NH;".
Mn,C and Fe,C were predicted to possess significantly small U values
-0.28 and -0.23 V, respectively (Table 5(a)). The DFT calculated
U(N,RR)-U (HER) on M,C MXenes (Figure 7(d)) suggested that the
N,RR should be more selective than the competing HER on most 3d-
5d M,C MXenes, except for M = Sc, Ti, and Hf. It was found that the
N,RR activity could be explained with the d-orbital electron
configuration of M in MXene (Figure 7(e)). For example, Mn,C and
Fe,C possessed excellent N,RR performance because of their 3d° or
3d® electron arrangements. Such 3d electron configurations allow
the adsorbed N, to donate 1 o electrons to the higher-energy spin-
down empty 3d orbitals of Mn and Fe (Figure 7(f)) enhancing the
adsorption of N, molecule and consequently the overall N,RR
activity.

In addition, DFT calculations also were employed to investigate
the N,RR performance on SACs anchored on MXenes.*%*! In one
study, 3d-5d TM single atoms were embedded in the defective
MoTiC,0, MXene to create a library of SACs of the type Mo,TiC,0,-
TMsa.® The free energy barriers of the first (N,* to NNH", AG(N,-
NNH), and the last (NH," to NH;", AG(NH,-NH3)) hydrogenation steps
in N,RR were used as descriptors to screen potential SACs for
efficient N,RR (Figure 7(g)). Such screening criterion (Figure 7(g))
showed that Zr, Mo, Hf, Ta, W, Re, and Os single atoms supported on
defective Mo,TiC,0, should have an ability to promote the overall
N,RR process. The free energy diagrams calculated for the complete
reduction of N, to NHj illustrated that the distal mechanism is
thermodynamically favorable over the alternating mechanism, and
thus the N,RR on Mo, TiC,0,-TMss was predicated to follow the distal
channel of the associative mechanism (Table 5(a)). Among the
studied catalysts, Mo,TiC,0,-Zrsy showed the lowest AGpps (0.15 eV),
and the corresponding potential determining step was predicted to
be N,"—NNH" (U,=-0.15 V, Figure 7(h)). Interestingly, the UL values
of N,RR were lower than HER for the selected catalysts (Figure 7(i)).
Figure 7(i) suggesting that the N,RR should be favored over the HER
on the selected candidates.

To explore how single atomic catalysts (SACs) regulate the
selectivity and activity of electrochemical N,RR on MXene-based
SACs, the author investigated serious of single TM atom anchored on
the Ti,CO, and Mo,CO, MXene monolayers as efficient N,RR
electrocatalysts via DFT calculations.* The author study the stability
of single TM atom anchored on MXene in first, the calculated BE of
single TM atom on MXene were shown in Figure 7(j), implying that
the BE decrease with increasing d electrons in 3d metal elements.
The author only considered the SACs of BE upon the horizontal dash
line in Figure 7(j), because the weak binding strength may cause TM
atoms to detach from the substrate, resulting in the electrocatalysts
having poor performance and stability. The calculated BE of N, on
TM@Ti,CO, and TM@Mo,CO, surfaces indicated that the N,
molecule with the end-on configuration was preferential comparing
to those with the side-on configuration. The calculated free energies
of N,” to NNH" step on various TM@Ti,CO, and TM@Mo,CO,
suggested that only Ru and Mo anchored MXene catalysts have

This journal is © The Royal Society of Chemistry 20xx

better catalytic performance for the common potential determining
step (PDS) (Figure 7(k)), based on the criteria that the PDS of most
SACs is the step of NNH™ and NH3" formation, and the free energy of
corresponding PDS not surpass 0.8 eV (AGpps). The calculated
complete reaction paths of electrochemical N,RR on Ru and Mo
anchored Ti,CO, and Mo,CO, MXene indeed confirmed that the
mentioned catalysts possessed high N,RR activity toward the
production of NHj3 via the distal mechanism (Table 5(a)). Especially,
the U for Ru@Mo,CO, was -0.46 V, which was less negative than the
substrate of Ti,CO, because the substrate of Mo,CO, have the high
conductivity. In addition, comparing the AG of each N, and H as well
as first N, protonation and H adsorption, the author studied the
activity and selectivity of the electrochemical N,RR on Mo@Mo0,CO,.
The calculated results shown that the electrochemical N,RR via the
distal or hybrid mechanism with the U, is -0.32 V or -0.35 V,
corresponding theoretical overpotential is 0.16 or 0.19 V, implying
that Mo@Mo0,CO, exhibit rapid electrochemical N,RR performance
(Figure 7(1)).

3.5 Carbon Dioxide Reduction Reaction (CO,RR)

Large-scale utilization of fossil fuels has tremendously
contributed to the development and the
improvement of the living standard of people around the globe.
However, the large-scale use of fossil fuels has also led to an
increase in anthropogenic CO, emissions into the atmosphere.
Such CO, emission has been linked to adverse environmental
effects such as global warming, ocean acidification, climatic
variation, etc.4245166 The development of CO, utilization

economic

technologies, such as the electrochemical CO, reduction
reaction (CO,RR) powered by electricity generated from
renewable energy sources*®, are promising and sustainable
methods for the reduction of CO, emissions. The
electrochemical CO,RR at ambient conditions not only mitigates
net CO, emission but also produces energy dense fuels and
value-added feedstocks.'® The mechanism of CO,RR is complex
because of the possibility of the formation of multiple (a
mixture of C; and C,) products. The final product of CO,RR
depends on the number of H*/e™ pairs transferred to CO,. 434>
For instance, it has been shown that CO, can be
electrochemically converted to various gaseous and liquid
chemicals including carbon monoxide and hydrogen (CO and H,,
syngas),164243 hydrocarbon fuels (CH; and C,H,),%446167 and
hydrocarbon oxide fuels (CH3OH and C,HsOH)66168 ynder
ambient and aqueous condition. Fundamental understanding of
the CO,RR mechanism is necessary for the design of catalysts
for the selective transformation of CO, to desired products.
Recent theoretical and experimental studies have
identified Au, Ag, Cu, and Pd*?>1% metal oxides, and metal-
organic complexes as the best performing CO,RR catalysts.16¢
Among the various metals explored, Ag and Au exhibit high
selectivity for CO, while Cu is the only metal that shows
selectivity for hydrocarbons.'®® Cu,0 and RuO, were found to
promote the CH3OH production.166:167 Fine-tuning the product
selectivity of CO,RR is challenging and often requires a
nonlinear tuning of the binding energy of reaction
intermediates.*®* TMCs and TMNs serve as a platform materials
in this regard. Recent studies have demonstrated that TMC- and
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TMN-based catalysts not only reduce precious metal {(e.g. Au,
Ag, Pd) loading, but also show enhanced activity/selectivity for
CO,RR to C; (CO, CH,, HCOOH, and CH;OH)'642-46.166,168 gnd C,
(C,H, and C,HsOH)¢7 products (Figure 8), due in part to the high
electrical conductivity and stability under reaction conditions.

The binding energy and change in free energy (AG) involved
in electrochemical CO,RR can be calculated using equations (1)
to (10) as described in the introduction. The limiting potential
(Uy) is a theoretical onset potential calculated from the
maximum free energy change (AGwax) along the lowest energy
pathway by using a relation U_ (vs RHE) = -AGyax/e.474852 Thus,
TMC and TMN surfaces with less negative U, relative to parent
transition metals can be identified as candidates for CO,RR
catalysis. 465152168

Extensive DFT studies have been performed for CO;RR over
TMC and TMN catalysts,164252,166-170 the selected results of
which are summarized in Table 6. DFT calculations, combined
with experimental measurements, were performed to explore
the CO,RR activity of PdH layers supported on TMC substrates.*?
PdH overlayers were considered in theoretical calculations
because in situ X-ray absorption spectroscopy (XANES and
EXAFS) and in situ X-ray diffraction (XRD) indicated the
transformation of Pd to PdH phase during the CO,RR. The DFT
calculated free energy diagrams (Figure 9(a)) predicted an
enhanced CO,RR over PdH supported on TMCs. In agreement
with the experimental findings, the performance of CO,RR was
predicted to follow the sequence: PdH/TaC{(111) >
PdH/NbC(111) > PdH{111) (Table 6(a) and Figure 9(a)). The
enhanced CO,RR was mainly attributed to the stronger binding
of HOCO™ (Table 6(a)), a key intermediate of CO,RR. The results
from this study show that Pd supported on TaC exhibits higher
activity than the commercial Pd/C catalyst, resulting in a
significantly reduced Pd loading compared with commercial
Pd/C.

co,*
I
COOH* OCHO*
— *
co r ic* HCOOH CHCH, CHEHLE
COH* CHO* HeE@OH
CH,CH,*  CH3CH,OH*
CHOH*=—>CH*
CH,0% m———p CH,0H* CHCH,*  CH,CH,OH*
@) (@) 1 *
o Ch,* CH,CHOH
e 12 !
T % CHyco*
CHy*

OCHs*——— CH,*  CH,CHO*

Clily
—> A*+(H'+e’ ) >AH* =—p BOH*+(H'+e)>B*+H,0 =—p Desorption
—p OCH;*+(H*+e")>CH,+0* with following O*+(H*+e’)>(H*+e’}+OH* SH,0
—> CH,*+CO->CH,CO*
Figure 8. Proposed electrochemical CO,RR pathways for C; (CO,
HCOOH, CHsOH, and CH4) and C, (CH,CH, and CHs;CHOH)
products.66-168 A and B represent different species.
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Catalytic activity and product selectivity trends for
electrochemical CO,RR on transition metal monolayer coated
tungsten carbides (M/WC core-shell metal/metal-carbide
particles, M = Mn, Fe, Co, Ni, Cu, Zn, Ru, Rh, Pd, Ag, Ir, Pt, and
Au) have been studied by means of DFT calculations.** The trend
in activity and product selectivity was investigated by
calculating the free energy change along several pathways
leading to various C; products (Figures 9(b) and (c)). The results
showed that when the interaction between the supported
metals and the reaction intermediates was weak, the main
product of CO,RR was CO. WC supported catalysts, such as
Zn/WC, Ag/WC, and Au/WC, had similar limiting potentials
compared to those of pristine metal surfaces. Consequently,
these core-shell M/WC architectures may help reduce the
loading of precious metals {e.g. Au, Ag) for the design of CO,RR
catalysts. The DFT predicted limiting potentials for CO,RR to CO
were relatively low (U~-0.2 V) on Cu/WC and Pd/WC.
Interestingly, it was found that generated CO could be further
reduced to CH; and CH3;OH on Cu/WC and Pd/WC core-shell
catalysts, respectively, at the limiting potential U ~-0.88 V
(Figure 9(b)). The OBE on the catalyst surface was found to
significantly influence the formation of C; products. CH, was
predicted to be the main product of CO,RR on catalyst surfaces
that bind O strongly, while surfaces that bind O weakly were
predicted to promote CH;OH formation. Furthermore, it was
observed that the binding energy of CO®", a key CO,RR
intermediate, was linearly correlated with the binding energy of
other reaction intermediates such as COOH*, CHO", and COH",
which bound to the surface via the C atom. On the other hand,
the OBE was linearly correlated with the binding energy of the
OH" and CHsO" reaction intermediates. Thus, the binding
energies of CO™ and O” were proposed as descriptors of catalytic
activity and selectivity of CO,RR. The DFT calculations
performed on M/WC showed that the binding energy of CO*
and O correlate linearly with the d-band center of the
supported metal (M) on the WC substrate, suggesting that the
d-band center could serve as a single-parameter descriptor to
predict the product selectivity of CO,RR on TMC-supported
metal catalysts (Figure 9(c)).

The eight electron-transfer CO,RR to CH; on WC and
transition-metal-decorated WC surfaces have been explored via
DFT calculations.** It was found that the adsorption of reaction
intermediates during electrochemical CO;RR to CH4 on these
complex surfaces is governed by binding site-specific directional
electronic effects that could not be accounted for in the
conventional d-band model. To address this issue, an extended
component-resolved d-band model was developed, where the
intermediate binding at top sites is primarily affected by the d;2
component of the d-band, whereas the symmetrically
equivalent d,, and d,, components govern binding at hollow
sites, as well as at bridge sites (between two metal atoms). Such
a model was able to explain both site preference and binding-
energy trends on metal-decorated WC surfaces. Various WC
surfaces with Fe coverages ranging from 1/9 to 1/2 ML were
considered in DFT calculations to examine the spatial extent of
perturbations to the WC electronic structure, and the calculated
binding energy variations (Figure 9(i)) validated the extended d-
band model. The author also took 1/4- and 1/2-ML Fe/WC

This journal is © The Royal Society of Chemistry 20xx
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Table 6. Summary of DFT calculated energetics of CO,RR. (a) the binding energies (BE, eV) of key intermediates (i.e., O, OH, HOCO, COOH,
CO and CHO) during the electrochemical CO,RR on TMC and TMN catalysts and catalyst supports; (b) free energy difference (AG, eV) for
each elementary step along the electrochemical CO,RR via various pathways to produce different products (Figure 8). The optimal
reaction pathways and the potential-determining step (PDS) are in bold font.

(a) The calculated binding energy of electrochemical CO,RR intermediates (BE, eV) via different pathways to
Species produce different products (Figure 8)
PdH/NbC(111) BEnoco = -1.62 eV and BEco = -0.93 eV
Pd/TMC* PdH/TaC(111) BEnoco = -1.67 eV and BEco = -0.96 eV
PdH(111) BEnoco = -1.56 eV and BEco = -0.79 eV
PdH/NbN(111) BEnoco = -1.67 eV and BEco = -0.90 eV
Pd/TMN?® PdH/VN(111) BEHoco = -1.38 eV and BEco = -0.41 eV
Pd/VN(111) BEnoco = -2.13 eV and BEco = -2.06 eV
PdH(111) BEHoco = -1.57 eV and BEco =-0.80 eV
Ag BEcooH =-0.07 eV, BEcHo = 0.03 eV, and BEco =-0.70 eV
Au BEcooH =-0.08 eV, BEcHo = 0.03 eV, and BEco =-0.70 eV
Co BEcooHn =-0.16 eV, BEcHo =-0.24 eV, and BEco =-1.11 eV
Cu BEcooH =-0.18 eV, BEcHo = 0.05 eV, and BEco =-0.70 eV
Fe BEcooH =-0.05 eV, BEcHo =-0.01 eV, and BEco =-0.92 eV
Ir BEcoon =0.11 eV, BEcHo =-0.02 eV, and BEco =-1.18 eV
M@d-Tic* Ni BEcooH = 0.04 eV, BEcHo = -0.02 eV, and BEco = -0.72 eV
Os BEcoon = 0.30 eV, BEcHo = 0.20 eV, and BEco =-1.02 eV
Pd BEcooH = 0.11 eV, BEcho = 0.08 eV, and BEco = -0.71 eV
Pt BEcoon = 0.10 eV, BEcro = -0.01 eV, and BEco = -0.81 eV
Rh BEcoon = 0.01 eV, BEcho = -0.04 eV, and BEco = -0.98 eV
Ru BEcoon =0.18 eV, BEcho =0.14 eV, and BEco =-1.00 eV
TiC BEcoon =-0.15 eV, BEcho =-0.12 eV, and BEcp =-1.78 eV
o" OH" co* COH" CHO"
WC(3 x 2) BE=-1.87 eV BE=-1.26 eV BE=-1.48 eV BE=-1.45 eV BE=-1.84 eV
WC(2 x 2) BE=-1.84 eV BE=-1.21 eV BE=-1.50 eV BE=-1.40 eV BE=-1.79 eV
Fe/WC* 1/2 ML Fe/WC BE=-0.55 eV BE=-0.19 eV BE=-1.32 eV BE=-1.51 eV BE=-1.47 eV
1/4 ML Fe/WC BE=-1.20 eV BE=-0.46 eV BE=-1.21 eV BE=-1.26 eV BE=-1.41 eV
1/6 ML Fe/WC BE=-1.65 eV BE=-0.93 eV BE=-1.34 eV - -
1/9 ML Fe/WC BE=-1.77 eV BE=-1.04 eV BE=-1.42 eV - -
Mo,C(100)32 Mo-terminated BE=-2.09 eV BE=-1.57 eV BE=-2.16 eV BE=-2.24 eV
C-terminated BE=-0.76 eV BE=-0.81 eV BE=-1.70 eV BE=-1.85 eV
Mo,C(101)32 BE=-1.83 eV BE=-1.62 eV BE=-2.05 eV BE=-2.30 eV
Mo,C(110)32 BE=-1.72 eV BE=-1.44 eV BE=-2.29 eV BE=-2.25 eV
MoC(100)52 BE=-0.62 eV BE=-0.56 eV BE=-1.59 eV BE=-1.82 eV
MoC(110)52 BE=-1.51 eV BE=-0.88 eV BE=-2.28 eV BE=-3.04 eV
MoC(111)52 C-terminated BE=-1.86 eV BE=-1.43 eV BE=-2.78 eV BE=-2.72 eV
Mo-terminated BE=-1.44 eV BE=-1.43 eV BE=-1.97 eV BE=-2.11 eV
(b) Free energy difference (AG, eV) for each elementary step along the electrochemical CO,RR via different
Species pathway to produce different products (Figure 8)
+CO2(g), BE=0.35eV 4 +H, AG=-0.92 eV « +H, AG=-0.37 eV « +H, AG =-0.12 eV B
¥——  —C0,— —COOH HCOOH ——CH,COOH
Mo3C,(OH), +H - H20, AG =-0.08 eV « +H, AG = -1.57 eV « +H-CH4, AG=-0.03eV 4 +H,AG=-0.83eV __ « +H,AG=1.
—— ———CH)0 CH30 —0 —OH ——
+CO2(g), BE=0.23eV 4 +H, AG = 0.49 eV « +H, AG = -0.09 eV « +H-H20, AG = -0.20 eV N
M3C,* ¥————————C0O, COOH —HCOOH ———————CHO
Mo3C,0, +H, AG = 0.54 eV +« +H, AG = -0.90 eV « +H, AG = 0.35 eV « +H-H:0,AG=-0.96eV 4 +H, AG =
CH20 —CHOH — = CH3OH ———CHz —
CHa AG 0.68
- Bare , +COoae), QBZ}wCO{ AG evLOOH « AG =-0.33 eVLO «AG =1.09 evC o
2 O-terminated with O vacancy 1 COa(g), AG =005 eVLO; AG=0.78 eVLOOH « AG =-0.09 eVL.O «AG=023 evCo
DET+U , FCO:(g), AG=-0.04 eVLOZ* 4G =0.90 eVLOOH « AG =-0.45 EVLO +0G = o.zoe>vco
Bare o CO2(g), AG = -2.85>evc02* AG =239 EVLOOH + AG =-0.06 eVLO « AG = 0.90, eVCO
TisC,>° O-terminated with O vacancy  +COa(g), AG=-0.23 eVLOZ* AG=1.04 eVLOOH + AG =-0.09 eVLO +8G=-010eV .
DFT+U L HC0(g), AG =-0.22 eVLOZ* AG =1.09 eVLOOH « AG =-0.01 eVLO « AG =-0.24 evCO
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surfaces as examples to further study CO,RR to CHy, finding that
the energy of occupied dy,,, and d,?2 states downshifted in
comparison to pristine WC (Figure 9(i)), which resulted in lower
CO and O binding energies relative to bare WC (Table 6(a)). The
calculated free-energy diagram for CO,RR to CH4 on Fe-modified
W surfaces via the carbophilic and oxophilic reaction pathway is
shown in Figure 9(j). It was revealed that the oxygen pathway
became increasingly uphill as Fe coverage increased, whereas
the limiting potential of the carbophilic pathway reduced to U,
=-0.22 V, which was smaller than that of bare WC (U_=-0.35 V).
Thus, it was purposed that tuning the oxophilicity and
carbophilicity of the surface can tailor catalysts for desirable
product selectivity and optimized activation potential for the
electrochemical CO,RR to CHy.

Li et al.’?2 employed DFT calculations to study the
relationship between the active-site and product selectivity of
electrochemical CO,RR on Mo,C and MoC surfaces. They
calculated BE of the main reaction intermediates (CO*, CHO", 0",
and OH") on a set of eight low index facets and surface
terminations of orthorhombic Mo,C and cubic MoC with
different Mo/C ratios during the CO,RR process (Table 6(a)). It
was found that the CO" intermediate kept its up-right
adsorption configuration on TM surfaces, whereas, the
intermediate CHO™ preferred a side-on configuration.
Furthermore, the author also calculated the U, as a function of
AG,4(OH") to evaluate the effect of different active sites on
product selectivity (Figure 10(a)). It was revealed that the
product selectivity of electrochemical CO,RR was governed by
the metal/carbon ratio of the active site. For instance, the CHE-
based thermodynamic analysis suggested that CH4; was favored
on the Mo-rich active-sites while CH3;0H was produced on the
C-rich active-sites. In addition, the equilibrium nanoparticle
shape at any given potential (Figure 10(b)) was constructed via
the Wulff construction!’%172, Figure 10(b) revealing that the
equilibrium particle shapes of MoC and MoC, at open circuit (0
V vs RHE) and working potential (-0.5 V) predominantly
consisted of the non-polarized (100) facet.

Furthermore, the electrocatalytic CO,RR activity and
mechanism on MXene materials have also been investigated using
DFT calculations.*>47-50 For instance, among all group IV, V, and VI
TM MXenes,*s the DFT results showed that the Cr3C, and MosC,
MXenes should be the most promising candidates for
converting CO, into CHy. Cr3C; and MosC; have a strong binding
affinity for O, making OH" reduction to H,0" the rate-
determining step of CO;RR, with the AG values calculated being
1.05 and 1.31 eV, respectively (Figures 9(d) and (e)). The
binding preference of the CrsC, and MosC, surfaces for O and
OH suggests that these surfaces may be covered by O/OH
during CO,RR. Additional DFT calculations were performed to
study CO,RR on Mo5C,0, and Mo3C,(OH), surfaces as models to
represent the O- and OH- covered MosC, MXenes, respectively.
The results (Table 6(b)) showed that the limiting step was the
release of OH” species in the form of a relatively strongly
chemisorbed H,0" molecule with a AG value of 1.17 eV on
Mo3C,(OH),. In contrast, the limiting step on MosC,0, was
determined to be the formation of CH,0" species, with a AG
value of 0.54 eV. The study suggested that the termination of
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MXene surfaces with either O or OH can stabilize the MXene
and promote CO,RR.

Two-dimensional Ti- and Mo-based MXenes have been
investigated as catalysts for CO,RR using experimental
techniques and DFT calculations.*’ In experiments, Ti,CT, and
Mo,CT, MXenes (T, = F and O) showed promising performance
for electrocatalytic CO,RR to formic acid (main product), with
Faradaic efficiency of over 56% on Ti,CT, at -1.8 V versus
standard hydrogen electrode (SHE) and partial current density
of up to -2.5 mA cm2 on Mo,CT,. DFT calculations were carried
out to identify the role of the surface termination group on Ti-

and Mo-based MXenes for electrocatalytic CO,RR to formic acid.

The DFT-calculated results demonstrated that the presence of
an -F termination group tuned the binding strength of
intermediates and the corresponding CO,RR limiting potential
favorably, compared with the O-terminated MXenes (Figures
10(c) and (d)). For example, on a fully O-terminated Ti,CT,
surface, the PDS of electrocatalytic CO,RR is CO,"+ H* + e —
COOH" step with the corresponding U, of -0.85 V. However, with
increasing substitution of F for O-T, group in Ti,CT,, the U,
become more negative at-0.89 Vto-1.26 V for 33.3% and 66.7%
-F substitution, respectively (Figures 10(c)). On a fully O-
terminated Mo,CT,, the PDS step was COOH" + H* + e —
HCOOH" with a U, of -0.47 V. Interestingly, it was found that the
presence of F-T, group can change the PDS step from COOH™ +
H* + e — HCOOH" to CO,"+ H* + e— COOH", compared with
fully O-terminated Mo,CT, (Figures 10(d)). In addition, the
author also investigated the selectivity of catalysts toward to
CO,RR (Figure 10(e)), it was found that O-terminated Mo,CT,
possessed the least negative U (CO;)-U (H;) values of -0.1 V,
implying that low amounts of F-T, presence should be beneficial
to CO,RR to formic acid.

In addition, the performance of electrocatalytic CO,RR on
Mo,C and Ti3C, MXenes were also studied using a combination
of experimental measurements and DFT+U calculations (Table
6(b)).3>° The experimental results shown that the electrocatalytic
CO,RR on Mo,C and TisC, possessed high faradaic efficiencies of 90%
(250 mV overpotential) and 65% (650 mV overpotential). DFT-based
free energy computations were used to understand the origin of the
enhanced CO,RR activity on Mo,C and TisC, MXenes. The DFT
calculated results illustrated that the intermediates of CO,RR
strongly chemisorped on bare Mo,C and TisC, (Table 6(b)), and thus
reduction of strongly adsorbed intermediates were predicted to be
difficult. The X-ray photoelectron spectroscopy (XPS) measurements
showed that the two MXenes were largely oxygen terminated.
Therefore, additional DFT calculations were performed to examine
the CO,RR thermodynamics. Oxygen terminated MXene surfaces,
the binding of key reaction intermediates such as CO, and CO was
very weak indicating a less facile CO,RR (the BE of CO and CO, on
Mo,C surface is about 0.02 eV, on oxygenated TisC, surface, the BE
of CO and CO, is about -0.05 eV). However, on oxygen terminated
MXene surface with surface oxygen vacancies, the DFT and DFT+U
calculated results showed that the activation of CO," to COOH" need
a free energy input of 1.04 eV and 0.78 eV on TisC, and Mo,C (Table
6(b)), respectively. The formed COOH" will spontaneously dissociate
and form H,0 and CO" on the two MXenes. These results suggested
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that the Mo,C is a promising catalyst for electrocatalytic CO,RR to
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Figure 9. (a) Free energy diagrams for electrochemical CO,RR calculated at U = 0 V on Pd/TMC materials. Reproduced with
permission from ref. 42 from Wiley-VcH, Copyright 2018; (b) Free energy diagrams for electrochemical CO,RR to different products
on different metal MLs on the WC surface (U = 0 V) and (c) Volcano plot predicting the free energy change for the selectivity
determining steps based on the total d-band center on different metal MLs on the WC surface. Reproduced with permission from
ref. 43 from American Chemical Society, Copyright 2017; The minimum energy path of electrochemical CO,RR to CH4 and H,0 on
(d) MosC, and (e) Cr3C, catalyst. ** refers to chemisorbed species. Reproduced with permission from ref. 45 from American
Chemical Society, Copyright 2017; (f) The calculated free energy changes (AG) of the first protonation step of CO, reduction
reaction (CO, + H* + e — COOH"/OCHO") and HER (H* + e —H") at 0 V vs RHE on TiN and M@d-TiN catalysts, (g) The calculated
limiting potential (U,) of electrochemical CO,RR on M@d-TiC(100), the different potential-determining steps (PDS) are marked
with different colors and (h) The calculated binding energy of COOH" and CHO" plotted as a function of CO” binding energy on
pure M (black) and M@d-TiC (blue) surfaces. Reproduced with permission from ref. 46 from American Chemical Society, Copyright
2017; (i) The correlation between the CO binding energy and the dz?> PDOS of surface W atoms, the OBE and the dy,/,, PDOS, the W
dz? and dy,, PDOS for pristine WC and Fe-coated WC and (j) The calculated free-energy diagram (U = 0 V) for the competitive
carbophilic (black) and oxophilic (red) reaction pathways on WC, 1/4 ML Fe/WC and 1/2 ML Fe/WC surfaces. Inset: Charge densities
in the plane of the W surface atoms. Reproduced with permission from ref. 44 from Wiley-VcH, Copyright 2015; (k) Free energy
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diagrams for electrochemical CO,RR calculated at U = 0 V on Pd/TMN materials. Reproduced with permission from ref. 16 from
Wiley-VcH, Copyright 2020.
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the optimum reaction path to produce CH; or CH30H in the minima reaction network displayed on the right, and (b) Ab initio
thermodynamics Wulff construction showing the equilibrium particles shapes of MoC (top) and Mo,C (bottom) at open-circuit potential (0 V
vs RHE) and the CO;RR working potential was taken the representative value of -0.5 V. Reproduced with permission from ref. 52 from
American Chemical Society, Copyright 2020; The DFT calculated free energy of electrochemical CO,RR to formic acid on (c) Ti,CT,
and (d) Mo,CT, MXenes, and (e) the DFT Calculated U (CO;)-U (H,) plot with respect to U (CO;) on all variants of Ti,CT, and Mo,CT,
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2020; (f) The calculated BE of HCOOH" plotted as a function of COOH", (g) the calculated free energy diagram for the reduction of
CO, to CH4 on O-terminated Ti,CO, MXene via different reaction path, and (h) The calculated U (CO;)-U.(H,) as a function of U (CO,)
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illustrating the selectivity of CO,RR relative to HER for MXenes. Reproduced with permission from ref. 48 from the Royal Society
of Chemistry, Copyright 2018; (i) The calculated BE of TM atoms anchored on the surface of Ti,CT,(T = F, O, N), (j) the calculated
overpotentials for the productions of CO and HCOOH on TM-Ti,CN,, and (k) The calculated overpotential for the production of CO
on neutral and negatively charged TM-Ti,CN, surface. Reproduced with permission from ref. 51 from Elsevier, Copyright 2021.

Several O-terminated MXene catalysts in the form of
M,X0,(M = Sc, Ti, Zr, Hf, V, Nb, Ta, Cr, Mo, W; and X =C, N) were
investigated for CO,RR to CH,4.*8 On most of O-terminated
M,X0O, (except on V,CO,, Ta,CO,, and Cr,CO;), DFT results
showed that the electrocatalytic CO,RR to CH,; occurred via a
more favorable HCOOH" pathway, i.e., CO, (g) — COOH* —
HCOOH" — CHO™ — H,CO™ — CH,0H" — HOCH;" — CH3"— CH,
(g). This pathway of CO,RR to CH4 was different from transition
metals, where linear scaling relations prevented similarly-
bound reaction intermediates (CO*, CHO") from being stabilized
independently on the surface. This study suggested that the
limiting potential of MXene catalysts was determined by the
binding energies of COOH" and/or HCOOH®, which could be
tuned independently on Mxenes (Figure 10(f)). W,CO, and
Ti,CO, were identified as two promising MXenes for CO,RR
(Figures 10(f) and (g)) with relatively low U_ of -0.35 V and -0.52
V vs. RHE, respectively. Meanwhile, the calculated theoretical
overpotentials for CO,RR to CH4 on W,CO, and Ti,CO, were 0.52
and 0.69 V, respectively, significantly lower than those of Cu
catalysts (0.91 to 1.10 V). Furthermore, the two MXenes have
U (CO,)-U (H,) values of 0.22 and -0.16 V (Figure 10(h)),
respectively, implying that W,CO, and Ti,CO, should possess a
high selectivity for CO,RR as compared to HER.

TMN/TMC, TMN/TMC-supported metal, and single atom
catalysts (SACs) have gained increased interest as CO,RR
catalysts.*® Recent DFT calculations by Back et al. showed that
CO, could be effectively reduced to CH, on the TiC(100) surface,
where the PDS was predicted to be the protonation of CO" to
CHO™ (U_ = -0.47 V). However, the strong binding of the OCHO"
and OH” intermediates on the TiN(100) surface resulted in
surface poisoning. Free energy changes were calculated on
single atom catalysts, where single transition metal atoms were
embedded into the surface defect sites of TiC/TiN, denoted as
M@d-TiC/TiN (M = Ag, Au, Co, Cu, Fe, Ir, Ni, Os, Pd, Pt, Rh, and
Ru). The DFT calculations showed that the adsorption of
reaction intermediates occured at the metal sites embedded on
the TiC/TiN support. All M@d-TiN showed a similar behavior as
the stoichiometric pristine TiN for OCHO™ adsorption (Figure
9(f)), with AG(OCHO™ — HCOOH") values higher than 1 eV,
suggesting an unfavorable CO,RR on M@d-TiN catalysts.
Different from M@d-TiN, Ir-doped TiC (Ir@d-TiC) was predicted
to show a remarkably low overpotential of -0.09 V (the
potential-determining step of CHOH" + H* + e — CH" + H,0) for
the production of CH, (Figure 9(g)). The substantial activity
improvement was attributed to the breaking of binding energy
scaling relations on M@d-TiC (Figure 9(h)).

The possibility of supporting SACs on MXene for CO,RR has
been explored by Li et al. using DFT calculations. A range of TM
single atoms (TM = Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn) were
anchored on two-dimensional Ti,CN, MXenes for which the
calculated phonon dispersion showed no imaginary bands,
implying that Ti,CN, should be stable and may be
experimentally synthesized.>* The stability of single TM atoms
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anchored on Ti,CT, was studied by calculating the TM
adsorption energies (Figure 10(i)). As shown in Figure 10(i), it
was found that all of the studied single TM atoms
thermodynamically favored to anchor on Ti,CN,. The DFT
results (Figure 10(j)) on Ti,CN, supported TM SACs showed that
the main product of electrochemical CO,RR was CO on Sc, Tiand
V anchored on Ti,CN, MXenes with the corresponding U, values
of 0.37 V, 0.27 V, and 0.23 V, respectively. Meanwhile, it was
also found that Mn and Fe anchored on Ti,CN, MXenes should
possess a high catalytic activity to convert CO, into HCOOH
under electrochemical conditions, with U, of 0.32V, and 0.43 YV,
respectively. Furthermore, it was revealed that the negative
charging can regulate the product and efficiency of CO,RR on
TM-Ti,CN, (Figure 10(k)).

The electrochemical CO,RR to produce synthesis gas
(syngas) with tunable CO/H, ratios has been studied by
supporting Pd catalysts on transition metal nitride (TMN)
substrates.'® Because the supported Pd is transformed to PdH
during the electrochemical reaction, Liu et al. calculated the
binding energies (BE, Table 6(a)) and AG of HOCO" and CO"
(Figure 9(k)) over PdH(111), PdH/NbN(111), and PdH/VN(111),
representing the experimental Pd/C, Pd/NbN, and Pd/VN
catalysts, respectively. The Pd/VN model was also included in
the DFT calculation to reflect the coexistence of the Pd and PdH
phases in Pd/VN during the CO,RR. The DFT calculations
predicted that Pd/VN(111) binds HOCO" and CO* more strongly
compared to other surfaces. On Pd/VN(111), CO" desorption
was predicted to be the rate-determining step because of the
stronger binding affinity of Pd/VN(111) for CO. Consistent with
the experimental observation, the DFT calculated free energy
change predicted that the CO,RR activity should follow the
order of PdH/NbN(111) > PdH(111) > PdH/VN(111). Overall, the
DFT results demonstrated that TMNs can effectively modify the
CO,RR activity of the PdH overlayers by adjusting the BE of
intermediates. In particular, NbN was predicted to play a
positive role in enhancing the CO,RR performance of the PdH
layers. This work suggested that NbN is a promising substrate to
modify and reduce Pd loading and promote the selective
conversion of CO, to syngas.

3.6 Other Reactions

TMN- and TMC-based materials have also been explored for
other energy related electrochemical reactions, such as
methanol®3-55 and ethanol®*®57 oxidation. These reactions are
relevant to direct alcohol fuel cells (DAFCs), where the alcohol
oxidation of occurs at the anode of DAFCs.

In direct methanol fuel cells (DMFCs), the ideal anodic
reaction is the complete oxidation of methanol to CO,, with the
release of 6 electrons per methanol molecule (CH;OH + H,0 —
CO, + 6H* + 6e7).54>5 Previous studies have suggested that 54>°
CH3OH oxidation mainly occurs via two pathways: the indirect
pathway and direct pathway (Figure 11(a)). The oxidation of
CH;0H to CO, proceeds via the CO" intermediate in the indirect
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pathway. In contrast, CHsOH oxidation to CO; occurs without
the formation of the CO™ intermediate along the direct pathway
(Figure 11(a)).>®>7 Each of these pathways can be further
divided into CH and OH pathways (Figure 11(a)), where the C-H
or O-H bond of methanol is broken first, respectively.
Currently, PGM-based catalysts are the best performing
catalysts for methanol (MOR) and ethanol (EOR) oxidation
reactions.>*>7 However, the high cost of PGM catalysts limits
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Figure 11. (a) Proposed pathway for the electrochemical
methanol oxidation reaction (MOR) on TMC materials;3*>> The
solid and dashed red arrows represent that in the first step, the
C-H and O-H bonds of methanol are broken along the indirect
pathway, respectively. Similarly, the solid and dashed blue
arrows represent that in the first step the C-H and O-H bonds of
methanol are broken along the direct pathway, respectively; (b)
The calculated surface energies of the mono-, bi- (fcc or hcp)
layer and the tri-layer Pt atoms supported on WC(0001), where
if Epesyr < O, Pt atoms will disperse on WC(0001) surface, and if
Eptsur > 0, Pt atoms will accumulate to form clusters of particles
on WC(0001) surface and (c) The calculated normalized
turnover frequency (TOF) for the electrooxidation of methanol
on of a series of Pt-modified WC(0001) surfaces. Reproduced
with permission from ref. 55 from the Royal Society of
Chemistry, Copyright 2015.

the large-scale application of DAFCs.>*57 Furthermore, the
stronger binding of carbonyl-containing intermediates and/or
CO on Pt/Pd surfaces at low potentials results in the surface
poisoning of PGM catalysts, significantly reducing the cell
lifetime.>¢ Although operating DAFCs at higher potentials can
prevent catalyst poisoning, the associated decrease in device
efficiency can be prohibitive. TMCs and PGMs supported on
TMCs are low-cost, poison-tolerant alternative catalysts for
MOR33-55 and EOR.>%57 A brief summary of recent DFT studies of
the methanol and ethanol electrooxidation reactions on TMC-
based electrocatalysts follows.

DFT calculations have been extensively used to investigate
the MOR mechanism over TMC surfaces.>3-35173-175 |n one study,
the MOR pathways on basal (0001) and prismatic (1OTO)
surfaces of a-tungsten carbide (WC), and platinum (111) were
investigated by calculating the free energy (Table 7(a)) of
reaction intermediates and products (Figure 11(a)).>* On
Pt(111), the electrochemical MOR to CO, via the indirect
pathway resulted in an accumulation of CO on the surface. This
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was found to be the case because, with an onset potential of
1.21 V, CO oxidation was the determining step and the free
energy of CO formation was downhill (Table 7(a)). For the
electrochemical MOR to CO; along the direct pathway (Figure
11(a)) on the Pt{(111) surface, it was found that both the CH and
OH pathways have the same potential-limiting step (the
dehydrogenation of hydroxy-methylene to formaldehyde), i.e.,
H,COH — H,CO with an onset potential of 0.48 V. It was also
found that the electrochemical MOR on the basal WC(0001)
surface was more facile than on the prismatic (1OTO) surface.
On the basal WC (0001) surface, the most favorable pathway
was found to be the OH direct pathway (Figure 11(a)): CH;OH"
— CH30" — CH,0" — H,COOH" — H,C00" —~ HCOO" —~ CO," —
CO,(g), and the corresponding potential-limiting step was H,CO
+ H,0 — H,COOH with a calculated onset potential of 0.64 V. In
addition, the effect of an excess electron charge at the WC
the electrocatalytic activity the
electrochemical MOR was analyzed. It was predicted that when
WC are electron-rich, the most
electrochemical MOR pathway becomes the OH indirect
pathway. This was the case for the basal WC{(0001) surface,
where the calculated onset potential was 0.49 V, very close to
the value on the Pt{(111) surface (0.48 V). On these electron-rich
surfaces, all the intermediate species (except CO and CO;) along
the reaction pathway were destabilized, resulting in more

surface on toward

surfaces favored

efficient CO production and its subsequent oxidation to CO,.
This study suggested that electron-rich WC could be an
alternative to Pt for the catalysis of MOR.

DFT calculations have also been used to study the
electrochemical MOR on a series of Pt-modified tungsten and
surfaces (WC(0001)).55 Surface energy calculations (Figure 11
(b)) of the mono-, bi- {fcc or hcp), tri-layer Pt carbide supported
on WC(0001) revealed that the Pt mono- or bi- {(fcc or hcp) layer
on WC(0001) was considerably more stable than the Pt tri-layer
WC(0001) Pt-cluster
Subsequently, the reaction barriers (E,) and reaction energies

on due to favorable formation.
(AE) of the elementary steps in methanol dehydrogenation to
surface CO", and its further oxidation to CO,", were calculated
0n Pty /WC({0001), Ptowy see/ WC(0001), Ptamy nep/ WC(0001), and
Pt(111) via the indirect pathway (Table 7(b)). It was found that
the optimal methanol dehydrogenation pathway was different
on different surfaces. Specifically, on Pty /WC(0001), the most
favorable pathway was CH;OH® — CH;0" — CH,0" — CHO" —
CO", and on Pty /WC(0001) and Pt(111) surfaces, the most
favorable pathway was CH3;OH* — CH,OH* — CHOH® —CHO" —
CO". CO" oxidation was also studied in the presence of surface
oxidants produced from water dissociation. Due to facile CO*
oxidation, the RDS of the MOR was predicted to be the C-H bond
activation. In addition, the effect of water on the initial
dehydrogenation of methanol was investigated. It was found
that water played an important role in determining the absolute
adsorption and kinetic values for the MOR, but did not have a
significant influence on the inherent activity of the catalysts
studied. The onset potentials for surface OH* formation through
water dissociation were calculated for the Pt-modified WC
surfaces, and it was found that bi- (fcc or hcp) layer Pt-modified

WC catalysts (0.67 V vs SHE and 0.66 V vs SHE) have similar
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onset potentials compared to pure Pt(111) (0.64 V), but exhibit
up to 2.4 times greater activity compared to that of pure Pt
(Figure 11(c)).

Similarly, the electrochemical MOR on tungsten carbide
(WC) and Pd-modified WC was investigated using a combination

of DFT calculations and ultrahigh vacuum (UHV) studies.>3 The
calculated results (Table 7(a)) showed that there is a strong
affinity between the methoxy intermediate and the unmodified

Table 7. DFT calculated energetics of alcohol oxidation reactions. (a) Relative free energies (AG, eV) for methanol electrooxidation
intermediates on Pt (111), WC(0001), and WC(IOTO) surfaces under standard conditions (298 K, 1 atm). Binding energies (BE, eV)
of methanol and methoxy on WC(0001), Pd/WC, and Pd(111) are also included; (b) Reaction barriers (E,, eV) and reaction energies
(AE, eV) of the elementary steps in methanol dehydrogenation to surface CO" and further CO* oxidation to CO,(g) on
Ptim/WC(0001), Ptomi tec/ WC(0001), Ptopmhep/WC(0001) and Pt(111) surfaces; (c) Binding energies (BE, eV) of potential ethanol
oxidation reaction intermediates on Pt(111), Pt/TaC(111), Pd(111), and Pd/WC(0001) surfaces. Some of activation energies (E,, eV)
and reaction energies (AE) for the elementary steps of ethanol are also included.

(a) Species Pt(111)54, Pd(111)5 | WC(0001)54 wc(1010)54 Pd/WC(0001)33

CH3OH(g) AG=0.00 AG=0.00 AG=0.00 -
CH;0OH" AG=0.18, BE=-0.2453 | AG=-0.21, BE=0.695% | AG=-0.51 BE=-0.37
CH,OH" AG=0.19 AG=-0.47 AG=-0.64 -
CH50" AG=0.18, BE=-1.6553 | AG=-1.48, BE=3.95%3 | AG=-1.47 BE=-2.40
CHOH" AG=0.16 AG=-0.62 AG=-2.83 -
CH,0" AG=0.67 AG=-1.05 AG=-1.69 -
COH" AG=-0.17 AG=-0.73 - -
HCO* AG=0.11 AG=1.09 AG=-1.76 -

Methanol | HC(OH)," AG=1.03 - - -
H,COOH* AG=1.82 AG=-0.41 AG=-0.96 -
co” AG=-0.66 AG=-0.80 AG=-1.12 -
C(OH)," AG=0.38 AG=2.42 AG=2.51 -
HCOOH" AG=0.73 AG=0.26 AG=-0.99 -
H,COO" - AG=-0.72 AG=-2.17 -
CO*+OH* - AG=-1.33 AG=-2.24 -
COOH" AG=0.55 AG=-0.28 AG=1.28 -
HCOO* - AG=-0.76 AG=-2.34 -
Ccoy” - AG=-0.55 AG=-1.06 -
CO,(g) AG=0.12 AG=0.12 AG=0.12 -

(b) Pt(111)> Ptymi/WC>> Ptomi fee/ WC Ptominep/ WC>
CH30H*—CH,OH"+H* E,=0.72, AE=-0.21 E,=1.01, AE=0.29 E,=0.68, AE=-0.44 | E,=0.77, AE=-0.18
CH30OH"—CH30™+H" E,=0.90, AE=0.63 E,=0.92, AE=0.22 E,=1.01, AE=0.08 E,=1.03, AE=0.42
CH,OH*—CHOH"+H* E,=0.65, AE=-0.17 E,=0.57, AE=0.43 E,=0.67, AE=-0.57 | E,=0.74, AE=-0.20
CH,OH"—CH,O"+H" E,=0.91, AE=0.51 E,=0.82, AE=0.07 E,=0.98, AE=0.29 E,=1.17, AE=0.53
CH30"—CH,0"+H" E,=0.43, AE=-0.33 E,=0.36, AE=0.13 E,=0.85, AE=-0.23 | E,=0.94, AE=-0.07

Methanol | CHOH*—COH"+H* E,=0.64, AE=-0.51 E,=0.58, AE=0.14 E,=0.55, AE=-0.95 | E,=0.58, AE=-0.72
CHOH"—CHO™+H" E,=0.56, AE=-0.11 E,=0.20, AE=-0.61 E,=0.46, AE=-0.23 | E,=0.47, AE=-0.09
CH,0"—CHO"+H" E,=0.47, AE=-0.79 E,=0.45, AE=-0.26 E,=0.41, AE=-1.10 | E,=0.45, AE=-0.82
CHO*—CO™+H* E,=0.31, AE=-0.73 E,=0.61, AE=-0.68 E,=0.29, AE=-1.40 | E,=0.32, AE=-1.04
COH"—CO"+H" E,=0.93, AE=-1.26 E,=0.59, AE=-1.43 E,=0.89, AE=-0.68 | E,=0.84, AE=-0.42
CO*+OH*—COOH" E,=0.43, AE=-0.34 E,=0.49, AE=0.04 E,=0.58, AE=-0.24 | E,=0.59, AE=-0.24

(c) Species Pt(111)56 Pt/TaC(111)56 Pd(111)57 Pd/WC(0001)5”
CH5CH,0OH" BE=-0.31 BE=-0.42 BE=-0.30 BE=-0.58
CH5CH,O" BE=-1.82 BE=-1.92 BE=-1.55 BE=-2.31
CH;CHOH" BE=-2.28 BE=-1.42 BE=-2.12 BE=-2.05
CH,CH,OH" BE=-2.45 BE=-1.92 BE=-2.28 BE=-1.98
CH5" BE=-2.38 BE=-1.66 BE=-2.38 BE=-2.24

Ethanol | CH,OH” BE=-2.37 BE=-1.50 BE=-2.25 BE=-2.17
CH5;CHO* BE=-0.71 BE=-0.48 BE=-0.29 BE=-0.16
CH5CO™ BE=-2.37 BE=-1.90 BE=-2.14 BE=-1.86
CH,CO* BE=-1.48 BE=-0.51 BE=-1.14 BE=-0.97
co” BE=-2.02 BE=-1.35 BE=-1.98 BE=-1.36
H* BE=-0.46 BE=-0.28 - -

This journal is © The Royal Society of Chemistry 20xx
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CH3CH,OH"+"— E,=0.78, AE=0.19
CH3CHOH™+H"
CH3CH,OH"+"— E,=2.64, AE=0.31
CH3"+CH,OH"

Chem Soc Rev

E,=0.62, AE=0.13 - -

E,=2.31, AE=1.31 -

Figure 12. The summarized activity descriptors for all the electrolytic reactions determined through DFT calculations. The insert picture in
HER, OER, ORR, N;RR, and CO,RR come from ref. 15, ref. 31, ref. 31, ref. 40, and ref. 48, respectively. The corresponding copyrights
are reproduced with permissions from ref. 15 from American Chemical Society, Copyright 2017, ref. 31 from the Royal Society of
Chemistry, Copyright 2020, ref. 31 from the Royal Society of Chemistry, Copyright 2020, ref. 40 from Wiley-Vch, Copyright 2019,

and ref. 48 from the Royal Society of Chemistry, Copyright 2018,

WC surface through the oxygen atom. This strong interaction
resulted in a significantly lengthened C-O bond compared to
gas-phase values. For methoxy, the gas phase C-O bond length
is 1.36 A, compared to the calculated C-O bond length of 1.44 A
on Pd(111) and Pd/WC, and 1.48 A on WC. The weakening of
the C-O bond of the adsorbed methoxy facilitates the formation

34 | Chem. Soc. Rev., 20xx,XX,XX

respectively.

of a CH; fragment on the pure WC(0001) surface, which
recombines with an atomic hydrogen to form CHy, as verified in
the temperature programmed desorption (TPD) measurements.
When compared to the unmodified WC(0001) surface, the
binding energy of methoxy on Pdy,/WC(0001) was substantially
reduced, which inhibited the formation of CH;. On the other

This journal is © The Royal Society of Chemistry 20xx
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hand, the stronger binding energy of methoxy (Table 7(a)) on
Pdymi /WC(0001) compared to Pd(111) was expected to result in
higher MOR activity, as confirmed by the TPD results. Based on
these results, Pd-modified WC may be a promising catalyst for
the electrochemical MOR.

Several DFT studies have also been performed to
investigate the EOR mechanism over TMC surfaces.>¢:57:176.177 |n
one study, DFT calculations were used investigate the binding
energies of ethanol and EOR intermediates on Pty /TaC(111),
including CH5CH,0 (ethoxy), CH;CHOH, CH,CH,0H, CHs, CH,0H,
CH3CHO, CH3CO, CH,CO, and CO (Table 7(c)).5¢ The DFT
calculated binding energies of ethanol on Pty,/TaC(111) and
Pt(111) were 0.42 eV and -0.31 eV, respectively, which showed
that there was a slightly stronger interaction with the Pt-
modified carbide surface. Similarly, the binding energy of
ethoxy was slightly higher on Pty /TaC (-1.92 eV) than that on
Pt(111) (-1.82 eV). Interestingly, it was found that binding
energies of other intermediates (CH3;CHOH, CH,CH,0OH, CHj,
CH,0H, CH3CHO, CH5CO, CH,CO, and CO) on the Pt(111) surface
were larger than those on the Pty /TaC(111) surface, implying
that Pty /TaC(111) should facilitate the formation and
conversion of these OER reaction intermediates. In agreement
with the in-situ IRRAS-LSV experimental results, the DFT
calculations predicted that the effect of CO poisoning should be
alleviated on the Pty /TaC(111) compared to Pt(111), resulting
in more facile CO oxidation on Pty /TaC(111). Additional DFT
calculations were performed to calculate the activation
energies of the C-H and C-C bond scission steps to further
understand the reaction pathways for ethanol decomposition
on Pt(111) and Pty /TaC(111) surfaces (Table 7(c)). It was found
that the activation energies for C-H bond cleavage were lower
than those for C-C bond cleavage on both surfaces, suggesting
that the primary reaction pathways for both surfaces should
follow the C-H bond scission pathway. Pty /TaC(111) had lower
activation energies for both C-H and C-C bond scissions
compared to Pt(111), suggesting facile EOR on Pty,/TaC(111)
compared to Pt(111). The combined experimental and
theoretical results from this study indicate that Pt-modified TaC
may be a stable and promising electrocatalyst for ultra-low Pt
loading for the EOR in both acid and alkaline electrolytes.

Similarly, the electrochemical EOR on Pd-modified
tungsten carbide (Pdy /WC(0001)) was also investigated using
DFT and electrochemical methods in DEFCs.°” The DFT
calculated results showed that the adsorbed ethanol and
ethoxy species preferred to bind to the atop site of the Pd(111)
and Pdy,/WC(0001) surfaces via the oxygen atom. In contrast,
all the other intermediates (CH3CHOH, CH,CH,0H, CH3, CH,0H,
CH3CHO, CH5CO, CH,CO, and CO) absorbed to the Pd(111) and
Pdy/WC(0001) surfaces via the carbon atom. The CH;CHO
intermediate was found to bind through both carbon and
oxygen atoms. The DFT calculated binding energies (Table 7(c))
showed that Pdy, /WC(0001) binds EOR reaction intermediates
more weakly compared to Pd(111). The weakened binding of
these reaction intermediates on Pdy,/WC(0001) indicates a
facile EOR alleviated of CO poisoning. Furthermore, it was found
that the ethanol activity toward the C-H and C-C bond cleavage
on the Pdy,/WC(0001) surface was enhanced, compared to
Pd(111), while the undesired C-O bond scission mainly occurred

This journal is © The Royal Society of Chemistry 20xx

on the unmodified WC surface. Thus, Pdy/WC(0001) could be
a potential low-cost catalyst for the EOR at ambient conditions.

4. Conclusions, Challenges and Opportunities

As described above, DFT calculations have provided significant
insight into the reaction mechanisms of a wide range of
electrochemical reactions on TMC- and TMN-based catalysts.
Figure 12 summarizes the DFT-identified descriptors of
electrochemical reactions on TMC and TMN based catalysts.
AGy” is the descriptor of HER in an acidic medium.!%16 |n alkaline
environments, in addition to AGy”, the kinetic barrier to water
dissociation and OH binding energy are important descriptors
to determine the overall kinetics of the HER.1% For OER, AGgp+)-
AGo+) has been identified as a descriptor.?® The binding energy
of oxygen (BEO) has been shown to correlate well with the ORR
activity and serves as an activity descriptor of ORR on TMC and
TMN based materials.3277¢ For N,RR, the limiting potential, i.e.,
the potential (U,) required to make all electrochemical steps
exothermic,*® has been found to correlate with the nitrogen
binding energy (NBE), suggesting that the NBE is a descriptor of
N,RR activity on TMN based materials.*¥7* The CO,RR is a
complex reaction with multiple C; and C, compounds as
products. Thus a single descriptor of CO,RR that can effectively
describe the products is not practical. However, the binding
energy of HOCO* and the difference of binding energies of H*
and HOCO™ have been found to correlate well with the CO
faradic efficiencies for the conversion of CO, to CO.178 Below are
several challenges and opportunities to further utilize DFT
calculations for designing and improving TMC and TMN
electrocatalysts:

1. For most electrocatalytic reactions, the descriptors for
activity and selectivity are well established over metal
electrocatalysts. With the exception of the HER over TMC-based
electrocatalysts, there is a lack of understanding of whether
these descriptors can be extended or modified to TMC- and
TMN-based catalysts. Furthermore, compared to the TMC
counterparts, DFT calculations of TMN materials either as
catalysts and catalyst supports are much less explored at
present.

2. TMC and TMN surfaces are often modified by the presence of
vacancies and by the formation metal-oxygen bonds under
electrocatalytic conditions. It is important to develop DFT
structural models to describe active sites involving vacancies
and oxygen modification. The development of such models
should be closely coupled with experimental characterization
under in-situ conditions.

3. TMC and TMN substrates are often used to support metal
modifiers to enhance electrocatalytic properties. It is critical to
develop DFT models to accurately describe the interfacial active
sites at the metal/TMC and metal/TMN interfaces. Such
interfacial models should also consider potential complications
from vacancies and oxygen modifications described above.

4. At present most of the DFT calculations do not adequately
consider the role of applied potentials and solvation effect from
the electrolyte. Including these effects is particularly important
for TMC- and TMN-based electrocatalysts because their surface
compositions and the interfacial sites are often less stable than
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the PGM counterparts at oxidizing potentials or in alkaline
electrolyte.

5.Previous DFT efforts to study electrochemical reactions on
TMC and TMN based catalysts primarily focused on the
thermodynamic aspects and did not sufficiently describe the
electrochemical reaction at relevant experimental reaction
conditions. Therefore, future theoretical studies should aim to
explore catalysis-kinetics of reactions on TMC and TMN based
materials using kinetic models such as kinetic Monte Carlo or
microkinetic simulations developed using the DFT calculated
energetics.

6.Theoretical helped explain trends in
experimentally observed electrocatalytic activity and selectivity
for the electrocatalytic reactions summarized in this article.
Future efforts in DFT calculations should continue to be coupled
with experimental measurements, especially over well-
characterized catalysts under in-situ reaction conditions, to
further advance the understanding and development of TMC-
and TMN-based materials as electrocatalysts.

results have
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