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Finding low-cost, highly active, and thermally stable bifunctional electrocatalysts toward oxygen reduc-
tion and evolution reactions (ORR-OER) is a key for the development of renewable energy devices,
including fuel cells and water splitting. Here, we systematically investigate the physical properties, struc-
tural stability, and ORR-OER bifunctional catalytic activity of Pt supported by a series of MXene substrates
using density-functional-theory calculations. Our results indicate that Pt atoms disperse uniformly on the
MXene supports with high structural stability at high temperature and oxidation conditions, because of
the strong metal-support interaction. The lattice parameter of MXenes is found to play a crucial role in
determining the morphology and stability of these heterostructures and a descriptor is proposed for their
design. In particular, Pt/V,C is identified as the stable and most promising bifunctional catalyst with an
overpotential comparable to the benchmarks. This work brings up a strategy for the search and design of
superb transition metal/MXene catalysts for energy applications.
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I. INTRODUCTION

Proton-exchange membrane fuel cells (PEMFCs), being
developed mainly for vehicle and other mobile applica-
tions, are recognized as a prime candidate to solve the
energy crisis and environmental issues [1]. To date, almost
all current PEMFCs use a Pt/C catalyst (Pt particles on
carbon) to catalyze the reactions on the electrode, in which
carbon acts as an electrical conductor and Pt particles are
the catalyst. However, the high cost, poor stability, and
low activity of the Pt/C catalyst in the cathode oxygen
reduction reaction (ORR) inhibit the commercialization of
PEMFCs. Particularly, the weak interaction between Pt
NPs and carbon support results in aggregation of Pt and
a decrease in the electrochemical surface area (ECSA) of
Pt with long-term operation [2—5]. Wei and co-workers [6]
found that the Pt/C catalyst lost approximately 48% ECSA
after 1500 cycles. Besides, the carbon support is vulnera-
ble to be corroded in reaction conditions, leading to the
separation of Pt from the support, which is a major reason
for the degradation of catalytic activity and stability of the
Pt/C cathode.

To reduce the use of precious metals and also to pre-
vent their degradation in reaction conditions, catalysts with
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strong metal-support interaction (SMSI) appear to be very
promising [7,8]. With appropriate material combinations,
SMSI may force metal atoms to uniformly disperse on sub-
strates with high structural stability, and also allows tuning
their electronic properties in a large range for achieving
enhanced catalytic activity. However, the search of such
excellent combinations with ideal chemical and physical
characteristics and desired catalytic performance remains
a huge challenge [9,10]. With high metallicity and unique
morphologies [11—15], two-dimensional transition metal
carbides (MXenes, with a formula of M,,.; C, T;) have been
identified as promising supports and prominent conducting
reinforcements for obtaining the synergetic effect for fast
charge-transfer kinetics [16—19]. Recently, several MXene-
supported metals were found to exhibit excellent catalytic
performance for versatile reactions. For example, Li ef al.
[9] found that after the functional group of Nb,CT, (F,
0O, and/or OH) was removed by H; reduction at 550°C,
SMSI occurred in Pt/Nb,CT, composites. Zhou et al. [20]
synthesized a MXene-supported Pd catalyst and found that
the activity of Pd/MXene toward methanol oxidation reac-
tion was enhanced by over 60% compared with that of
commercial Pd/C. They attributed the high activity to the
interfacial electronic structure tuned by SMSI between Pd
and MXene. Xu et al. [21] developed a MXene and carbon
nanotube hybrid composite as supports for Pt (Pt/CNT-
MXene). Because of the SMSI and peculiar geometry, the
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durability of these catalysts was greatly enhanced and the
mass activity toward ORR was improved 3.4 times over
that of Pt/C.

Our recent work [22] reported catalytic properties of a
variety of transition metals (TMs, including Ni, Pd, Pt,
Cu, Ag, and Au) on V,C MXene. V,C was found to be
an excellent support for TMs and the SMSI between them
plays a crucial role in determining the morphology, sta-
bility, and activity of the catalysts. However, Ni and Cu
monolayers on the support may easily be oxidized and
deformed during the ORR process. Similar issues were
also reported by others [23], but comprehensive studies for
the stability of these TM/MXene structures in the reaction
condition is still absent. Furthermore, the bifunctional cat-
alytic performance toward both ORR and OER has rarely
been considered to date.

In this work, focusing on the problems of high cost,
low stability, and low activity, etc. of the PEMFC cath-
ode, we systematically investigate the physical properties,
stability, resistance to corrosion and bifunctional catalytic
activity of Pt on different MXenes (Ti,C, Zr,C, Hf,C, V,C,
Nb,C, Ta,C, Cr,C, Mo,C, and W,C). We address these
critical issues from a physical perspective: (1) How are
the geometry and electronic structure of Pt affected by the
MXene supports? (2) What is the key factor fundamen-
tally determining the stability of Pt/MXene composites?
(3) Can we use a simple descriptor to screen the systems
with high stability? (4) How can we achieve high ORR
and OER bifunctional catalytic performances? (5) Is the
proposed descriptor versatile for other TM/MXene com-
posites? Answers to these questions would enrich chemical
science and pave the way for the design of low-cost, stable,
corrosion-resistance, and efficient bifunctional catalysts
for PEMFCs and other energy applications.

II. COMPUTATIONAL METHODS AND MODELS

A. Computational methods

Spin-polarized density-functional-theory (DFT) calcula-
tions, with the inclusion of dispersive correction (DFTD),
are conducted with the DMol® code [24]. Explicitly, the
Perdew-Burke-Ernzerhof (PBE) [25] exchange-correlation
functional is adopted and the Tkatchenko and Scheffler
(TS) method [26] is used for the dispersion correction.
The double numerical plus polarization (DNP) [27] is
invoked in the atomic orbital basis set, and the DFT
semicore pseudopotentials (DSPPs) [28] are adopted to
represent the effect of core electrons. The convergence tol-
erances for geometry optimization are set as 107> £y, for
energy change, 0.002 E}, /A for the maximum force, and
0.005 A for the maximum displacement. The conductor-
like screening model (COSMO) is used to simulate a H,O
solvent environment with a dielectric constant of 78.54.
The threshold for self-consistent field (SCF) density con-
vergence is set as 107® E},. The Monkhorst-Pack (MP)

scheme [29] is used to sample the Brillouin zone, with
k-points meshes of 5 x5 x 1 for geometry optimization
and 11 x 11 x 1 for electronic structure computation. Test
calculations with expanded parameters are performed to
ensure the convergence of results.

The computational hydrogen electrode (CHE) model
[30] is employed to calculate the Gibbs free-energy change
(AG) for each elementary step of reactions. The value of
AG is calculated according to the following equation:

AG= AE+ AZPE —TAS+ AGu+ AGy, (1)

where AE corresponds to the energy difference obtained
from DFT calculations, AZPE, T, and AS are the zero-
point correction, temperature (298 K), and entropy, respec-
tively. The AZPE and AS are determined by the vibra-
tional and phonon spectra of adsorbates on substrates
as presented in Tables SI and SII within the Supple-
mental Material [31]. The entropies of molecules in gas
phase are directly taken from the National Institute for
Standards and Technology (NIST) database [42]. AGpn
(=2.303 x kgT x pH) is the corrected free energy due
to HT concentration, which is zero in the acidic media
(pH =0). AGy represents the free-energy contribution due
to electrode potential. To avoid the inaccuracy of DFT
values [43]. AG of O, is determined by fitting the exper-
imental reaction energy for O, +2H; — 2H,0, which
gives AG=4.92 eV for O, at 298 K under a pressure of
0.035 bar.

The transition states and kinetic barriers for Pt migration
on the overlayer and O adatom migration are simulated by
complete linear synchronous transition and quadratic syn-
chronous transit methods [44] with a rms convergence of
0.002 Ey/A.

B. Models

To model the TMML/MXene composites, we build a
3x3 M,C (M=Tij, Zr, Hf, V, Nb, Ta, Cr, Mo, and W)
supercell containing 18 metal atoms and 9 carbon atoms
with a vacuum of 15 A in the z direction to avoid the inter-
laminar interaction. More details regarding the structure of
the support are presented in the section “Details regarding
the support” within the Supplemental Material [31]. Con-
sidering the symmetry of this model, three different sites
on M,C are considered for the TM adatoms, i.e., fcc, hep,
and top sites, as shown in Fig. 1(a). TM atoms are added
one by one and finally to a monolayer coverage on M,C, as
illustrated in Figs. 1(b)—1(d). According to total energies,
all TM atoms prefer the fcc sites on group 4 and 5 MXenes
(Ti,C, V,C, Zr,C, Nb,C, Hf,C, and Ta,C) then the hcp
sites on group 6 MXenes (Cr,C, Mo,C, and W;C).

To evaluate the impact of Pt deposition on the lattice
parameters of the supports, we reoptimized the cell after Pt
deposited on MXene, as listed in Table SIV and Fig. S1
within the Supplemental Material [31]. We find that it
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FIG. 1. (a) Top and side views of MXene with a general for-
mula of M,C. The considered sites for trapping transition metal
atoms, including the fcc, hep, and top, are filled with green. (b)
The illustration of transition metals deposited on MXenes. (¢), (d)
Top and side views of the most stable TMy;./MXenes compos-
ites with different configurations. The gray and yellow spheres
denote the C and “M” in M,C, respectively. The deposited tran-
sition metals are represented by green spheres. The blue spheres
in (c) represent the “M” of groups 4 and 5 in M,C, while the
purple spheres in (d) stand for the “M” of group 6 in M,C.

is negligible for the variation on the lattice parameters
of M,C before and after Pt deposition (less than 1%).
Therefore, we fix the lattice parameters of the supports
when TM atoms are deposited to reduce the huge calcu-
lation time consumption. More discussions on the varia-
tion of the lattice parameters are presented in the section
“Details regarding the support” within the Supplemental
Material [31].

IT1. RESULTS AND DISCUSSION

A. The morphologies and electronic structures of Pt
tuned by SMSI effect

Our previous studies revealed that Pt atoms can form
a monolayer on V,C [22]. To determine the morphology
of Pt on other MXenes, we first use adhesion energy to
evaluate the strength of Pt-support interaction, as follows:

Eqan(Pt) = [E(Ptyi/MXene) — E(MXene)
— E(Ptym)]/n, (2)

where E(Ptyr/MXene), E(MXene), and E(Pty) are
the total energy of Ptyy/MXene, bare MXene, and a

pseudomorphic freestanding Pt monolayer with the same
structure as the Pty in Pty /MXene, respectively. n is
the number of Pt atoms on MXenes. According to this
definition, the adhesion energy of Pt on MXene can be
used to evaluate the Pt-MXene bond strength not includ-
ing the Pt-Pt interaction. The calculated results are listed in
Table I. We find that the adhesion energies of Pt on differ-
ent MXenes vary between —2.82 and —4.03 eV, suggesting
strong interactions between Pt and the supports.

To evaluate the thermodynamic tendencies to mix
Pt atoms and M atoms together to form intermetallic
compounds, we perform the calculations of the energy
difference to exchange one Pt atom in the monolayer
with one M atom in M,;C just below the Pt mono-
layer (M Pty-1/PtiM,C,). Taking the Pt monolayer on
V,C as an example, the configurations of Pty /V,C and
ViPtyi-1 /Pt V. C,, are shown in Fig. S2 within the Sup-
plemental Material [31] after fully geometry optimization.
The total energy of Pty /V,C are lower than that of
V1 Ptyr-1 /Pt V. C,, with an energy difference is —3.27 eV.
Besides, we calculate all the energy differences between
Pty /M, C and M Pty -1 /PtiM,C,,, and the values are all
negative (lower than —1.93 eV), as shown in Fig. S3
within the Supplemental Material [31]. The results sug-
gest that the Pt monolayer on all the studied M,C MXene
are more thermodynamically stable than the structure that
exchanges one Pt atom in the monolayer with one M atom
in MzC.

Next, in order to evaluate whether the Pt atoms in the
monolayer tend to migrate and aggregate, we calculate the
migration barrier of one Pt atom from the most stable site
to the nearby metastable site, as shown in Fig. S4 and
Table SV within the Supplemental Material [31]. We find
that this process needs to overcome a huge energy bar-
rier (3.44—4.12 eV) with a large endothermic energy of
2.80-3.67 eV, suggesting that the migrating of Pt atoms
on the surface is both kinetically and thermodynamically
unfavored. The results indicate that Pt adatoms prefer to
form a monolayer rather than clusters on the MXenes.

To assess the dissolution and corrosion tendency of the
supported layer in the electrochemical process with respect
to its pure metallic phase, we calculate the dissolution
energy (Egiss) [45], which is defined as

Egiss = E(Ptyr/MXene) — E(Pty.1/MXene) — E(Pt),
3)

where E(Pty/MXene), E(Ptyp-j/MXene) are the total
energies of Pt/MXene before and after removal of one Pt
atom from the Pt monolayer, respectively. E(Pt) is the
energy of the Pt atom in the Pt bulk. According to this
definition, a negative value indicates that the Pt monolayer
on MXene is less prone to being corroded with respect to
the pure metallic phase of Pt. The calculated results are
listed in Table I. We find that the dissolution energies of
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TABLE I. Parameters of the Pt monolayer deposited on Ti,C, Zr,C, Hf,C, V,C, Nb,C, Ta,C, Cr,C, Mo,C, and WZC.OAq is the
Mulliken charges per Pt atom, and a negative value suggests electron aggregation. The energy is in eV and the length is in A.

T12C ZI'2C Hf2C V2C Nb2C Ta2C CI‘QC MOQC WzC
Site fee fce fec fee fce fec hep hep hep
Eadn —3.80 —4.00 —4.03 —3.41 —-3.91 -3.70 —2.87 -3.14 —2.82
Egiss —2.42 —1.85 —1.94 —2.69 —2.37 —2.23 —-2.77 —2.58 —2.44
Ag —0.56 —0.51 —0.43 —0.60 —0.51 —0.37 —0.61 —0.49 —0.32

Pt on different MXenes are all negative (from —2.77 to
—1.85 eV), suggesting that the Pt monolayer on all the
studied MXenes are more corrosion resistant than Pt bulk.

From the Mulliken charges in Table I, we note that
considerable electron transfer from MXenes to Pt occurs,
with each Pt atom obtaining 0.32 to 0.61 e. These elec-
trons occupy the d orbitals of Pt and cause strong Coulomb
attraction and hybridization between Pt and the M atoms in
MXenes, as also seen from the curves of partial density of
states (PDOS) in Fig. S5 within the Supplemental Mate-
rial [31]. This synergistic effect between Pt and MXenes
makes the surface rich in electrons, and is expected to
improve the catalytic activity of Ptyyp/MXene, similar
to what occurs in graphene/MXene heterostructures [46],
Pt/v-Ti,+1C, Ty [47] and Pt/TizC, X, reported in experi-
ments [48]. Besides, from Fig. S5 within the Supplemental
Material [31], all the composites have good electrical
conductance.

Based on the above results, we come to some con-
clusions: (1) The good electrical conductivity of all the
composites can effectively provide electrical connection
between the catalyst and the rest of the cell, which is a
prerequisite for the electrode in PEMFCs and other elec-
trochemical devices. (2) The SMSI between Pt and MXene
leads to the Pt atoms being highly dispersed and forming
an atomically thin Pt film on MXene. Compared to Pt NPs
on carbon, this kind of morphology can maximize the elec-
trocatalytic surface area and minimize the loading of Pt to
reduce the cost of the materials, which is the bottleneck
of PEMFCs for large-scale application. Besides, (3) the
SMSI can prevent migration of Pt during long-term opera-
tions. That is, the stability and durability of the catalyst can
be enhanced by SMSI, as those observed in Pt/e-TAC [6]
and Pt/Nb,CT, [9]. (4) Due to significant electron trans-
fer, the physiochemical property, especially the activity of
Pt can be tuned and the MXene support functions as a co-
catalyst for Pt. Overall, the Pt/MXene composites for the
cathode in PEMFCs are expected to be able to overcome
the shortcomings of the Pt/C catalyst in the above aspects.

B. The stability of Pty /MXene composites under
reaction conditions

Now we discuss the thermal stability of the Pt mono-
layer MXenes under reaction conditions, especially in the

presence of oxygen, which can cause severe corrosion for
Pt/C (conditions with severe corrosion for Pt/C). Previous
work [22,23] reported that the adsorption of O may cause
severe deformation of the TM monolayer on MXene and
destabilize the composites. Here, we explore the effect of O
adsorption on Pty /MXene. After considering all possible
adsorption sites, the most stable configurations of oxygen
on different Pty /MXenes are shown in Fig. 2. We find that
the Pt monolayers on Ti,C, Zr,C, Hf,C, Nb,C, and Ta,C
are deformed because of O adsorption. The O atom sinks
into the monolayer and directly binds to the M atom in
MXene, causing damage to the Pt monolayer. In contrast,
the structures of Pt monolayers on V,C, Cr,C, Mo,C, and
W, C are well maintained after the adsorption of O atoms.
The O atoms are adsorbed above the Pt monolayer and
form O-Pt triple coordinates. These results indicate that
the stability of the Pt monolayer depends on the MXene
substrates.

It is crucial to know the influence of additional O atoms
on the stability and activity of the Pt monolayer. Tak-
ing Pty /Nb,C as an example, the O atom spontaneously
sinks under the Pt monolayer and directly binds to Nb after
the structural optimization procedure as shown in Fig. 2(e),
even we initially place it above the Pt monolayer. More O
atoms also sink, as shown in Fig. S6 within the Supple-
mental Material [31]. To evaluate the impact of sinking O
atoms on the binding strength of Pt, the binding energy
of Pt atom in the Pt monolayer with » O atom(s) sink in
(PtympO,,/MXene) is calculated as follows:

Eb—O (Pt) = E(PtMLOn/MXGHC)
— E(Ptye10,/MXene) — E(Pt), 4

where E(Ptyp O,/MXene) and E(Ptyy -1 0,/MXene) are the
total energies of systems with a complete Pt monolayer
and a defective Pt monolayer with one Pt atom missing,
respectively. E(Pt) is the total energy of one isolated Pt
atom. From Fig. 3(a), we find that the binding energy of Pt
decreases with the number of O atoms under Pt increases.
Obviously, the cumulation of O atoms under the Pt mono-
layer should be prevented, even their harm on the stability
is still manageable (with a binding energy larger than 6 eV
per Pt atom). With the presence of O atoms, the Pt-Nb bond
is weakened and the coordination of Pt is changed after O
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FIG. 2. Top and side views
of O atom adsorbed on (a)
Ptymr/Ti2C, (b) Ptwmr/Zr,C, (c)
Pty /HE,C, (d) Ptyr/VaC, (e)
PtML/Nb2C, (f) PtML/Ta2C, (g)
PtML/CrzC, (h) PtML/MOZC, and
(i) Ptyp/W,C. The gray, blue,

and red spheres stand for C,
Pt, and O atoms, respectively.
Spheres in other colors sig-
nify different transition metals in
MXenes. The red arrows indicate
that the O atom has sunk into
the Pt monolayer and the yellow

arrows suggest the deformation of
the Pt monolayer after the adsorp-
tion of O atoms.

occupies the top side of Nb. This is also evidenced by elec-
tron transfer, as shown in Fig. S7 within the Supplemental
Material [31]. The competition between O and Pt leads to
the result that the closer the Pt atom is to the O atom, the
fewer electrons on them. From Fig. 3(b), we find that the 54
states of Pt are lower than that of Pt in pristine Pty /Nb,C,
indicating that the activity of Pt around O also decreases.
The availability of mobile O atoms on the catalyst
surface is crucial for ORR and OER. We calculate the
adsorption energies of O atoms on Pty /MXene by

E,45(O) = E(O/substrates) — E(substrates) — E(O),
(5)

where E(O/substrates) and E(substrates) are the total ener-
gies of Ptyy/MXene with and without O atom; E(O)
represents the total energy of a free O atom. The calcu-
lated results are shown in Fig. S8 within the Supplemental
Material [31]. The adsorption energies of O atoms on
the deformed Pt monolayer (—5.41 to —4.34 eV) are
much lower than those on the undeformed Pt (—4.21 to
—3.76 eV) and on Pt(111) (—4.13 eV [22], —3.96 eV
[49]). According to the Sabatier principle [50], the cat-
alytic activity is related to the binding strength of key
reaction intermediates, and a moderate binding strength
can lead to high activity. On the benchmark Pt(111), the
rate-determining step of ORR is O hydrogenation because
of the strong adsorption of the O atom [30]. The results
indicate that the deformation of the Pt monolayer has a
great influence on the adsorption strength of O, and may
ultimately hinder the ORR-OER processes. On the other
hand, the adsorption energies of O atoms on Pty /V,C,
Pty /Cry C, Pty /Mo, C, and Pty /W, C are comparable

to that on Pt(111), indicating that they are suitable for
ORR-OER catalysis.

1. Reasons for the difference in deformation

Taking V,C as an example, we calculate the O atom
adsorbed on V,C with and without the Pt monolayer, as
shown in Figs. 4(a) and 4(b), respectively. Similar to the
O-Pt three-coordinate structure of O on Pt monolayer, the
O atom directly bonds to three V atoms on bare V,C.
However, the adsorption strength of O on bare V,C is
much stronger than that on the Pt monolayer (—8.31 vs
—3.76 eV), with more electrons transfer to the adsorbed
O atom (—0.72 vs —0.64). The results indicate that the
chemical activity of the V,C surface is excessively high,
which can be alleviated by covering a Pt monolayer to
decrease the activity and block O atom directly bonding to
V atoms. Although O can be detained in the Pt monolayer
in the case where it is initially placed on V below Pt, as
shown in Fig. 4(c), it will go above the Pt monolayer after
overcoming a negligible energy barrier (0.004 e¢V) with an
exothermic energy of 0.53 eV. If we further apply in-plane
tensile strain on Pty /V,C to increase the lattice parame-
ters (a) from 2.86 to 3.01 A, as shown in Fig. 4(c), the O
atom will spontaneously sink into the Pt monolayer, simi-
lar to the configurations of O on Pty /Nb,C (a =3.09 A).
For more Pty /MXene composites in Fig. 2, we note that
the lattice parameters of MXenes (3.01-3.12 A) on which
the Pt monolayer is deformed are obviously larger than
those of other MXenes (2.72-2.87 A) on which the Pt
monolayer is not deformed. The above results suggest that
the lattice parameters of MXenes play a crucial role in
the thermal stability of Pty /MXene composites, and only
if the surface of MXene is covered with Pt atoms tightly
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FIG. 3. (a) The binding ener-

gies of the labeled Pt atom(s). The
blue line indicates the binding
energy of Pt in Pty /Nb,C with-
out O adsorption. (b) The DOS
of 5d state of Pt in the systems

Binding energy (eV)

of Pty /Nb,C with 1, 2, and 3 O
atom(s).

DOS (states/eV)

Energy (eV)

enough will it block O sinking and maintain the stability
of the Pt monolayer.

2. The descriptor to identify the stability

To examine the relationship between the lattice param-
eter and the stability, we analyze the geometry of

O-Ptyr /MXene as marked with the red triangle in Figs. 5(a)
and 5(b). The distance between two adjacent Pt atoms
equals the lattice parameter of the unit cell of MXene, a.
Accordingly, the shortest distance between the O atom and
its neighboring Pt atom is a/+/3 in the XY plane.

If the sum of the radii of O and Pt atoms is greater

(a) (d)

Eois(0)=-831 eV
0=-0.72

Geometry
(b) optimization

Eudx (O) =-3.76¢eV
Q=-0.64

FIG. 4. The adsorption of O on
bare V,C (a) as well as Pty /V,C
with (b) and without (c) tensile
strain. (d) The configurations of O-
Ptymr/V,C before and after geom-
etry optimization in the case that
an O atom is initially placed on M
below Pt.

S

Y,

|
(c) lApply tensile strain

7 0.004 eV,
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A
vdx

FIG. 5. (a) Top view of configuration of O adsorbed on
Pty /MXene. The area enclosed by dashed lines denotes a unit
cell of Pty /MXene. (b) Top and (c) side views of the red area.
The a, rp, and 7o in the figure symbolize the lattice parameter
of MXene, the radii of Pt and O atoms, respectively. The yellow
sphere signifies the transition metals in MXene.

than a/\/g, ie., B=rp+ro— a/«/§ > 0, the O atoms
are likely blocked. By calculated the values of 8 for
Pty /V2C composites, as shown in Fig. S9 and Table
SVI [31] within the Supplemental Material, we find that
the actual condition is 8 > 0.4 for stable Pty /V,C com-
posites. If 8 <0.4 (0.33—0.39), i.e., Pt monolayers on

0.8
= Co © Rh A4 Ir
0.7 v Ni ¢ Pd « Pt
» Cu ® Ag * Au
0.6 |- 2
2
?
05 | t ! t
B ' $ e > 3
04 F — —— - ,--g—————g-————!——-—!-—
3 . S
- |
S T S
> >
w 'S w
>
02 | : w [
01 1 1 1 1 1 1 1 1 1
Ti,C Zr,C HEC V,C Nb,C Ta,C Cr,C Mo,C W,C
FIG. 6. Plot of B for various TMy /MXene composites. The
symbols fall in the light red area below the dashed line at

B =0.40 represent the predicted unstable composites.

Ti,C, Zr,C, Hf,C, Nb,C, and Ta,C, the Pt monolayers are
deformed by oxygen; whereas they are stable when 8 > 0.4
(0.47-0.56), i.e., Pt monolayers on V,C, Cr,C, Mo,C, and
W,C. Accordingly, we set a descriptor for the stability of
Pty /MXene composites under reaction conditions as

rec+ ro — a/~/3 > 0.40. (6)

Cr2C VZC M02C

Ta,C Nb,C Hf,C

=y

so5 0, ns B,

SNIPE.I J[WOJE JALL UI 9SB.IOU]

S A,

Increase in lattice parameters of MXenes

FIG. 7.

Side and top views of the configuration of O adsorbed on TMy /MXenes. The composites in the light red area are deformed

due to oxygen adsorption, whereas the composites in the light blue area are maintained stable.
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3. Universality of the descriptor

To further verify the universality of the proposed
descriptor, we systematically explore the stability of 81
different TMy /MXene composites (TM = Co, Rh, Ir, Ni,
Pd, Pt, Cu, Ag, and Au; MXenes = Ti,C, Zr,C, Hf,C, V,C,
Nb,C, Ta,C, Cr,C, Mo,C, and W,C). For different TM
atoms, Eq. (4) can be rewritten as

™ +ro — a/«/g > 0.40.

Based on the descriptor, the values of 8 for the compos-
ites we study are calculated and shown in Table SVI within
the Supplemental Material [31]. As discussed above, the
composites are predicted to be poisoned by oxygen in the
case of B < 0.4 and shown in red in Fig. 6. For Ti,C and
Ta,C, only Au and Ag deposited MXenes have high chem-
ical stability because of the relatively large radii among
the selected TM atoms. For Hf,C and Nb,C, only Ag
deposited is expected to remain stable in an oxygen envi-
ronment. Particularly, no TMyy /Zr,C composites are pre-
dicted to be stable because of the largest lattice parameter
of Zr,C among the studied MXenes. In contrast, most TM
supported on V,C, Cr,C, Mo,C, and W,C are predicted
to remain stable attributed to the relatively small lattice
parameters of V,C, Cr,C, Mo,C, and W,C (2.72-2.87 A).

To confirm the above predictions, we calculate the
geometry configurations of oxygen atom adsorbed on
all composites we study, as shown in Fig. 7 and
Figs. S10-S18 within the Supplemental Material [31]. The
TM-monolayer deformations with oxygen atoms sunk in
can be obviously observed from the configurations. By
comparison of Figs. 6 and 7, we find that the calculated
results are consistent with the results predicted by the
descriptor, and thus confirm the reliability and universality
of the descriptor.

Besides, taking TMy /V,C as a representation, we cal-
culate the thermodynamics and kinetics of the O adatom
diffusion to the subsurface in cases where § > 0.4. From
Figs. 6 and 7, Rh, Ir, Pd, Pt, Ag, and Au TM monolay-
ers on V,C are supposed to be stable, i.e., 8 > 0.4; while
the Co, Ni, and Cu monolayer on V,C are unstable, i.e.,
B < 0.4. For the Rh, Ir, Pd, Pt, Ag, and Au monolayer on
V,C, the thermodynamics and kinetics of the O adatom
diffusion to the subsurface are shown in Fig. S19 within
the Supplemental Material [31]. We find that this pro-
cess needs to overcome an energy barrier by 0.54—1.40 eV
with an endothermic energy of 0.22—0.91 eV, suggesting
that this process is both kinetically and thermodynamically
unfavored. Contrastingly, For the Co, Ni, and Cu mono-
layer on V,C (8 <0.4), the O atom will spontaneously
sink into the TM monolayer even if we initially place it
above the monolayer, as shown in Fig. S20 within the
Supplemental Material [31]. In other words, there are no
stable configurations of O adsorbed above Co, Ni, and Cu
monolayer on V,C. From what we discuss above, we can
rationally conclude that, in view of thermodynamics and
kinetics, the TMML/MXene with 8 > 0.4 are more stable
than those with 8 < 0.4 in the case of O adsorbed on the
TM monolayer.

It should be noted that the above predictions and ver-
ifications are based on the premise that TM deposition
has little effect on the lattice parameters of MXene. Con-
sidering the huge computational cost, we verify only that
Pt deposition has little effect on the lattice constants of
MXene, the impact of other TM atoms’ deposition on the
lattice parameters still needs to be carefully checked.

The predicted composites with high stability may have
diverse potential catalysis applications and some of which
have been demonstrated to possess high stability and cat-
alytic activity in our previous works. For example, Cheng

6| (@) = = == Pty /Ti,C
——— ORR [— Pty /V,C
5 <«—— OER [--- Pt,;/Nb,C
—— Pty /Cr,C
S 1 N —— Pty /Mo,C
= &F —— Pty /W,C
0%0 ‘ l | | |
l M
(o]
2F \ e
"
" ’
\J
b :
0

0, OOH* o* OH* H,0

Overpotential (V)

20k ® ORR

15

1.0 9
=
)
z

0.5 =
£
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Pty /Ti,C Pty /V,C Pty /Nb,C Pty /Cr,C Pty /Mo,C Pty /W,C

FIG. 8. Free-energy diagrams at zero electrode potential (a) and the overpotentials (b) of ORR and OER on different Pty /MXenes
composites. The blue and black dotted lines in (b) represent the overpotentials of ORR on Pt (111) and OER on IrO, (110), respectively.
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TABLE II. The adsorption free energy (AG) of OOH*, OH*, and O* (in eV) on the Pty /MXene surface.
Species Pty /Tip C Pty / V2 C Pty /Nb,C Pty /Cr, C Pty /Mo, C Pty /W, C
AGoons« 4.15 4.07 3.91 433 3.96 4.04
AGoy 1.32 2.08 0.86 1.64 1.85 1.79
AGomux 0.89 0.85 0.69 1.14 0.79 0.80

et al. [23] speculated that Auyy /Mo, C has enhanced dura-
bility and remarkable activity toward ORR compared with
Pt/C catalysts. In another work [51], the authors found that
Agy /Mo, C is an efficient catalyst for preferential oxida-
tion of CO with low cost, high activity, selectivity and sta-
bility, which can be served as a promising hydrogen purify-
ing pretreater connected to the anode of PEMFCs. Xu et al.
[52] explored a series of transition metals deposited on nio-
bium carbide MXene and screened out Agy /Nb,C as an
excellent catalyst for CO oxidation with an energy barrier
of 0.35 eV for rate-determining steps (RDS). Besides, the
properties and applications of more TMyy /MXenes com-
posites required in-depth investigations by experimental
and theoretical approaches.

C. The ORR-OER bifunctional catalytic activity of
Pty./MXene

Catalysts for ORR and OER are the essential compo-
nents of renewable energy devices, including fuel cells and
water splitting [53]. Currently, noble metal-based materi-
als are used as catalysts in practical applications, with Pt
for ORR and RuO, and IrO, for OER [41,54,55]. How-
ever, sluggish ORR kinetics demands a large amount of
noble metal loading, leading to an increase in the over-
all cost of these renewable energy devices. Moreover,
they are incapable of simultaneously catalyzing ORR and
OER [56,57]. Here, we discuss the ORR-OER bifunctional
catalytic activity of Pty /MXene.

According to the theory proposed by Nerskov et al.
[30], the four-electron electrochemical reaction processes
of ORR and OER were simulated in an acidic environ-
ment with zero electrode potential, as shown in Fig. 8.
The calculated adsorption free energies of key interme-
diates involved in ORR and OER are listed in Table II.
More computational details are presented within the Sup-
plemental Material [31]. We find that the adsorption free
energies of O on Pty /Ti;C (1.32 eV) and Pty /Nb,C
(0.86 eV) are obviously lower than those on the other
substrates (1.64—2.08 eV). As discussed above, the strong
binding of O prevents the subsequent reaction processes.
This point can be elucidated from energy diagrams in
Fig. 8(a) and Table SVII within the Supplemental Mate-
rial [31], where the RDS of ORR and OER on Pty /Ti,C
and Pty /Nb,C are the formation of OH* and OOH* from
O*, respectively.

Figure 8(b) presents the overpotentials of ORR and OER
on different Pty /MXene composites. As the benchmark

systems, the overpotential of ORR on Pt (111) and over-
potential of OER on IrO,(110) are also given in Fig. 8(b),
which are generally considered as the reference electrocat-
alysts in experiments. The systems that are stable during
the reaction, i.e., Pty /V,C, Pty /Cro C, Pty /Mo, C, and
Pty /W2 C, exhibit relatively superior catalytic activity
toward ORR and OER and many of them might be poten-
tial ORR-OER bifunctional catalysts. The best case is
Pty / V2 C, which not only exhibits a lower ORR overpo-
tential than that of Pt (111) (0.38 vs 0.45 V [30]), but also
has a comparable OER overpotential to that of IrO, (0.76
vs 0.65 V [58]). In contrast, the unstable systems such
as Pty /TipC and Pty /Nb,C have poor activity for both
ORR (0.8-1.07 eV) and OER (1.61-1.82 eV), due to the
overbinding of O. These results demonstrate that the defor-
mation of the Pt monolayer during the reaction process can
significantly deteriorate the catalytic activity.

IV. CONCLUSIONS

In short, starting from the problems existing in the
cathode catalysts of PEMFCs, we extensively explore the
physical properties, stability, and ORR-OER bifunctional
catalytic activity of Pt supported on MXene using theoreti-
cal approach. The SMSI between Pt and MXenes stabilizes
the monolayer adsorption geometry and alters the elec-
tronic structure of Pt. This increases the utilization of noble
metals and allows tuning the catalytic activity of these het-
erostructures in a wide range. By analyzing the chemical
stability of Pt monolayers on different MXenes, we find that
the lattice parameter of MXenes plays a crucial role in gov-
erning the stability of the composites and a descriptor is
proposed accordingly. By examining nine TMs supported
on nine MXenes (81 composites in total), we find that the
simple descriptor we propose is effective and universal to
screen the stable TM/MXene composites. The undeformed
Pt/MXene combinations have a good potential for ORR-
OER applications. Particularly, Pt/V,C exhibits the best
bifunctional catalytic activity, with the overpotentials of
0.38 (ORR) and 0.76 V (OER), respectively. From a fresh
physics view, this study provides useful guidance for the
design of low-cost, highly stable, and active catalysts in the
cathode of PEMFCs based on MXene and suggests several
promising metal-MXene catalysts for experimental verifi-
cation. We hope this study will have a far-reaching effect
on the development of fuel cells.
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