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Abstract

The adsorption of atomic hydrogen on a platinum monolayer supported on orthorhombic Mo,C(100) surface has
been investigated, considering different hydrogen surface coverages. Calculations have been performed using
density functional theory with the Perdew-Burke-Ernzerhof exchange correlation functional and a D3 Van der
Waals corrections. The theoretical insight has been gained into atomic hydrogen interaction with Pt monolayer,
supported on both molybdenum and well-studied tungsten carbide, and considering hydrogen surface coverage.
Fundamental properties of Pt adlayer depend on the support, affecting hydrogen evolution activity of the resulting
systems. At low hydrogen coverage all systems, with the exception of Pt supported on the molybdenum-
terminated Mo.C, adsorb H comparably to a pristine Pt(111) surface and their high activity for the hydrogen
evolution reaction is predicted. At higher coverages supported Pt monolayers interact with atomic hydrogen
unlike the Pt(111), suggesting that the activity of the supported and unsupported platinum toward hydrogen
evolution reaction have different origins. Furthermore, the position of the supported platinum monolayers on the
volcano curve is a function of the surface coverage, more so than for extended metal surfaces. Therefore,
hydrogen surface coverage is a key variable to understand the catalytic potential, approaching towards an

improved model for screening of electrocatalytic systems.
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1 Introduction

Hydrogen is considered as a sustainable and environmentally friendly alternative to carbon-based energy
carriers. Its potential use, however, only has a good perspective if hydrogen production can be carried out in a
low-cost and “green” fashion. These requirements are fulfilled via the electrocatalytic hydrogen evolution

reaction (HER), a highly attractive process [1,2] which can be written as

H2 — 2H" + 2e” (acidic media) (1)
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or
H2 + 20H — 2H20 + 2e (alkaline media) (2)

The quantification of the catalytic activity of a given material towards the HER can be done either by
measuring its exchange current density by using the Tafel approach from polarization curves [3,5], by measuring
the current density at a fixed overpotential, or by measuring the overpotential at a fixed current density. All these
methods strongly rely on the proper evaluation of the electrochemically active surface area, which may be one of
the most challenging issues in electrochemistry. Different materials show better or worse exchange current
density at the same overpotential, which leads to improved or decreased electrocatalytic activity towards HER,
respectively. Nowadays, platinum is the best known catalyst for the HER [3-6].

Unfortunately, high market prices and scarcity of this precious metal in the Earth crust limit production of
devices requiring large Pt loadings for massive production of hydrogen using the HER [7,8]. Therefore, to make
this method viable it is important to find an alternative to Pt-based materials, which could allow a significant
decrease in the usage of Pt (or avoiding its use), together with a minimal loss in electrocatalytic activity.

In practical terms, deploying Pt nanoparticles onto a low-cost support of choice is the current methodology
for producing these materials [9,10]. However, this method does not utilize the core of the supported
nanoparticles, which is a serious disadvantage for a cost optimization. To overcome this drawback and even
further minimize the Pt loading, a supported Pt monolayer can be used as reported by Esposito et al. [9] They
demonstrated that transition metal carbides (TMCs) have remarkable potential as supports, due to the closeness
of their catalytic and electronic properties to those of Pt-group materials [11]. Among TMC, tungsten (WC) and

molybdenum carbide (Mo02C) have an additional advantage: their good stability in electrochemical media at
typical HER conditions [12,13].
Experimental works already conducted for a Pt monolayer (ML) supported on WC and Mo2C, evidence that

TMCs are able to effectively replace the bulk of precious metal catalyst with a remarkable HER activity,
comparable to that of pure platinum [14,15]. It is important to mention here that Esposito et al. clearly
demonstrated that composite systems, comprised of a Pt ML and tungsten carbide as support, show a correlation
between HER activity and hydrogen binding energy [10], similarly to pristine metallic catalysts. Therefore, the
HER activity of Pt/TMC catalysts can be initially estimated by analyzing H adsorption on the surfaces of interest.

A number of theoretical studies examining the Pt/WC system were aimed at gaining an insight into Pt-WC
interaction and to explain why this system displays an activity comparable to pure Pt [16-18]. These studies
clearly demonstrated that the electronic properties of Pt supported on WC and, consequentially, its activity
towards HER, experience an impact from the support and are mainly defined by ligand (d-band stabilizing) and
strain (d-band destabilizing) effects. Theoretically predicted exchange current density values for PtYWC were

found to be in a good agreement with the experimental data, as reported by Esposito and Chen [14].



Notably, there is a surprising lack of theoretical works exploring the Pt/Mo2C system in terms of its potential

catalytic activity for the HER. Also, not much has been done for hydrogen adsorption on Pt/TMCs surfaces at
varying H coverage. Even though the Pt/WC catalyst already has been studied extensively, a systematic analysis

of different configurations for this system is useful to optimize its performance. At the same time examining the
changes in the electronic structure of Pt ML supported on Mo2C provides a novel information on this system in

the scope of its HER activity, especially because WC and Mo2C have different crystal lattices and do interact

with Pt in a different way.
Here, low-coverage hydrogen adsorption was considered on Pt/a-WC and Pt/B-Mo2C surfaces with the aim

to estimate changes in H-Pt interactions caused by the presence of the TMC supports. The a-WC(0001) [19] and
B-M02C(100)20 (also known as -Mo02C(001) for some authors [21-23]) surfaces are used, since they have been
reported in several experimental studies [9,15]. Furthermore, adsorption energies for atomic H on low-index
surfaces of metals, used to build the volcano curve in the study of Ngrskov et al. [3], were recalculated using the
same parameters as for Pt/TMC to obtain a volcano curve with an improved accuracy and to place the studied
systems on the curve. Finally, the effect of growing H coverage on the volcano curve and on the stability of
atomic H on the Pt/TMC surfaces is reported, together with changes in the positions of these systems on the
volcano curves, in order to estimate whether the inclusion of the coverage effect influences the predictive ability
of this method.

2 Computational details

Periodic density functional calculations were performed using the Vienna ab initio simulation package
(VASP) [24-27] within the generalized gradient approximation, utilizing Perdew, Burke and Ernezerhof for the
exchange-correlation energy functional [28], together with the Projector Augmented Wave core potentials [29]
as implemented by Kresse and Joubert [30]. To improve the description of the long-range correlation effects, the
van der Waals (vdW) correction proposed by Grimme [31], namely its D3 scheme [32], was used.

Dipole corrections were also applied throughout the calculations to avoid dipole coupling between repeating
images of the unit cell, in the direction perpendicular to the surface. The kinetic energy cut-off of 415 eV for the
plane wave basis set was selected, which is enough to obtain reproducible and reliable results on systems with
carbides [21,22]. Integration of the reciprocal space for all surfaces was carried out using 3 x 3 x 1 grids of special
k-points within Monkhorst-Pack scheme [33] for the geometry optimization procedures; while 11 x 11 x 1 grid
was used for the Density of States calculations. A 1 x 1 x 1 mesh was used to obtain total energy of atomic and
molecular hydrogen in vacuum, The Fermi level was smeared using the Methfessel-Paxton approach [34] with a

Gaussian width of smearing of 0.2 eV.



When dealing with metal carbides, the notation of the crystal systems could be confusing since there is not a
standard one. In this work we follow the nomenclature previously reported by Kurlov and Gusev for WC [19],
while for Mo.C, we use the nomenclature defined by the Joint Committee on Powder Diffraction Standards
(JCPDS) data files [21]. Therefore, in this work, we refer to Pt/a-WC and Pt/p-Mo0.C. The hexagonal phase of

tungsten carbide (a-WC) and orthorhombic molybdenum carbide (8-Mo2C) were considered in this study as the

supports for Pt, specifically the a-WC(0001) and M02C(100) surfaces, with their corresponding polar metal- and
carbon-terminations.
Pristine C- and M-terminated surfaces, in this work denoted as C-WC, C-Mo2C, W-WC and Mo-Mo2C, were

represented by (4x4) supercells, each of them comprised of two metal and two carbon alternating atomic layers.
A vacuum region on 13A was added to each cell to prevent interactions between repeating images of the slab in

z direction. To assure that the selected number of atomic layers in each supercell was sufficient to obtain correct
energy values, calculations for a single Pt atom adsorption on the C-WC, C-Mo02C, W-WC and Mo-Mo2C were

repeated using thicker slabs comprising five layers. The obtained adsorption energies on four-layer and five-layer
slabs were in general very close (-6.17 eV versus -6.14 eV for C-Mo2C; -6.68 eV versus -6.56 eV for Mo-Mo.C;
-6.02 eV versus -5.94 eV for C-WC; and -6.50 versus -6.39 eV for W-WC), with differences smaller than 0.15
eV, confirming the adequacy of the selected model.

Supported Pt monolayer was modeled by completely covering the transition metal carbide (TMC) support
with platinum atoms (preventing any interaction of the TMC with adsorbed hydrogen); hence, in total 16 Pt atoms
were present in each Pt/TMC system. Structure optimization calculations have been carried out using a (1+2+2)
approach, i.e. for Pt supported on the TMC terminations 2 out of 4 total atom layers of the support were allowed
to relax simultaneously (topmost layers), while 2 remaining (bottom) layers were frozen to represent bulk of the
support. The adsorbates were allowed to relax in all three directions together with the supported Pt monolayer.
Such an approach to the modeling of the TMC and M/TMC surfaces have delivered in the past reliable data on
surface—adsorbate interactions [22,23,35,36].

The platinum (111) surface has been represented in a similar manner, using a (4x4) supercell with (2+2)
approach. All the model setup parameters were kept identical, to assure the consistency of the obtained results.
For other metals, used to obtain the volcano curve , the adsorption of atomic hydrogen has been considered under
the same model setup on the corresponding (111) surfaces for Au, Ag, Cu, Ir, Ni, Pd and Rh, (001) — for Co and
(110) — for Mo, Nb and W [3].

The hydrogen coverage for systems with surface platinum atoms, ®n, can be defined as a ratio between total
number of hydrogens on a studied surface and the number of exposed Pt atoms. Thus, for a system with 16 H
atoms and 16 Pt surface atoms ®n is 1 ML; for a single atomic hydrogen adsorbing on the same surface the

coverage would be 1/16 ML. For each Pt/TMC and for Pt(111) surfaces atomic hydrogen adsorption has been



considered at all hydrogen coverages in the range from 1/16 to 1 ML, while for metals, used to build the volcano
curve, H adsorption at @4 = 1/16, 1/4, 1/2 and 1 ML was analyzed.
Pt bulk cohesion energy was estimated from the expression

E. -nE
E :M (3)

coh
n

where Eptn and Ept are total energies of a cell consisting of n Pt atoms in bulk geometry and isolated Pt atom,

respectively.
The adsorption energy (Eads) for Pt monolayer was calculated as proposed by Vasi¢ et al. [17] (Integral Binding

Energy, in terminology of the authors):

_ Eptrmc -16XEPtg Erve

E. =
Ads 16

(4)
where Ept+TMC is the total energy of system with Pt monolayer placed on the TMC surface, EF,tg — energy of the

isolated Pt atom in the vacuum and ETmc — total energy of pristine TMC surface.
Adhesion energy (Eadn) of the Pt monolayer on TMC surfaces can be calculated using Eads:
E adh TE ags "“AE g -AE, (5)

AEsurf here is the difference between the energy of the surface with the geometry adopted upon Pt monolayer

adsorption and of the isolated surface with relaxed geometry. AEpt is the difference between the energy of isolated

monolayer structure frozen in the geometry that it adopts upon adsorption on TMC surface and the energy of the
Pt structure, consisted of 16 atoms after relaxation in the gas phase. The degree of strain (S) was defined as
proposed by Posada-Pérez et al. in [37] and calculated as

5 = Jreromy Guoveo 1 0005 ()

d Pt-Pt(Bulk)

dpt-pt(ML) and dpt-Pt(Bulk) are the average Pt—Pt distance in the monolayer and in bulk respectively. From this
formalism, positive values would indicate expansion while negative contraction of the structure compared to the
bulk geometry.

Adsorption energies for atomic hydrogen on Pt/TMC surfaces can be obtained from expression
_ 1 7
EAds,H _ESurf+H 'ESurf - E EHz,g ( )

Esurf+H, Esurf and Enz g are energies of the system with adsorbate on the surface, of the pristine surface and of

the hydrogen molecule in gas phase, respectively.



Bader charge analysis [38] has been performed on bare Pt/TMC systems and surfaces with atomic hydrogen
as implemented in VASP by Henkelman, Arnaldsson and Hannes [39]. From data on the charge distribution,

charge density difference (CDD) can be calculated as

AP=Prmcsprads "PTMC+Pt TP Ads (8)

is charge distribution in the system with an adsorbate on a Pt/TMC surface, and p, . are

pTMC+Pt+Ads pTMC+Pt

charge distributions in the systems consisted of TMC-supported Pt monolayer and of an adsorbate in the gas
phase, respectively. It is important to note here that CDD can only be correctly calculated under the strict

conditionthat ,_ . and ,, _components of the studied systems are obtained using exactly the same geometries

as they have in the composite system [40]. The CDD can be visualized by additional software tools like VESTA
[41] or VMD [42].
On the TMC surfaces, several adsorption sites for Pt, described for the terminations of a-WC(0001) [35] and

Mo02C(100) [22,43] have been considered (see Figure S1). After obtaining stable geometries of Pt/TMC systems,
sites available for H adsorption on Pt/g-Mo2C and Pt/a-WC these surfaces were selected, as indicated in the
Figures 1 and S2, respectively. The study for hydrogen adsorption to place Pt/TMC on the volcano curve of the

HER activity has been performed by placing one H atom on the surface; therefore the initial coverage, ®x was

1/16 ML on Pt/TMC surfaces and on the surfaces of the metals, used to build the volcano curve.

Pt/C-Mo,C Pt/Mo-Mo, C

Figure 1. Pt ML structures supported on the terminations of Mo2C(100) surface: upper panel—top view, lower panel—side
view. Black, ocher, and pale blue spheres represent carbon, molybdenum and platinum atoms, respectively. Available
adsorption sites on Pt/C-Mo,C are: 1-top, 2 and 3—distinct bridge sites, 4-Chcp, 5-Ehcp, 6-Mohcp; on Pt/Mo-Mo,C: 1-
top, 2-bridge, 3-Ehcp, 4-Mohcp

For the detailed analysis of H-Pt interaction in P/TMC systems and to investigate the changes in atomic
hydrogen adsorption energies on extended metal surfaces and Pt/TMC surfaces with hydrogen coverage a

stepwise adsorption reported in other works [44,45] was used:



1
Eads,nH :ESurf+nH -E - EHZ,g (9)

Surf+(n-1)H - 2

Here E,..., IS the total energy of a system with n H atoms adsorbed on the surface; E — corresponds

Surf+(n-1)H
to the total energy of a system with (n-1) H atoms on the same surface, and EHz,g — is the energy of a H2 molecule

in gas phase.

3 Results and discussion
3.1 Interaction of Pt with TMCs

Adsorption of a single Pt atom on both terminations of B-Mo2C(100) was studied first to define the preferable

adsorption locations for platinum and then reach the monolayer coverage on this support. Results on Pt interaction
with a-WC(0001) and formation of the monolayer were compared to previously published data [18,46] to confirm

the reliability of the selected model parameters used in this work.
On polar terminations of p-Mo2C various top, bridge and hollow sites were analyzed in agreement with the

work of Posada-Perez et al. [22], while for tungsten carbide surfaces, top, bridge and hcp sites were considered,

as described in previous work [35] (Figure S1). After the relaxation, the Pt atom was found to settle on three
atoms-coordinated sites of B-Mo2C support with no atom directly underneath it, regardless the termination of the

surface (Ehcp site). It is not possible, unfortunately, to directly compare these preferable sites with previously
published data, since Pt interaction with molybdenum carbide is not as well studied theoretically as with a-
WC(0001). Therefore, to the best of our knowledge, the current study is the first one to contribute to the
understanding of Pt on -Mo02C(100). However, on a-WC(0001), according to our calculations, Pt preferably
adsorbs on Chcp sites of the W-WC (Eads = -6.50 eV) and on Ehcp sites of C-WC (Eads = -6.02 eV) surfaces.
These preferred adsorption sites are in good agreement with previously published studies [16,17,47].
Furthermore, calculated adsorption energies (see Table S1) are quite close to those reported by Vasi¢ et al. [17],
pointing to the reliability of the selected model setup.

Sixteen Pt atoms were added to the corresponding most stable sites of the surfaces, to build a platinum

monolayer coverage on each TMC, and the systems were allowed to relax. Obtained structures on the terminations
of B-Mo2C are shown in Figure 1, while the Pt/a-WC geometries can be seen in Figure S2. Selected properties,

such as monolayer adsorption and adhesion energies, the degree of strain of the Pt structures, and net charge in

the platinum monolayer can be seen in Table 1.



Table 1: Adsorption energy per atom, (Eags) and adsorption energy of the last Pt atom in the monolayer (ng',;,t ), average
normal Pt—TMC distance (d(Pt-TMC)), adhesion energy (Eadn), degree of strain (S) and average net charge per Pt atom

(Q) for the optimized Pt structures on 3-Mo2C(100) and a-WC(0001) terminations.

TMC termination | Eags(eV) Egglls_,Pt V) d(Pt-TMC) (A) Ean (€V) | S2% Q" (¢)
C-Mo0,C(001) -6.83 -7.22 0.62 -8.09 +10.6 -0.13
Mo-Mo,C(001) -7.12 -7.56 2.03 -7.70 +8.9 -0.39
C-WC(0001) -6.53 -6.16 1.21 -7.31 +4.3 +0.19
W-WC(0001) -7.50 -7.86 2.09 -7.50 +4.3 -0.43

2 positive values correspond to an expansion process.

b Negative and positive values correspond to charge gain and loss, respectively.

Calculated Eads values for a Pt monolayer on the a-WC support are in good agreement with the values,

reported for these systems [18]. From the data in Table 1 it can be seen that for both TMC supports their
termination has an impact on the Pt—-TMC interaction: the stability of the monolayer is higher on the metal

terminations of the TMC in respect to C-Mo2C and C-WC. Additionally, location of Pt on the C-Mo2C surface

leads to more stable structures as compared to C-WC. To verify whether the monolayers of Pt are indeed formed
on a-WC(0001) and B-Mo2C(100) surfaces, the binding energies of Pt atoms were compared with the bulk

cohesion energy of Pt (-5.58 eV, which is close to the typical value obtained using PBE functional [48]).
A metal interacting with the support can either form a bulk-like particle or a thin film, depending on whether

the binding energy of this metal is larger or smaller than its cohesion energy [49]. Therefore, if the binding energy
of the Pt atoms on the TMC surface is smaller than the Ecoh, Pt atoms would preferably bind one to another and
form large bulk-like nanoparticles. In the opposite case, when the binding energy is larger than the Ecoh, Pt will
cover the support and form a continuous film. The Pt binding energy in all cases is significantly larger than -5.58
eV, therefore indicating that the Pt monolayer should form and be stable on a-WC(0001) and B-Mo2C(100)

surfaces. These values, combined with a simple analysis, available in Section S1 of the Supplemental Information,
also evidence that the Pt/TMC systems are expected to show a good stability in the range of potentials where the
HER takes place.

An analysis of the adhesion energy showed that for Mo-Mo2C the difference between the average adsorption

energy of Pt in the monolayer and Eadh is ~ 0.6 eV, suggesting that the adsorption of the Pt monolayer on this



support takes places with a significant deformation of both the monolayer and the surface. An even bigger
difference between the values of Eads and Eadnh in the case of C-Mo2C evidences a larger simultaneous

deformation of the TMC surface and Pt monolayer upon their interaction.
For the W-terminated a-WC support, the calculated adhesion energy does not differ from the adsorption

energy, indicating that the surface and monolayer deformations are not dominant upon Pt ML adsorption; while
on C-WC, similarly to C-Mo2C, the monolayer—support interaction leads to their deformation as compared to the
geometry of the surfaces before locating the Pt.

After a detailed analysis for the geometry of Pt/TMC systems, it becomes evident that on both C-Mo2C and

C-WC supports, the average Pt-TMC normal distance is quite small (1.21 A and 0.62 A for a-WC and B-Mo2C,

respectively); while on M-terminated supports this distance is close to 2 A. Similar tendencies have been observed
for Cu/WC system, in which Cu—WC distance was significantly smaller on W-WC support, as compared to C-
WC [36]. This fact may impact the activity of the Pt/TMC systems for HER since it may result in Pt-mediated
interaction between the TMC and an adsorbed hydrogen, leading to alterations in its stability on the composite
surface.

In all the Pt/TMC systems, the Pt—Pt distances are larger than in bulk Pt, as suggested by the positive strain

degrees (Table 1) and originates from the distances between the preferable adsorption sites for Pt on all TMC
surfaces, that are larger than the Pt—Pt distance in bulk platinum. The organization of the Pt atoms on Mo-Mo2C

resembles a slightly deformed hexagonal structure with the internal Pt—Pt—Pt angles varying from 116° to 123°
(see Figure S3). In the same figure, it can be seen that the interactions of Pt with the exposed carbon atoms of

Pt/C-Mo2C, leads to even more irregular monolayer structure in this system, as the significant departure of the
internal angles from 120° indicates. This geometry is the result of the structure of the upper layer of this

termination: unlike in C-WC system, where there are as many C atoms as W in varying atomic layers, on C-Mo2C
carbon atoms do not cover completely the underlying Mo atoms, making them available for the interaction with
platinum. Because of this, Pt atoms supported on C-Mo2C form a layer that interacts with the molybdenum atoms
in the sublayer and incorporates the exposed C atoms into its structure, leading to the significant departure from
an hexagonal organization. This fact also explains the smaller difference between adsorption energies for Pt on

the terminations of B-Mo02C(100), than those observed for the a-WC(0001) support.

On the a-WC support, regardless of the termination, Pt monolayer maintains a hexagonal structure with all
the internal angles of 120° because of the hexagonal crystalline structure of the support itself. Similar organization
of Pt on C-WC support has been reported by Vasi¢ et al. [17] and on W-WC support by Anicievi¢ et al. [18]



On Mo-Mo2C, a charge transfer is observed from the support to the Pt monolayer, while on C-Mo2C, direction

of the charge transfer remains the same (Figure S4), although trice as small in its magnitude. This observation
can be explained by the proximity of the molybdenum atoms to the monolayer, as described above, because of

which each Pt atom is able to acquire the charge from the molybdenum atoms that are in contact with it. The total
amount of charge transferred to the atoms of the monolayer is smaller than on Mo-Mo2C, due to the presence of

C atoms of the support in contact with Pt atoms, drawing an excess of charge from them.

The average charge on atoms of B-Mo2C that are in contact with Pt atoms of the monolayer, compared to the
average charge of the same atoms without the monolayer is listed in Table S2. It can be seen that in the C-Mo2C
system the presence of Pt causes a decrease of an average charge on the C atoms from -0.71 e to -0.66 e;
molybdenum that is in the vicinity of Pt, in its turn, becomes more positive with respect to its average charge in
the pristine C-Mo.C surface (+0.81 vs. +0.71 e), confirming a significant Pt—Mo interaction in this system. On
Mo-Mo.C, carbon atoms retain their charge of -1.34 eV with and without Pt, while a significant charge loss is
observed for Mo atoms (from +0.32 e in the pristine Mo-Mo2C to +0.73 e), suggesting that in Mo-Mo2C system
Pt mainly interacts with molybdenum atoms.

On a a-WC surface, a significant difference in the charge distribution between Pt and the support has been
observed, depending on its termination (Figure S4). On C-WC, there is a charge transfer from the monolayer to
the support, and Pt atoms on the surface acquire a net positive charge. At the same time, on W-WC Pt atoms are
reduced, due to a charge transfer from the tungsten atoms of the support to the Pt atoms (see Table 1). Similarly,
Table S2 evidences that atoms of the support in direct contact with Pt experience significant changes in their
average charge. On C-WC exposed carbon atoms gain additional 0.25 e from the Pt monolayer, while on W-WC
tungsten atoms lose 0.45 e due to the presence of platinum on the support. These observations complement well
the analysis of charges of Pt atoms in the monolayer.

In W-WC this phenomenon takes place because in surface, the charge transfer takes place from metal to
carbon, in the direction from the slab exposed to vacuum into the bulk of the system [36]. The opposite behavior
has been reported for B-M02C(100) bare system [20]; therefore, the electron density in bare a-WC and -
Mo.C(100) systems is also different. The dipole moment is aligned along the positive z direction and when the
Pt monolayer is placed on a surface with exposed Mo or W atoms, a charge transfer in the z direction to Pt takes

place to compensate the surface dipole. A particular process occurs in Pt/C-WC system where the supported
monolayer is oxidized, while on C-Mo02C Pt remains reduced because of the higher Mo:C ratio than in C-WC,

which somewhat compensates charge transfer from/to Pt and the support. Similar charge transfer from/to the
support and the monolayer as a function of the termination of the support has been also reported for Cu adsorbed
on molybdenum [37] and tungsten carbides [36]. This suggests that similarly to copper, the chemical properties

of Pt supported on a TMC would reflect an impact of the support’s termination.
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The effect of the support and its termination can be further estimated by analyzing the electron localization

function (ELF) plots of the systems (Figure S5). For Pt/a-WC system a higher concentration of electrons is
observed around a Pt monolayer on Pt/W-WC than on Pt/C-WC. The ELF plots for Pt/gB-Mo2C evidence a

significantly smaller difference between electron localization around the monolayer on C- and Mo-terminations,
which is explained by the fact that regardless of the termination, Pt is able to interact with molybdenum atoms of
the support, as described above, confirming the results on average charge of Pt atoms (Table 1) and atoms of the
TMC supports in contact with the monolayer (Table S2).

To get a better understanding of the effect of support on Pt monolayer electronic properties, an analysis of the
normalized d-Projected Density of States (PDOS) has been conducted. A shift in the Pt density of states away
from the Fermi level is observed for platinum atoms in the Pt/TMC systems (Figure 2) regardless of the support
and its termination. To quantify this impact, an analysis of the d-band center position has been performed to
evaluate this shift, since the d-band center of surface atoms is an important property defining surface adsorption
capability [50,51].

The d-band model [50] states that a positive shift of the d-band center, or upshift, leads to a lower occupation
of anti-bonding states in the adsorbate—surface interaction, stabilizing the adsorbate; a negative shift, or
downshift, weakens the adsorbate—surface interaction. Therefore, by analyzing changes in the d-band center
position it is possible to predict changes to the catalytic properties of the materials relative to some selected
reference system.

Using this correlation, a downshift of the d-band center would weaken the adsorption of the HER
intermediates and, consequently, reduce the catalytic activity of the Pt/TMC systems for this reaction. The d-
band centers for the supported Pt monolayers were calculated for all the studied systems and the values are given
in Figure 2. Downward shifts are observed for all the Pt/TMC systems, with respect to the d-band center of
Pt(111), and, therefore, it is expected that on these surfaces, adsorption of HER intermediates would be less stable
than on clean Pt(111). These results are reliable since for a Pt monolayer on the a-WC support the d-band center
downshift has been reported already in [17] and [18], although its values were found to be slightly higher than
those in the present work (see Table S3). This discrepancy can be attributed to a slightly more positive value for
the Pt(111) d-band center reported in the mentioned studies (-2.26 eV) compared to the value of -2.58 eV used
here, or compared to those reported in other works (-2.42 [52], -2.72 [53] or -2.62 eV [54]), where our value is
within the range of reported data.
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Figure 2. Normalized d-projected densities of states (PDOS) of Pt monolayers supported on M- and C-terminated o-

WC(0001) and B-Mo2C(100). For each system, the Fermi level (dashed line), position of the d-band center (solid black line)

and its value (upper right corner of each panel) and Pt(111) d-band center at -2.58 eV (solid red line) are indicated.

Based only on the d-band center position, a lower activity of Pt/TMC systems towards HER than of Pt(111)
would be expected. However, other factors that influence stability of the intermediates must be considered to be
able to draw a general conclusion about the performance of Pt/TMC systems as a catalyst for HER. These factors
include but are not limited to the degree of strain, which reduces the overall coordination of supported metal
atoms; plus the distance between the TMC support and the supported Pt that may affect the charge transfer

between the adsorbate and supported metal (monolayer) on the TMC [36] .

3.2 Atomic H adsorption on Pt/TMC surfaces

Generally, a fundamental understanding of how catalytic activity is tied to the structure and physical properties
of materials is critical to choose/identify an effective activity descriptor and develop efficient computational
models for an accurate description of catalysts. In case of the HER, variations in the d-band center [50] and the

work function [5] from one material to another would also change the interaction of reactants and intermediate
species with the surface. In acidic media, the reacting species is expected to be H and therefore, hydrogen binding

energy is commonly used for a preliminary estimation of catalytic activity as well [3,55]. Similarly, thought in
alkaline media water is the expected reacting species, it must be mentioned that atomic hydrogen binding energy
also appears to correlate well with HER activity [56]. Therefore, in a first approximation to the problem, a
systematic study of H adsorption on Pt/TMC surfaces is required to get a conclusive understanding of the impact

of the support on the overall catalytic performance of these systems.
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Analyzing adsorption energies for H on Pt available in the literature, it is important to keep in mind that Eads
values depend on the parameters of the selected model, such as H coverage, choice of the pseudopotential, slab
thickness among others. Because of this, reported values for Eads,H on Pt(111) surface vary from -0.33 eV [3] and

-0.45 [17,18,46] to -0.52 eV [57]. Our result of -0.59 eV is somewhat higher than these values, which can be
attributed to factors such as lower @y in the present study, usage of a D3 VVan der Waals corrections and differences
in the software packages used in the present work and in the mentioned studies.

Another way to verify the model is using the calculated adsorption energies of atomic H on the surface
terminations of the TMC. Although adsorption of atomic hydrogen on TMCs is rather a complex process, which
causes surface reconstruction in some carbides [58,59], these effects have been not reported so far to take place
for WC and Mo2C. On the C-termination of pristine tungsten carbide, atomic H adsorbs atop of a surface C atom
while on W-termination the preferable site is Ehcp. Adsorption energy values calculated in this work were -1.59

and -1.19 eV for C- and W-terminated a-WC(0001) surfaces, respectively, and are in good agreement with -1.55

eV [60] and -0.99 [10,61] for the same terminations. For the adsorption on -Mo2C(100), the obtained energies

of -0.89 eV (C-Mo02C) and -1.04 eV (Mo-Mo2C) are also close to those reported previously for these surfaces
[43].

Stable geometries for H on Pt/B-Mo2C and Pt/a-WC surfaces obtained after the relaxation are shown in
Figures 3 and S6, respectively and Table 2 summarizes selected adsorption characteristics, together with those
on Pt(111) for comparison purposes. It can be seen that in most of the cases adsorption of H atom does not cause
any significant changes in the monolayer’s geometry, with the exception of Pt/C-Mo2C system. There the carbon
atom of the TMC support is able to interact with atomic hydrogen directly, due to very small C—Pt distance in

this system (see Table 1) and form a stable C—H covalent bond, yanking C atom of the TMC from the surface to

the distance 1.26 A (Figure 3). Another interesting feature associated with the p-Mo2C support is that in Pt/Mo-

Mo2C system atomic H, adsorbing on Mo hcp site comes very close to the support, placing itself inside of the Pt

monolayer and causing an increase in Pt—Pt distances in its vicinity from an average value of 2.95 A to 3.42 A.
This process is quite similar to hydrogen migration from metal catalyst particle onto the catalyst support, reported
for platinum, supported on alumina [62], silica [63], iron oxide [64] and molybdenum oxide [65] among others
and to our knowledge has not been reported for TMC-supported platinum systems. An increase in the Pt—Pt

distances for platinum atoms, close to the hydrogen atom, has been observed also for other adsorption sites on

Pt/Mo-Mo2C, although not exceeding 3.25 A. The H adsorption on Echp site of Pt(111) does not alter Pt—Pt

distances, suggesting that on g-Mo02C(100), Pt ML atoms can move easier than in Pt(111).
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Figure 3. Stable geometries for the H atom on the Pt/g-Mo2C surfaces after the relaxation. The colored spheres represent

Pt/C-Mo, C

Pt/Mo-Mo, C

the same atoms as in Figure 1, H atoms are represented by the blue spheres.

On Pt/C-Mo2C, hydrogen stability is comparable to that on Pt(111) surface, however, atomic hydrogen here
interacts with the surface mainly through the formation of C—H bond as mentioned above (Figure 3), while in
Pt/Mo-Mo2C system the H-surface interaction is weaker, evidenced from Eads 0.3 eV lower than on Pt(111).
Forming C—H bond appears to be an important factor in atomic hydrogen stabilization on the Pt/C-Mo2C surface.

Indeed, the adsorption energy on the second most stable adsorption site for H on this surface, namely Ehcp, is -

0.33 eV and is closer to the value on the most stable site in the Pt/Mo-Mo2C system.

Table 2. Adsorption energy (Eads), average H-nearest surface atom distance (d(H-Pt)), average shortest H—surface distance

(dL(H-Pt)) and Bader charge values (Q) for atomic hydrogen adsorbed on the Pt/TMC surface.

System Site Eads (eV)* d(H-Pt) (A)® | dr(H-Pt) (R)° | Q(e)
Pt/C-Mo,C Chep -0.62 111 111 +0.11
Pt/Mo-Mo,C Mohcp -0.29 1.87 ~0 -0.07
Pt/C-WC Chep 0.64 1.82 1.10 -0.10
PYW-WC Top -0.60 1.80 1.80 -0.10
Pt(111) Ehcp -0.59 1.87 1.07 -0.05

3\/alues in parentheses correspond to the adsorption energy calculated, using LEn. as the reference

by corresponds to the distance between the adsorbate and the closest surface atom; d1 is the shortest normal distance from the

adsorbate to the surface plane.
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From the data presented, it is clear that the presence of the W-WC support has a small to negligible effect on
H adsorption at low coverage, compared to pristine Pt(111); while for C-termination of the support, hydrogen
adsorption energies are slightly larger than on Pt(111), which have already been reported, although with a larger
difference between hydrogen adsorption energies on Pt monolayer, supported on C-WC and W-WC [17,18]. The
work of Esposito et al. [10], suggests that on the W-terminated support a weakening of the H-Pt interaction
occurs, evidenced by adsorption energies 0.13 eV lower than on Pt(111), while in this work H adsorption on Pt
is almost not affected by the presence of the support, regardless of its termination. Similar conclusions have been
made by Vasi¢ et al. [17] and Anicijevi¢ et al. [18], and small differences between the current work and previously
reported observations may be a result of employing different modeling approaches, similarly to those, mentioned
above for H adsorption on pristine Pt(111). Furthermore, a variation of 0.1-0.15 eV is well within the error limit

of this type of calculations and it will be almost irrelevant for experiments done at room temperature.
Weaker adsorption of atomic hydrogen on Pt/f-Mo2C, as compared to Pt/a-WC at low coverage of 1/9

ML, has been reported by Zhang et al., who found a difference of 0.14 eV between the adsorption energies of
hydrogen on these surfaces [56] (although not specifying termination of the TMC), possibly a result of a slight
increase of Pt—Pt distances in the monolayer, mentioned above. Stable atomic hydrogen adsorption on Pt/a-WC

and Pt/C-Mo2C, comparable to adsorption on Pt(111) is somewhat unexpected, taking into account the downshift

of Pt d-band center, discussed earlier. However, additionally to the changes in the electronic structure of the
supported monolayer, there are other factors defining the stability of the adsorbate on the supported surfaces, such
as involvement of the support into surface—adsorbate charge transfer as reported previously [36]. It has been
shown clearly that even when a downshift of a surface d-band center takes place, the adsorbate can be stabilized
if it is able to acquire a negative charge from the surface [36] Therefore, the adsorption energy for H on Pt/a-WC
surfaces can be seen as a function of two factors: position of the d-band center of the supported monolayer and
total net charge acquired by the adsorbate. Even though the d-band center downshift would imply a weaker
adsorbate—surface interaction, a large enough net charge acquired by the adsorbate would lead to its stabilization.

From this perspective it can be seen that net charge, acquired by H atom adsorbed on Pt/a-WC(0001) surfaces
is -0.10 e (Table 2), which is twice of its net charge on Pt(111). On Pt/W-WC, H is able to acquire this charge
from Pt monolayer that already has a surplus; although in Pt/C-WC system Pt monolayer cedes 0.19 e to the
support, small separation between the support and the monolayer enable the charge transfer between the adsorbed
H and the carbide. This involvement of the C-WC support into the charge transfer from/to the adsorbate, can be
appreciated in Figure 4, from which it is clear that the charge distribution on the support’s upmost C atoms, the
ones closest to the location of the H atom, is affected by the adsorbate’s presence.
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Figure 4. Charge density difference (CDD) plots for a H atom adsorbed on Pt/TMC surfaces. Green and red regions
correspond to a charge loss (atoms become more positively charged) and charge accumulation (atoms become more

negatively charged), respectively.

Upon H adsorption on Pt/C-Mo2C, the adsorbate loses a small charge (+0.11 e) due to the formation of the
C—H bond similarly to what has been observed for systems with surface carbon atoms available for interaction
[35,58]. On Pt/Mo-Mo2C, the total charge acquired by a H atom is slightly larger than that on Pt(111), and the
downshift of the Pt ML d-band is quite small (-2.63 vs. -2.58 eV on Pt(111)). These descriptors should not

contribute significantly to the weakening of the H-Pt interaction; therefore, these factors do not explain the Eads,H

value calculated for this surface. Therefore the overall lower H—Pt interaction on Pt/Mo-Mo2C must be attributed

to the reorganization of the surface geometry upon atomic hydrogen adsorption and the fact that it interacts not
only with Pt atoms of the monolayer but also directly with the support, suggesting that these factors must be taken
into account when evaluating the HER activity of this system.

The obtained results clearly evidence that the stability of atomic hydrogen on supported platinum depends on
the support, i.e. the type of carbide and their terminations, which was in direct contact with the Pt monolayer.
Consequently, electrocatalytic activity of these composite systems towards HER would vary with TMC support

and its termination.

3.3 PYTMC activity for HER at low H coverage

In the context of the catalytic properties for HER, knowing Eads,H values can be extremely useful for a preliminary

theoretical assessment of electrocatalytic activity of materials for HER, since the hydrogen-metal bonding energy
can be used as a descriptor of activity [3-5,55].
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The idea behind using Eads,H as a descriptor for HER activity relies in the Sabatier’s principle [66]. The

reactants and intermediates have to bind to the surface of the catalyst strong enough in order to promote the
reaction, however, not too strong to avoid surface blockage. For the case of HER, the surface should bind atomic

hydrogen strongly enough to promote the reaction and weakly enough, so the desorption of the reaction product
(H2) would be possible. Therefore there exists some optimal value of Eads,H, that assures optimal catalytic
activity.

HER exchange current density is a commonly used experimental criterion for evaluating catalytic activity of
a material towards HER. Plotting it against the value of Eads,H, a volcano-type curve is obtained in such a way

that the materials with the best catalytic properties for HER are located in the proximity of an apex of the curve.
Although underlying principles are not completely clear yet, HER volcano plot is a useful tool, as a first
approximation, for screening potential new catalysts, actively used throughout the literature.

To construct a volcano curve, hydrogen adsorption energies have been obtained for the 12 metals used in work
of Narskov et a.l [3], using exactly the same model setup as described in the Computation Details section (listed
in Table S6). Experimental values for HER exchange current density were taken from the above mentioned report

of Narskov et al.[3] and Trasatti [5] and were plotted versus the corresponding Eads,H. Two branches of volcano

curve were fitted with linear functions, and in numerical form, they can be written as

4.855+14.322-E, ,\,E < -0.59eV

76177.055-E.  E. . >-050ey

ads,H* —ads,H

Log(i, /A cm'z):{
The resulting plot can be appreciated in Figure 5. The Pt/TMC systems were placed on the obtained volcano

curve by locating the intersection of the predicted side of the curve with corresponding Eads,H value (Table 2) and

predicted values of Log (io/A cm_z) for Pt/TMC system are summarized in Table S4.

Analyzing the curve it is important to notice that neither of the investigated Pt/TMC systems exceeds the

activity of Pt(111) surface toward HER. Nonetheless, Pt/W-WC system is located very close to the apex of the
curve (Log io is -3.67 A cmz), suggesting an activity very close to that of Pt, in agreement with experimental

observations [14,10], while Pt/C-WC appears to be slightly less active.

From the positions of the studied systems on the volcano curve it is seen that Pt monolayers on the terminations

of the a-WC(0001) support are expected to have a higher activity than Pt/B-Mo2C systems. It is important to note
that the estimated exchange density for Pt/g-Mo2C systems is -3.97 and -5.45 A cm? for C- and Mo-terminated
support, respectively, while the experimental value of -3.2 A cm? has been reported [15]. While obviously

underestimating the real electrocatalytic activity of Pt/g-MozcC the obtained results firmly indicate that g-Mo2C
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is a viable material to be used as support for Pt-based HER catalysts. Thus, information derived from the volcano
curve for composite systems comprised of an active metal monolayer and TMC support can be used for the

preliminary theoretical evaluation of such materials towards the HER.
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Figure 5. Volcano curve showing the correlation between theoretically calculated adsorption energy of atomic hydrogen
and experimentally obtained HER exchange current densities for selected metals. Free energies for hydrogen adsorption,

AGn~, calculated as Eagsq+ 0.24 eV [3], are indicated as well. Predictions for the HER activity of Pt/a-WC and Pt/B-Mo,C

systems are indicated with orange and purple squares, respectively.

In a realistic Pt/TMC system, the actual termination of the support is unknown and is a contribution of

statistical proportions of C- and M-terminated surfaces, which mainly depend on the chosen synthesis protocol.

From the obtained volcano curve, it appears that the predicted values of Log io for Pt/W-WC and Pt/C-Mo2C are
closer to the experimental values than those predicted for Pt/C-WC and Pt/Mo-Mo2C. However, it will be wrong

to assume that in real P/TMC systems, reported in the literature, Pt/W-WC and Pt/C-Mo2C are the prevailing

components in the synthesized Pt/a-WC and Pt/g-Mo2C materials, respectively, because reported experimental

values can the sum of several factors, such as Pt/TMC synthesis protocol, location of the adsorbed hydrogen on

these surfaces [67] and the platinum structure on the TMC support itself .
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Therefore, it is possible to use the volcano curve for a preliminary assessment of electrocatalytic activity for
a selected material. However, one should keep in mind that there are particular features, which can have an impact
on the resulting catalytic activity; this applies especially when analyzing complex systems.

In the case of the Pt/TMC systems, for instance, an average activity predicted for different terminations of the

support could be used. However, as it can be easily seen, underestimation of the activity, introduced by including
Pt/C-WC and Pt/Mo-Mo2C would lead to the values of Log io lower than experimental ones. Thus, after the initial

evaluation of the activity towards HER, an actual electrochemical experiment must be conducted to obtain a

conclusive data.

3.4 Coverage-dependent H adsorption on PtYTMC and impact of @+ on their predicted

HER activity

An experimental study by Marcovi¢ and Ross estimated that the hydrogen coverage on the Pt(111) electrode
is 2/3 of a ML at the equilibrium potential [6]. Thus, studying atomic hydrogen adsorption on Pt(111) and Pt/TMC
surfaces at higher coverages may not describe rigorously the actual situation in the experiment. Nonetheless,
using the same reasoning as in the work of Hamada and Morikawa [68], at a fundamental level, it is of interest to
include the effect of the coverage in a study of the hydrogen interaction with TMC-supported platinum surfaces,
considering low and high values in ®+, and compare the results with the those obtained on unsupported Pt(111).

For this purpose, Pt/TMC surfaces with a number of H atoms ranging from 1 to 16 have been tested. Special
attention has been paid to the systems with 8 and 16 H atoms as they correspond to ®4 of 1/2 and 1 hydrogen
ML, respectively. It must be noted here that these growing coverages have been modeled by adsorbing all
hydrogen atoms onto the most stable sites of the Pt/TMC surfaces, described above, mirroring previous works on
coverage-dependent hydrogen adsorption on Pt surfaces [68-70]. In the particular case of Pt/C-Mo.C systems,
when the preferable Chcp adsorption sites are all filled after reaching coverages larger than half a monolayer of
hydrogen, additional adsorbate atoms were placed on Ehcp sites. A similar approach was used by Gudmundsdottir
et al. in their study for coverage-dependent H adsorption on Pt(110) surface, where after saturation of the most
stable sites, hydrogen adsorption occurred on the next-stable sites[45].

To get an idea about changes in the geometry of the Pt/TMC systems caused by higher hydrogen coverage,
one can take the geometry of each H-Pt/TMC system at the coverages 1/2 and 1 ML, remove all hydrogen atoms
and obtain its total energy from a single-point calculation. Comparing these energies to a reference energy of the
same system at 1/16 ML coverage, provides a measurable extent of the changes in the Pt/TMC surface. The

obtained geometries are shown in Figure 6.
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From these calculations (Table S5), it has been estimated that Pt/C-Mo2C and Pt/C-WC are the systems whose

geometries were affected the most by increasing hydrogen coverage, followed by Pt/Mo-Mo2C, while the

geometry of Pt/W-WC remains almost unchanged.

8H-PL/C-WC 16H-Pt/C-WC 8H-Pt/W-WC 16H-Pt/W-WC

8H-Pt/C-Mo,C 16H-Pt/C-Mo,C 8H-Pt/Mo-Mo, C 16H-Pt/Mo-Mo, C
Figure 6. Stable geometries for atomic H coverages of 1/2 and 1 ML on the Pt/TMC surfaces obtained after relaxation of
their structures. The colored spheres represent the same atoms as in Figure 3.

For the particular case of a Pt/C-Mo2C system, where the difference between total energies of the surface at
each increase of ®y is close to 4 eV, a distortion of its geometry can be seen already with 8 H atoms present on
the surface and this deformation becomes more visible when ey, reaches 1 ML. This deformation of the supported
Pt monolayer can be explained having in mind that the preferable adsorption site for atomic hydrogen on this
surface is Chcp and that upon H adsorption a C—H bond is formed which causes the support’s C atom to come
from underneath of the supported monolayer to a position above it (See Figure 3). Furthermore while at ®, = 1/2
there are enough Chcp sites to accommodate all adsorbed H atoms, at a monolayer coverage, due to the fact that

there are only 8 C atoms of B-Mo2C available for the adsorption, hydrogen is forced to adsorb on sites that at the

lower coverages are unfavorable. Somewhat similar change in the adsorption location has been reported for
hydrogen at high coverage on TiC(001) [59] and 6-MoC(001) [71].
Stepwise adsorption energies, calculated from eq. 9, plotted against ®. can be seen in Figure 7. For

comparison, Eads,H values on plain Pt(111) were plotted as well.
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Figure 7. Stepwise Eads,H On plain Pt and Pt/TMC surfaces as a function of the number of H atoms in the unit cell. For

systems with hydrogen coverages of 1/16, 1/2 and 1 ML, an average Bader charge on the H atoms is indicated. [Question:

In the left side panel, blue curve, the value at the top is just “-0”? Or “-0.00"?

On Pt/a-WC surfaces, increasing the number of H atoms, expectedly, weakens their adsorption energy due to

repulsive hydrogen—hydrogen Pauli interactions, regardless of the support’s termination. However, the overall
difference between the Eads,H at ®4 = 1/16 and at 1 ML coverage is greater in the Pt/W-WC system than in the

Pt/C-WC (~ 0.8 and ~ 0.5eV, respectively).

By analyzing the variation in the average net charge on H atoms with growing ®y it becomes clear that in
Pt/C-WC system changes in the average net charge are minimal, and therefore weaker H adsorption at higher
coverages is only caused by the repulsive hydrogen—hydrogen interactions. On the other hand, in the Pt/W-WC
system, the average net charge on H atoms decreases steadily with the growing coverage, indicating that
additionally to the repulsive interactions between co-adsorbed H atoms, a significant weakening in H-Pt
interaction takes place.

In Figure 7, the most interesting feature seen in the case of atomic H adsorption on the Pt/B-Mo2C support is
the Eads,H climbing with hydrogen coverage on the Pt/C-Mo2C surface until it reaches the value of 1/2 ML, after
which a significant drop is observed. The overall difference between the adsorption energies at lowest 1/16 ML

coverage and 1 ML coverage is close to 0.7 eV. Furthermore, it can be clearly seen that most of the decrease in
Eads,H occurs at coverages less than 1/2 ML, which is explained by the saturation of the available Chcp sites

described above. This conclusion is also supported by the analysis of net charge per H atom (obtained by
averaging net charge of each H at a given coverage), where it can be appreciated that H atoms keep ceding the
charge to the surface due to the strong C—H interaction, until ®4 reaches 1/2 ML, therefore, weakening surface—

H bonding. After that, there are no C atoms available, and the H-Pt interaction becomes dominant, leading to a

much smaller variations in the Eads,H. Interestingly, at ®4 > 1/2 ML, the net charge on the H atoms adsorbed on
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the Chcp sites is -0.05 e, contributing to the decrease in the positive average net charge from +0.13 to +0.04 e

when going from 1/2 ML coverage to 1ML.

Finally, a comparably small change in Eads,H with the H coverage (~0.4 eV between the energies of the systems

with lowest and highest hydrogen coverages) have been observed for the Pt/Mo-Mo2C system, which is due to the

combination of the availability of the preferred Mohcp sites for H adsorption and the significant separation
between H atoms on this surface, that reduces the repulsive lateral H-H interaction on this substrate. Indeed the
average H-H distance on Pt/Mo-Mo,C is 3.15 A, which is the highest compared to the rest of the studied Pt/TMC
surfaces (2.81, 2.82, 2.93 and 2.35 A on Pt/ Pt/C-WC, Pt/W-WC and Pt/C-Mo,C, respectively). Combined with
the average net charge on the H atoms that remains almost constant with the growing coverage, it resulted in the
smallest variation of stepwise Eads 1 With coverage among the studied Pt/TMC surfaces.

At the same time, the stepwise adsorption energy on Pt(111) surface does not vary significantly with the
surface coverage and the difference between the stepwise adsorption energies at the lowest and highest surface
coverages is ~0.1 eV, between the average adsorption energies is ~0.1 eV which has been reported before and
explained by the small lateral H-H interaction on this surface [68,69].

In order to explain the origins of the variations of the Eagsn With the surface coverage on Pt/TMC surfaces,

stepwise adsorption energies were plotted against the coverage for the metal surfaces used to obtain the volcano

plot as well as for pristine a-WC(0001) and B-Mo02C(100) surfaces (Figure 8).
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Figure 8. Variation in stepwise atomic hydrogen adsorption energies with @+ on (a) metal surfaces (dashed
lines) and Pt/TMC (straight lines); (b) TMC (dashed lines) and Pt/TMC (straight lines).

The choice of metal surfaces for this analysis is dictated by the wide variability in properties of the metals in
this selection, including high and low HER activity.

Analyzing closely the tendencies seen in Figure 8(a), it becomes evident that, depending on where in the
Periodic Table the metal is found, a different dependency of Eads,+ On the coverage is seen. On Nb (group 5) the
increasing coverage leads to strengthening of H-surface interactions; on metals from groups 9 (Co, Rh, Ir) and 10
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(Ni, Pd, Pt) no significant changes are observed in the stability of atomic H with increasing ®n; on group 11 metal
surfaces (Cu, Ag, Au) a comparatively moderate weakening of H-surface interactions is seen; and, finally, group
6 (W, Mo) are the metals where at intermediate coverages a hydrogen stabilization occurs and going to 1 ML
coverage a dramatic drop in H stability takes place.

Comparing the observed trends on Pt/TMC surfaces to those on the Pt(111) surface and on the corresponding
pristine terminations of the support in each case, it is clear that the way how the adsorption energy changes with
the coverage on the supported Pt surfaces is closer to the corresponding carbide termination than to Pt(111). In
this regard, it has been reported that for supported metals, the thickness at which properties of the supported layer
start to fully resemble properties of the metal surfaces, depends on the nature of the metal [Trasatti S. The
electrode potential. In: Bokris J. O’M., Conway B. E., Yeager E. Comprehensive treatise of electrochemistry.
Volume 1: Double layer. Springer Science + Business Media, New York, 1980, 45-83]. For platinum, just a
monolayer coverage is not enough to recreate fully the properties of the supported metal and few monolayers are
required.

Therefore in the case of Pt/TMC systems with a monolayer coverage of Pt, the changes in EadsH with the O
are controlled by the nature of the support rather than by the supported platinum. In its turn, the effect of Pt on
hydrogen stability in P/TMC in respect to H-TMC systems consists in weakening of H-surface interactions by
shielding the TMC surfaces which by themselves tend to over-bind atomic H [10,35,55].

Interestingly, the fact that the hydrogen adsorption energy on some metallic surfaces does not change
significantly with the total number of hydrogen atoms, suggests that plotting the experimentally observed
exchange current densities against hydrogen adsorption energies at low 1/16 ML coverage and at 1 ML coverage
should not change noticeably the overall trends of the HER activity for simple metal surfaces. Indeed, Ngrskov
et al. already reported the conservation of the activity trends regardless of the coverage on the surfaces, used for
deriving the volcano curve [3]. From the Figures 7 and 8, however, it is evident that adsorption energies on
Pt/TMC surfaces vary with the coverage, thus the volcano curves calculated from hydrogen adsorption energies
on metal surfaces at different coverages may predict a different HER activity of the PtYTMC surfaces. The
significance of this observation for the theoretical screening of complex materials such as Pt/TMC is that a
possibility exists to underestimate the HER activity of an analyzed system if the coverage was not low enough.

To verify this hypothesis, it is not sufficient to simply recalculate the hydrogen adsorption energy in the
Pt/TMC at different ®n and place them on the volcano curve from Figure 5, but the whole volcano curve must
be obtained at the same coverage. For any interested reader, a detailed description of the method used to obtain
the higher-coverage volcano curves and their analysis is available in Section S2 of Supplemental Information.

On the resulting plots, presented in Figure S7 it can be seen that compared to the volcano plot at the low 1/16
ML coverage (Figure 5), the overall activity trends indeed remain the same, while the position of the Pt/TMC
systems changes, mainly because of the larger variations in EagsH On the that on Pt/TMC compared to that on the

extended metal surfaces (see Figure S8 and Table S6).
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Our calculations confirm that for simple systems such as extended metal surfaces, the effect of atomic
hydrogen coverage does not play a significant role on their positions on the volcano curve, which, itself, does not
change significantly with ®n, preserving activity trends. For more complex materials, such as Pt monolayer
supported on TMC, only exchange current densities predicted from the volcano curve calculated at low 1/16 ML
coverage are the closest to experimentally observed values for Pt ML on both WC and Mo.C supports, while
higher-coverage curves predict lower activity than the experimentally observed for systems such as Pt/C-Mo.C
and Pt/W-WC.

Atomic hydrogen stability in these systems depends significantly on ®n, and the position of the system on
the volcano curve is a function of the hydrogen coverage at which the adsorption energies used to derive the
volcano curve were calculated. This observation evidences that in order to correctly asses the HER activity of a
system of interest, the atomic hydrogen adsorption energy should be calculated at different values of ®n and its

variation with the coverage must be assessed.

4 Conclusions

Periodic DFT calculations have been carried out on a Pt monolayer supported on a-WC(0001) and g-
Mo0,C(100) surfaces to investigate atomic hydrogen adsorption over the Pt/TMC systems. The obtained
information demonstrate that for the studied Pt/TMC systems, the structural and electronic properties of the
supported monolayer depend on the intrinsic nature of the carbide and its surface terminations and define how
the resulting Pt/TMC material interacts with atomic hydrogen, and its overall HER activity.

The present study confirms that at low H coverage Pt/a-WC surfaces interact with atomic hydrogen similarly
to a plain Pt(111) substrate. At the same time, hydrogen differently with Pt/C-Mo.C, compared to the Pt/Mo-
Mo2C surface, mainly because of the formation of C—H bonds with the carbon atoms of the support. After being
placed on the volcano curve, all four systems show quite high predicted activity for the HER.

Nonetheless, values of the exchange current densities for Pt/W-WC and Pt/C-Mo2C systems closer to the
experimentally measured results, than those for Pt/C-WC and Pt/Mo-Mo2C, indicate, that for complex materials
such as Pt/TMC, the volcano curve method is a useful tool for only an initial theoretical screening of potential
catalysts for HER. To confirm or refute conclusively, the predicted HER activity an actual electrochemical study
is still required.

An analysis of atomic hydrogen adsorption on Pt/TMC at different surface coverages showed a striking
difference between TMC-supported Pt monolayers and low index metal surfaces, specifically in the variability of
atomic H stability with hydrogen coverage. It has been explained by insufficiency of a single Pt monolayer to
completely resemble the properties Pt(111) surface and the conclusion was made that this dependency of EadsH
on the surface coverage is driven by the nature of the support in the Pt/TMC systems.
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The variability of the hydrogen adsorption energy with the coverage on the Pt/TMC suggests that the
theoretical evaluation of HER activity for similar systems is advised to be done only after verifying whether a
dependency of Eads,H on ®n is present, to avoid introducing an error in the results.

In summary, the obtained information may be used in further studies dedicated to theoretical evaluation of
electrocatalytic activity of the complex supported metal/support systems and have a potential use for the field of

controlled design of catalytically active materials.
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