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ABSTRACT

Platinum (Pt) is among the best electrocatalysts for the hydrogen evolution reaction (HER), a
potentially fossil-free route for hydrogen production. Reduction in Pt loading and overall catalyst
cost, without sacrificing catalytic activity, can be achieved by the synthesis of stable core-shell
nanoparticles of transition-metal carbides and Pt. We employ density-functional theory (DFT)
calculations to study and contrast the suitability of the a and B phases of tungsten carbide (WC)
as support (core) materials for Pt shells. We examine the thermodynamic stability of 1-2 layers
of Pt on a- and B-WC surfaces, carefully accounting for the delicate balance between epitaxial
mismatch strains and chemical bonding between cores and shells. We also study the effects of
alloying B-WC with Ti to modulate the stability and electronic structure of the core-shell
structures. We compare the electronic structures of Pt overlayers supported on a-WC and B-
TiyWxC surfaces and compare their activities for HER using the hydrogen binding energy as a
descriptor of catalytic activity. Our studies reveal that moderate Ti doping of the metastable -
WC phase significantly improves its stability and, with merely two layers of Pt loading, HER

activity comparable or superior to Pt (111) can be attained. Overall, our results provide detailed
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insight into experimental observations of the excellent stability and high catalytic activity of B-

TixW xC@Pt core-shell nanoparticles.

Keywords: transition-metal carbides, heterogeneous catalysis, hydrogen evolution reaction,
density functional theory
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1. INTRODUCTION

Transition-metal carbides (TMCs) are promising catalysts for several chemical reactions such
as hydrogenation, oxygenation, isomerization, Fischer-Tropsch reaction, water-gas shift,
hydrogen evolution (HER), and CO, reduction (CRR), among others.' These materials display
properties common to ceramics and metals including high melting points, extreme hardness, and
high thermal and electronic conductivity. Early interest in TMC as catalysts emerged from
observations of the so-called “platinum-like” catalytic behavior of tungsten carbides,® which then
spawned further work on TMCs as inexpensive, earth-abundant replacements for noble metal
catalysts. Recent studies show that TMCs, which display mixed p and d valence-electron
character, might offer a promising route toward breaking the tight constraints of scaling
relationships on transition-metal alloy surfaces.'*™"?

Apart from being promising catalysts in their own right, TMCs serve as excellent supports
for other transition-metal catalysts, either as cores for core-shell nanoparticles'® ™' or as bulk-like

1,5,16

supports. In particular, there has been much recent interest in employing transition-metal

carbides as supports for Pt,'” which is among the best known catalysts for the hydrogen evolution

reaction (HER) via water splitting.'® "

When integrated with renewable sources of energy, HER
can offer a fossil-fuel free route for hydrogen production. Yet, the cost and scarcity of Pt (or
similar noble metals) as well as operational problems such as catalyst sintering, corrosion of the

1 2% 2! motivate the search for

support, and weak affinity between Pt and its support materia
improved catalysts for HER. Several density functional theory (DFT) studies have reported that a
single monolayer (ML) of Pt deposited over a WC support has HER activity similar to the Pt
(111) surface.'***2* Additionally, Pt is reported to be more stable on the metal (W) terminated

WC (0001) surface than on graphene supports.'®*>’ In an effort to minimize the use of precious



Physical Chemistry Chemical Physics

Pt catalyst while maximizing the effective surface area, Hsu et al. synthesized few-layer Pt shells

28,29 30,31

on WC cores as well as few-layer Pt on planar WC surfaces. More recently, Hunt et al.
devised a method to synthesize highly stable and catalytically active TIWC@Pt and TIWN@Pt
core-shell nanoparticles with precise control over the size and composition of the nanoparticle

core as well as the thickness of the shell (down to 1 ML).">**

These synthetic advances
minimize the use of expensive Pt while maximizing the effective surface area of the catalyst.
From the theoretical perspective, HER has been studied for Pt monolayers (ML) on

16,18,22-24,35,36
»19, 539, such

hexagonal-close-packed WC (0-WC; room-temperature phase) supports;
models provide a reasonable approximation of core-shell a-WC@Pt nanoparticles and planar
Pt/a-WC synthesized by Hsu et al”®>' On the other hand, the core-shell nanoparticles
synthesized by Hunt et al.,'"”**>* display the face-centered-cubic phase of WC (B-WC; stable
above 2525°C 7). As the electronic properties of a-WC and B-WC are fundamentally

different, 14,38,39

the electronic and catalytic properties of supported Pt MLs could also vary
substantially as a function of the underlying support. Indeed, Yates er al.'* performed DFT
studies of oxygen adsorption on Pt overlayers on a-WC and B-WC and found that a Pt ML over
B-WC binds O atoms more strongly than the Pt (111) surface, rendering the former a poorer
catalyst for oxygen reduction (ORR); on the other hand, a Pt ML over a-WC was predicted to
bind O as strongly as Pt (111) making it more suited for ORR. Hendon et al."* reported
electronic structures of several B-Tip;WooC—supported noble-metal overlayers with different
surface coverages and showed that the d-band centers of the surfaces vary as a function of the

surface topology and thickness of the overlayers. To date, we are unaware of any systematic

studies of Pt MLs over a-WC and B-WC in relation to the HER, which is the focus of this paper.
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In this work, we employ DFT calculations to compare the thermodynamic stability,
electronic structure and HER catalytic activity of various Pt/WC surfaces and thereby contrast
the suitability of a- and B-WC as support (core) materials for WC@Pt core-shell nanoparticles
for HER. We also examine the role of Ti in stabilizing and modulating the catalytic properties of
B-WC@Pt core-shell nanoparticles in light of recent experiments along these lines.'”*** We
find that the formation of B-WC@Pt core-shell nanoparticles is thermodynamically preferred
over a-WC@Pt, and that doping B-WC with Ti further improves the stability of Pt/WC interface
without affecting the desirable electronic properties of the Pt MLs. Comparisons of HBEs, a
commonly employed descriptor of HER catalytic activity, on 1-2 MLs of Pt supported on a- and
(Ti-doped) B-WC reveal a substantial support effect, which we explain via a detailed electronic
structure analysis. Based on our studies, 2 MLs of Pt supported on B-Tip125Wos75C (111) are

predicted to attain HER activities comparable to Pt (111), making B-WC@Pt a promising system

for further exploration as a highly active yet inexpensive HER catalyst.

2. COMPUTATIONAL METHODS

DFT calculations were performed using the Vienna Ab-Initio Simulation Package (VASP;

4041 4 9243

version 5.4.1). The projector-augmented wave (PAW) metho was used to describe the
core and valence electrons in conjunction with the Perdew-Burke-Ernzerhof * form of the
generalized-gradient approximation for electron exchange and correlation. The valence electron
configurations employed for Pt, W, Ti, and C are 6s15d9, 6525d4, 4s23d2, and 2s22p2, respectively.
Total energies were converged to within 1 meV/atom by choosing a planewave kinetic-energy

cutoff of 500 eV and sampling the Brillouin zone with sufficiently dense I'-centered k-point

meshes. Specifically, we used 21x21%21 k-point meshes for the reference bulk phases of Pt (fcc),
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Ti (hcp), W (bee), a-WC, and B-WC, and 21x21x1 k-points for C (graphene). For the slab
models, we used 11x11x1 k-points for Pt (111); 7x7x1 k-points for a -WC (001), Pt; > mrs/a -
WC (001), B-WC (001) and B-TixW;xC (111); 8x4x1 k-points for Pty /B-WC (001); and 5x3x1
k-points for Pt; > mrs/B-TixWixC (111). Brillouin-zone integrations were performed with a
Methfessel-Paxton smearing ** of 0.1 eV. Structural optimization was performed with a tolerance
of 0.01 eV/A for the Hellman-Feynman force on each atom. Structural optimization of the bulk
phases was performed by relaxing lattice vectors as well as ionic positions; the optimized lattice
parameters were used to build slab models for further studies.

In our slab calculations, the Pt (111) slab consisted of five layers while the a-WC and B-WC
slabs consisted of seven and eleven layers, respectively; periodic images of the slabs were
separated by at least 10 A of vacuum in the normal direction to avoid spurious image
interactions. Pt/WC slabs were created by placing 1 or 2 MLs of Pt atoms on the WC slabs.
Formation and interface energies of Pt; » mrs/a-WC and Pt » mrs/B-TixW1xC interfaces, were
calculated using symmetric slabs (with Pt on both surfaces) to avoid net dipoles within the
supercell; during structural optimization, the three middle layers of the slabs were held frozen to
simulate the bulk constraint. Details of the various Pt/WC supercells are provided in Table S1.

For calculations of hydrogen-binding energies (HBE), 3x3x1 supercells were used for all
slabs except for Pty/B-WC (001) and Pt; 2 mrs/B-TixW1xC (111) for which we used the (large)
unit cells listed in Table S1. To reduce the computational cost, we used asymmetric slabs for
these calculations and held the three bottommost layers fixed to simulate the bulk constraint;

. 4647
dipole corrections ™

were applied normal to the slabs. HBEs were calculated by adsorbing a
single H atom at various inequivalent surface sites; HBEs at the most stable sites are reported in

this paper. The HBE of the catalyst is defined as
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HBE=FE

Slab+H

Eslab_EH2 /2+AEZPE’ (1

where E

s> Equand E, are the total energies of the slab with an adsorbed H atom, the slab

itself, and the (gas-phase) H, molecule. AE , is the zero-point energy correction for the

adsorbed H atom, calculated as the difference between the zero-point energy of an adsorbed H
atom and its corresponding value in the H, molecule. The zero-point energy in each case is
obtained by perturbing the H atom from its equilibrium position by +0.015 A in all three

Cartesian directions, diagonalizing the mass-weighted Hessian matrix to calculate the vibrational

frequencies w;, and evaluating the sum £, = Zha)i /2.

Finally, to obtain insights into the electronic structure of the supported Pt monolayers—in
particular, their d-band centers—atom-projected partial densities of states were calculated with
VASP using 1500 energy grid points. The average d-band center, £, relative to the Fermi level,

48
Er, was calculated as,

fEnd(E)dE
o F— ©)

d F E,

[ n,(EYdE

—00

where n4(FE) is the d-band density of states at energy E.
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3. RESULTS AND DISCUSSION

3.1 Thermodynamics and Stability of Pt/WC Interfaces

(b)

Figure 1. Unit cells of (a) B-WC and (b) a-WC (W — large blue spheres; C — small, brown

spheres)
As noted previously, we focus here on two forms of WC: the low-temperature hexagonal-close-
packed phase (a-WC) and the high-temperature, face-centered-cubic phase (B-WC) (Figure 1).
The calculated lattice parameters for the two phases are reported in Table 1 and seen to be in
excellent agreement with experimental data.*>° The calculated heats of formation of the two
phases (at 0K) also confirm the stability of a-WC relative to B-WC and are in agreement with
previous reports.*”>'?

Of the various possible low-Miller index surfaces of a-WC and B-WC for deposition of Pt
overlayers, we restrict attention here to W-terminated a-WC (001), B-WC (001), and B-WC (111)
surfaces as these are the most relevant surfaces and/or Pt/WC interfaces observed in
experiments.” **** Our independent DFT studies of various low-Miller surfaces (Figure S1)
confirm that the aforementioned surfaces are indeed energetically preferred over a wide range of
chemical potentials. Furthermore, we have also confirmed that interfaces between Pt overlayers

and C-terminated surfaces are thermodynamically unfavorable, which further justifies our focus

on W-terminated slab models for the WC supports.'*** From here on, for brevity, we simply
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refer to the WC slabs by their surface orientation [e.g., a-WC (001)] with the implicit

understanding that the surface/interface of interest is W-terminated unless otherwise specified.

Table 1. Comparison of calculated and experimental (in parentheses) lattice parameters of bulk
WC and TiC, and their calculated heats of formation (AHy) at OK; uwc, uric, pw, pri, and uc are

the calculated chemical potentials (at 0K) of WC, TiC, W, Ti, and C, respectively

a(A) c(A) AH¢= pwcrric - wri- pc (€V)
a-WC 292290)%  28502.84)7 -0.28
B-WC  4.38(4.38) % - +0.64
B-TiC 432 (4.32) - -1.54

Prior to studying the energetics of hydrogen adsorption on WC-supported Pt, we seek to
understand first the relative stability of different Pt/WC interfaces. The stability of the Pt/'WC
interfaces is characterized by their formation energy on an interfacial area basis, £y, defined as

Ef = Epwe = Np by, ; Ny #y =Nt , (3)

where Ep e is the total energy of the composite Pt/WC slab; Np,, Ny, and N¢ represent the
number of Pt, W, and C atoms, respectively, with corresponding chemical potentials up;, ty, and
uc; and A is the total surface area of the symmetric slab. The reference chemical potentials are
obtained from OK DFT calculations using fcc Pt, bcc W, o/f-WC and graphene as the reference
phases. The formation energies are then calculated as a function of the chemical potential of

carbon, uc, under the constraints 54,55

My + He = Hyp e 4)

and
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He graprene + M 1 010 < He < He g ©)
where AHy,p.wc 1s the heat of formation for a/B-WC, reported in Table 1. A key issue that must
be accounted for when considering the stability of the Pt/WC interface is the influence of lattice
mismatch between the Pt overlayers and the WC support. In particular, the support can exert a

so-called “strain effect” '>14??

on the catalytic properties of the Pt overlayer and we would like to
understand this effect independent of artificial lattice matching between Pt and WC in the
computational model. To this end, we consider not only lattice-matched Pt overlayers on WC but
also explore larger coincident-site lattices between Pt overlayers and the WC supports. Yates et
al."* examined these mismatch strain effects by considering extended surface cells that allow for
better lattice matching between Pt overlayers and WC supports; we go beyond their work by also
including rotations of the Pt overlayer in an effort to minimize mismatch strains. It is not
possible to examine a large number of rotated and lattice-matched surface cells with DFT
calculations and so we focus on a few candidates that allow us to critically examine the effects of
mismatch strain while, at the same time, keeping the calculations tractable. The various
supercells studied are listed in Table S1. In finding commensurate surface cells only the Pt layer
is rotated and expanded/contracted to match the underlying WC slab.”®  As the

expansion/contraction can be different along the two supercell vectors, we quantify the net strain

as an areal mismatch defined via a misfit factor (n)57 as

AWC — APt

) AWC + AP[ (6)

n

where Ay is the surface area of WC slab (support) and Ap, is the surface area of the

commensurate Pt layer when it is unstrained.

10
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Figure 2. Formation energies (£y) of 1-2 Pt MLs over (a) a-WC (001) and (b) B-WC (111)
support in various surface unit-cells (reported in Table S1) with different misfit factors (), as
a function of the chemical potential of carbon (relative to graphene).

We consider first a monolayer of Pt on the a-WC (001) surface — Pty /a-WC (001) (Slab 1,
Table S1). The atoms of the a-WC (001) surface are arranged in a triangular lattice (close
packed) and a simple arrangement of Pt atoms filling the hollow surface sites, i.e., a p-(1x1) R0°
unit cell, leads to an epitaxially matched Pt (111) ML at +3.9% equibiaxial strain (1=+3.9%).%
This large mismatch strain can be reduced to +3.00% in a larger supercell (Slab 2, Table S1) and
to an even smaller value of -0.10% for the p-(4x4) R15° supercell (Slab 3, Table S1).°® As seen
from Figure 2 (a), the formation energy of the p-(4x4) R0° supercell is lower than the two rotated

Pt MLs in spite of the latter MLs possessing smaller overall mismatch strains. The reason for

11
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this, possibly counterintuitive, result is that the ligand effect arising from the optimal
coordination of Pt atoms at surface hollow sites far outweighs the strain effect from epitaxial
mismatch.”> Furthermore, we also observe from the relaxed structures (Figure S2) that the
rotated MLs display significant in-plane structural distortions with regions of both compressive
and tensile strain indicative of less-than-optimal bonding with the support. Upon addition of a
second epitaxially-matched Pt monolayer we find that the formation energy of the composite
Pt/WC (001) system decreases by ~0.4 J/m?. In conjunction with the fact that the formation
energy of the ML is positive (thermodynamically unfavorable) over a wide range of chemical
potentials, this result explains why Pt nucleates as clusters rather than contiguous layers on o-

WC (001) surfaces in experiments.”*!

The thermodynamics of island nucleation on a-WC
(001) is beyond the scope of this work and will be reported elsewhere. For the B-WC supports,
we considered two possible surface orientations—the stoichiometric (001) surface, which
consists of both W and C atoms arranged on a centered square lattice and the close-packed, W-
terminated (111) surface. For the case of Pty /B-WC (001), we constructed a commensurate
surface supercell with a misfit factor, n=+1.05% (Slab 4, Table S1); the formation energy
[Figure 2 (b)] in this case (~1.2 J/m?) is independent of xc and comparable to that for p-(4x4)
RO° Pty /a-WC (001). Adding another monolayer of Pt to this Pty /B-WC (001) supercell
increases the formation energy of Pt /B-WC (001) by ~0.5 J/mz; this is unlike the Pt/a-WC
(001) case wherein the addition of the second Pt ML is thermodynamically favored. In contrast
to the Pt/B-WC (001) case, all Pty /B-WC (111) slabs (Slabs 5, 6 & 7; Table S1) display negative
formation energies over the same range of u¢ values. Interestingly, the two rotated Pt ML cases

(Slab 6, n=+1.19%; Slab 7, n=-1.38%,; Table S1) now display lower formation energies [Figure

2(b)] than the epitaxially-matched Pt ML that has a large misfit of 1=+9.75%. Indeed, Hendon et

12
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al.”® have used ab initio molecular dynamics (AIMD) simulations and shown that an epitaxially-
matched Pt ML on B-Tip;WooC (111) spontaneously develops defects and fractures into smaller
islands. We also note from Figure 2(b) that the Pt ML with n=-1.38% misfit (Slab 7; Table S1) is
thermodynamically favored, somewhat counterintuitively, over the Pt ML with n=+1.19% (Slab
6; Table S1), which once again points to a delicate balance between ligand and strain effects at
the Pt/WC interface. Furthermore, upon deposition of a second layer of Pt on these two MLs
(i.e., the n=-1.38% and n=+1.19% cases) we find that the formation energy actually increases (by
~0.5 J/m?). Thus, unlike our earlier observation for Pt/a-WC (001), we now find that the p-WC
(111) surface preferentially stabilizes a single layer of Pt over a bilayer. For completeness, we
performed AIMD simulations of the most thermodynamically favorable Pty /B-WC (111) and
Ptm/B-WC (001) structures (Figures S3 and S4) and did not observe any significant structural
changes (fracture, clustering, debonding, etc.) up to temperatures of 1000 K over 0.5 ps of
simulation time.

Based on the above thermodynamic analyses, we may now conclude that the f-WC phase is
well suited for stabilizing 1-2 Pt MLs, which is consistent with experimental reports on [-
TiWC@Pt core-shell nanoparticles.'>** The a-WC phase, on the other hand, favors clustering of
Pt during the initial stages of growth. Furthermore, we may also conclude that the Pt/B-WC (111)
interface is energetically favored over the Pt/B-WC (001) interface, which is consistent with

15,34

powder x-ray diffraction (PXRD) studies of B-Tip;WooC@Pt core-shell nanoparticles that

indicate the dominance of (111) facets over (001) facets.

13
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3.2 Alloying of B-WC with Ti

In recent experiments, Hunt et al 13348

showed that thermodynamic stability of WC
nanoparticles can be enhanced by alloying with elements such as Ti or Ta, which are known to
form some of the most stable carbides (TiC and TaC).” However, the influence of such
bimetallic carbide supports on the stability and electronic structure of Pt MLs is still not fully
understood. First, to confirm the stabilizing effect of Ti, we consider the thermodynamics of
alloying of B-WC with Ti. As TiC and B-WC both display rock-salt crystal structures with very

similar lattice constants (ap.wc =4.38 A % and aric=4.32 A 53), we constructed bulk alloy

supercells by simple substitutional exchange of W with Ti atoms. The heat of formation of the

alloy (per metal-carbide pair), AH{", was computed as

Hriw, ¢~ Nty = Nyt = N phe (7)

A f{a.lloy —
f N

Mc

where £, e is the DFT energy (0K) of the alloy supercell, x is the fraction of Ti atoms, and

Ny 1s the number of metal-carbide (WC and TiC) pairs. Figure 3 displays the heat of formation
of the TiyW,«C alloy as a function of Ti content from which we observe that alloying with Ti
indeed has a stabilizing effect on the B-WC phase. Specifically, in our DFT calculations, the
formation of the rock-salt TixW;«C alloy structure transitions from endothermic to exothermic at
~20% Ti-doping. As an additional check on these results, we also report in Fig. S9 the alloy
heats of formation using the PBE+U approach®, which can account partially for strongly-

correlated d-electrons of Ti, and a more accurate meta-GGA (SCAN®') exchange-correlation

functional; all approaches confirm the trends in AH ‘;””"’ with increasing Ti content and including

the stabilization of the B-WC phase at ~20% Ti doping. Free-energy calculations for these

14
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systems that explore the thermodynamics at elevated temperatures, typical of synthetic

conditions, will be reported elsewhere.

Heat of formation (eV/metal-carbide pair)

0 20 40 60 80 100
x% in BT W, C

Figure 3. Heat of formation of B-TixW;C alloy, AH ;‘,””y (Eq. 7), as a function of Ti content
(x%)

While the TiWC alloy bulk is reasonably represented by random substitution of W with Ti,
we need to account for the possibility of Ti segregation/desegregation at surfaces or interfaces in
our slab models. To this end, we calculated the heat of formation of B-WC (111) and Pt/B-WC
(111) slabs as a function of position of the Ti dopant atom relative to the slab surface
(Supporting Information). As seen from Figure S5(a), for B-WC (111) slabs, Ti substitution is
energetically preferred in the subsurface layers and, in particular, within the first subsurface W-
layer. In the case of the Pt/B-WC (111) slab [Figure S5(b)], substitution of W sites within the
surface layer is only slightly energetically disfavored. Thus, we proceed for now to construct

Pt/B-TixW,xC slabs by random substitution of a fraction x of W atoms with Ti atoms. Prior

15
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studies' have ignored these issues of surface segregation/desegregation of Ti and, as we show in

Table S2, the implications for hydrogen binding can, in some instances, be non-negligible.

44
(@) °
2t
(
& 4.5
—_~ E
& 2
% 23 ® Pt1ML/B_T!0.125WO.8750 W 46 | ]
= ¢ Pt1 ML/B_TIO.22WO.7BC § —_—— Pt 1ML/,6'—TIXW1_XC
Lu-:’ 5 ) PtZML/ﬁ-TiO.125WO.875C % ir —_—— Pt 2ML/ﬁ-TiXW1_XC
' & Py /B-Tig W 76C g
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£ 48t ]
35¢ ¢
’ ?/A’_<>
-4.9 :
Pt 1-2 MLs over ﬁ-TiXW1_XC 0 12.5 22

X%, #-Ti W, C

Figure 4. (a) Formation energy (per unit interface area), £; of 1-2 MLs of Pt over B-Ti,W..C
(111) supports relative to their corresponding values on undoped B-WC (111). (b) Interface
energy, £, of 1-2 MLs of Pt over B-TixW;«C as a function of Ti concentration (x%).

In Figure 4(a), we display the difference between the formation energies (£y) of 1-2 Pt MLs
on B-TixWxC (111) supports and their corresponding formation energies on undoped B-WC

(111) [Efu)]; the individual formation energies are calculated as

EPt/TiWC — NPtluPt — NW/uW _ anun — NCluC ®)

E = y

where Ep,riwc 1s the total energy of the composite Pt/TiWC slab; Np;, Ny, Nr; and N¢ represent
the number of Pt, W, Ti and C atoms, respectively, with corresponding chemical potentials up,,
w, Ui, and uc; and 4 is the total surface area of the symmetric slab. As the thermodynamics of

the ternary Ti-W-C system is beyond the scope of this work, for simplicity, we use the OK DFT

16
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energies of bulk fcc Pt, bcc W, hep Ti and graphene as the relevant chemical potentials in Eq. 8.
From Figure 4(a), we see that for each support, the formation of 1 ML Pt is thermodynamically
preferred over 2 MLs and, furthermore, the alloying of B-WC with Ti has a stabilizing effect on
the energetics of the Pt/B-TixWxC (111) system. To understand further whether this stabilization
upon addition of Ti arises from the increased stability of the core (Figure 3) or the formation of a
more stable core-shell interface, we calculated the interface energy, E;, of 1-2 Pt MLs over f3-
TixWxC supports [Figure 4(b)]. The interface energy is defined as

E = EPt/TiWC -E

! A

Liwe EPt (9)

b

where Ep,riwc 1s the energy of the Pt/TiWC slab, Eqc is the energy of the TIWC slab, Ep;, is the
energy of the isolated Pt (111) monolayer or bilayer in vacuum, and 4 is the total surface area of
the Pt/TiWC slab. From Figure 4(b), we note that all 1-2 ML Pt/B-TiyW4C interfaces are
thermodynamically favorable, but the interface energies increase slightly with added Ti. Thus,
the principal effect of Ti is to stabilize the B-TixW;xC support (core) rather than the Pt/B-Ti,W,.

«C interface.

3.3 Hydrogen Binding Energies on Pt/WC and Pt/Ti,W,.,C

Having examined the thermodynamics of various Pt/WC and Pt/TiyW;xC systems, we now turn
to the question of hydrogen binding energies (HBEs), a key descriptor of the catalytic activity of
surfaces for the hydrogen evolution reaction (HER).>***** As the supported Pt layers undergo
structural distortions leading to variations in the surface strain, we first sampled several binding

sites within regions of compressive and tensile strains (Table S3). As expected °

adsorption
sites with compressive strains displayed lower—and sometimes thermodynamically

unfavorable—HBEs than those with tensile strains.

17
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[ ] . *  Pi(1i1)
¢ o-WC (001)
0.8+ . ¢ Pt /a-WC (001)
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Figure 5. Hydrogen binding energy (HBE) versus the d-band center relative to the Fermi-level
(E4-E)) of the Pt surface; the solid line is a guide to the eye that shows a subset of the data that
follow the d-band model, namely, most of the a-/B-WC@Pt and a-/B-Tix W xC@Pt systems

For transition-metal surfaces, it is well known that the binding energy of adsorbates is
correlated with the d-band center energy of the surface.”” Thus, we sought to investigate whether
the d-band center energy is also a good descriptor for HBE in our systems. Figure 5 displays the
(most stable) HBEs for the most stable surfaces identified previously as a function of the d-band
center of the surface. We observe readily that one set of data, namely, that for 1-2 Pt MLs over
a-WC, B-WC and B-TixWC supports—with the notable exception of Pty /a-WC (001)—all
follow the d-band model. A second set of data consists of large outliers, namely, the bare

transition-metal carbide surfaces o-WC (001), B-WC (111), and B-TixW;xC (111) that

18

Page 18 of 29



Page 19 of 29

Physical Chemistry Chemical Physics

35 (@) PtIMUAWC(111) 35 [(b) Pt IML/a-WC(007)
total total
3 d-band 3[ ——d-band
p-band p-band
=3 257 s-band =3 257 s-band
L i)
% 27 % 27
(0] (0]
© ©
8157 BA15f
3 3
a 1r a 1r
05} 05}
0 , 0 .
10 5 0 5 -10 5 0 5
E-E, (eV) E-E, (eV)

Figure 6. Total and angular-momentum-projected density of states of (a) Pty /B-WC (111)

and (b) Pty /a-WC (001) slabs
are known from previous studies'>'* to violate the d-band model. Kitchin et al.'* have attributed
the failure of the d-band model for H adsorption on TMC surfaces to the inaccurate description
of the d-band of TMC surfaces by DFT due to the overcounting of low-energy states from nearby
C atoms that lower the d-band center. To understand the outlying case of Pty /a-WC (001),
which has similar d-band center energy as Pty /B-WC (111) but an unexpectedly higher HBE (by
~0.5 eV), we probed the electronic structure of these two surfaces in detail. Figure 6 displays the
total as well as angular-momentum projected density of states for these two slab models from
which we observe that the Pty /a-WC (001) system has a large resonance in the density of d-
states at the Fermi level. Further analysis (Figure S6) reveals that this resonance has a large
contribution from the Pt ML, which explains the increased affinity of H for this surface. With
respect to the role of Ti addition to the supports, we find negligible differences in the electronic

structure of supported Pt MLs (even up to 22% doping) as seen from the similar d-band center

19



Physical Chemistry Chemical Physics

positions and bandwidths of Pty ¢/B-TixWxC (111), x = 0, 0.125, 0.22 (Figure S7). However,
the HBEs of bare B-TixW;xC (111) surfaces do indeed decrease with increasing Ti doping,
which may be expected from the hole-doping effect of Ti.

The connection between HBEs and the activity of the various WC and Pt/WC surfaces can be
made via Sabatier’s principle,” which is visually rendered by the so-called “volcano plot”. For
HER, in particular, Esposito ef al.'® have shown that the optimal HBE is ~0.37 eV, which is ~0.1
eV more positive than the corresponding value for Pt (111). Figure 7 displays our calculated
HBEs superposed over the volcano plot of Esposito e al."® who reported the HER activities of
various transition metals, transition-metal carbides, and transition-metal-carbide-supported
transition metals. While we have not calculated exchange currents independently in this work,
superimposing our data, based on their abscissas (HBEs), over the well-established volcano
curve allows us to make some preliminary estimates for our systems.”” The most significant
observation from Figure 7 is that the anticipated exchange current densities for Ptoyi/pB-
Tip.125sWo.875C (111) is comparable, if not slightly greater, than that for Pt (111), which is among
the best HER catalysts. This is consistent with recent experimental findings of Hunt et al.">~*
who found the HER activity of Pt/B-Tip ;W 9C core-shell nanoparticles to be superior to that of
Pt (111). On the other hand, we observe that Pty /a-WC (001) and Ptyy/a-WC (001), while
towards the upper end of the volcano, are less active than Pt (111), which indicates that the
metastable 3-WC phase is more desirable as a support material than the ground-state a-WC
phase. We also observe that 12.5% Ti-doping of B-WC yields a more active catalyst than the
22% Ti-doped case as seen from the lower predicted activity when employing the latter as a

support.
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Figure 7. Volcano plot for HER showing the exchange current densities (log(i,)) plotted as a
function of hydrogen binding energy. The exchange current densities are estimated by
superimposing our data for various surfaces, based on their calculated HBEs, over the volcano
plot reported in Ref. 18

The analysis of catalytic activity thus far has been based on HBEs at the most stable binding
sites. There are, of course, variations in HBEs over a given Pt overlayer due to a combination of
ligand and strain effects arising from the interaction of the overlayer with the support. Complete
surface scans of HBEs for all systems studied here are prohibitively expensive. Nevertheless, by
focusing on the most promising HER catalysts identified above, namely, Ptyvi/B-TixWxC
(x=0%, 12.5%, 22%) it is possible to estimate the sensitivity of our predictions to such variations

in HBEs. We ordered the H-binding sites on the Pt overlayers (top, bridge, hollow) by their site-
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projected d-band centers’' and sampled several sites to span the range of d-band energies (Table
S4). We find that the spread of HBEs (Table S4; Figure S10) is at most ~0.2 eV for the three
Ptomr/B-TixW 1 xC (x=0%, 12.5%, 22%) systems studied here. We also find (Figure S10) that,
upon including a multitude of binding sites in the analysis, the correlation between the site-
projected d-band center and the HBE is weaker than before (i.e., with most stable adsorption
sites; Figure 5) although this has no impact on the volcano-plot analysis, which is based on
HBEs alone. The key point of note here is that our volcano-plot analysis is a conservative one,
being based on the largest HBEs, and the inclusion of weaker binding sites for the Ptowi/p-
TixW;xC systems will, on average, push the expected values of exchange currents further
towards the peak of the volcano. A more complete analysis must also take into account surface

coverage effects, which is deferred to future work.

4. CONCLUSIONS

In summary, using first-principles DFT calculations we investigated the thermodynamic stability,
electronic structure, and HER activity of 1-2 layers of Pt on a-WC and B-TixW;xC supports. The
main finding from our thermodynamic studies is that 1-2 layers of Pt are more stable on B-TiyW.
xC (111) supports than on a-WC (001), which indicates that B-TixW; C@Pt core-shell
nanoparticles will be more stable than a-WC@Pt core-shell nanoparticles. Moreover, the
addition of Ti to B-WC improves the stability of the B-WC support and, correspondingly, the
stability of the B-TixW;xC@Pt core-shell nanoparticles, without significantly affecting the
desired catalytic and electronic properties of the Pt shell. These results are in agreement with
experimental reports of the stabilization of the high-temperature B-WC phase by Ti

15,34

doping/alloying in B-TiyW,;xC@Pt core-shell nanoparticles. We estimated the HER activities
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of Pt/WC surfaces from their HBEs and arrived at two key observations about 1-2 Pt layers on a-
and B-WC supports. While Pty /B-WC (111) and Pty /a-WC (001) have comparable d-band
center energies, the former is relatively inactive for HER whereas the latter, due to a larger
resonance in d-states at the Fermi level, has an activity comparable to Pt (111). The addition of
an extra monolayer of Pt improves the activity of all Pty /B-TixWxC (111) systems studied
here and these catalysts become significantly more active for HER approaching Pt (111). We
examined the effect of Ti doping of the WC supports and found the addition of Ti improves the
stability of the supports while mostly retaining the overall activity of the Pt overlayers.
Specifically, Ptoyi/B-Tig.12sWo.g75C 1s predicted to be as active as the Pt (111) surface with
Ptomi/B-Tip.125Wo.875C benefiting from the added stability of the core from the added Ti. Overall,
we find that the phase of the WC support has a significant influence of the catalytic activity of
the Pt overlayers and that the high-temperature 3-WC phase (with or without Ti doping) will be a
better support material for Pt monolayers than the room-temperature a-WC phase. Future
experiments that compare systematically the morphological stability of Pt overlayers on the o
and B phases of WC (doped and undoped), and correlate morphology with activity could offer
significant insights towards optimizing these materials for electrocatalytic HER.

More broadly, this work opens up interesting avenues for further exploration of support
effects on the activity of catalytic overlayers, in particular, via high-throughput, combinatorial,
first-principles studies that explore the effects of binary TMC supports on supported transition-
metal catalysts. In conjunction with descriptor-based analyses (e.g., binding energies of
hydrogen and oxygen for HER and ORR, respectively), such studies could help guide the

rational design of core-shell catalysts and will be explored in future work.
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