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ARTICLE INFO ABSTRACT

Keywords: The interaction of single Fe, Co, Ni, and Cu atoms with polar terminations of orthorhombic Mo2C(001) surface

DFT has been investigated at low surface coverage by using density functional theory. Calculations indicate high

Molybdenum carbide stability of all considered adsorbates, regardless the surface termination. The presence of a single foreign atom

Adatom decoration has a localized impact on the properties of the surface, causing charge redistribution in the adsorbate/surface

Doping ! p - prop face, g 8 1ds0!

HER interface. As the result lowering of the work function is observed for both Mo2,C(001) terminations. Another
effect is shifting the position of d-band center further away from the Fermi level for surface Mo atoms of metal-
terminated carbide, while no changes are seen for carbon’s near-Fermi level electronic states in the case of C-
terminated modified surface. Results demonstrate a short-range effect on the stability of atomic hydrogen caused
by the foreign adatom on both terminations. Specifically, the observed adsorption energy weakening would
entail an enhancement in the catalytic activity of MooC toward hydrogen evolution reaction according to the
Sabatier principle. Results evidence that molybdenum carbide modified by cobalt and iron is expected to be more
active toward hydrogen evolution reaction than Mo2C modified by nickel and copper or than unmodified

carbide.

1. Introduction

Growing concerns about the ongoing energy crisis and environ-
mental pollution raise a demand for clean and efficient methods of en-
ergy conversion and storage. The high power density of hydrogen [1]
makes it an attractive environmentally friendly alternative to carbon-
based energy carriers. Although hydrogen is the most common
element in the Universe, it is not readily available in a free form. The
majority of hydrogen nowadays is obtained from a water—gas shift re-
action with CO; as a by-product, thus, urging a search for more “green”
production strategies.

Electrochemical water splitting presents a viable pollution-free way
of hydrogen synthesis. However, one of the challenges for the mass-
implementation of this method is the high cost of current catalysts for
the hydrogen evolution reaction (HER) (Eq.1) [2-5].

2H"+2¢ —H;, (acidic media) (@)

2H,0 + 2e” — Hp + 20H" (alkaline media)
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After decades of searching, Pt-based materials are still the most
efficient catalysts for the HER [2,3,5-7]. However, due to their scarcity
and high pricing, alternative catalysts must be sought. Additionally to
the low price for alternative materials, another requirement is high
stability in typical working conditions of HER, since low stability further
increases the cost of these technologies.

Since the seminal work of Levy and Boudart reporting “Pt-like”
catalytic properties of tungsten carbide toward selected processes,[8]
transition metal compounds attracted a lot of interest as a possible cost-
effective alternative to noble metal-based catalysts [9-17] and
molybdenum-based materials emerged as promising catalysts for HER
[3,10,18-26]. However, their catalytic activity is lower than that of Pt-
based catalysts, and, therefore, needs careful and systematic tailoring to
attain acceptable levels for application in practical systems.

Previous studies concluded that HER activity of molybdenum car-
bide can be altered by modifying it with other transition metals, such as
Fe, Co, Ni, and Cu [27-30]. These works analysed the overall effect of
molybdenum carbide doping with transition metals that include both
surface adsorption and insertion of the foreign atom into the crystalline
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lattice of the host material. The impact of the dopants on the HER ac-
tivity of the parent material was explained in terms of a charge transfer
from the dopant metal to adjacent atoms of the carbide, that modifies
the d-electron configuration of Mo,C particles and affects the oxidation
state and average bond ionicity.

Nevertheless, the exact impact of transition metal atoms on the
electronic and catalytic properties of molybdenum carbide remains
unclear. Here, it must be noted that catalytic properties of a given ma-
terial can be altered through modification of its surface by adsorption of
foreign atoms, or adatoms [31-37]. Upon adatom adsorption the for-
mation of heteroatom bonds (ligand effect), or changes in the average
atom-atom bond length (strain effect) may result in a shift of various
fundamental properties of the host material, which in turn affects its
catalytic activity toward target processes. On well-defined surfaces, this
method also offers insights into the surface chemical environment at the
atomic level during (electro)chemical reactions, such as adlayer’s
structure, availability/nature of active surface sites, and in general aids
to unravel complex relationships between surface structure, composi-
tion, and reactivity.

Numerous studies are available on the modification of transition
metal carbides with other metals [2,38-45]. They, however, concern
about the properties of the supported metal adlayer, rather than of the
host carbide material. A density functional theory-based study of Fe, Co,
Ni, and Cu single atom interaction with model molybdenum carbide
surfaces would present a first step toward a better understanding of the
changes in fundamental properties of molybdenum carbide upon
modifying it with other transition metals. Experimental studies have
clearly demonstrated the effect of these particular metals on the car-
bide’s HER activity, but their specific impact on MoyC electronic prop-
erties is still not known. This fact, combined with the availability of
these metals for practical implementation, makes them a valuable sub-
ject for a theoretical study, which could offer deeper insights into the
reasons behind the experimentally observed shift in catalytic properties
of modified molybdenum carbide toward HER. Furthermore, it can
present a useful basis for the functional design of materials with a set of
characteristics, optimized for the target electrochemical reaction.

This work, therefore, aims to explore modification of the work
function, charge distribution, and electronic structure of orthorhombic
Mo,C(001) surface caused by the adsorption of a single atom of cobalt,
copper, iron, and nickel at low surface coverage. The orthorhombic
molybdenum carbide phase was selected because of its higher stability,
compared to hexagonal one [46-48]. In its turn, the choice of (001)
plane is dictated by the fact that its polar C- and Mo-terminations possess
distinctive fundamental properties,[42,44,46] and, therefore, are ex-
pected to interact differently with the adatoms. Hence, the study of
adatom interaction with these polar terminations allowed to obtain a
more complete picture on the changes in fundamental properties of the
carbide upon modifying it with other transition metals. By considering
the interaction of only one adsorbed atom this study was able to focus on
the evolution of the characteristics of the carbide itself, rather than on
the properties of the adatom layer.

Observed adatom-induced modifications of these fundamental
properties were then reviewed in the context of their impact on single
hydrogen atom interaction with polar terminations of the carbide,
allowing to elucidate the effect of the adatoms on the catalytic perfor-
mance of the modified carbide toward HER.

2. Computational details

Spin-polarized calculations were performed using Vienna ab initio
simulation package (VASP) [49-52]. Exchange correlation interactions
were treated with the generalized gradient approximation by Perdew,
Burke and Ernezerhof [53]. The Projector Augmented Wave core po-
tentials,[54] as implemented in VASP by Kresse and Joubert[55] were
used. In all cases a cut-off for the plane-wave basis set of 415 eV was
applied. To improve the description of the long-range correlation effects,
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especially for systems with adsorbed hydrogen, the dispersion correc-
tion proposed by Grimme,[56] namely its D3 scheme,[57] was used.

A dipole correction scheme was applied in all cases to ensure that
slabs, repeating in the direction perpendicular to the surface plane, were
electronically decoupled. Integration of the reciprocal space for all
surfaces was performed using the Monkhorst-Pack scheme[58] with a 3
x 3 x 1 k-points sampling — for geometry optimization procedures, and
11 x 11 x 1 - for the Density of States calculations. First order
Methfessel-Paxton approach[59] with a Gaussian width of smearing of
0.2 eV was applied to smear the Fermi level. When required, single atom
calculations in the gas phase were performed using a similar set of pa-
rameters, in a cubic 8 A x 8 A x 8 A cell with a single Gamma point
sampling. The bulk structure was obtained by minimizing the total en-
ergy of the unit cell, optimizing both lattice vectors and atomic co-
ordinates, using the Newton-Raphson algorithm similarly to previously
reported studies [46,60].

It must be noted here that the nomenclature defined by the Joint
Committee of Powder Diffraction Standards (JCPDS)[46] was used.
Thus, in this work the orthorhombic phase of molybdenum carbide is
referred to as -Mo,C. Specifically, polar metal and carbon terminations
of p-Mo,C(00 1) surface were considered. Iron, nickel, cobalt and copper
were used as modifying transition metals (TM).

Model (001) surfaces were created from optimized bulk structures.
Orthorhombic molybdenum carbide surfaces were represented by (4 x
4) supercell consisting of 8 alternating Mo and C atomic layers, with 14
A of vacuum separating repeating images in the direction perpendicular
to the surface plane. The upper layer for C-terminated $-MooC(001),
denoted in this work as C-Mo-C, contained 8 carbon atoms and 16 Mo
atoms in the sublayer, and Mo-terminated p-MoC(001), or Mo-MoxC,
contained 16 Mo atoms in the topmost layer (Fig. 1). For structure
optimization four upper layers were allowed to relax simultaneously
with the adsorbate species present on the surface, while the bottom four
were frozen in a bulk-like geometry. The convergence criterion was met
when the variation in the total forces were smaller than 0.01 eV/A at the
current and previous step.

Modification of polar terminations of MoyC(001) surface with a
single TM atom was analysed on two types of top, bridge and three-fold
hollow sites on C-M02C(001), and atop of Mo atom, on bridge and three
different three-fold hollow sites on Mo-Mo5C(001), as illustrated in
Fig. 1. The most stable adsorption site for the TM adatoms on both Mo,C
(001) terminations was established by selecting the systems for which
the most negative adsorption energy was calculated:

EAds = ETM/MOEC - ETM‘g - EMOQC (2)

Erm/mo,c here is the total energy of system with carbide surface and TM
adatom, Ery ¢— energy of a single adatom in gas phase and Epy,¢c — en-
ergy of corresponding pristine carbide termination.
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Fig. 1. Top view on C-Mo,C(001) and Mo-Mo,C(001) with indicated
adsorption sites available on these surfaces for interaction with Fe, Co, Ni and
Cu atoms or atomic hydrogen. Molybdenum and carbon are represented by
silver and black spheres, respectively.
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These relatively large supercells enabled the study of the impact of
the TM adatom on fundamental properties of the host surfaces, with
minimal possible lateral interactions of modifying atoms in the
repeating cells. Resulting low coverage of the TM adatoms, Oy = 1/16
ML, additionally, allowed to verify whether the effect of TM presence in
molybdenum carbide was localized and estimate its region of impact.

This setup also enables an analysis of atomic hydrogen interaction
with pristine and TM-modified molybdenum carbide surfaces at a low
coverage, which is essential for a theoretical evaluation of the catalytic
activity of materials toward hydrogen evolution reaction (HER) [44].
Similar model setup, although with lesser total number of atomic layers,
has proven to be sufficient to obtain reproducible results for carbide-
based systems,[46,61] specifically those, that include interaction of
other metals with the carbides. [41,42,44,45] Interaction sites with
atomic H were established for each termination of the Mo,C(001) sur-
face. For this, hydrogen binding energy (HBE), was calculated for C- and
Mo-Mo-C surfaces as.

Eadgst = Esurtsn — Esut — %EHM 3
here Egufin, Esur and Ey,, are total energies of molybdenum carbide
surface with H atom on it, of pristine Mo,C termination and of hydrogen
molecule in the gas phase, respectively. Calculated HBE values for
pristine MoC(001) surface terminations were —0.87 eV and —1.15 eV
on the Top-C site of C-MoyC and Ehcp-1 site of Mo-MoyC systems,
respectively (see Fig. 1). These data are in good agreement with the
reported stable sites for H atom and HBE (-3.17 eV and —3.17 eV, if total
energy if a single H atom in gas phase is used as the reference, or —0.92
eV and —1.06 eV if {Ey, , is used), calculated for these surfaces, using the
vdW corrections [62].

HBE values on TM-modified MosC surfaces were obtained in the
same fashion, as the difference in total energy of the modified MoyC
surface with H atom on it and the sum of total energy of corresponding
clean surface and half total energy of Hy molecule in the gas phase.

The work function, ®, for all studied surfaces was obtained as the
difference between the potential of the vacuum region,V,, and the
Fermi level, Eg, of the surface:

®=V.—E @

Bader charge analysis [63] has been performed on TM-modified
molybdenum carbide surfaces as implemented in VASP by Henkelman,
Arnaldsson and Jonsson [64]. The total net charge for molybdenum,
carbon, hydrogen and TM atoms was calculated as.

Qx = Zx — Qpugerx %)

where Zy is the number of valence electrons and qgader,x is the calculated
Bader charge for the corresponding X atom.
The charge density difference (CDD) was calculated as.

AP = Prvi/Morc — Puorc — Prmt (6)

here pryyo,c is the charge distribution in the modified molybdenum
carbide, py,,c — is the charge distribution for the carbide surface frozen
in the geometry it has in the TM-modified structure and py,, is the charge
distribution of the isolated TM atom in the gas phase occupying the same
coordinates in space as it has in the TM-modified system. The rear-
rangement of charge can be visualized by plotting the laterally averaged
charge density profile, which corresponds to the lateral sum of the
charge density difference in the x and y directions, according to

Mpue = [[apaxay @

cell

The d-band center for Mo atoms, was calculated as first moment of
the projected d-band density of states, pq in respect to the Fermi level:
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3. Results and discussion

Molybdenum carbide has been the subject of numerous theoretical
studies, focusing on fundamental properties of different phases and
surfaces [46,60,65-68]. To assure that the model used in the present
study correctly describes p-Mo2C, its bulk properties were calculated
using the setup described in Section 2 and are summarized in Table S1 of
the Supplementary Information, together with experimental and theo-
retical data, available in the literature. It is seen that the calculated
properties are in good agreement with previously reported experimental
studies[65,69,70] and theoretical data, obtained with PBE[46,66] and
PWO91 functionals [60]. Small differences seen between theoretical and
experimental data can be attributed to the imperfect nature of molyb-
denum carbide phase that calculations usually do not account for [12].

3.1. Properties of C-Mo02C(001) and Mo-Mo2C(00 1) surfaces, modified
with other TM atoms

3.1.1. General properties.

Interaction of single Fe, Co, Ni and Cu adatom with model C-MoyC
and Mo-Mo,C surfaces was studied by placing the TM atom on the
adsorption sites, presented in Fig. 1 at initial distance ~ 1.6 A and
relaxing these systems. Similarly to previously reported data on
adsorption of Pt and Cu on polar termination of the Mo,C(001) surface,
[42,44] after the relaxation, all TM adatoms were found to adsorb on the
Ehcp-1 site of the C-MoyC system. On the Mo-terminated surface the
Ehcp-2 site was the most stable one, regardless of the nature of the
adatom. Characteristics for the stable TM/MoyC systems, including
adsorption energies of the adatoms and charge distribution in the
TM-Mo,C contact region, are summarized in Table 1.

In all considered systems strong TM-Mo,C interaction takes place,
judging from the values of Epgs, more so on C-terminated surface.
Interestingly, on C-MoyC surface Fe and Co adatoms were found to be
significantly more stable than Ni and Cu, although even the weakest
adsorption of copper on this surface is characterized by a large Eags
value of —3.97 eV. On Mo-Mo,C the Epgs values are closer to one
another, and all adatoms are almost equally stable with the exception of
copper, for which its adsorption is at least 1.2 eV weaker than for the rest
of the considered TM species.

For each TM cohesion energy of corresponding bulk structure, can
calculated asE. = @, where Ery, and Ery are total energies of a
cell containing n TM atoms organized in bulk geometry and isolated TM
atom, resp. By comparing the obtained Eaqs for a TM atom with
respective bulk cohesion energy a conclusion can be made whether the
single TM atom adsorption is more or less energetically favourable than
this atom incorporating into the bulk metal structure. From the data
summarized in Table 2 it is evident that in all cases adsorption of a single
TM atom is more likely to occur than this atom “joining” bulk structure
of the respective TM.

To the knowledge of the authors, little information on interaction of
either a single atom of the considered TM species or their clusters with
the MoyC surfaces is available in the literature. A study of the interaction
of Cu monolayer and clusters of various sizes with polar terminations of
Mo,C(001) [42] and WC(0001)[40] demonstrated that Cu adsorption
on C-terminated surface is more stable than on metal termination of the
transition metal carbides, in agreement with the trends observed for Fe,
Co, Ni and Cu adsorption in the present work. An opposite termination-
dependent trend for Epgs was observed for Pt on MoyC[44] and WC,
[40,41,44] where on both carbides it was more stable on their metal
terminations.

Also, although adsorption energies reported in the mentioned studies
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Table 1
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Standard redox potentials (Efp.+ /TM), calculated TM bulk cohesion energies (E.), adsorption energies (Eaqs), distance between the TM and surface plane (d L), average

Mo-Mo and Mo-C distances in the vicinity of the adatom (dy,_mo and dyo_c, resp.), Bader charges for Mo (Qy,) and C (Qc) atoms closest to the foreign atom and for the
TM atom (Qry), calculated for C-MoC(001) and Mo-Mo,C(001) surfaces decorated by the TM adatoms.

System ™ Eve oY) E. (eV) Eags (eV) dL (Ay dyo—m10 (A) dyio—c (&) Quo (€) Qc (@) Qrwm (e)
C-MosC Fe —0.44 ~4.28 ~6.32 0.89 3.00 2.10 +1.59 —2.11 +0.69
Co -0.28 —4.42 -6.39 0.88 3.01 2.09 +1.60 -2.02 +0.46
Ni -0.23 -4.51 —5.89 0.92 2.98 2.09 +1.60 -2.01 +0.48
Cu +0.34 ~3.48 —4.14 0.95 3.00 2.05 +1.75 ~1.99 +0.37
Mo-MoyC Fe —0.44 —4.28 -5.22 1.72 3.04 2.08 +1.23 —2.48 —0.56
Co -0.28 —4.42 -5.53 1.68 3.08 2.09 +1.26 —2.49 -0.43
Ni -0.23 —4.51 —5.61 1.61 3.15 2.09 +1.24 —2.47 ~0.64
Cu +0.34 —3.48 -3.99 1.80 3.17 2.10 +1.19 —2.49 —0.69
Table 2 termination of the carbide, a slight metal layer contraction is seen in the
able

Adsorption energy (E,gs 1), position of H atom in respect to the TM adatom (H
location), shortest H-surface distance (d_L(H-Surf)) and distance between H and
the TM (d(H-TM)) and Bader charge values (Qy) for atomic hydrogen adsorbed
on the TM-modified Mo-C surfaces close and far to the modification site.

System H Eads, d L (H-Surf) d(H-TM) Qg (e)
location (eV) (AY (AY

Fe/C-Mo,C Close —0.55 1.11 2.52 +0.14

Far —-0.79 1.10 6.53 +0.18

Co/C-Mo,C Close —0.53 1.11 2.47 +0.15

Far —-0.82 1.10 6.62 +0.19

Ni/C-Mo,C Close —0.78 1.11 2.42 +0.13

Far —0.84 1.10 6.77 +0.19

Cu/C-MoxC Close -0.70 1.11 2.44 +0.19

Far —0.84 1.10 6.60 +0.19

Fe/Mo- Close —0.83 1.03 2.00 —0.64

Mo,C Far -1.14 1.04 4.89 -0.71

Co/Mo- Close —-0.83 1.05 1.96 —0.60

Mo,C Far -1.14 1.04 4.84 —0.70

Ni/Mo- Close -0.92 1.03 2.02 -0.61

Mo,C Far -1.15 1.05 4.82 -0.71

Cu/Mo- Close -0.93 1.02 2.27 —0.69

Mo,C Far -1.16 1.05 4.86 -0.71

C-Mo,C - —-0.87 1.11 - +0.19

Mo-Mo,C - -1.15 1.04 - -0.71

were obtained for multi-atom clusters, the clear tendency of Eags per
atom decreasing with the growing number of Cu adatoms in the Cu/
Mo,C system allows to assume that single Cu atom adsorption should be
more stable than that of the cluster containing several atoms. Indeed,
calculated Eags values for a single copper atom evidence its higher sta-
bility on both carbide terminations, compared to the energy reported for
the multi-atom cluster [42].

For the same TM species, depending on the termination of the Mo,C
(001) surface, a variation is seen for the adatom — surface plane dis-
tances (d.L, Table 1). Similarly to the observations made for Pt single
atom interacting with polar terminations of the WC (0001) and Mo,C
(001),[44] adatoms adsorb further from metal-terminated surface than
from C-terminated one. By comparing the distances between the TM and
surface plane for all systems it is found that on C-Mo,C, cobalt and iron
come closest to the surface upon adsorption, compared to the rest of the
adatoms, while nickel — surface distance is the largest. A somewhat
different tendency is seen on metal-terminated surface, where nickel
adatom is the closest to the surface, while copper is the furthest from the
surface, compared to the rest of the TM.

The TM adatom presence has an effect on average Mo-C distances in
the region closest to the adatom that depends on the carbide’s termi-
nation. On C-terminated surface an increase is universally seen from the
average distance of 1.98 A (Table S2) in the upper layers of the un-
modified system, regardless of the nature of the adsorbate. In the TM/
Mo-MosC systems the calculated Mo-C distances remain close to the
value of 2.08 A of the unmodified Mo-Mo-C.

Distances between neighbouring molybdenum atoms are also
affected by adsorption of the TM atoms: regardless of nature of the TM or

proximity of the adatom, from initial values of 3.10 A and 3.18 A
calculated for C- and Mo-terminated surfaces, respectively (Table S2).
This effect is more noticeable for TM/C-MosC systems, where the
average reduction in the bond length was ~ 0.1 A, and less so for TM/
Mo-Mo,C systems, for which Ni and Cu adatoms have little to no effect
on the structure of the topmost layer, and presence of Co and Fe results
ina 0.10 A and 0.14 A shorter Mo-Mo distances, respectively, compared
to the clean surface.

These adatom-induced changes in geometry of the metal layers of the
substrate, may entail important modifications on the local electronic
structure of the surface [71,72]. For purely metallic systems these
changes are expected to locally affect catalytic activity in the proximity
of the adatom toward certain processes,[41,73,74] through modifica-
tion of electronic states of the surface atoms in the adatom-surface
contact region. For more complex systems, such as TM-modified carbide,
the impact of the ”strain” on their catalytic properties is not that
straightforward, because of difference in chemical and catalytic prop-
erties of their polar terminations and active sites present on them. For
instance, while for C-Mo,C the TM-induced contraction would probably
affect the d-band center of Mo atoms in the adatom proximity, this
particular change will have a little to none impact on the interaction of
atomic hydrogen with the surface at low H coverages, since H preferably
interacts with surface carbon atoms [44,62]. At the same time, on Mo-
Mo,C, where atomic hydrogen interacts with surface molybdenum
atoms, this effect would play a more important role, since surface Mo
properties may be affected by the adatom.

3.1.2. Electron localization and charge distribution.

Analysis of electron localization function (ELF) plots (Fig. S1)
showed that the termination of the support plays an important role in
the formation of the bond between the TM adsorbate and the carbide.
Evidently, on both terminations the TM—Mo,C bond has a mixed
covalent-metallic nature, regardless of the nature of the adsorbing spe-
cies. However, the TM/Mo-Mo,C systems are characterized by a high
concentration of electrons in the region between the TM adatom and
surface Mo atoms, while in the TM/C-Mo»C electrons are localized close
to the surface carbon atoms. This leads to the conclusion that on Mo-
terminated surfaces the nature of the TM—Mo interaction is rather
metallic, while on C-terminated surface the TM—C bond is more cova-
lent. The ELF plots also evidence that adatoms interact only with the
surface atoms in their vicinity, pointing to the local nature of any impact
that the TM adsorbates would have on fundamental properties of the
carbide.

The charge transfer is an important component in surface-adatom
bonding, often defining chemical properties of the supported particle
and exposed sites of the support [43,44,75-78]. In practical electro-
chemical systems, charge transfer can also affect the structure of the
electric double layer and the distribution of Galvani potential [79] close
to the electrode. It is important to highlight that predicting the magni-
tude of the charge transfer is not a straightforward task, especially for
complex systems as carbides, since they are composed of atoms with
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different electronegativity, such as carbon and molybdenum.

From a Bader charge analysis (see Table 1) it is clear that the total net
charge on TM adatoms significantly depends on the termination of the
support. On C-terminated Mo2C(001) all adatoms are charged positively
(i.e. adatom — surface charge transfer takes place), while on the Mo-
terminated surface the opposite picture is seen. Similar observations
have also been made for Cu clusters supported on polar terminations of
WC(0001)[43] and Mo2C(001)[42] and for Pt supported on polar ter-
minations of WC(0001) and Mo,C(001) [44]. In these two systems, only
the charge on the atoms that are closest to the adatom are affected by its
presence, while the rest of molybdenum and carbon atoms in the upper
two layers of each surface retain their original charges. This charge
distribution is in good agreement with the results seen in the electron
localization function plots, discussed above.

It is noteworthy that on C-MosC surface the positive charge on the
adatom is decreasing in order Fe > Ni > Co > Cu, while on Mo-MoC the
net negative charge on the TM adatoms increases in the row Co > Fe >
Ni > Cu. In the first case, the trend for Fe, Co and Cu follows what would
be expected from differences in electronegativity of these elements (Ni
(x=1.91) > Cu(x =1.90) > Co (y = 1.88) > Fe (y = 1.83)[80]) and C (x
= 2.55), indicating that electronegativity of the adatoms plays an
important role in the charge transfer upon interaction of the TM with the
carbide support. Within the Bader charge partition scheme, carbon
atoms on the C-Mo,C surface that are directly in contact with the ada-
tom, are more negatively charged than in the pristine C-Mo,C (-1.86 e),
since they are able to acquire an additional charge from the adatom. The
charge on molybdenum atoms that are the closest to the adatom remains
almost unchanged, compared to the value in the unmodified surface
(Qmo = +1.57 e), showing their little involvement into TM interaction
with this surface.

However, in the case of Mo-MoyC systems, the relation between
electronegativity and adatom’s charge does not appear that straight-
forward. In these systems, the charge on molybdenum atoms in the
topmost layer is noticeably affected by the presence of the adatom: ac-
cording to Bader charges, a surface — TM charge transfer takes place
through the surface atoms in direct contact with the adsorbate, since
they become more positively charged than in pristine Mo-MosC (Quo =
+1.10 e). Small change seen in the charge of carbon atoms in the sub-
layer, compared to the value of —2.52 e in the unmodified Mo-Mo,C
system, suggests that they are not involved into interaction with the
adatoms.

The laterally averaged charge density difference (CDD) plots ob-
tained from Eq. (7) are shown in Fig. 2. It illustrates that only upper
layers of the support are affected by the presence of the adatom,
regardless of the surface termination and nature of the adatom, while
the charge distribution in the bottom layers remains almost unchanged,
further evidencing the localized impact of the adatom on charge dis-
tribution in the system.

In the TM/C-MoC system the majority of negative charge build-up
takes place in the region close to the surface carbon atoms, and charge
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depletion is seen close to the location of the adatom. In contrast, nega-
tive charge accumulation is evident close to the adatom in the TM/Mo-
Mo,C system, while charge loss is observed for upper molybdenum
atoms in the topmost layer of the support.

3.1.3. Changes in the work function.

Adsorption processes that involve the transfer of charge, have an
impact on the system’s work function, ®, because electrons leaving the
surface have to pass through the dipole layer of resulting interface. This
change in the work function, in its turn, would affect the catalytic
properties of the system, and particularly for hydrogen evolution reac-
tion [4].

The change of the work function of a surface is affected by a layer of
adsorbates, and, in general, the direction of the change can be predicted
from the direction of the charge transfer between the adsorbate and the
support. If the adsorbate is more electronegative than the substrate, it
will gain charge (become more negative) and electrons will be trans-
ferred to the adsorbate layer, causing an excess of negative charge on the
outside and an excess of positive charge on the inside of the surface. This
would lead to a negative dipole, pointing toward the surface, and rein-
forcing the original surface dipole due to “spill out” of surface electrons,
causing the work function to increase, i.e. A® > 0. If the substrate is
more electronegative than the adsorbate, the adatoms would become
positively charged upon the adsorption, so that the resulting negative
dipole would be pointing toward the vacuum, and a decrease in work
function would be expected, i.e. A® < 0.

Applied to the TM/Mo,C systems, this formalism predicts a decrease
of the work function in the TM/C-Mo,C system upon adsorption of a
single atom of Fe, Co, Ni or Cu, since they become positively charged
(Table 1). Indeed, as it is seen in Fig. 3, adsorption of TM atoms has a
significant effect on the values of ® in the TM/C-MoC systems, lowering
them noticeably. On this termination the impact of the TM on the
resulting work function is decreasing in the row: Fe > Ni > Co > Cu, in
agreement with the trend seen from the Bader charge analysis for the
decrease of adatom’s charge (Table 1).

Conversely, in the TM/Mo-MoyC systems Bader charge analysis in-
dicates that all adatoms are negatively charged (Table 1), and within the
formalism described above, an increase in ® would be expected. How-
ever, instead, a decrease in the work function is calculated, as seen in
Fig. 3. The trend in A® for these systems evidences the biggest impact of
the iron adatom on the work function, similarly to the case of TM/C-
Mo-C. Nevertheless, the effect of the other studied adatoms on the work
function of Mo-terminated surface is different to the C-terminated sur-
face and decreases in order: Fe > Co > Cu > Ni, not following the trend
in negative charges calculated under the Bader scheme for the TM
(Table 1). Also, the magnitude of the TM effect on the work function of
Mo-terminated surface is reduced compared to that on the C-terminated
Mo,C(001) plane.

This apparent anomalous decrease in the work function in presence
of negatively charged adsorbates is not that uncommon in other

Fig. 2. Electron density profile, Ap, for the adsorption

06—

'—FE/OMO'ZC " 'FS/MO-"\/'OZC of a single TM atom on model C-MoyC(001) (left
0.4 - Co/C-Mo,C Co/Mo-Mo,C | panel) and Mo-Mo,C(001) (right panel). Grey, black
—— Ni/C-Mo,C —— Ni/Mo-Mo,C
and blue spheres represent atoms of molybdenum,
Cu/C-Mo,C Cu/Mo-Mo,C |

carbon and the TM, respectively. For each system
vacuum region is cut at 10 A to save space. Positive
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Fig. 3. Effect of TM adsorption on the work function of the C-Mo,C and Mo-
Mo,C surfaces. No TM corresponds to the values for unmodified carbide (001)
terminations.

adsorbate/substrate systems. A study of nitrogen adsorbed on tungsten
(100) surface demonstrated that because nitrogen adatoms come very
close to the surface, the adsorbate’s electronic charge accumulation
region is located beneath the spill out electron density of the surface,
causing a small region of charge depletion outside the surface, and
resulting in an overall reduced surface dipole, decreasing ® [81].
Another study showed that in the I/Cu(111) system a weak dative co-
valent bond is formed by donation from I” to Cu, causing a substantial
shortening of the bond length [82]. Consequently, the dipole moment
created by the negative charge and its positive charge inside the metal is
significantly reduced as well, which was argued to be one of the factors
behind the work function reduction in I/Cu(111) system, despite a
charge transfer from the surface to the adatom.

Later works on adsorption of another halogens on Cu(111)[83] and
Pt(111)[84] have also explained the “anomalous” decrease of the work
function despite a negatively charged adatom, by a combination of
charge transfer and polarization effects on the adsorbate layer. This
approach is based on the decomposition of the total dipole change upon
adsorption, Aupgp, into two different contributions, a purely charge
transfer-induced dipole moment from the adatom, Ayg and the
polarization-induced dipole moment from the surface, Au,o, under a
maximum charge transfer approximation [83,84]. This analysis, initially
used in the works of Roman and GroB, and Gossenberger et al., has been
also applied to analyse an “anomalous” decrease of the work function of
hafnium carbide covered with atomic oxygen [85].

In the present study, this method has been also applied,[83,84] and
was used to analyse the anomalous change in the work function of Mo-
Mo,C surface seen in Fig. 3. Decomposition of Augp suggests that there is
a similar contribution from the dipole moment induced purely by the
charge transfer upon adatom adsorption on both terminations, indi-
cating similar magnitude and same direction of the charge transfer. At
the same time polarization-induced dipole moments on each surface
differ. While in C-terminated Ay, has the same sign as Aug, on Mo-
terminated surfaces Au,o and Ay, have different directions, as it can
be seen in Figure S10. Therefore, under this approximation, the decrease
in the work function upon adatom adsorption on Mo-terminated sur-
faces can be understood as a consequence of the different directions of
the charge transfer-and polarization-induced dipole moments, counter-
balancing each other, and giving rise to an overall small decrease in the
work function of modified TM/Mo-MosC systems. For the interested
reader, details of this method can be found in the Section S2 of the
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3.1.4. TM adatom-induced changes in electronic structure.

The analysis of the effect of the TM on the electronic structure of host
systems was focused on the preferable sites for atomic hydrogen
adsorption that are located in the contact region with the TM adatom, as
indicated in Fig. S2 Specifically, an analysis has been performed of the
normalized s- and p-Projected Density of States (PDOS) for C atoms in
the topmost layer of the C-MoyC contacting the adsorbate, and the
normalized d-PDOS for Mo atoms of the Mo-MosC interacting with the
adatom and the results are summarized in Fig. 4. Additionally, the
electronic structure was also evaluated for the topmost-layer of carbon
and molybdenum atoms not in contact with the TM on the TM/C-Mo»C
and TM/Mo-Mo,C surfaces, respectively. In agreement with data on the
charge redistribution and electron localization in these systems, the
atoms not directly interacting with the TM do not undergo any signifi-
cant change in their electronic structure.

Regardless of the nature of the adatom, the electronic structure of C
atoms in its vicinity is affected by its presence, as it is shown in the left
panel in Fig. 4. In this sense, the peak corresponding to s-band position
of surface carbons in the unmodified C-Mo,C located at —10.32 eV
(Fig. S7), shifts further away from the Fermi lever: to —10.70 eV,
—10.76 eV, —10.60 eV and —10.65 eV, for Fe/C-Mo,C Co/C-Mo>C, Ni/
C-MoyC and Cu/C-MoyC, respectively. This shift is the result of the
surface carbon simultaneous interaction with the TM adatom and mo-
lybdenum atom in the sublayer, as it is demonstrated for Co/C-MoyC
system in the left panel in Fig. 4. Specifically, because of the separation
between d-states of the subsurface molybdenum and the TM adatom
interacting with the carbon, a split is seen for its s-states.

Another feature that is present in all systems is narrowing, and
shifting to lower energies of carbon’s p-states due to pd-interaction be-
tween C atom and the adatom and the appearance of a peak at ~ -3.8 eV
in all TM/C-MoxC systems. This peak is present on the carbon p-states in
unmodified C-Mo,C but not as defined as upon TM adsorption (see
Figs. S7 and 4) and it emerges regardless the nature of the TM adatom.
Therefore, it can be treated as a characteristic feature of p-states of
surface C atoms in the C-Mo,C system, enhanced upon TM adatom
presence. Importantly, the density of the carbon’s p-states close to the
Fermi level is not affected by the presence of the TM adatoms, which
suggests that if presence of TM atoms on the surface has an impact on
atomic H stability, the reasons behind it do not include adatom-induced
variations in electronic structure of surface carbon atoms.

Right panel in Fig. 4 illustrates that the d-states of Mo atoms in
contact with the TM on Mo-MoC surface are affected by the adatoms.
Similarly to carbon in the C-MoyC plane, an initial weakly defined peak
at ~ -4.8 eV sharpens upon interaction with either Fe, Co, Ni or Cu.
Importantly, for surface Mo atoms in contact with the TM, a shift of the
d-band center further away from the Fermi level (downshift) is observed
in respect to the value of —1.24 eV calculated for d-band center of Mo
atoms in the topmost layer of the unmodified Mo-MoyC system.
Depending on the nature of the adsorbate, the downshift in ¢4 ranges
from —0.05 eV for Cu/MoMo5C to —0.12 eV for Co/MoMo,C.

The calculated downshift in the d-band center, Aeq, for TM/Mo-
MooC systems is in agreement with what would be expected from the d-
band model, which predicts an upshift of the d-band center from a
tensile strain and a downshift when a compressive strain is present
[71,72,86]. According to this model, a shortened Mo-Mo bond would
increase the overlap of atomic 4d orbitals, expanding and decreasing the
population of the d-band, resulting in the d-band downshift to preserve
the degree of d-band filling. Also, the small downshift agrees well with
the fact that Mo atom is slightly more positively charged in the TM/Mo-
Mo3C systems, compared to the unmodified Mo-Mo,C.

Interestingly, the Mo-Mo distances for Cu/Mo-MosC and Ni/Mo-
Mo,C in the vicinity of the adatom are very close to the value of 3.18 A in
the unmodified Mo-MoC, and, thus, practically no strain contributions
to the changes in the g4 position of molybdenum atoms in these systems
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are present. This and the fact that copper has the weakest impact on the
Mo d-band center position, and Co has the strongest, indicate certain 2H*2*+Hy(Tafel)

impact of the Mo — TM charge transfer on the position of the d-band for
molybdenum. Thus, the observed Aeq in the TM/Mo-Mo,C systems are a
combined result of the varying contributions from the compressive
strain in Co and Fe, and ligand effect,[87] emerging from sub-
strate-adatom interaction.

Overall, results clearly indicate that at the low coverages adsorbed
Fe, Co, Ni and Cu atoms have a localized impact on the electronic
properties of the atoms in each model surface, affecting only those of
them that are adjacent to the adsorbate. Furthermore, the ® lowering is
seen in all systems, although of a different magnitude, depending on the
surface termination and nature of the adsorbate. These changes open up
a possibility to tune and optimize the reactivity of the complex TMC-
based systems for target catalytic processes. Nonetheless, a reliable
knowledge on how the TM adatoms affect HER activity of the MoyC
support is still required in order to extract a conclusive picture. For this
purpose, the impact of the TM-induced changes in the fundamental
properties of the carbide polar terminations on H atom stability must be
considered, and will be discussed in the next section.

3.2. Impact of TM adatoms on HER activity of Mo2C(00 1) surface polar
terminations

TM-induced changes in fundamental properties of molybdenum
carbide were further analysed in the context of their possible impact on
the catalytic activity of the complex TM/Mo,C systems toward hydrogen
evolution reaction (HER). Experimentally, exchange current density,
obtained from the Tafel approach from polarization curves,[4,5] or the
magnitude of current density at a fixed overpotential can be used to
numerically estimate HER catalytic activity of a given material. Based on
these measurements a conclusion can be made on electrocatalytic ac-
tivity of the materials of interest towards HER.

In acid media hydrogen evolution reaction starts with Volmer step,
followed either by the Heyrovsky or Tafel steps:

H+*+e oH*(Volmer)

H*+H " 4¢ < *++Hy(Heyrovsky) 9

here * denotes the surface adsorption site. Thus, in course of HER,
regardless of the steps it follows, the only expected reaction interme-
diate that directly interacts with the surface is atomic hydrogen. That is
why its binding energy (HBE) on surface of a catalyst is one of the most
commonly used descriptors of HER activity in acidic media for different
materials, ranging from pure metals to complex composite systems
[2,3,5,44].

In alkaline media, although water is the main reacting species, HBE
can still be used as the descriptor for the catalytic activity toward HER
[88,89]. This correlation can be understood by looking at the possible
HER mechanism in the alkaline media, where it can either take the
Volmer-Heyrovsky or Volmer-Tafel route:

H,0 + e +*<H*+OH (Volmer)
H*+H,0 + e «<H, + OH +*(Heyrovsky) (10)
OH* 2%+ Hy(Tafel)

Regardless of the mechanism, atomic hydrogen is still the only ex-
pected reaction intermediate, directly interacting with the surface of the
catalyst, therefore, an optimal HBE is still an important factor, defining
the balance between adsorption and desorption of the intermediate
species in the alkaline media.

By plotting the exchange current density for a set of potential cata-
lysts against a chosen descriptor of activity, a volcano-type curve is
usually obtained. On it the optimal catalysts for HER is located in the
proximity of an apex of the curve and characterized by a free energy for
hydrogen adsorption approaching zero [5,90]. It must be noted here,
that despite its apparent simplicity, the volcano curve method is sensi-
tive to the calculation parameters, hydrogen coverages in the system and
selected exchange correlation functional among others [12,44]. Addi-
tionally, this method of materials’ screening tends to overlook certain
intrinsic properties of the potential catalysts that can have an impact on
their activity toward HER [91]. Nevertheless, despite its shortcomings,
the volcano curve method is a valid tool for a preliminary HER activity
assessment as evidenced by its successful application to estimate the
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HER activity of a wide range of materials, from purely metallic systems
[6] to more complex ones [3,41,92]. While not being able to predict
accurately the values of exchange current density,[44] it, nevertheless,
allows to establish activity trends and estimate changes in them caused
by material modification.

Theoretical and experimental assessments of metal carbides’ activity
toward HER show an improvement, compared to their parent metals [3].
However, in general, HER activity of metal carbides is considered to be
intermediate between the low activity exhibited by early transition
metals and the highest activities inherent to Pt-group metals, because of
strong atomic hydrogen interaction with the carbides’ surfaces
[2,38,62,93].

The HBE, in its turn, largely depends on the fundamental properties
of the catalyst’s surface, such as its work function and electronic struc-
ture [4,94]. It is, therefore, conceivable that the changes in fundamental
properties of C- and Mo-Mo,C systems, observed upon adsorption of Fe,
Co, Ni and Cu atoms, will result in the departure of the HBE on these
composite surfaces from the values on the unmodified surfaces. Conse-
quently, this would lead to an HER activity of TM/Mo.C different from
that one of the unmodified molybdenum carbide.

Specifically, the tendency of TM adatoms to lower the work function
would lead to a weaker hydrogen adsorption on both C- and Mo-Mo,C
surfaces. Additionally, changes in the d-band center position of molyb-
denum surface atoms Mo-Mo,C, adjacent to the TM may destabilize H
adsorption as well: ie. the d-band center downshift, will cause a
downward shift of antibonding states, formed upon coupling between
the hydrogen s- and metal’s d-states, leading to a weaker hydro-
gen—carbide bond. This in turn would predict a shift in the TM-modified
carbide position on the volcano curve toward the weak adsorption
shoulder, with respect to the initial position of Mo-terminated Mo,C
(001) surfaces, located in the left side of the volcano curve, the strong
adsorbing side. Thus, the consequence of this shift will be an increase in
theoretical exchange current density and an improvement of HER ac-
tivity on TM-modified carbide surfaces compared to that of the pristine
parent systems.

To verify this hypothesis, adsorption of a single H atom was also
studied on the TM-modified polar terminations of Mo,C(001) surface.
As it was stated above, on C-Mo,C hydrogen preferably occupies Top-C
site with HBE —0.87 eV and on Mo-MoxC it sits on Ehcp-1 site (Fig. 1)
with Eugs 1 = —1.15 eV. H adsorption on the same sites was analysed on
the TM-modified surfaces, and two modes were considered: adsorption
on the most stable site in the proximity of TM adatom, and adsorption on
the most stable site of the surface, located at a large distance (at least 4.5
/o\) from the adatom, as it is shown in Fig. 5.

Fig. 5 demonstrates that H atom adsorbed in the proximity of the TM
adatom, depending on the surface termination, is able to interact with
the C and Mo atoms in direct contact with the TM adatom. Adsorption
characteristics for atomic H are summarized in Table 2, and suggest that
as the result of its interaction with these surface atoms, a destabilization
of H adsorption is seen, as HBE becomes more positive, as expected from
tendencies discussed above. In all cases changes in atomic hydrogen
adsorption depend more on the nature of the TM adatom than on the
termination of the carbide surface. Indeed, in systems where Co or Fe
atom is present the weakening of H-carbide bond is ~ 0.3 eV, regardless
of the termination, while the H-carbide interaction is less affected by Cu
or Ni atom presence. The observed changes in the HBE on Fe/Mo,C
agree well with work function lowering seen in Fig. 3, where the biggest
effect on the work function of both terminations was seen upon Fe
adsorption.

In all TM/MoyC systems, the surface-hydrogen distances remain
virtually the same and are close to those seen on C- and Mo-Mo,C sur-
faces. The biggest change seen for H atom in the vicinity of a TM adatom
is its total net charge, Qy, that compared to its charge on the unmodified
terminations, becomes slightly less positive on TM/C-Mo,C and more
positive — on TM/Mo-Mo,C (Table 2). On C-MoC it might be the
consequence of surface carbon atoms already acquiring charge from the
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Fig. 5. Top view on TM/C-Mo,C(001) and TM/Mo-Mo,C(001) with single H
atom adsorbed close to the TM adatom at a distance. Molybdenum, carbon, TM
and H atoms are represented by silver, black, blue and white spheres, respec-
tively. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

TM (see Table 1) and thus, reducing H — C charge transfer, compared to
that in the unmodified system. On the Mo-Mo3C, atomic hydrogen in-
teracts with three surface molybdenum atoms, two of which are
participating in the Mo — TM charge transfer, becoming slightly more
positive than corresponding Mo atoms in the pristine Mo-terminated
(001) surface. Thus, in this case hydrogen is not able to acquire the
total charge it has upon adsorption on pristine Mo-MoyC surface.
Importantly, no charge transfer takes place between the TM and
hydrogen (Fig. S3), pointing to no direct interaction between the adatom
and hydrogen.

Additionally, on the C-MoyC surface both hydrogen atom and TM
adatom are charged positively on this termination, which could lead to
repulsive interactions, weakening hydrogen adsorption. In support of
this hypothesis, a noticeable displacement of hydrogen away from the
TM adatom is seen in all TM/C-Mo,C systems, not present on the TM/
Mo-MoyC surfaces (Fig. S4).

Nevertheless, regardless of the charge on the metal adatoms, the
downshift of d-states of surface molybdenum atoms caused by the TM
species is expected to weaken the H-surface interaction on the TM/Mo-
MooC surfaces. Finally, decrease of the work function of C- and Mo-MoC
upon TM atom adsorption is another important factor that has a desta-
bilizing effect on the H-surface interaction as well, regardless of the
termination of the carbide.

Since the effect of a single TM adatom presence on fundamental
properties of the Mo,C terminations is very localized, it can be assumed
that hydrogen adsorption on surface sites, located far from the modifi-
cation site would remain almost unaffected. Indeed, as the data in
Table 2 indicates, HBE values for H atom, adsorbed at a larger distance
from the adatom are very close to those on the corresponding unmodi-
fied Mo2C(001) polar terminations.

Additionally, H atom was placed on top of the TM adatom in each
studied system, to estimate its stability on this unique side. In all cases H
adsorption on the carbide’s surface is more stable, than on the adatoms
themselves, regardless of the TM adatom and surface termination.
Therefore, at 1/16 ML surface coverage HER activities of the TM/MoC
surfaces are defined by interaction of atomic hydrogen with the carbide.

To better understand the impact of the observed TM-induced HBE
weakening on the HER activity of the resulting TM/Mo>C materials, free
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energies for hydrogen adsorption, AGy:, were calculated for all
considered systems as proposed by Ngrskov et al. [5] and are summa-
rized in Fig. 6. In the same figure AGy+ value for Pt(111), calculated
using the same model setup as described in Section 2, is included for the
reference. It can be seen that on both terminations the presence of Fe and
Co leads to the biggest shift in AGy+ toward zero. In case of C-terminated
surface the resulting free energies in Fe/C-Mo,C and Co/ C-MoC sys-
tems are slightly more positive than that of Pt(111), the best known
single metal catalyst for HER. Bearing in mind that on the volcano curve
Pt is located on its strong-binding side, H adsorption on Fe/C-Mo,C and
Co/C-Mo,C weaker than on Pt(111) suggests that these systems would
demonstrate good catalytic activity toward HER, outperforming the rest
of the studied systems.

In the realistic system, however, it is difficult, if not impossible, to
isolate a specific termination of the carbide. Therefore, HER activity of
Mo,C modified with either of the TMs would be a function of statistical
distribution of C- and Mo-active sites on the surface. Thus, HER activity
of either Fe- or Co-modified Mo;C would be higher than that of un-
modified phase, but lower than the activity of platinum. Compared to
these two modifying metals, the effect of either Ni or Cu on catalytic
properties of the carbide toward hydrogen evolution would be even
smaller, however, still resulting in the better activity than of the un-
modified carbide.

Indeed, in the context of experimentally studied systems, comparison
of the changes in E,qs 1 to the trend of activities seen for TM-modified
MoC in alkaline media, Co-MoC > Ni-MoyC > Fe-Mo,C > Cu-MoyC
> Mo2C,[30] reveals certain similarities. Specifically, Co has the biggest
theoretically estimated impact on the HBE, and experimentally evalu-
ated activity of the Co-modified MoyC is the highest, compared to the
rest of the systems. Also, copper has the smallest effect on the HBE on the
TM-modified Mo-Mo,C and its impact on HBE on the TM/C-MoxC is
smaller than that of Co and Fe, but only slightly higher than Ni. How-
ever, judging exclusively from the HBE weakening, Fe-modified Mo,C
should be more active than Ni-Mo,C, while experimental results evi-
dence the contrary. Clearly, other factors besides the ones discussed here
affect the overall HER activity of TM-modified Mo,C materials. There-
fore, while TM-induced changes in the HBE definitely have an impact on
HER activity of the resulting composite materials, TM presence in the
system may have other effects on the activity of the TM/Mo,C materials
that are overlooked by the theoretical model.

A possible reason can be that in this study decoration by a single TM
atom has been considered of the well-defined polar terminations of the
carbide, for which no reliable synthesis protocols exist yet. In the real
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Fig. 6. AGy- values on TM/Mo,C, calculated as in ref. [5]. Grey, red and blue
horizontal lines indicate AGy+ on Pt(111), C-Mo,C and Mo-Mo-C, respectively.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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systems the coverage of the TM adatoms can be much higher and will
play an important role. Specifically, at higher TM coverages more sur-
face atoms of the carbide will be affected by the presence of the TM
species, affecting the average HBE on these surfaces. Furthermore, at
high TM coverages some, if not most of the carbide sites will become
unavailable, and hydrogen adsorption will take place mostly on alter-
native sites formed by the adatoms and their electronic structure would
play an increasingly important role.

Also, the present study has not considered the effect of insertion of a
molybdenum atom into crystalline lattice of the carbide that also may
affect atomic H stability on the modified MoyC(001) terminations,
contributing to the changes in their HER activity. Finally, the presence of
electrolyte in the system was not taken into account, however, it may
have an additional impact on fundamental properties of the TM/Mo,C
systems, affecting their HER activity.

3.3. Stability of adatoms on polar terminations of Mo2C(001) surface

An important characteristic of a catalyst is its stability under the
working conditions. Here the stability of the TM/Mo,C materials in was
estimated using the method proposed by Anicijevic et al. [95] It is based
on a galvanic cell using electrolyte containing TM*" ions with a unit
activity, the TM/Mo,C material employed as an anode and the corre-
sponding TM metal — as a cathode. Electron transfer process from the
anode to the cathode can be seen as a subtraction of z electrons from the
TM adatom with consecutive desorption of the adatom from the MoyC
surface. This desorption can be achieved when an energy equal by value
but contrary by sign to TM adatom adsorption energy is applied.

The following process, when formed TM*" ion is transferred to the
electrolyte, is associated with the enthalpy of solvation. After that a
TM*" ion leaves the solvation shell in the proximity of TM cathode,
reduces to neutral TM atom and gets incorporated into the cathode,
releasing the energy equal to bulk cohesion energy of TM.

Thus, the total work required for the described electrochemical
process to take place is a difference between the adsorption energy of the
TM atom on a given termination of the MoyC(001) surface and bulk
cohesion energy for the corresponding TM (see Table 1).

The electromotive force, EMF, of the cell described here can be ob-
tained as follows:

EME = Dasm =B (12)
zF
where F is Faraday constant and z — number of transferred electrons,
which for all transition metals considered in this work was equal 2.
Replacing TM electrode with Standard Hydrogen Electrode would
result in the EMF of this cell being equal to the standard redox potential
of the TM (E}, .+ /TM) also listed in Table 1. A potential at which a given

TM adatom will be removed from the surface (E4es) can be obtained by
combining EMFs of these two cells:

EAds‘TM - Ec

zF as

Edes = E'T‘M’*/TM -
In all cases, regardless of the TM adatom nature or the support’s
termination, calculated adsorption energies for TMs were more negative
than the corresponding cohesion energies. Thus, the Exgs v —Ec term in
eq. (13) remains negative for all TM/MosC systems. This leads to Eqes
being more positive than E7, .. /v term and indicates a good stability of

the considered TM/Mo,C systems in the potential window of HER.
4. Conclusions

A theoretical study has been conducted on single atom adsorption of
Fe, Co, Ni and Cu on polar terminations of p-MoyC(001) surface. A
detailed analysis of adsorption characteristics, including energies and
geometries of TM/Mo,C systems has been performed. An in-depth study
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of adatom-induced variations in electronic properties of molybdenum
carbide (001) surface provides molecular-level insights into
termination-specific interactions of the TM with $-MoC.

At the low coverage of 1/16 ML considered here, the adsorption of a
single atom of either of the TMs leads to a noticeable shift in the prop-
erties of model carbide surface terminations. Specifically, on Mo-
terminated surface the shift of the d-band center position further away
from the Fermi level is seen for molybdenum atoms in the topmost layer,
that are directly in contact with the adatom, and on both terminations
the charge redistribution in the contact region takes place, causing
lowering in their ®. This decrease in the work function is the result of the
termination-dependent contributions of charge transfer-and polariza-
tion-induced dipole moments to the total dipole change upon adatom
adsorption.

In the context of HER activity of TM/Mo,C compared to that of the
unmodified MoyC, TM adatoms play a many-fold role. On both termi-
nations, they induce a work function lowering, and affect charge transfer
between the carbide’s surface atoms and hydrogen, reducing HBE. On
Mo-Mo,C, additionally to these effects, the TM-induced ¢4 downshift
further contributes to atomic H adsorption destabilization. Obtained
data suggest that Co- and Fe-modified carbide would exhibit better
catalytic properties toward HER compared to Ni- and Cu-modified Mo,C
as well as to the bare (pure) carbide, in a partial agreement with
experimentally observed trends of activity.

Thus, the obtained results pave the path toward better understanding
of complex TM/TMC systems as alternative to platinum-based catalysts
for processes meaningful to the field of sustainable energy conversion
and storage.
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