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Abstract

Whether copper fundamentally alters Mo-centered redox thermodynamics or mainly tunes
hydrogen adsorption in Ni-Mo electrocatalysts under alkaline hydrogen evolution reaction
(HER) conditions remains unresolved. Density functional theory calculations combined
with a field-corrected computational hydrogen electrode framework are used to evaluate
the thermodynamic stability of H3Mo, H3MoOH, HyMo(OH),, and MoO(OH)3; on Cu(111)
and Ni(111) and to construct surface Pourbaix diagrams under electrochemical conditions.
The results show that substrate identity reorganizes the redox stabilization hierarchy of
these Mo intermediates. Across the examined conditions, at least one of H3Mo, H3MoOH,
or MoO(OH)j; is thermodynamically favored over HoMo(OH), on both surfaces. However,
only Cu(111) exhibits measurable pH-dependent free-energy shifts, reaching 0.25 eV on
the reversible hydrogen electrode scale. The magnitude of this electrostatic modulation
is comparable to the intrinsic substrate-dependent relative Gibbs free-energy differences,
suggesting that Cu reshapes Mo redox thermodynamics rather than merely weakening
hydrogen binding strength. Electronic structure and vibrational analyses further show
that Cu(111) preferentially weakens Mo—-O interactions, whereas Ni(111) more strongly
perturbs Mo-H bonding in hydrogen-rich complexes. Overall, these results establish that
substrate identity governs the electrostatic modulation of Mo redox thermodynamics under
alkaline HER conditions and provide mechanistic insight into substrate effects relevant to
Cu-containing Ni-Mo systems.

Keywords: hydrogen evolution reaction; molybdenum hydride/oxyhydride species; Cu(111);
Ni(111); density functional theory method; field-corrected computational hydrogen electrode;
surface Pourbaix diagrams; redox thermodynamics; interfacial charge transfer

1. Introduction

The hydrogen evolution reaction (HER) is a fundamental half-reaction in water split-
ting and underpins the production of green hydrogen from renewable electricity [1-3].
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Among available electrolysis technologies, alkaline water electrolysis is particularly at-
tractive for large-scale deployment because of its low materials cost, long-term durability,
technological maturity, and compatibility with earth-abundant electrocatalysts under rela-
tively mild operating conditions [4,5]. However, HER in alkaline media is typically slower
than in acidic electrolytes, owing in part to the additional water dissociation (Volmer)
step required to generate adsorbed hydrogen and to the influence of hydroxyl adsorp-
tion and interfacial water structure on surface kinetics [4,6-11]. Achieving high activity
therefore requires catalysts capable of overcoming these kinetic limitations [4]. Although
platinum remains the benchmark HER catalyst, its scarcity and cost constrain large-scale
implementation [1-4].

Among non-precious alternatives, nickel-molybdenum (Ni-Mo) alloys have emerged
as leading candidates for alkaline HER because of their high activity, stability, and low
cost [4,12]. Their performance has often been attributed to synergistic interactions between
Ni and Mo, although the precise mechanistic origin remains debated [2,4,13,14]. In particu-
lar, the identity of the active Mo species remains unresolved. While some interpretations
assign primary activity to metallic Ni with Mo acting mainly in a supportive role [4,13],
recent spectroscopic and electrochemical evidence suggests that oxidized Mo species, in-
cluding Mo®*, may directly participate in hydride formation and H; evolution [1,13,14].
Under reaction conditions, Mo has also been reported to undergo structural and com-
positional evolution, indicating that the active surface may differ substantially from the
as-prepared alloy [5,12]. These observations have motivated a Mo**~hydride-centered
framework in which cathodic polarization promotes redox-active Mo species capable
of forming reactive hydrides [13-15]. Within this picture, four surface intermediates—
H3;Mo, H3MoOH, H,Mo(OH),, and MoO(OH)3;—define a redox-coupled thermodynamic
landscape governing activity in Ni-Mo systems [13-15]. This selection is grounded in a
systematic computational screening of 37 MoO,,H;, cluster compositions spanning Mo
oxidation states from 0 to +6 on Ni(111) [13], from which the four complexes emerged as
the thermodynamically dominant species under the HER-relevant electrochemical con-
ditions; the complete stability landscape across all screened compositions is compiled in
Figure S7 of the Supporting Information of reference [13]. Within this framework, the four
intermediates are assigned the formal Mo oxidation states HsMo/ Mo?™, H;MoOH/ Mo+,
H,Mo(OH),/Mo>*, and MoO(OH);/Mo**, consistent with both the experimentally sup-
ported Mo hydride/oxyhydride chemistry of reference [13] and standard ligand-counting
conventions. These labels are used throughout as chemical descriptors and are not derived
from computed partial charges; the Mo partial-charge values reported in Table S1 nonethe-
less support the expected electronic trend across the oxygenated series, in which increasing
oxygen coordination yields a more positively charged Mo center.

Incorporating copper into Ni-Mo catalysts has been reported to further enhance
alkaline HER performance [1,12,16]. Most interpretations attribute this improvement
to modifications of the adsorbate’s electronic environment, including d-band shifts that
weaken hydrogen adsorption [3,16,17], although cooperative interactions between oxidized
Cu and Mo species have also been proposed under certain conditions [1]. However, whether
Cu merely tunes hydrogen adsorption strength or instead reorganizes the Mo-centered
redox stabilization hierarchy under cathodic bias remains unclear. Clarifying this distinction
is important because, if Cu perturbs the relative stability of oxidized and hydride-containing
Mo species, its role extends beyond simple hydrogen-binding optimization.

Prior theoretical evaluations of these MoO,,H,, intermediates were performed on
Ni(111), representing Ni-rich alloy environments [13]. Here the same intermediates are ex-
amined on pure Cu(111) to interrogate the role of substrate electronic structure in Mo redox
thermodynamics, rather than to reproduce the full lattice and compositional complexity of
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ternary Ni-Mo—Cu catalysts. The matched FCC (111) terminations of Cu and Ni ensure
that the comparison is not confounded by supercell-level lattice differences. Similarly, the
present study does not perform a new enumeration of all MoO,,H,, stoichiometries on
Cu(111); instead, it adopts the established intermediate set to enable direct quantitative
comparability with the Ni(111) reference calculations [13,14], reserving the full enumeration
on Cu(111) as a future research direction.

Prior theoretical treatments of Ni-Mo HER systems have relied on the conventional
computational hydrogen electrode (CHE) formalism [18,19], which neglects explicit in-
terfacial electric field effects. While this approximation is often adequate for weakly
polar adsorbates such as atomic hydrogen, it can misrepresent more polar MoO,,H;, in-
termediates, whose thermodynamic stability depends on coupling between their dipole
moments and the interfacial electric field under cathodic bias. Neglecting this field-dipole
interaction may lead to incorrect identification of the thermodynamically preferred Mo oxi-
dation state under operating conditions. To address this limitation, a field-corrected CHE
framework [20,21] is employed here to construct surface Pourbaix diagrams for MoO,,H,
intermediates on Ni(111) and Cu(111) under electrochemically relevant conditions.

Field- and pH-dependent free-energy analysis reveals that substrate identity reorga-
nizes the Mo redox stabilization hierarchy. Whereas Ni(111) exhibits comparatively weak
pH sensitivity, Cu(111) shows measurable free-energy shifts of up to 0.25 eV on the re-
versible hydrogen electrode (RHE) scale, demonstrating significant electrostatic modulation
of Mo-centered intermediates. The magnitude of this field-induced stabilization is compa-
rable to intrinsic substrate-dependent Gibbs free-energy differences, suggesting that Cu
reshapes Mo redox thermodynamics rather than simply tuning hydrogen binding strength.
Electronic structure analysis further reveals contrasting bond-softening tendencies, with
Cu preferentially weakening Mo-O interactions and Ni selectively softening Mo—H bonds.
Together, these results establish substrate-dependent electrostatic control over Mo redox
thermodynamics under alkaline HER conditions.

2. Computational Details

Spin-polarized density functional theory (DFT) calculations were carried out using the
Vienna Ab initio Simulation Package (VASP 6.4.2) [22,23]. The revised Perdew-Burke-Ernzerhof
(RPBE) functional within the generalized gradient approximation (GGA) was employed to
describe exchange—correlation effects [24,25]. RPBE generally yields less exothermic adsorption
energies than PBE for adsorbates on transition-metal surfaces and is therefore often used to
mitigate the well-documented overbinding tendency of PBE [19,25-27].

The projector augmented-wave method was used to represent the interaction between
core and valence electrons [28,29]. A plane-wave cutoff energy of 520 eV was applied
throughout all calculations. Electronic self-consistency was achieved with an energy
convergence criterion of 10~ eV, while atomic positions were relaxed until residual forces
on each atom were below 0.02 eV A~1. To account for electron localization in the Mo 4d
states of the MoO,,H;, complexes, a Hubbard correction was applied within the Dudarev
formalism [30-32], in which the effective on-site parameter is defined as Ues = U — J.
Following Bau et al. [13], who employed the same correction for this MoO,,H,, intermediate
family on Ni(111), we adopted U, = 2.0 eV; this preserves direct comparability with their
experimentally supported Ni(111) thermodynamic framework and avoids introducing
an additional methodological variable in the present Cu(111) versus Ni(111) comparison.
Although the absolute Gibbs energies depend on the chosen U, applying the same value
to every intermediate on both surfaces provides a consistent baseline for resolving the
substrate-dependent trends that are the focus of this work.
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Cu(111) and Ni(111) surfaces were modeled as 4 x 4 supercells consisting of three
atomic layers, separated by a 17 A vacuum region along the surface normal to avoid inter-
actions between periodic images (Figure S1). The three-layer 4 x 4 slab model was selected
to maintain direct comparability with the Ni(111) reference calculations of Bau et al. [13],
who showed that Mo-cluster binding energies on a comparable three-layer Ni(111) slab
differed by only 0.01 eV from those obtained using an eight-layer slab. In the present work,
the same slab thickness and lateral periodicity were used for both Cu(111) and Ni(111),
providing a consistent basis for the substrate comparison. As an additional convergence
check, a five-layer slab produced no meaningful changes in optimized adsorption geome-
tries, with adsorption energies differing by less than 0.10 eV. The top two layers and the
adsorbates were allowed to relax, while the bottom layer was kept fixed. The Brillouin
zone was sampled using a 3 x 3 x 1 Monkhorst-Pack k-point mesh [33] for structural re-
laxations. For electronic structure analysis and vibrational frequency calculations, a denser
5 x 5 x 1 k-point mesh was used to improve electronic convergence. Gas-phase species
were calculated using only the I'-point in reciprocal space. First-order Methfessel-Paxton
smearing [34] with a width of 0.20 eV was used to ensure stable electronic convergence
for the metallic slab models. Because adsorption energies were evaluated as differences
between similar metallic states, finite-smearing contributions are expected to largely cancel
and thus should not affect the relative energetic trends discussed here. Dispersion interac-
tions were included using Grimme’s D3 correction with Becke-Johnson damping [35], and
solvent effects were treated with the VASPSol implicit solvent approach [36,37], using a
dielectric constant of 78.4 [38] to represent water at 298.15 K. The computational setup was
benchmarked against the Ni(111) reference data of Bau et al. [13] for the same MoO,,H,,
family. Relative Gibbs energies agree to within 0.06 eV for HsMoOH and HyMo(OH),,
and the MoO(OH); crossing potential agrees to within 0.01 V (Table S2); the larger H3Mo
deviation reflects a different optimized hydride orientation, as discussed below. Opti-
mized Mo-ligand and Mo-metal distances also fall within chemically reasonable ranges,
providing a qualitative consistency check given that direct crystallographic data for the
surface-bound systems are unavailable. Together, these comparisons support extending
the Ni(111) framework to Cu(111).

External electric fields were applied along the surface normal using the dipole-layer
method implemented in VASP. A dipole correction was included to remove spurious electro-
static interactions between periodic slab images and to ensure a well-defined potential drop
across the vacuum region. Field strengths between —0.8 and +0.8 V A~! were considered,
following the range reported by Kelly et al. [20]. Charge distributions and bond orders
were analyzed using the 6th version of the Density Derived Electrostatic and Chemical
(DDECS6) method [39,40]. Density-of-states analyses and thermal corrections to the Gibbs
free energy were performed using VASPKIT (version 1.3.5) [41]. Thermal corrections were
evaluated at 1 atm for gas-phase hydrogen and 0.0317 atm for water. These pressures
correspond to the standard-state hydrogen pressure and the equilibrium vapor pressure of
water at 298.15 K, respectively [42,43].

The adsorption energy was calculated as

E,qs = E(slab + adsorbate) — E(slab) — E(adsorbate), (1)

where E(adsorbate), E(slab), and E(slab + adsorbate) are the electronic total energies of
the gas-phase adsorbate, the pristine slab, and the slab—adsorbate system, respectively.
Negative E, 45 values indicate exothermic adsorption.
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The thermodynamic stability of molybdenum complexes on metallic surfaces under
HER-relevant electrochemical conditions was evaluated through the Gibbs free energy of
the following reaction [13]:

Mo* + (n — m)H,O+ (n — 2m)e” — MoO,H,* 4+ (n — 2m)OH", ()

where * denotes an adsorption site on the respective metal surface.

At equilibrium, the electrochemical potential condition yields A;G = —(n — 2m)ell [44],
where A;G is the reaction Gibbs free energy, (n — 2m) is the number of electrons involved
in the redox process, e is the elementary charge in atomic units, and U is the electrode
potential referenced to the RHE (V). Following the thermodynamic framework previously
applied to surface-bound molybdenum complexes by Bau et al. [13,14], the relative Gibbs
free energy of formation of each complex on the metal surface was defined as

Gret = G(MoO,H,") = G(Mo*) — m G(H;0) + (m — g)G(Hz) +(n—2m)el, (3)

Here, G(MoO,H,,*), G(Mo™), G(H20) and G(H;) correspond to the Gibbs free energies
of adsorbed MoO,,H,,*, adsorbed Mo*, gas-phase water, and gas-phase hydrogen, respectively.
Negative G, values indicate thermodynamically favorable formation of the complex on the
metal surface, whereas positive values indicate that the reverse reaction is favored.

The potential-dependent slope of G, for each complex is governed by the coefficient
(n — 2m) in the above thermodynamic expression, which takes values of +3 (H3Mo), +2
(HsMoOH), 0 (H,Mo(OH),), and —5 (MoO(OH)3). Therefore, cathodic bias stabilizes HsMo
and H3MoOH, leaves HyMo(OH), potential-independent, and destabilizes MoO(OH)3, before
any field-dependent corrections are introduced through the procedure described below.

Following recent extensions of the CHE that explicitly account for interfacial electric-
field effects, the Gibbs free energies entering Equation (3) were corrected to include the
response of adsorbed species to the electrode field. In this framework, the field-dependent
free energy of an adsorbed complex is written as

Griea(E) = G + JoE — 5 2, @
where G, is the zero-field relative Gibbs free energy, E is the interfacial electric field, and p
and « are the adsorption-induced dipole moment and polarizability, respectively. Electronic
energies of the slab—adsorbate systems were computed at nine external electric fields Eext
applied along the surface normal, from —0.8 to +0.8 V A~ in steps of 0.2 V A~. For each
adsorbed MoO,;H;, complex, the field-induced change in the relative Gibbs free energy
was fitted by least-squares to AGield(E) = Grield (E) — Grel = #-E — $E?, from which the
adsorption-induced dipole moment y and the polarizability & were extracted as fitting
coefficients. This procedure follows the approach introduced by Kelly et al. [20] and
subsequently adopted for RHE-dependent surface Pourbaix analyses [21]. The fitting
parameters, coefficient of determination R?, and fitting-window robustness are reported
in the Supporting Information (Tables S3 and 5S4, and Figure S2). The interfacial electric
field, E, was estimated using the parallel-plate capacitor model, in which the field depends
on the electrode potential Usyg relative to the potential of zero charge (Upzc) and on the
Helmholtz capacitance Cy (in F m~2):
Ch (Ushg — Upzc)

E= , 5
eo )

where ¢( denotes the permittivity of free space (8.85 x 10712 Fm™1), and ¢ is the dielectric
constant. When expressed on the RHE scale, this relation makes E explicitly dependent on
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both the applied potential U and the pH through the conversion between RHE and SHE
potentials, thereby introducing pH-dependent adsorption energetics even at fixed Uryg:

kgTIn(10
E= (URHE - Bf()

pH - UPZC) : (6)

Consistent with prior studies, Cy was set equal to 0.25 F m~2, and zero-point energy,
entropic, and solvation corrections were assumed to be independent of the applied field [20,21].
The Upzc values of Cu and Ni were set to —0.70 V [45] and —0.30 V [46], respectively.
In VASP, the externally applied electric field is expressed in V A~1. Consequently, u
and «, obtained from quadratic fitting of the field-dependent energies, are reported in
units of eA and eA2 V1, respectively. For consistency between the capacitor-model field
defined in Equation (6), which is expressed in V m~!, and the VASP convention used in
Equation (4), the field values were converted from V. m~! to V A~ prior to evaluating the
field-dependent free energies.

The 2D surface Pourbaix diagrams (Figures S7 and 510) were constructed by evaluating
Equation (4), with the potential and pH dependence introduced through Equation (6), on
a uniform tessellation of a chosen (Uryg, pH) plane subset and assigning to each tile the
complex of lowest field-corrected relative Gibbs free energy, Ggelg, while retaining the
full ordering of all competing MoO,,,H;, species, and thereby resolving the metastability
hierarchy. We refer to this approach as the Tessellated Ab Initio Pourbaix (TAIP) analysis.

For Raman spectra, vibrational modes were obtained using density functional per-
turbation theory calculations [47-49], and Raman tensors were evaluated from finite dif-
ferences of dielectric tensors for positive and negative displacements along each normal
mode, using the postprocessing script developed by Fonari and Stauffer [50].

An eigenvector overlap analysis, inspired by the work of Lazzeri et al. [51], was
employed to quantitatively compare vibrational modes of adsorbates on different metal
surfaces. In the present work, this method is referred to as the Cross-System Eigenmode
Mapping (CSEM). Prior to comparison, adsorbate geometries were aligned using the Kabsch
algorithm [52], and their displacement vectors were rotated accordingly. An iterative
atom-index permutation procedure was employed to minimize the root-mean-square
deviation between adsorbate geometries on different metal surfaces, thereby accounting
for possible atom reordering while preserving chemical equivalence. Only adsorbate-atom
displacements were considered in the analysis. The overlap matrix S;; between mode i of
system A and mode j of system B was computed as the absolute value of the dot product of
the corresponding normalized eigenvectors:

Sij = |vi-vj|, )
where v; and v; are unit-normalized eigenvectors. This metric ranges from 0, corresponding
to orthogonal modes, to 1, indicating identical modes, and quantifies the similarity of
atomic displacement patterns independently of vibrational frequency. Vibrational modes
were visualized using the postprocessing script of Dardzinski [53] to verify mode similarity.

3. Results and Discussion

3.1. Substrate-Dependent Adsorbate—Metal Hybridization Governs Structure and Energetics of Mo
Complexes on Cu(111) and Ni(111)

Mo and its hydrogenated and oxygenated complexes (HsMo, H3MoOH, HyMo(OH),, and
MoO(OH);) were adsorbed on Cu(111) and Ni(111) surfaces. Figure 1 shows the most stable
adsorption geometries on the two surfaces. The bare Mo adatom preferentially occupies a bridge
site on Cu(111) and a threefold hollow site on Ni(111) (Figure 1a,f, Table S5). The hollow config-
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uration provides a more symmetric coordination environment than the bridge geometry,
consistent with differences in the electronic structure of the two metals and the resulting
adsorbate-metal hybridization. Upon ligand coordination, the preferred adsorption config-
uration changes with the coordination environment of the Mo center, reflecting progressive
saturation of Mo-centered bonding interactions by the ligands, which alters the extent and
geometry of metal-adsorbate coupling. H3Mo, HsMoOH, and HyMo(OH), are adsorbed
at threefold hollow sites on both metals. However, the Mo-metal distances are unequal,
with one bond shorter than the other two (Tables S6-58), indicating lateral displacement
from the ideal Cs, hollow position. Such deviations from ideal adsorption-site symmetry
are consistent with uneven hybridization between adsorbate orbitals and the three surface
atoms, since adsorption-site symmetry governs the symmetry-allowed coupling between
adsorbate states and surface d-states [54].

(f) (1) )

Figure 1. Top and side views of the most stable adsorption configurations of Mo (a,f); HsMo (b,g);
H3;MoOH (c,h); HoMo(OH); (d,i); and MoO(OH); (e,j) on Cu(111) (a—e) and Ni(111) (f—j). Copper,
nickel, molybdenum, oxygen, and hydrogen atoms are shown as orange, blue, teal, red, and white
spheres, respectively. Atomic radii are not to scale.

The electronic consequences of this distortion are reflected in the distribution of
adsorbate-surface bond orders. As shown in Figure S3, the DDEC6 bond orders between
adsorbate atoms and the surface are generally more uneven on Cu(111) than on Ni(111).
For example, in HyMo(OH),, the two hydroxyl oxygens interact asymmetrically with the
Cu surface atoms (bond orders of 0.28 and < 0.05), whereas the corresponding interactions
on Ni(111) are nearly equivalent (0.06 and 0.07). A similar trend is observed for HsMoOH
and MoO(OH)3;, where O-metal and H-metal bond orders are more broadly distributed
on Cu but more uniform on Ni. These observations suggest that bonding on Cu is more
localized to individual surface atoms, whereas bonding on Ni is distributed more evenly
across the adsorption site, consistent with stronger adsorbate-metal hybridization.

In contrast, the most oxygenated complex, MoO(OH)3, preferentially binds at atop
sites on both surfaces and forms a single dominant Mo-metal bond of 2.35 A on Ni(111) and
2.34 A on Cu(111) (Table S9). This behavior is consistent with the high oxygen coordination
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of the Mo center, which strengthens internal Mo-O bonding and consequently reduces
Mo-centered interaction with multiple surface atoms.

Despite these local differences, global structural descriptors indicate broadly similar
adsorption geometries on the two substrates. Figure 2a shows the distance between the
adsorbate centroid and the average z-coordinate of the top-layer slab atoms (centroid
height). For all complexes, the centroid height is slightly larger on Ni(111) than on Cu(111),
although the differences remain modest across the series: 0.02, 0.13, 0.13, 0.18, and 0.29 A
for Mo, H3Mo, H3MoOH, H;Mo(OH);, and MoO(OH)j3, respectively. A complementary
descriptor is the relative variation in the radius of gyration (R;) between the two adsorbed
states, normalized by the gas-phase value: AR, :‘Rgcu - R?i ‘ / Rgas (Figure 2b). H3Mo
exhibits a larger expansion on Ni (6.4%) relative to Cu, consistent with elongation of the
Mo-H bonds by 0.16 A relative to the gas phase, whereas H3MoOH and HyMo(OH), show
only minor expansion (<3.0%) on Cu. MoO(OH); displays essentially no size difference
between the two surfaces. Overall, these descriptors confirm that geometric differences
between complexes adsorbed on the two substrates are modest.

T T T T

3.0¢ Cu(111) ] 10? Larger on Cu(111) -
< 7| === Ni1 2.64 S gl BN Larger on Ni(111) |
o ~
%D I 2’37 ZJV g 6.4
‘T SJJ 6' -
T 2.0r ., o
32 L7260 Z
3 l\‘. Q' 4+ i
E=) 3 =
5 PO ]
O
1‘0— 1 1 1 1 1 “'"
Mo H;Mo  H;MoOH H,Mo(OH), MoO(OH); 0 H,Mo H;MoOH  H,Mo(OH), MoO(OH),
(a) (b)
0.0t {40 ]
] u 4
-0.14 el
o4l — / 1 - 5.0
Ol =043 %) 5 > I
2 1’;—6.0-
Qi 1.0 1 £ | ]
/11.10 7.0
sk Cu(111) | = Cg(m) ]
: -1.47 —m— Ni(111) —8.0r —#— Ni(111)
Mo HJIMO H;MIOOH HzMoI(OH)Z MoO(OH), Mo H3;Mo H3;MoOH H;Mo(OH); MoO(OH)3
(0) (d)

Figure 2. (a) Adsorbate-centroid height relative to the average z-coordinate of the top surface layer
for Cu(111) and Ni(111); (b) Relative adsorbate expansion upon adsorption on Cu(111) and Ni(111),
quantified by the radius of gyration (Ry); (c) Charge transferred to the slab upon adsorption of Mo
complexes (Q g,p) on Cu(111) and Ni(111); (d) Adsorption energies of Mo complexes on Cu(111) and
Ni(111). Orange and blue denote adsorption on Cu(111) and Ni(111), respectively.

Electronic and energetic descriptors, however, reveal systematic differences. All complexes
exhibit net electron donation to the substrate upon adsorption, with Ni(111) consistently accept-
ing more charge than Cu(111), despite the slightly larger centroid heights noted above. The
computed charge-transfer values (in units of e) are —0.57 (Cu) versus —1.10 (Ni) for H3Mo,
—0.15 versus —0.43 for H3MoOH, —0.32 versus —0.52 for HyMo(OH),, and —0.12 versus —0.14
for MoO(OH)3 (Figure 2c). Within the d-band model of chemisorption [55-58], adsorption
strength is correlated with the position of the metal d-band center relative to the Fermi level.
Because the d-band center of Ni lies closer to the Fermi level than that of Cu (—1.84 eV versus
—2.75 eV for clean slabs, Figure S4a), stronger adsorbate—metal hybridization and enhanced
charge transfer are expected on Ni. Consistently, adsorption on Ni(111) is more exothermic
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for all complexes considered, with adsorption energy differences AE,qs = EaN(is - Eacclils of
—0.67 eV for H3Mo, —0.35 eV for H3MoOH, —0.52 eV for HyMo(OH),, and —0.45 eV for
MoO(OH);. Increasing oxygen coordination is accompanied by reduced charge transfer
and weaker adsorption (Figure 2d), consistent with strong internal Mo—O bonding and
diminished Mo-centered interaction with the surface.

The stronger interaction with the Ni surface also alters the internal bonding of the
complexes. Enhanced adsorbate-metal hybridization on Ni is consistent with redistribution
of electron density from the Mo-ligand framework toward the surface, thereby weakening
Mo-H and O-H bonds relative to Cu. These changes are reflected in the vibrational spectra
discussed below. Because net atomic charge analysis assigns negative partial charge to Mo—
H hydrogens and positive partial charge to O-H hydrogens in both isolated and adsorbed
complexes (Tables S12-516), the former are referred to as hydride hydrogens and the latter
as protic hydrogens.

3.2. Substrate-Dependent Weakening and Reorganization of Mo—H Bonding in H3Mo on Cu(111)
and Ni(111)

Sections 3.2-3.5 analyze each Mo complex individually following a consistent two-
layer structure: DDEC6 bond orders and atomic partial charges first quantify the electronic
consequences of substrate-dependent hybridization, after which CSEM analysis and Raman
intensity comparisons document the resulting vibrational reorganization. Adsorption
geometries on Cu(111) and Ni(111) are summarized briefly within each subsection and
described more broadly in Section S2.5 of the Supporting Information. Per-complex analysis
is necessary because the substrate-dependent bonding patterns change qualitatively across
the series—Mo-H bonds are preferentially softened on Ni for the hydride-containing
complexes (Sections 3.2 and 3.3), whereas Mo—O interactions are preferentially perturbed on
Cu for the oxygen-coordinated species (Sections 3.4 and 3.5)—a crossover that is synthesized
in Section 3.6 and whose mechanistic implications are discussed in Sections 3.7 and 3.8.

H3Mo adsorbs with broadly similar geometries on Cu(111) and Ni(111) (Figure 1b,g;
Supplementary Information Section 52.5.2), and the summed DDEC6 H-metal bond orders
are comparable on the two substrates (Figure S3a,b). Direct hydride-surface interactions
are therefore similar, and the primary substrate-dependent distinction lies within the Mo-H
bonding framework.

Greater charge transfer to Ni(111) is accompanied by an average 19.9% reduction in
Mo-H bond order relative to Cu (range: 19.7-20.1%; Figure 3a). Consistent with this trend,
the partial charge on Mo increases from +1.40 on Cu(111) to +1.67 on Ni(111), while hydride
charges become less negative (—0.28 to —0.19; Tables 512 and S13), indicating reduced
electron density in the Mo-H bonding framework.

These changes are reflected in the vibrational spectra. CSEM analysis (Figure S5a)
shows only moderate correspondence between the Mo-H stretching manifolds on the two
surfaces despite their broadly similar adsorption geometries: the adsorbate vibrational
modes on Cu(111) near 1345 cm~! map onto lower-frequency Ni(111) modes near 760 cm ™!,
with projection scores of 0.65-0.83. The reduced Mo-H bond order on Ni is consistent with
the observed red shifts; however, the large frequency difference (Av ~ 590 cm™!), together
with only moderate eigenvector overlap, indicates appreciable reorganization of the Mo-H
stretching manifold rather than simple preservation of mode character.

The Raman response is consistent with this interpretation (Figure 4a). The paired
Mo-H stretching features display large Cu/Ni intensity contrasts (peak 0 versus 4 at 1:80,
peak 1 versus 3 at 1:13, and peak 2 versus 5 at 1:20), indicating substantial modification of
vibrational mode character on Ni and likely reflecting increased mixing between Mo-H
stretching and H-metal motions.
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Figure 3. Changes in DDEC6 bond orders (ABO) of internal bonds in Mo complexes upon adsorption
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“softening” or “weakening” denotes a decrease in bond order upon adsorption. Orange bars indicate

greater bond softening on Cu(111), whereas blue bars indicate greater bond softening on Ni(111).
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Figure 4. Computed Raman spectra of Mo complexes adsorbed on Cu(111) (orange) and Ni(111) (blue):
(a) H3Mo, (b) H3MoOH, (c) H,Mo(OH),, and (d) MoO(OH)3. Numerical labels denote the vibrational
mode indices corresponding to the peaks, as assigned from the overlap matrices (Figure S5). Intensities

are normalized.
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3.3. Substrate-Dependent Redistribution of Mo—H Bonding and Weakly Perturbed O—H Modes in
H3MoOH on Cu(111) and Ni(111)

H3MoOH contains three hydride hydrogens and one protic hydrogen, and the hy-
drides adopt broadly similar geometries on both surfaces (Figure 1c,h; Supplementary
Information Section 52.5.3). The hydride and protic hydrogens nevertheless respond in
opposite directions to the stronger adsorbate—metal hybridization on Ni: the hydride-metal
distances contract slightly relative to Cu, while the protic hydrogen moves farther from the
surface (Supplementary Information Section 52.5.3).

The summed H-metal bond orders indicate slightly stronger hydride-surface interac-
tions on Ni than on Cu (Figure S3a,b). In contrast, Mo-H bond orders decrease on Ni by an
average of 12.9% relative to Cu (Figure 3b), consistent with redistribution of electron density
toward H-Ni interactions. Accordingly, the partial charge on Mo increases from +0.95
on Cu(111) to +1.13 on Ni(111), while the hydride charges become slightly less negative
(Tables S14 and S15), indicating reduced electron density in the Mo-H bonding framework.

Vibrational spectra further show pronounced Mo-H softening and Mo-H-metal cou-
pling on Ni. Vibrational modes on Cu between 1406 and 1487 cm ! map onto Ni modes
between 902 and 1027 cm ! (Figure S5b), with projection scores of 0.74-0.88. Displacement
patterns suggest that these modes change from predominantly Mo-H stretches on Cu to
coupled Mo-H-Ni vibrations on Ni. The modest Raman intensity ratios Cu/Ni (~1:1-3:1;
Figure 4b), together with the appreciable projection scores, indicate partial preservation of
mode character on both substrates.

The O-H stretching mode of the protic hydrogen remains largely unaffected by the surface
because the proton resides relatively far from the slab (Supplementary Information Section 52.5.3).
The O-H bond order decreases only slightly on Ni relative to Cu (2.5%), producing a modest red
shift from 3544 cm ! on Cu(111) to 3511 cm ! on Ni(111) (Figures 3b and 4b); the corresponding
charge changes on the protic hydrogen and oxygen are marginal (Tables S14 and S15). The
eigenmode projection score of 0.86 indicates substantial, though not complete, conservation
of normal-mode character (the geometric origin of the residual reorganization is discussed
in Supplementary Information Section 52.5.3), and the Raman intensity ratio remains close
to unity (=1:1; Figure 4b), supporting the assignment of analogous surface-distal O-H
stretching modes on the two substrates.

3.4. Substrate-Dependent Symmetry Breaking and Loss of Vibrational Correspondence in
H,Mo(OH), on Cu(111) and Ni(111)

H;Mo(OH); adopts markedly different adsorption geometries on the two substrates
(Figure 1d,i; Supplementary Information Section 52.5.4). On Cu(111), the hydroxyl hydrogens
lie on opposite sides of the Mo center, producing inequivalent hydroxyl groups: one oxygen
interacts strongly with the surface (bond order 0.28) while the second interacts weakly (bond
order < 0.05) (Figure S3c). On Ni(111), both hydroxyl groups lie on the same side of the complex
and interact weakly and symmetrically with the slab (<0.10; Figure S3d).

The atomic charge distribution follows the same pattern (Tables S16 and S17). On
Cu(111), the two hydroxyl groups exhibit distinct charges (O: —0.67 and —0.73; H: +0.44
and +0.41), consistent with the stronger interaction of one oxygen with the surface. In
contrast, the corresponding charges on Ni(111) are identical for the two hydroxyl groups
(O: —0.71 and —0.71; H: +0.45 and +0.45), reflecting the more symmetric adsorption ge-
ometry. In both cases the Mo center becomes more positively charged on Ni (1.24 — 1.38),
indicating greater electron transfer to the Ni surface.

Because of these substrate-dependent bonding differences, O-H stretching manifolds
cannot be consistently mapped between the two substrates for the adsorbed HyMo(OH),
complex. The Cu and Ni O-H modes between 3546 and 3622 cm ! show low cross-substrate
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projection scores of 0.19 and 0.53 (Figure S5c), and their Raman activities differ significantly
(Cu/Ni ~ 1:6; Figure 4c), reflecting the loss of vibrational correspondence.

3.5. Substrate-Dependent Redistribution of Mo-OH Bonding and Mode-Dependent O-H
Vibrational Response in MoO(OH)3 on Cu(111) and Ni(111)

MoO(OH)3 adsorption geometries remain broadly similar on both substrates (Figure 1lej;
Supplementary Information Section 52.5.5), and the overall electronic differences are modest
for this complex (Tables S18 and 519): the Mo center becomes only slightly more positively
charged on Ni (1.58 — 1.68), and the average oxygen charge changes only marginally
(—0.69 — —0.72), consistent with the relatively small Cu/Ni difference in charge transfer
(Figure 2c).

The main distinction arises from the orientation of the O-H groups and the resulting
redistribution of electron density within the Mo—OH framework. The surface-proximal
O-H groups associated with bonds B1 and B2 in Figure 3d point in opposite directions
on Cu but align in the same direction on Ni (Figure le,j). In both adsorption geometries,
three of the four oxygen atoms interact with the slab through the hydroxyl groups (bond
orders 0.34 and 0.37 on Cu versus 0.47 and 0.47 on Ni), whereas the terminal Mo=0 oxygen
remains comparatively weakly coupled (0.24 on Cu versus 0.13 on Ni) (Figure S3c,d).
The summed O-metal bond orders are more uneven on Cu than on Nji, indicating more
localized adsorbate—surface interactions on Cu; in contrast, the nearly identical O-metal
bond orders on Ni reflect more evenly distributed hybridization between the hydroxyl
oxygens and the surface d-states, consistent with stronger adsorbate-metal coupling.

This redistribution of bonding is reflected in the vibrational behavior of the two
surface-proximal O-H bonds. One O-H bond is slightly softened on Cu (4.7%), whereas
the other is softened on Ni (2.6%) (Figure 3d). The synchronous surface-proximal O-H
stretching mode (3576 cm ™! on Cu and 3586 cm ™! on Ni) involves in-phase motion of
these two bonds and exhibits low eigenmode overlap (projection score 0.25; Figure S5d),
reflecting its sensitivity to the different orientations of the two O-H bonds. In contrast,
the asynchronous stretch (3595 cm ™! on Cu — 3568 cm ™! on Ni) involves out-of-phase
motion and retains higher overlap (projection score 0.73). Notably, the synchronous mode
exhibits a blue shift whereas the asynchronous mode displays a red shift, consistent with
asymmetric softening of the two O-H bonds across the substrates (Figure 3d).

The surface-distal O-H stretch associated with bond B3 shows the strongest correspon-
dence between the two substrates: mode 0 at 3623 cm ! on Cu corresponds to mode 1 at
3572 cm ™! on Ni with a projection score of 0.97. Despite only minor bond softening on Ni
(1.2%), a red shift of 51 cm~! is observed, and the Raman intensity ratio (3:1; Figure 4d) is
consistent with the assignment of analogous surface-distal O-H stretching vibrations.

3.6. Substrate-Dependent Bonding and Vibrational Trends Across Mo Complexes on Cu(111)
and Ni(111)

The four Mo complexes examined in Sections 3.1-3.5 reveal a coherent substrate-dependent
bonding pattern when read across geometric, electronic, and vibrational descriptors. Global
geometric descriptors (centroid height, molecular size) indicate broadly similar adsorption
configurations on Cu(111) and Ni(111); the substrate contrast emerges most sharply from local
electronic descriptors (bond orders, atomic charges), which document stronger and more evenly
distributed adsorbate-metal hybridization on Ni and more localized, distance-compensated
bonding on Cu. The two descriptor families resolve the same substrate-dependent adsorbate—
metal interaction at different scales. The resulting redistribution of bonding within the Mo—
ligand framework leaves a direct vibrational signature: projection scores quantify the conserva-
tion of normal modes between substrates, while Raman intensities track the substrate-induced
changes in vibrational character. The asymmetry that emerges is the central finding of this
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section: Ni preferentially softens Mo—-H and O-H bonds across the hydride-containing com-
plexes, whereas Cu more strongly perturbs the Mo-O framework—illustrated in Figure 3c,
where Cu weakens one Mo-O bond of HyMo(OH); more strongly than Ni, and in Figure 3d,
where three of the four Mo—O bonds in MoO(OH)s are more strongly perturbed on Cu. This
substrate-dependent inversion of bonding selectivity sets the stage for the mechanistic analysis
in Sections 3.7 and 3.8.

3.7. Field-Dependent Thermodynamics and Electrochemical Stability of Mo Complexes on Cu(111)
and Ni(111)

Relative Gibbs free energies (Ge) under HER-relevant potential conditions were
evaluated for HsMo, HsMoOH, H,Mo(OH),, and MoO(OH)3 adsorbed on Ni(111). The
results (Table S2) are in good agreement with those reported by Bau et al. [13], with
deviations below 0.06 eV for all species except HsMo, for which a difference of 0.22 eV likely
reflects its optimized adsorption geometry. Multiple initial configurations were examined,
and both three- and five-layer slab models converged to the same trigonal-pyramidal
structure, in which the three hydride H atoms are oriented toward the Ni surface and the
Mo center sits at the apex (Figure 1g). Bau et al. report a different H3Mo conformation, with
one hydride directed away from the surface; the additional H-Ni contacts in the present
structure provide a plausible origin for the extra stabilization. This difference observed for
H3Mo is therefore interpreted as species-specific rather than systematic.

Comparison of surface Pourbaix diagrams for Ni(111) and Cu(111) (Figure 5) estab-
lishes the baseline thermodynamic differences between the two substrates. H3;MoOH
and MoO(OH)3 exhibit nearly identical stability on both surfaces (differences < 0.05 eV),
whereas HzMo and H,Mo(OH); are stabilized more strongly on Ni by 0.30 and 0.13 eV,
respectively. Across the explored pH—potential space, at least one of H3Mo, H3MoOH, or
MoO(OH); is thermodynamically preferred over HyMo(OH),, effectively restricting the
accessible redox manifold to these three species. These baseline differences define a static
thermodynamic landscape; however, under electrochemical conditions, interfacial electric
fields can further modulate the relative stability of these states.

_IG T T
. — N |
?9/ ...... Cu(lll)-
S -2.0  HaMo .
— H3MOOH
HzMO(OH)z
— MoO(OH);
0.6 04 02 00 02
U (V vs RHE)

Figure 5. One-dimensional (1D) Pourbaix diagrams of Mo complexes adsorbed on Cu(111) (dashed)
and Ni(111) (solid). Black, blue, green, and red curves correspond to H3Mo, H3MoOH, HyMo(OH),,
and MoO(OH)s, respectively.

The horizontal green line for HyMo(OH), in Figure 5 follows directly from its sto-
ichiometry. Written as MoO,H, in the MoO,;H;, notation, H,Mo(OH); has m = 2 and
n =4, so the slope coefficient (n — 2m) in Equation (3) vanishes, leaving its relative Gibbs
free energy independent of the electrode potential. As a result, HyMo(OH); is neither
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stabilized nor destabilized under cathodic bias. By contrast, the H3Mo (n — 2m = +3) and
H3MoOH (n — 2m = +2) lines tilt progressively downward under cathodic bias.

To assess how these thermodynamic trends evolve under electrochemical conditions,
the response of the metal-adsorbate interface to an applied electric field was examined.
Charge redistribution was quantified at nine values of the external electric field between
—0.8and 0.8V A las

Qr = Qslab(E) - Qslab(E = 0)/ (8)

where Qgap is the sum of the DDEC6 atomic charges on the metal slab. Thus, Q, quantifies
the field-induced change in slab charge relative to the zero-field configuration.

On Cu(111), Q, exhibits a quasi-linear dependence on the applied field within the weak-
field regime (—0.4 to 0.4 V A~1), spanning —0.33 to 0.35 ¢ for Mo (minimum-maximum
values within this window), while pronounced nonlinearity emerges beyond +0.6 V A~
(Figure 6a,b). In contrast, on Ni(111), Q, remains effectively zero over the entire field range
(—0.8t0 0.8V A1) for all systems, with variations within the numerical resolution of the
charge analysis (1 AQ!| < 0.01 ¢) [40].
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Figure 6. (a,b) Charge redistribution under an applied electric field for Mo complexes adsorbed on
Cu(111) and Ni(111). (c,d) Changes in relative Gibbs free energy under an applied electric field. Gas-
phase H,O and H energies, as well as thermal corrections to the Gibbs free energies, are assumed
constant. Ni(111) exhibits negligible variation, whereas Cu(111) shows measurable changes in slab
charge with increasing field strength. The relative Gibbs free energies follow the same trend.

This contrast reflects fundamental differences in adsorbate—surface bonding. Within
the d-band framework [55,58], the Ni(111) d-band center lying closer to the Fermi level than
that of Cu(111) suggests enhanced adsorbate—surface hybridization. The resulting larger
adsorption-induced charge transfer on Ni (Figure 2c) yields a more strongly polarized
interface and, consequently, diminished sensitivity to external perturbations (Figure 6b),
likely reinforced by more delocalized bonding (Figure S3) that contributes to field screening.
In contrast, the less polarized (Figure 2c), more localized bonding on Cu (Figure S3)
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leaves the interface more susceptible to field-induced charge redistribution (Figure 6a).
This picture is supported by the planar-averaged field-induced charge-density difference
Ap(z) (Figure S6): Cu(111) shows pronounced charge accumulation and depletion near
the adsorbate—surface region, consistent with the finite # and « values reported above,
whereas Ni(111) exhibits only weak redistribution, in line with its nearly field-invariant
free energies. The d-band picture and the Ap(z) analysis thus offer a physically motivated
explanation of the observed trends, though the present calculations do not explicitly resolve
dielectric screening, potential-dependent surface charge density, or the full Helmholtz
interface dipole, which would require constant-potential simulations with explicit double-
layer structure. The field-induced slab charge response, y, «, and Ap(z) (Figure S6) should
therefore be viewed as internal, model-specific descriptors of interfacial response within
this framework.

Consistent with this contrasting charge response, two distinct energetic regimes
emerge in the field-dependent free energies. On Ni(111), the relative Gibbs free ener-
gies remain invariant with applied field, yielding u# and « that are effectively zero within
numerical precision. On Cu(111), in contrast, Ggelq displays a clear field dependence.

Quadratic fitting of the field-dependent energies using Equation (4) over the full £0.8 V
A~ field range yields u values of 0.15-0.24 eA for all Cu-supported complexes. The
corresponding « values are approximately 0.12 eA2V~! for HsMoOH, HyMo(OH),, and
MoO(OH);, and lower (0.09 eA2V—1) for H3Mo (insets of Figure 6¢,d). Notably, HsMo
exhibits dipole and polarizability values of opposite signs relative to the other complexes,
defining two distinct electrostatic response regimes. These parameters, extracted from
the field-dependent form of G|, represent effective descriptors of interfacial electrostatic
coupling rather than intrinsic molecular properties.

To assess the robustness of the field-correction procedure, additional fits were per-
formed over the narrower +0.4 and +0.6 V A~ field ranges (Figure S2), motivated by the
quasi-linear charge response on Cu(111) within +0.4 V A~1. Although the magnitudes of
u and a vary modestly, the resulting 2D Pourbaix diagrams (Figure S7) and cross-metal
trends remain largely unchanged (Figures S8 and S9). Similarly, varying the Helmholtz
capacitance Cy from 0.20 to 0.60 F m~2 [20] alters the magnitude of the field-induced shifts
by up to 0.45 eV but does not affect their direction or relative ordering (Table S20). The field-
induced shifts in relative Gibbs free energy discussed in the present work were computed
using Cy = 025 F m~—2 following Kelly et al. [20]. The interfacial field further depends
on the assumed potential of zero charge, Upzc. To interrogate the sensitivity of the field-
corrected Pourbaix landscapes to this parameter, Upzc was perturbed by £0.30 V about the
reference value. The resulting modifications primarily shift the stability boundaries within
pH-potential space while preserving the overall topology: the characteristic three-regime
sequence (H3Mo/H3;MoOH/MoO(OH)3) and the potential-dependent energetic ordering
of the complexes are preserved across the explored Upyc range, and no additional stability
domain appears (Figures 510 and S11).

The thermodynamic impact of electrostatic coupling is illustrated in Figure 7, which
compares zero-field relative Gibbs free energies (dotted lines) with field-corrected profiles (solid
lines) on Cu(111). Ggelq shifts reach up to 0.25 eV across the examined pH range, stabilizing
H3Mo and destabilizing oxygenated species under alkaline conditions. In contrast, Ni(111)
exhibits negligible field-induced changes, reflecting its screened interfacial response.
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Figure 7. One-dimensional (1D) Pourbaix diagrams of Mo complexes adsorbed on Cu(111) at (a) pH =2;
(b) pH =7; (c) pH = 10; and (d) pH = 14. Black, blue, green, and red curves correspond to H3Mo,
H3MoOH, H,Mo(OH),, and MoO(OH)s, respectively. Stability is evaluated using the relative Gibbs
free energy (G, dotted) and the electric field-corrected relative Gibbs free energy (Gge1q, solid). With
increasing pH, the blue, green, and red solid curves shift upward, indicating decreased stability of
the corresponding complexes, whereas the black solid curve shifts downward, indicating enhanced
stability of H3Mo at high pH.

The magnitude of these field-induced shifts on Cu is comparable to the intrinsic
substrate-dependent differences observed at zero field (e.g., 0.30 eV for H;Mo), demonstrat-
ing that electrostatic effects constitute a thermodynamic contribution on par with substrate
identity. Thus, the relative stability of Mo intermediates on Cu is not fixed but evolves
dynamically with pH and potential.

The resulting changes in relative stability are reflected in the 2D Pourbaix diagram (Figure S7).
At pH 0, the stability sequence with increasing potential is HsMo — Hz3MoOH — MoO(OH)s,
while HyMo(OH), exhibits no stability domain despite negative Ggeq values. Across all
conditions, HyMo(OH), is outranked by at least one of HsMo, HsMoOH, or MoO(OH)s.
The field correction does not invert this ordering: the fitted y and « of HyMo(OH), are
comparable to those of its two competitors (Table S4), so all three experience field-induced
free-energy shifts of similar magnitude, leaving H,Mo(OH), without a stability domain
under any of the examined pH-potential conditions. A transient kinetic role as a Mo®*
intermediate cannot be excluded; however, resolving it would require barrier and transition-
state calculations beyond the present scope.

With increasing pH, the stability region of H3Mo expands, whereas that of H;MoOH
contracts. The H3Mo/H3zMoOH boundary shifts with both pH and potential, whereas the
H3MoOH/MoO(OH); boundary remains horizontal, indicating negligible pH sensitivity
of that transition. Within the double-layer capacitor framework described by Equation (6),
the pH dependence of the stability boundaries originates from pH-induced modulation
of the interfacial electric field and its coupling to the adsorption-induced dipole moment
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and polarizability, as expressed in Equation (4). At the H3MoOH/MoO(OH)3 boundary,
the condition Gl (H3MoOH) = G q(MoO(OH),) leads to a quadratic expression in
the potential U and pH through the electric field terms E and E?, whose coefficients are
Ap and Aw, respectively. Because the fitted dipole moments and polarizabilities of the
two complexes are very similar (4 = 0.23 eA, a ~ 0.12 eA2V~1, Figure 6¢), the coefficients
associated with the field-dependent, and therefore pH-dependent, terms are close to zero.
As a result, the boundary effectively reduces to a function of potential only, producing
the observed horizontal line. In contrast, the distinct electrostatic responses of H3Mo
and H3MoOH generate finite field-coupling terms, leading to the oblique, pH-dependent
H3;Mo/H3sMoOH boundary.

Opverall, these results demonstrate that Cu introduces a field-sensitive thermodynamic
response absent on Ni, enabling electrostatic modulation of Mo-centered redox equilib-
ria under operating conditions. The magnitude of this effect is comparable to intrinsic
substrate-dependent stabilization, establishing electrostatic coupling as a key factor in
determining the thermodynamic landscape of Mo-based HER intermediates.

3.8. Contrasting Roles of Ni and Cu in Governing Mo-Centered Redox Thermodynamics and
Reactivity in Ni-Mo HER

In the Mo>*-hydride framework proposed by Bau et al. [13-15], HER proceeds through
interconversion of oxygenated Mo*" precursors and reduced hydride-containing Mo®*
species under cathodic bias, with the metallic substrate acting primarily as a modulator
of relative state stability rather than as an independent catalytic center. In the following
paragraphs, reactivity within this framework is discussed indirectly through trends in
thermodynamic stabilization, bond softening, and field response, rather than through
explicit transition-state calculations.

Under zero-field conditions, adsorption energetics establish a clear baseline distinction
between the two substrates. Hydrogen-rich intermediates are systematically more stable on
Ni(111), as reflected in adsorption-energy differences AE, 45 = Eggs — Eg&ls of —0.67 eV for
H3zMo, —0.35 eV for H3MoOH, and —0.52 eV for HyMo(OH); relative to Cu(111) (Figure 2d),
and in the greater stability of H3Mo and H,Mo(OH), by 0.30 and 0.13 eV, respectively, in
relative Gibbs free energy (Figure 5). The magnitude of these energetic differences tracks
the geometric response of each complex to the substrate change: H3Mo, which exhibits
a 6.4% expansion on Ni (Figure 2b), and HyMo(OH),, which adopts distinct symmetries
on Ni and Cu (Figure 1d,i), show the largest adsorption-energy differences, whereas
H3MoOH and MoO(OH)3, which retain similar geometries on both surfaces (Figure 1c,h
and Figure le,j, respectively), exhibit smaller gaps (—0.35 and —0.45 eV, respectively). This
stronger stabilization is accompanied by enhanced bond softening: all three Mo-H bonds
in HzMo are weakened by approximately 20% on Ni relative to Cu, those in H3MoOH
by approximately 13%, and those in HyMo(OH), by approximately 2%, with O-H bonds
following a similar but smaller trend (Figure 3a—c). These results indicate that Ni stabilizes
hydrogen-rich intermediates while simultaneously increasing Mo-H lability within the
reduced manifold, demonstrating that stronger adsorption does not imply a more rigid
hydride framework.

In contrast, Cu perturbs the oxygen-coordinated manifold more strongly. Bond-
softening analysis shows that three of the four Mo—O bonds in MoO(OH)3 are weakened
more strongly on Cu than on Ni, and that in HyMo(OH), the Mo—O response is asymmet-
ric, with one bond weakened more strongly on Cu (20.6%) and the other on Ni (12.5%)
(Figure 3c,d), consistent with stronger destabilization of oxygen-bound configurations
on Cu. This effect is reflected in adsorption energetics: MoO(OH); is less stable than
H3MoOH by 0.82 eV on Cu, compared to 0.71 eV on Nji, indicating a slightly larger ener-
getic separation between oxidized and reduced states on Cu. Despite this difference, the
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relative Gibbs free energies of both species remain nearly identical across the two substrates
(Figure 5), with cross-metal differences below 0.03 eV. This apparent insensitivity arises
from the definition of G, which references adsorbed Mo and therefore cancels part of the
substrate-dependent baseline stabilization. Adsorption energies thus more clearly capture
the substrate effect, revealing that Cu perturbs the internal thermodynamic spacing of the
Mo**/Mo** couple more strongly than Ni, consistent with the Cu-Mo redox cooperation
proposed by Nishimoto et al. [1].

These static trends define a thermodynamic manifold in which the relevant compe-
tition is effectively confined to HsMo, H3MoOH, and MoO(OH)3. Within this landscape,
H;Mo(OH); occupies an intermediate position on the adsorption-energy ladder between
MoO(OH); and H3MoOH (Figure 2d) and exhibits mixed bonding characteristics, com-
bining weak Mo-H softening with asymmetric Mo—O perturbation (Figure 3c). At the
same time, its relative Gibbs free energy remains nearly potential-independent, appear-
ing as horizontal lines in the 1D Pourbaix diagrams (Figure 5). These features suggest
that HyMo(OH), may act as a thermodynamic bridge between oxygenated and hydride
states, although its precise role within the operative HER mechanism cannot be established
without explicit transition-state analysis.

The distinction between the two substrates becomes more pronounced when electro-
static effects are considered. The thermodynamic separation between Cu(111) and Ni(111)
is strongly modulated by potential and pH through the interfacial electric field, with a
markedly stronger response on Cu than on Ni. This behavior can be rationalized in terms of
adsorbate-surface bonding: Cu exhibits more localized and uneven interactions, whereas
Ni displays more distributed bonding and stronger hybridization, which enhances baseline
stabilization but reduces sensitivity to external perturbations.

This heightened field sensitivity on Cu strongly influences the accessible Mo redox
manifold, which, based on the oxidation-state assignments of Bau et al. [13], includes H3Mo
(Mo?*), HsMoOH and H,Mo(OH), (Mo®*), and MoO(OH)z (Mo**). However, the surface
Pourbaix diagram on Cu(111) (Figure S7) narrows this space to H3Mo, H3MoOH, and
MoO(OH)3, with HyMo(OH), excluded under relevant conditions. Because the Mo>* /Mo**
interconversion underpins the Mo®*"-hydride mechanism, the analysis centers on the
H3zMoOH/MoO(OH); redox couple. Figure S9 shows that this pair undergoes pronounced
potential- and pH-dependent stabilization relative to Ni, leading to a crossover in which
Cu becomes thermodynamically favored: at —0.40 V versus RHE, this preference is limited
to acidic to near-neutral conditions (pH < 7; Figure S9a), whereas at —0.10 V it extends up
to pH ~ 12 (Figure S9d). These trends demonstrate that the Mo /Mo** thermodynamic
balance is field-tunable on Cu. Consistent with this picture, enhanced performance for Ni-
Mo(Cu) catalysts under moderately alkaline environments has been reported [1], suggesting
that such electrostatic modulation may be relevant under operando conditions.

Although increasing pH stabilizes H3Mo on Cu, the field perturbation is insufficient to
overcome the substantial baseline thermodynamic gap (Figures S8 and S9), indicating that
electrostatic effects modulate but do not fully override the stronger intrinsic stabilization on
Ni. HMo(OH), follows a similar trend, remaining favored on Ni across most conditions,
except within a narrow regime at Urpyrp = —0.10 V and pH < 2.4 (Figure S9d), where it
becomes more stable on Cu.

Taken together, these results show that Ni and Cu influence the Mo-centered HER man-
ifold through distinct yet complementary mechanisms. Ni primarily stabilizes hydrogen-
rich intermediates through strong electronic coupling while enhancing Mo-H bond lability,
whereas Cu selectively destabilizes oxygen-coordinated states and enables field-dependent
tuning of the Mo®*/Mo** thermodynamic balance. Because the present analysis does
not provide activation barriers for the elementary Volmer, Heyrovsky, or Tafel steps, the
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calculated redox thermodynamics should not be interpreted as direct predictions of HER
rates. The Pourbaix diagrams identify the pH-potential conditions under which Mo re-
dox/hydride states become thermodynamically accessible, while the bond-order analysis
provides qualitative information on Mo-H and Mo—O bond lability. Within this scope,
Ni(111)-induced Mo-H weakening may be relevant to subsequent hydride-transfer or Hj-
forming steps, whereas the stronger field response and Mo-O bond weakening on Cu(111)
suggest a role in tuning the Mo>* /Mo** speciation balance within the Mo®*-centered HER
mechanism [13-15]. A quantitative connection to hydrogen-evolution rates will require
explicit free-energy barrier and transition-state calculations.

4. Conclusions

Mo complexes adsorbed on Cu(111) and Ni(111) exhibit substrate-dependent electronic
structure and thermodynamic behavior that extend beyond simple differences in adsorption
strength to include electrostatic modulation of redox energetics. Although Ni(111) promotes
greater interfacial charge transfer and stronger overall adsorption, the key thermodynamic
distinction lies in the electrochemical response of the Mo-centered redox states. Across
the examined pH-potential range, at least one of H3Mo, HsMoOH, or MoO(OH); remains
thermodynamically favored over HyMo(OH), on both substrates. However, only Cu(111)
displays measurable pH-dependent field-corrected relative Gibbs free-energy shifts on the
RHE scale, reaching 0.25 eV. The magnitude of this field-driven modulation is comparable to
the intrinsic substrate-induced differences in zero-field relative Gibbs free energy, indicating
that Cu incorporation does more than tune hydrogen binding: it also reshapes the Mo
redox landscape through its electrostatic response.

Preferential Mo—O bond weakening on Cu(111) is consistent with greater thermody-
namic destabilization of the oxidized MoO(OH)3 state relative to the reduced H3MoOH
state, thereby increasing the adsorption-energy separation between these redox states
compared to Ni(111). In contrast, preferential softening of Mo-H and O-H bonds on
Ni(111) indicates enhanced hydrogen-ligand lability despite stronger adsorption stabiliza-
tion, reflecting more extensive redistribution of charge within the Mo-ligand framework.
Vibrational analysis further shows that even modest geometric differences can reorga-
nize surface-proximal normal modes through substrate-specific bond-order redistribution,
whereas surface-distal O-H modes remain largely conserved across the two surfaces.

Collectively, these results establish that Cu modifies Mo-centered redox thermodynam-
ics through electrostatic field effects whose magnitude is comparable to intrinsic substrate
differences, while Ni primarily stabilizes hydrogen-rich intermediates and enhances Mo-H
bond lability. These findings imply that substrate identity governs not only the static
ordering of Mo oxidation states but also their field sensitivity under operating conditions,
underscoring the need for explicit free-energy and transition-state analyses to assess the
kinetic consequences for hydride transfer and hydrogen-evolution rates in Cu-containing
Ni-Mo HER system:s.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/surfaces9020051 /s1. Figure S1: Slab models (a) Ni(111) and (b) Cu(111). Each
model consists of a 4 x 4 supercell with a vacuum thickness of 17 A, Figure S2: Field-induced free-energy
changes AGgeq (E) for MoO,,H,, complexes adsorbed on Cu(111); Figure S3: Sum of DDEC6 bond orders
(BO) between adsorbate hydrogen and oxygen atoms and all slab atoms: (a) H-Cu(111), (b) H-Ni(111),
(c) O—Cu(111), and (d) O-Ni(111); Figure S4: Projected density of states of slab d-states for (a) clean
surfaces and upon adsorption of (b) Mo, (c) H3Mo, (d) H3MoOH, (e) HMo(OH),, and (f) MoO(OH)3
on Cu(111) (orange) and Ni(111) (blue); Figure S5: Pairwise overlap matrix of unit-normalized dis-
placement vectors for vibrational modes of Mo complexes adsorbed on Cu(111) (y-axis) and Ni(111)
(x-axis) from the Cross-System Eigenmode Mapping (CSEM) analysis: (a) HsMo, (b) HsMoOH,
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(c) HoMo(OH), and (d) MoO(OH)3; Figure S6: Planar-averaged field-induced charge-density
difference, Ap(z), for representative H3MoOH and MoO(OH); adsorbed on Cu(111) (top) and
Ni(111) (bottom): (a) Cu—H3MoOH, (b) Cu—MoO(OH)3, (c) Ni-H3zMoOH, and (d) Ni-MoO(OH)j3;
Figure S7: Two-dimensional (2D) surface Pourbaix diagram (TAIP map) on the reversible hydrogen
electrode (RHE) scale for H3Mo, H3MoOH, H,Mo(OH),, and MoO(OH); adsorbed on Cu(111);
Figures S8 and S9: Difference between the electric field-corrected relative Gibbs free energies on
Cu(111), chle“l ar and the zero-field relative Gibbs free energies on Ni(111), Gg{, for Mo complexes
as a function of pH at (a) Uryg = —0.40 V, (b) Uryg = —0.30 V, (c) Uryg = —0.24 V, and
(d) Urygg = —0.10 V; Figure S10: Sensitivity of the field-corrected electrochemical stability dia-
gram (TAIP map) of Mo complexes adsorbed on Cu(111) to the potential of zero charge Upzc;
Figure S11: Relative stability of Mo complexes on Cu(111) versus Ni(111) as a function of pH.
Table S1: Mo DDECS6 partial charges at zero electric field on Cu(111) and Ni(111), Cu — Ni differ-
ence (A), reference Mo Bader charges on Ni(111) from Bau et al., and assigned formal oxidation
states for the four MoO,,H,, intermediates; Table S2: Comparison of relative Gibbs free energies
of Mo complexes adsorbed on Ni(111) with reference data from Bau et al.; Table S3: Fitted dipole
moment y, polarizability &, and coefficient of determination R? obtained from least-squares fits
of AGgeag(E) to p-E — (a/2)-E? over the full £0.8 V A1 field range on Cu(111); Table S4: Fitting-
window robustness of y, «, and R? across 0.8, +-0.6, and +0.4 V A~ field ranges on Cu(111);
Table S5: Bond lengths of the Mo adatom on Ni(111) and Cu(111) surfaces; Tables S6-S9: Bond
lengths of the H3Mo/H3;MoOH/H;Mo(OH), /MoO(OH)3 adsorbed on Ni(111) and Cu(111) surfaces;
Tables S10 and S11: DDEC6 charge distribution of the Mo adatom on Cu(111) and Ni(111).
Tables 512-519: DDECS6 charge distribution of HsMo/H3zMoOH/H;Mo(OH), /MoO(OH); adsorbed
on Cu(111) and Ni(111); Table S20: Average shifts in the electric field-corrected relative Gibbs free
energy AGge1q of Mo complexes adsorbed on Cu(111) across the full pH range for different Helmholtz
capacitance (Cy) values. References [13,20,21] are cited in the Supplementary Materials.
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Abbreviations

The following abbreviations are used in this manuscript:

1D One-dimensional

2D Two-dimensional

CHE Computational Hydrogen Electrode

CSEM  Cross-System Eigenmode Mapping

DDEC  Density Derived Electrostatic and Chemical (method)
DFT Density Functional Theory (method)

HER Hydrogen Evolution Reaction

PBE Perdew-Burke-Ernzerhof (functional)
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PzC Potential of Zero Charge

RHE Reversible Hydrogen Electrode

RPBE Revised Perdew—Burke-Ernzerhof (functional)
SHE Standard Hydrogen Electrode

TAIP Tessellated Ab Initio Pourbaix (analysis)

VASP  Vienna Ab initio Simulation Package
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