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Prototypical catalysts are realized as metal nanoparticles supported on a metal-oxide. It is well-known that
the choice of support may have significant consequences on the catalytic activity, also in cases where the
reaction is believed to occur on the metal phase. The underlying reason for this metal/oxide synergy is
poorly understood, and often attributed to processes occurring at the metal/oxide interface. Here, we use
density functional theory calculations to investigate the synergy between metal nanoparticles (Cu, Pd, Pt,
and Au) and oxide supports (ZnO, MgO and ZrO,) in the case of hydrogen (H,) adsorption. The presence
of a metal phase favors the formation of OH-groups in the oxide surface owing to a significant oxide-to-
metal charge transfer, effectively charging the metal nanoparticles. The phenomenon is general and the
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hydrogen adsorption energy depends on the choice of oxide. For Cu, Pd, and Pt supported on ZnO, we
find that the presence of a metal nanoparticle is crucial for the kinetics of H, adsorption. H, dissociates on
DOI: 10.1039/d6cy00643d the metal and occupies the oxide sites via a spillover mechanism. The hydrogen-induced charging of metal
particles and formation of OH-groups advance the understanding of composite metal/oxide systems, with

rsc.li/catalysis implications for catalytic properties.

Introduction

Heterogeneous catalysts are often constituted as transition metal
nanoparticles (NPs) supported on porous oxides." It is well-
known that the support can influence the activity and selectivity
in catalytic reactions.>™* Examples where the support affects the
catalytic performance include CO oxidation,™ oxygen reduction
to H,0,,”® alcohol oxidation to aldehydes,” hydrogenation of CO,
to methanol,” and the water-gas shift reaction.'®™* Effects of the
oxide support on the catalytic performance is commonly assigned
to processes occurring at the interface between the metal NPs
and the support.*'* However, the metal/oxide synergy may
extend further than the interface atoms. The support can, for
example, induce strain in the supported metal NPs,">'® and
thereby change the adsorption energies and catalytic
properties.'” ™" The metal/oxide synergy could also originate from
a separation of the reaction, where some elementary reaction
steps occur on the support, whereas other processes occur on the
metal NPs. One example is hydrogen adsorption, where
hydrogen, after dissociating on the metal particle, diffuse
(spillover) to the oxide surface.

On pristine oxides, H, may adsorb in two different
configurations.>® Heterolytic adsorption (H, — H" + H') results
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in the formation of one OH-group, and one hydride-ion bound
to the cation. Homolytic adsorption (H, — 2H" + 2¢7) instead
results in two OH-groups and two excess electrons. For
irreducible oxides (the term is here used for oxides where the
cations only have one oxidation state), the excess electrons are
delocalized in the conduction band of the oxide,>* whereas for
reducible oxides the excess electrons give rise to changes in the
cation oxidation states. Heterolytic adsorption is favored on
bare Zn0O,**** MgO,>* and ZrO,> whereas homolytic
adsorption is preferred on reducible oxides, such as Ce0,.*°

It is possible that the mere presence of a metal phase
affects stability of hydrogen adsorption on oxides. Previous
calculations of thin oxide films supported on metals*”*® have
shown that homolytic adsorption of hydrogen can be
stabilized on irreducible oxides via charge transfer across the
oxide film. The metal is for these inverse catalysts acting as
an electron reservoir. It is, however, not clear how hydrogen
adsorbs in conventional catalyst configurations with metal
NPs supported on an oxide.

Here, density functional theory (DFT) calculations are used
to investigate H, adsorption on mixed metal/oxide systems
composed of Cu, Pd, Pt, and Au NPs supported on irreducible
Zn0O(1010), MgO(100), and (tetragonal) tr-ZrO,(101) surfaces. On
the bare oxides (in the absence of a metal NP), hydrogen is
adsorbed weakly in a heterolytic fashion. The presence of a
supported metal NP changes the situation by a significant
oxide-to-metal charge transfer. The adsorption is stabilized and
homolytic adsorption is the preferred configuration. In addition
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to stabilizing dissociative H, adsorption, the metal NP also
affects the kinetics, as a spillover mechanism of H from the
metal NP to the oxide support is favored over direct H,
dissociation on the oxide. The metal-facilitated adsorption of H,
on the oxide support results in new interface sites, with OH-
groups close to negatively charged metal NPs. The results are
general and could have important consequences for the
catalytic activity of the systems.

Methods

Density functional theory calculations are performed using the
Vienna Ab Initio Simulation Package (VASP).”°”> The
interactions between the core- and valence electrons are
described by the frozen core projector augmented wave (PAW)
method.>*?* The considered valence electrons are 1s' (H),
2s”2p* (0), 35 (Mg), 3d'%s" (Cu), 3d"°4s”> (Zn), 4s*4p°4d’5s"
(zr), 55'4d’ (Pd), 6s'5d° (Pt), and 6s'5d"° (Au). The functional by
Perdew, Burke and Ernzerhof (PBE) is employed to describe the
exchange and correlation effects.?® In the case of ZnO and ZrO,,
Hubbard-U values of 7.5 eV and 4.0 eV are assigned to the Zn-3d
and Zr-4d electrons, respectively,**™® to reduce electron over-
delocalization. The plane waves are truncated at 500 eV in the
expansion of the Kohn-Sham orbitals. The electronic structure
is considered converged when the changes in electronic energy
and Kohn-Sham eigenvalues are below 1 x 10 eV between
succeeding iterations. The optimization of geometries are
performed using the conjugate gradient method, until the
maximum force is below 0.03 eV A™.

The oxide supports are modeled using surfaces of p(6 x 5)
wurtzite Zn0(1010), p(6v/2 x 61/2)R45° MgO(100), and p(4 x 6)
tetragonal (tr-)ZrO,(101). For ZnO, the slab is constituted of four
atomic layers, of which the bottom two layers are kept fixed to
emulate a bulk system. For MgO and ZrO,, the slabs are
constituted of three layers, with the bottom layer fixed to the
corresponding bulk positions. The periodic slabs are separated
by at least 22 A of vacuum. Atomic models of the considered
metal oxides with a supported 54-atom Pt truncated octahedron
NP are presented in Fig. 1. The Brillouin zone is sampled by the
Ipoint. Gas phase H, is calculated in a (30, 31, 32) A vacuum
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box. The vibrational modes of adsorbed and gaseous hydrogen
is obtained assuming the harmonic approximation, and
calculated using finite differences. The average zero-point
corrected (ZPC) adsorption energy of nH, is calculated as

Eads (nHZ)
= % (E™ (system + 2nH) — E?° (system) - nE” (H,(g))).
(1)

Bader charge analyses are used to investigate the charge
distribution in the considered systems.** Transitions state
configurations are obtained using the climbing image nudged
elastic band (CI-NEB) method,*>*" and transitions states are
verified by vibrational mode calculations. For the nudged elastic
band calculations of the Pt/ZnO system, the surface is modeled
using a p(6 x 4) ZnO(1010) surface constituted of three atomic
layers, of which the bottom layer is kept fixed to the
corresponding bulk positions. For the CI-NEB calculations on
Cu/ZnO and Pd/ZnO, the p(6 x 5) cells, constituted of four
atomic layers are used.

Results

The adsorption of hydrogen on the oxide supports is explored
by investigating the adsorption of H, on bare ZnO(1010),
MgO(100), and tr-ZrO,(101). The influence of a metal is
investigated by H, adsorption on ZnO(1010) in the presence of
Cu, Pd, Pt, and Au NPs, both at low and high hydrogen
coverages. A 54-atom Pt NP is used to investigate the metal/
metal-oxide synergy upon H, adsorption for different oxides,
namely ZnO(1010), MgO(100), and tr-ZrO,(101). Lastly, the
barrier for H, dissociation and spillover from the metal to the
oxide is studied for Cu, Pd, and Pt supported on ZnO(1010).

Adsorption of H, on bare metal-oxides

The adsorption of H, is investigated on bare ZnO(1010),
MgO(100), and tr-ZrO,(101). Heterolytic adsorption results in
the formation of one OH-group and one cation-H bond.
Homolytic adsorption results instead in the formation of two

Pt/ZrO,(101)

Fig. 1 Atomic models of the optimized structures of the 54-atom Pt NP supported on ZnO(1010) [left], MgO(100) [middlel, and tr-ZrO,(101) [right].
Atomic color codes: red (O), green (Mg), blue (Zn), light blue (Zr), and gray (Pt).
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Fig. 2 Heterolytic (left) and homolytic (right) adsorption of H, on
ZnO(1010) (top), MgO(100) (middle), and tr-ZrO,(101) (bottom). The
corresponding adsorption energy is presented below each structure. Note
that the heterolytic adsorption is favored in all cases. Atomic color codes:
white (H), red (O), green (Mg), blue (Zn), and light blue (Zr).

OH-groups (and two excess electrons). The optimized
adsorption configurations on the three oxides are presented in
Fig. 2. The heterolytic adsorption is favored over the homolytic
adsorption in all cases. On ZnO, the heterolytic adsorption
energy with respect to H, in the gas-phase is -0.05 eV
(exothermic), whereas the homolytic adsorption energy is 0.34
eV (endothermic). The homolytic adsorption configuration in
Fig. 2 has the two OH-groups along a ZnO row and the H-H
distance is 3.38 A. Another homolytic configuration where H
occupies sites 5.19 A apart across the ZnO rows (see Fig. 518)
has an adsorption energy of —0.02 eV. The adsorption of
hydrogen is significantly weaker on MgO, with a heterolytic
adsorption energy of 2.03 eV and a homolytic adsorption energy
of 3.01 eV. The preference for heterolytic adsorption is further
emphasized on ZrO,, where the heterolytic adsorption energy is
0.13 eV, whereas the homolytic adsorption energy is 2.59 eV.
The preference of heterolytic adsorption on the three oxides is
in agreement with infra-red spectroscopy measurements* >
and previous calculations.*'®

Adsorption of H, on M/ZnO

To investigate the influence of a supported metal NP on the
adsorption properties of H,, NPs constituted of 54 atoms of
Cu, Pd, Pt, and Au are added to the ZnO(1010) surface. Four

This journal is © The Royal Society of Chemistry 2026

Fig. 3 Optimized adsorption configurations on Pt/ZnO(1010). The
adsorption configurations are: (1) heterolytic adsorption close to the
metal NP, (2) heterolytic adsorption far from the metal NP, (3)
homolytic adsorption close to the NP, and (4) homolytic adsorption far
from the NP. Atomic color codes: white (H), red (O), blue (Zn), and
gray (Pt).

different adsorption configurations of H, are investigated.
The investigated configurations are: (1) heterolytic adsorption
close to the metal NP, (2) heterolytic adsorption far from the
metal NP, (3) homolytic adsorption close to the metal NP,
and (4) homolytic adsorption far from the metal NP. The
different adsorption configurations are presented in Fig. 3 in
the case of Pt/Zn0O(1010). The adsorption energies of H,, and
the corresponding transferred charge to the metal NP for the
different adsorption configurations are presented in Table 1.
The heterolytic adsorption of H, close to the metal NP is
only slightly affected (~0.1 eV) as compared to the heterolytic
adsorption on the bare ZnO(1010) surface. Heterolytic
adsorption further away from the NP is slightly more
exothermic, as a result of oxide distortions. Neither of the
heterolytic adsorption configurations result in any significant
charge transfer for any of the different NPs, regardless of the
metal. The situation is significantly changed in the case of
homolytic adsorption (forming two OH-groups and two
excess electrons). Homolytic adsorption close to the metal
NPs is exothermic (-1.45--1.91 eV) for the four metals. In the
presence of a supported metal NP, the excess electrons,
stemming from the homolytic adsorption, are transferred to
the metal. The homolytic adsorption further away from the

Catal Sci. Technol.,, 2026, 16, 5279-5288 | 5281
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Table 1 The adsorption energy and charge transferred to (positive value) and from (negative value) the supported metal NP for the different adsorption
configurations: (1) heterolytic adsorption close to the NP, (2) heterolytic adsorption far from the NP, (3) homolytic adsorption close to the NP, and (4)
homolytic adsorption far from the NP. A positive value represents electrons transferred to the NP

Heterolytic Homolytic
System 1 2 3 4
Cu/Zn0(1010) 0.06 €V/-0.02 e 0.00 eV/-0.02 e -1.84 €V/0.17 e 0.10 eV/0.40 e
Pd/ZnO(lOiO] 0.06 €V/0.27 e -0.08 eV/0.29 e -1.45 eV/0.93 e 0.15 eV/0.77 e
Pt/ZnO(lOiO) 0.06 €V/-0.04 e -0.22 eV/-0.02 e -1.91 eV/0.76 e -0.61 €V/0.56 e
Au/ZnO(lOiO) 0.01 eV/0.10 e —-0.09 eV/0.10 e -1.78 €V/0.85 e —-0.53 €V/0.85 e
Zn0(1010) -0.05 eV 0.34 eV

metal NPs are also more energetically favorable as compared
to the homolytic adsorption on the bare ZnO(1010) surface.
However, the effects are not as pronounced as the adsorption
close to the metal NPs. The main reason for the smaller
effects further away from the NP is the weaker Coulomb
interactions between H' and the negatively charged metal
NP. In the case of Pt and Au particles, the homolytic
adsorption results in a slight distortion of the ZnO(1010)
surface, resulting in a stronger adsorption energy. The charge
transfer upon the homolytic adsorption of H, is lowest for
Cu, which is related to the comparably low work function of
Cu. Note that the adsorption energy of H, does not only
depend on the metal work function, as slight distortions of
the oxide surface also affects the adsorption energies.
However, the significantly more favorable homolytic
adsorption in the presence of a NP is general for all
investigated metals. Hence, the oxide sites close to the metal
NPs are expected to be covered with H, resulting in an altered
interface as compared to both the metal particles and the
bare metal oxide.

The oxide-to-metal charge transfer upon the adsorption of
H, is similar to the charge transfer occurring across thin metal
supported oxide films*”**** and upon the adsorption of
hydrogen at the metal/water interface."®"” At the metal/water
interface, H, adsorption results in a (solvated) positively charged
hydronium ion and a negatively charged metal surface.

Metal particles as an electron reservoir

The preference of heterolytic adsorption as compared to the
homolytic adsorption on the bare irreducible oxides is a
consequence of the significant band gaps of the oxides
(calculated values are presented in the SI). Upon homolytic
adsorption, the change from O®” to OH™ creates excess electrons
that occupy states in the conduction band of the oxides. A
possible way to accommodate the excess electrons is to
introduce a metallic phase in the system. The density of states
(DOS) for the bare tr-ZrO,(101) [top] and the Pt/tr-ZrO,(101)
system [bottom] are presented in Fig. 4. The DOS of the bare tr-
Zr0,(101) is related to that of Pt/tr-ZrO,(101) by aligning the
average O(1s) Kohn-Sham eigenvalues in the oxide. On the bare
tr-ZrO,(101) surface, homolytic adsorption results in two excess
electrons, residing in the conduction band of the oxide.
However, when a Pt NP is supported on the oxide, metallic

5282 | Catal. Sci. Technol., 2026, 16, 5279-5288

electronic states are accessible with energies significantly below
the conduction band of the oxide. Hence, the Pt NP acts as a
potential well and facilitates the homolytic adsorption. Note
that the Fermi energy is determined by the NP composition and
size. Hence, different metals may facilitate the homolytic
adsorption to different extents.

The fundamental origin of the stabilization of hydrogen
adsorption in the presence of a metal is the charge transfer
from the oxide to the metal. However, the final adsorption
energy has several contributions that are visualized in Fig. 5.
An O-H bond is created going from 1 — 2 forming an OH"
species and an excess electron. The character of the O-H
bond is similar across the different systems as indicated by
the small differences in the O-H bond length (see SI). In the
absence of a metal NP, the excess charge resides in the
conduction band of the oxide surface. As the Fermi energy of
the metal is below the edge of the conduction band, energy is
gained by charge transfer from the oxide to the metal (2 —
3). One contribution to the adsorption energy is the Coulomb

5500- tr-ZrO,(101)

K

ates (
w N
o o
o o

Ol= " "

Pt/tr-ZrO,(101)

PYZrO,
E-Ef

(eV)

Fig. 4 The density of states for the bare tr-ZrO,(101) surface [top] and
for the Ptss/tr-ZrO,(101) system [bottom]. The electronic states from
tr-ZrO, are shown with black, whereas the electronic states of Pt are
shown in red. Note that Pt has states above the Fermi energy with
energies significantly lower than the conduction band of ZrO,.

This journal is © The Royal Society of Chemistry 2026
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Fig. 5 Deconvolution of the energy contributions associated with homolytic adsorption of hydrogen on the metal/oxide system. 1) is H, in the gas
phase. 2) is adsorbed H without charge transfer from the oxide to the metal. 3) is adsorbed H with charge transferred to the metal. 4) is the
Coulomb interaction between the proton and charged metal nanoparticle. 5) is the structural relaxation owing to the charge transfer.

interaction between the charged metal and H' (4). A further
contribution to the adsorption energy is the structural
relaxation induced by the charge transfer (5). The adhesion
between the metal particle and the oxide increases upon
hydrogen adsorption, which results in a net stabilization of
the adsorption energy.

The character and relative importance of the different
contributions to the adsorption energy are system dependent.
The strength of the O-H bond depends on the nature of the
oxide and location of the excess electrons in (2). Bader
analyses show, for example, that the excess electron is
delocalized for MgO(100), whereas it is transferred to a
neighboring Zr cation for tr-ZrO,(101). Site resolved Bader
analyses are provided in Fig. S20-S22. The energy gain upon
charge transfer depends on the relative energy between the
oxide conduction band and the Fermi energy of the metal.
The DOSes for the pristine metal/oxide systems are reported
in Fig. S24 and S25 in the SI. The Coulomb interaction
depends on the distance between the metal and the H' as
well as the localization of charge in the metal. The energy
contribution from the structural relaxations are also oxide
and metal dependent.

Higher hydrogen coverages on M/
Zn0O(1010)

From Table 1 it is concluded that the homolytic adsorption of
H, on Zn0O(1010) is strongly affected by the presence of a metal
NP. To investigate the hydrogen adsorption at higher coverages,
additional calculation are performed for increasingly more
populated ZnO(1010) around the metal NPs. In Fig. 6, the
average adsorption energy and the total transferred charge as a
function of (homolytically) adsorbed H, are presented for Cu/
Zn0(1010) [red], Pd/znO(1010) [light blue], Pt/ZnO(1010) [dark
blue], and Au/ZnO(1010) [brown]. For comparison, the
heterolytic and homolytic adsorption energies on ZnO(1010) in
the dilute limit are presented with a dashed gray line and a
dashed black line, respectively. The average adsorption energy
becomes weaker when the number of adsorbed H, increases. A
weaker adsorption energy at higher coverages is also the case
for H, adsorption on bare ZnO(1010) (see SI), hence, the lateral
interactions are substantial. Another reason for the weakened
adsorption energy at higher coverages is the monotonic
decrease of metal work function at more negatively charged
metal NPs (see Fig. S28). As the charge transfer to the NPs
stabilizes the homolytic adsorption of H, on the oxide, the lower

This journal is © The Royal Society of Chemistry 2026

work function results in a weaker adsorption strength. However,
even at the highest number of adsorbed H, (corresponding to a
coverage of roughly 0.5 with respect to the three-fold
coordinated oxygen atoms), the adsorption is on average
exothermic (Pd, Pt, and Au) or close to thermoneutral (Cu). The
slightly weaker adsorption around the Cu NP is in agreement
with the lower work function of Cu. The charge transferred to
the metal NP upon the adsorption of H, on the ZnO(1010)
surface is monotonically increasing in the entire coverage

0-5 T T T T
0.0
;—0.5
9
Iu:l‘rg—l.o
-1.5
-2.0
—~ 2.5
2
Ge’, 2.0
©
S 1.5
D
= 1.0
Q
o
5 0.5f -
=
0.0f .
1 2 3 4

Number of adsorbed H»

Fig. 6 The average zero-point corrected homolytic adsorption energy
of H, (top) and the total transferred charge upon the adsorption of H,
(bottom) on the ZnO(1010) surface, with Cu (red), Pd (light blue), Pt
(dark blue), and Au (brown) supported on the surface. The gray and
black dashed lines represent the heterolytic and homolytic adsorption
energies on bare ZnO(1010), respectively.
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interval for all four metals. The transferred charge per adsorbed
H, is, however, decreasing at higher coverages, in resemblance
with the lower adsorption energies at higher coverages.

Adsorption of H, on Pt/MO

The altered adsorption properties of H, on ZnO(1010) in the
presence of a supported metal NP are general, with only a slight
metal dependence. To study whether the effects apply also for
different irreducible oxide supports, Pt NPs are supported on
MgO(100) and tr-ZrO,(101) surfaces. Fig. 7 shows the optimized
adsorption configurations of H, (heterolytic and homolytic) on
Pt/MgO(100) [top] and Pt/ZrO,(101) [bottom]. The adsorption
energy of H, on Pt/MO is presented in black, whereas the
corresponding adsorption energy on the bare oxide surface (no
Pt NP) is presented in red. The heterolytic adsorption is on
MgO(100) and ZrO,(101) slightly increased in the presence of a
supported Pt NP, being 2.11 eV and 0.25 eV, respectively, as
compared to 2.03 eV and 0.13 eV on bare MgO(100) and
Zr0,(101), respectively. The heterolytic adsorption is not
associated with any significant transfer of charge to the Pt NP.
The presence of a Pt NP has significant effects on the homolytic
adsorption of H,. On bare MgO(100), the homolytic adsorption
energy is 3.01 eV, whereas the homolytic adsorption energy
close to a Pt NP is reduced to 0.85 eV. The adsorption is on Pt/
MgO(100) associated with a charge transfer of 1.26 e to the Pt
NP. The presence of a supported Pt NP has drastic effects on
the homolytic adsorption energy on ZrO,(101), where the
adsorption strength is increased from 2.59 eV (endothermic) to

Homolytic

Heterolytic

Pt/ZrO,(101)

Eos=-0.62 €V (2.59 eV)

E4s=0.25eV (0.13 eV)
Fig. 7 The optimized adsorption configurations of H, for the
heterolytic adsorption on Pt/MgO(100) [top left], the homolytic
adsorption on Pt/MgO(100) [top right], the heterolytic adsorption on
Pt/ZrO,(101) [bottom left], and the homolytic adsorption on Pt/
Zr0O,(101) [bottom right]. The adsorption energies are given in black. As
a reference, the corresponding adsorption energies on the bare oxide
surfaces are given in red. Atomic color codes: white (H), red (O), green
(Mg), light blue (Zr), and gray (Pt).
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-0.62 eV (exothermic) in the presence of a Pt NP. Also in this
case, the adsorption is accompanied by a charge transfer of
around 0.9 e to the Pt NP.

The preferred adsorption configuration is reversed for all
three oxides in the presence of a supported Pt NP. On bare
ZnO(1010), MgO(100) and tr-ZrO,(101) the heterolytic
adsorption is favored, whereas the homolytic adsorption on the
oxide is favored in the presence of a Pt NP. Note that the
homolytic adsorption in the presence of the NP is the only
adsorption configuration that would result in any significant H
coverages.

Higher hydrogen coverages on Pt/MO

The homolytic adsorption of H, on ZnO(1010), MgO(100),
and tr-ZrO,(101) is stabilized in the presence of a Pt NP, as a
result of a significant charge transfer to the NP. Here, higher
hydrogen coverages in the presence of a Pt NP are investigated,
Fig. 8. The average adsorption energy decreases with coverage,
while the amount of charge transferred to the Pt NP increases
monotonically. The magnitude of the transferred charge
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Fig. 8 The average adsorption energy of H, (top) and the transferred
charge for homolytic adsorption of H, (bottom) on the MgO (red),
ZrO; (black) and ZnO (blue) surfaces, close to a supported Pt NP.
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depends on the oxide, being the highest for the more ionic
oxide (MgO), and lowest for ZnO. The presence of the Pt NP
shift the preferred adsorption configuration from heterolytic,
to homolytic for all cases in the low coverage region. The
stabilization of homolytically adsorbed H, in the presence of a
NP ranges between 2.16 eV [MgO(100)] and 2.25 eV
[ZnO(1010)] to 3.21 eV for tr-ZrO,(101). In conclusion, the
stabilization of the homolytic adsorption of H, is general for
the investigated metal/oxide systems.

Hydrogen dissociation

The adsorption of hydrogen, from the gas phase to the oxide,
may in the metal/oxide systems occur via different pathways.
Hydrogen could dissociate and adsorb directly on the oxide.
Another possibility is that hydrogen dissociates on the metal
NP and diffuses (spillover) to the oxide support. To elucidate
the most favorable pathway, the two mechanisms are
investigated for Cu, Pd and Pt supported on ZnO(1010),
Fig. 9. The spillover mechanism is investigated also for Cu/
Zn0O(1010) and Pd/ZnO(1010). The first step in direct H,
dissociation on the oxide is physisorption with an energy of
-0.19 eV. H, dissociates heterolytically on the oxide, with a
barrier of 0.63 eV. After dissociating, the hydrogen atom
bound to the Zn-cation diffuses to an O-anion, with a barrier
1.09 eV, resulting in a homolytic adsorption configuration.
The homolytic adsorption configuration is exothermic with
respect to gas phase H, (the weaker adsorption strength as
compared to the results in Table 1 is a result of non-
equivalent adsorption sites). The energy barriers for the
mechanism is not significantly affected by the presence of
the Pt NP. On bare ZnO(1010), the heterolytic dissociation is
associated with a barrier of 0.57 eV and the diffusion of H to
the homolytic configuration has a barrier of 1.24 eV.
However, the final homolytic adsorption configuration is less
stable (Table S9 and Fig. S15-518).
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Fig. 9 Two possible pathways in the dissociation of H,. Heterolytic
hydrogen dissociation on the oxide phase of Pt/ZnO, followed by the
diffusion of H, resulting in a final homolytic adsorption configuration
(black). A spillover mechanism where hydrogen dissociates on the
metal NP and diffuses to the oxide support for Pt (dark blue), Cu (red),
and Pd (light blue) supported on ZnO. Atomic structures for the case
of Pt/ZnO are visualized. Atomic color codes: white (H), red (O), blue
(Zn), and gray (Pt).
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The alternative paths in Fig. 9 show the spillover
mechanism for Cu, Pd, and Pt supported on ZnO(1010). The
dissociation of H, is calculated to have a small barrier (0.01
eV) on Pt(111). The small barrier is in agreement with
experimental results.*® The adsorption energy of 2H adsorbed
in fcc hollow sites is —0.93 eV. The adsorption energy of 2H
on the perimeter of the Pt NP is -1.09 eV. The diffusion of H
from the Pt NP perimeter to ZnO(1010) is exothermic, and
associated with a barrier of 0.34 eV. The dissociation of H,
on Cu(111) is exothermic, and associated with a barrier of
0.38 eV. The diffusion of H from the Cu NP perimeter to the
ZnO support is exothermic, with a barrier of 0.79 eV. For
Pd(111), the dissociation of H, is barrierless, and strongly
exothermic. The stability of 2H on the perimeter of the Pd NP
is similar to the adsorption on Pd(111). The diffusion of H
from the Pd NP to the ZnO surface is exothermic, with a
barrier of 0.57 eV.

The diffusion of H from the metal NP to ZnO(1010) are for
all metals exothermic, and associated with lower energy
barriers than the direct dissociation of H, on ZnO(1010).
Hence, the spillover mechanism is expected to dominate over
the direct dissociation of H, on the oxide. The results show
that the presence of a metal NP affects both the stability of H
adsorbed on the oxide and the kinetics of the dissociation.

Discussion

On the bare metal oxide surfaces; ZnO(1010), MgO(100) and
tr-ZrO,(101), hydrogen is preferably adsorbed in (charge
conserving) heterolytic configurations, forming O-H’" and
M-H’". The adsorption is in all cases weak, being —0.05 eV,
2.03 eV, and 0.13 eV on ZnO(1010), MgO(100), and tr-
Zr0,(101), respectively. The homolytic adsorption, resulting
in two O-H and two excess electrons is endothermic on the
bare oxides, as the electrons can only reside in the
conduction band of the oxide. However, in the presence of a
supported metal NP, new electronic states, considerably lower
in energy than those in the conduction band of the oxide, are
accessible, and the homolytic adsorption is facilitated. In the
low coverage region, the homolytic adsorption strength is
increased by about 2 eV for ZnO(1010) and MgO(100), and
more than 3 eV on tr-ZrO,(101) in the presence of a metal
NP. The homolytic adsorption of H, on the oxides in the
presence of a metal NP is associated with a charge transfer to
the NP, that increases with the amount of adsorbed H,.
However, the adsorption strength decreases with the number
of adsorbed H,. The decreased adsorption energy at higher
coverages stem from the lateral interactions on the oxide, the
lower metal work function as the NP is charged, and less
favorable adsorption sites. Energy barrier calculations reveal
that the presence of a metal NP influences the kinetics of the
hydrogen adsorption, as well as the thermodynamics of the
adsorption. The spillover of hydrogen from Cu, Pd, and Pt
NPs to the ZnO(1010) support are exothermic and associated
with barriers of only 0.79 eV, 0.57 eV, and 0.34 eV,
respectively. The hydrogen dissociation on the support,
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however, is associated with a heterolytic dissociation barrier
of 0.63 eV, followed by a diffusion with 1.09 eV barrier to
obtain a homolytic adsorption configuration.

The presented results could have important consequences
for the understanding of catalytic reactions occurring over
metal/oxide composite systems. The stable homolytic
adsorption of hydrogen close to the metal NPs results in an
oxide region around the NPs that is covered with H. The
hydrogen-covered oxide can form hydrogen bonds with
intermediates adsorbed on the perimeter of the metal NPs,
substantially altering the potential energy landscape, and the
catalytic performance. Furthermore, the oxide can, in this
case, act as a hydrogen reservoir. The charge transfer upon
the homolytic adsorption of H, results in negatively charged
NPs during reactions conditions, which, e.g., reduces the
metal work function. Furthermore, the positively charged H
adsorbed close to a negatively charged metal NP results in
electric fields. The explored phenomena may influence the
stability of intermediates and the energy barriers in catalytic
reactions.

Conclusions

We have investigated the hydrogen adsorption on irreducible
oxides in the absence and presence of supported metal NPs,
to elucidate the underlying reasons for the metal/oxide
synergy present in catalytic reactions. On bare ZnO(1010),
MgO(100) and tr-ZrO,(101), hydrogen is preferably adsorbed
heterolytically, and homolytic adsorption (forming 20H +
2e) is endothermic. However, in the presence of supported
metal (Cu, Pd, Pt, and Au) NPs, the excess electrons are
transferred to the metal, and the homolytic adsorption is
favored over the heterolytic adsorption. Spillover of hydrogen
from the metal NPs to the oxide is the dominant mechanism
for H, adsorption in the case of Cu, Pd, and Pt supported on
Zn0(1010). The increased homolytic adsorption strength is
general across the different metal/oxide systems. The
increased adsorption strength close to the metal NP results
in new interface sites around the NP, where the oxide is
populated by hydrogen. The OH-groups could potentially
form hydrogen bonds with adsorbates on the NP, or act as a
hydrogen reservoir in hydrogenation reactions. The results
suggest that nanoparticles supported on irreducible oxides
could be negatively charged in hydrogen containing
atmospheres, potentially influencing the catalytic activity.
The presented results advances the understanding of
processes occurring at the metal/oxide interface.
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