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Oxide overlayers covering metal supports find applications in sensors, catalysis, microelectronics, and

optical devices. For example, depending on the choice of metal support, ZnO films may serve as sensors

for hydrogen or ethanol and exhibit catalytic activity in CO oxidation or methanol synthesis, which is

catalyzed in the chemical industry by intensely studied Cu–ZnO catalysts. Here, we apply density

functional (DFT) calculations to characterize the properties of periodic ZnO monolayers supported on

close-packed surfaces of various metals (Mo, Ru, Pd, Pt, Cu, Ag, Au, Sn, and Pb) under oxidative,

ambient, and hydrogenation conditions. Thermodynamic analysis revealed high stability of the films on

most metals, except highly reactive Mo and insufficiently reactive Sn and Pb. Metal–oxide interactions

are found to have a significant and locally uneven effect on the electronic structure of ZnO. Compared

to pristine ZnO, the supported ZnO films show a higher propensity for H adsorption and O vacancy

formation, whose energies may be tuned by more than 1 eV depending on the choice of metal support.

As a result, under hydrogenation conditions supported ZnO films are calculated to adsorb significant

quantities of H or develop O vacancies, unlike pristine ZnO. The calculations reveal how the

composition, stability and reactivity of ZnO films are affected by the metal support and provide

guidelines for the rational design of ZnO–metal interfaces.
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Introduction

Due to their diverse mechanical, thermal, and electronic prop-
erties,1 oxide lms are applied in microelectronics,2 photonics
and plasmonics,3 passivation,4 biotechnologies,5 and catalysis.6

Oen thin oxide lms are mechanically stabilized by supports,
which can change the properties and stability of the lms
through electronic interactions and induced structural
changes.7 Metals are particularly attractive as supports for oxide
lms because metal supports facilitate the synthesis of oxide
lms and may induce promising optical and/or catalytic prop-
erties in them.8 For example, metal supports can stabilize
(hydroxy)oxide lms with uncommon stoichiometries under
electrochemical conditions and increase their activity in the
hydrogen evolution reaction.9,10 Some catalysts may also
develop oxide lms grown on the metal phase under reaction
conditions through hydroxylation or overlayer formation
mechanisms11 leading to strong metal–support interaction
phenomena, which profoundly change the activity of the
catalysts.11–13

Among numerous oxides, ZnO has been intensely studied
due to its applications in optical,14 piezoelectric,15 and sensing
devices.16 Moreover, ZnO nanostructures can be easily synthe-
sized and integrated with other semiconductors.17 For instance,
ZnO composites with Ag and Au can be used as highly effective
ethanol sensors, whereas nanocomposites of ZnO with Pd can
be used for hydrogen detection.18,19 Moreover, ZnO
J. Mater. Chem. A, 2023, 11, 13665–13676 | 13665
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nanomaterials in contact with Cu, Pd, Pt, and Ag nd many
applications in heterogeneous catalysis,6,20 such as industrial
production of methanol on Cu–ZnO catalysts through the
reduction of CO and CO2.21,22 Currently great scientic attention
is focused on improving these catalysts for the direct use of
concentrated CO2 as a feedstock, which requires a detailed
understanding of the interactions between ZnO and Cu.21,23

Although the role of ZnO in Cu–ZnO catalyst is known to extend
beyond the stabilization of Cu particles against agglomera-
tion,24,25 the catalytic roles of CuOx, CuZn alloys, and ZnO oxide
lms or islands on Cu particles are still under scrutiny.22,26,27 In
particular, some studies suggest that ZnO lms formed on Cu
nanoparticles under reaction conditions serve as the catalyti-
cally active phase in methanol synthesis on Cu–ZnO.28,29 In
addition, ZnO/Au catalysts were reported to be highly selective
to methanol during CO2 reduction.30

In turn, the combination of Pd with ZnO is a promising
catalyst for the steam reforming of methanol.31,32 However, the
structure of Pd–ZnO catalysts is still debated, since ZnO over-
layers, metallic Pd, and PdZn alloy may form under reaction
conditions and expose catalytically active sites.33–35 For example,
some studies suggest that ZnO overlayers over Pd catalysts can
be as active or even more active than PdZn alloys in methanol
steam reforming.35,36 The composites of ZnO and Pd and Pt are
also relevant in the oxidation of CO, a critical reaction to control
the pollution from combustion engines.37,38 The high CO
oxidation activity of ZnO/Pt was ascribed to strong CO binding
to Pt sites, which could not be achieved on ZnO/Ag and ZnO/Au
catalysts.6

Such interest in the applications of ZnO overlayers in catal-
ysis motivated many experimental studies of the basic proper-
ties of ZnO lms supported on various metals, including Cu,39

Pd,40 Ag,6,41 Pt,38,42 and Au.39,43,44 The studies show that the metal
support can signicantly affect the reactivity of the ZnO lms.45

For example, Au, Pt, and Ru were shown to affect the binding
strength of CO and NH3 on supported ZnO lms.7 Moreover, the
morphology of ZnO lms supported on transition metals may
change under reaction conditions, which makes the design and
optimization of the catalytic properties of supported oxide lms
very challenging.42 Particularly important is the stability of
continuous oxide lms, as the perimeter sites on the oxide
nanoakes or nanoislands supported on transition metals may
be highly active in desired or undesired reactions.6,46 Previous
computational studies also found metal–oxide interactions to
profoundly affect the electronic structure and reactivity of ZnO
lms supported on (111) surfaces of Cu, Ag, and Au with
experimentally observed lattice matchings. For example, the
presence of metal support was shown to affect the charge state47

and infrared spectra48 of various species adsorbed on ZnO lms
as well as the electronic structure of O vacancies49 and various
dopants in them.50

Supports also strongly affect the geometric structure of ZnO
lms. In the absence of any support, ZnO lms are predicted to
adopt a graphitic structure,51 which was experimentally
observed in ZnO nanoakes.52 For thick lms of several ZnO
layers, the wurtzite structure with tetrahedral coordination of
Zn and O, tends to be more stable than graphitic, and a body-
13666 | J. Mater. Chem. A, 2023, 11, 13665–13676
centred tetragonal phase was also suggested for lms thicker
than 4 ZnO layers.53 Similar changes between the wurtzite and
graphitic structures were also observed in ZnO lms supported
on metal surfaces.40,43,54,55 Lattice strain from the support can
regulate the stable phase of the lm at various thicknesses.7

Calculations showed that unstrained freestanding ZnO forms
graphitic slabs with a thickness of up to 16 layers, while a tensile
strain of 5% stabilizes up to 32 layers of the graphitic phase. In
turn, compressive strain tends to improve the relative stability
of a wurtzite-like phase, as suggested by the instability of the
graphitic ZnO under a compressive strain of 10%.56,57 In turn,
the lm structure strongly affects the electronic properties of
the lm, such as band gap, because p orbitals hybridize
differently in the wurtzite and graphitic structures.56

The strong dependency of various structural and chemical
properties of ZnO lms on the choice of metal support opens
opportunities for tailoring their properties for specic applica-
tions. However, the rational design of metal supports for ZnO
lms requires a precise understanding of the interactions on
metal–oxide interfaces, which is hard to obtain using available
experimental techniques. Here, we characterize the geometric
and electronic structures of metal-supported ZnO lms as well
as their composition under oxidative, ambient, and hydroge-
nation conditions and reactivity towards H and O using density
functional (DFT) calculations. Namely, we studied lms based
on graphitic ZnO, as well as ZnO(0001) and (10�10) wurtzite
surfaces on the following close-packed metal surfaces: Cu(111),
Pt(111), Au(111), Ru(0001), Pd(111), Ag(111), a-Sn(111), Pb(111),
and Mo(110). We chose these supports because they are ex-
pected to remain metallic under hydrogenation conditions of
methanol synthesis due to their less exothermic oxidation
compared to ZnO.58,59 Whereas ZnO lms on Cu,39 Pd,40 Ag,6,41

Pt,38,42 and Au39,43,44 supports were previously considered in
experimental studies, we could not nd such studies for ZnO
lms on Ru, Sn, Pb, and Mo surfaces. The variety of considered
metal supports allows us to establish trends in their effects on
the properties of ZnO lms. In this work, we consider lattice
matchings between ZnO lms and metal surfaces that were
either observed experimentally or calculated to be highly ther-
modynamically stable and discuss the effect of chosen lattice
matching on the calculated results. Finally, we evaluate the
implications of metal–oxide interactions for the composition,
properties, and thermodynamic stability of the ZnO lms in
various environments. Our study aims to ll the gaps in the
experimental characterization of ZnO lms supported on
metals and to facilitate the development of ZnO/metal
composites for applications in thermal and photocatalysis,
sensing, and other elds.
Computational methodology and
details

Spin-unpolarized (if not specied otherwise) calculations
employed the PBE exchange–correlation functional60 imple-
mented in the Vienna Ab initio Simulation Package (VASP).61,62

The projected augmented wave63,64 method was employed to
This journal is © The Royal Society of Chemistry 2023
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solve the Kohn–Sham equations. The plane-wave cut-off energy
for all calculations was set to 400 eV, as recommended for O
atoms. We tested various Hubbard parameters65 (U–J) proposed
for ZnO in previous studies66–68 and selected 4.7 eV for the Zn d-
states, which provides a balanced description of both lattice
parameters and band gap in wurtzite ZnO (Fig. S1†). Dispersive
interactions are expected to be important for the accurate
description of lms on metal surfaces.43,69 Here, to improve the
description of dispersive interactions, we employed the pair-
wise additive zero-damping D3 van der Waals corrections with
the default parameters available in VASP.70 The dispersive
corrections decreased the corrugation of metal-supported ZnO
lms by shortening metal–oxide distances in the regions of
weak binding and had a moderate effect on the reactivity of the
lms (Table S1†). The chosen computational approach yielded
lattice parameters of a0= 3.21 Å and c0= 5.17 Å for wurtzite ZnO
bulk.

Only the G-point in the reciprocal space was considered in
calculations of gas-phase H2, triplet O2, and H2Omolecules. Our
convergence tests of the adsorption energy of a hydrogen atom
on a 9/16 (i.e. 3 × 3/4 × 4) supercell of graphitic ZnO(0001)/
Cu(111) versus k-mesh sampling yielded results converged
within 0.03 eV for a k-mesh built from 3 × 3 × 1 subdivisions
(Table S2†). Equally dense k-mesh subdivisions were used for
other ZnO/metal systems (Table S3†). To calculate the electronic
density of states (DOS), the k-mesh parameters along the surface
lattice vectors were multiplied by 8. During geometry optimi-
zation, all atomic coordinates were relaxed with the conver-
gence criteria of j0.03j eV Å−1 for the forces on each atom, except
for the atoms in the bottom layer of the metal slab, which were
xed in the experimental lattice positions. Thus, the positions
of the atoms at the metal–oxide interface were fully optimized.
For each self-consistent iteration, the total electronic energy was
converged to 10−5 eV.

The work function changes upon formation of ZnO/M were
calculated including the dipole correction71 (Table S1†) as Df =

fZnO/M − fM, where fZnO/M and fM are the differences between
the electrostatic potential in vacuum and the Fermi energy for
ZnO lm supported on metal M and pristine metal surface,
respectively. Effective charges are calculated with the Bader
method.72–74 The charge density difference produced by the
metal–oxide interaction was calculated as

Dr(r) = rZnO/M − rZnO − rM,

where rZnO/M is the electron density of the interacting system,
while rZnO and rM are the electron densities of the ZnO lm and
metal support calculated for the isolated systems in a single-
point fashion with the atoms xed in their positions as in
ZnO/M composite cell. The electron density difference iso-
surfaces were visualized with VESTA.75

Model design

ZnO monolayers, metal surfaces, and ZnO/metal interfaces
were constructed using a vacuum region of about 11 Å and
experimental lattice parameters (3.15 Å for Mo, 2.71 and 4.28 Å
for Ru; 3.89 Å for Pd; 3.92 Å for Pt; 3.61 Å for Cu; 4.09 Å for Ag;
This journal is © The Royal Society of Chemistry 2023
4.08 Å for Au; 6.49 Å for Sn; 4.95 Å for Pb; 3.25 Å and 5.21 Å for
wurtzite ZnO).76–78 Metal slabs consisted of 4 layers. Three
different types of continuous ZnO monolayer lms were
investigated, namely, a graphitic ZnO lm, gr-ZnO(0001), and
two lms formed from wurtzite layers wz-ZnO(0001) and wz-
ZnO(10�10). The hexagonal gr-ZnO(0001) was built with O and
Zn atoms in a common plane adopting in-plane lattice
constants of a0 = b0 = 3.303 Å (dZn–O = 1.91 Å) based on reports
by other authors for supported ZnO lms.41,54,79 Although the
initial structures of wz-ZnO(0001) lms featured Zn and O
atoms located in different planes, all atoms approached
a common plane aer geometry optimization. The initial ZnO–
metal distances were set to about 2.30 Å before local optimi-
zation. For consistency, we initiated all our calculations of wz-
ZnO(0001) lm from a conguration with Zn closer to the
vacuum and O closer to the metal. Translations of the oxide
lm changing the lateral alignment between the metal and the
oxide affected the total energies of the system by less than 40
meV and were not considered further (Fig. S2†).

Similarly to previous studies, the atomic structures of ZnO
lm on metal surfaces were designed through lattice matching
minimizing the strain generated on the interface.9,11,45,80–83 In
this study, the strain was applied to the oxide lm whose lattice
parameters were adjusted to match the lattice parameters of the
unstrained metal support. To nd the combination that mini-
mizes the deformation of the lm, we wrote a python code that
scanned all surface lattice transformation matrices with
elements in the range of [−9, 9]. The resulting list of composite
surface cells was ordered by ZnO deformation, from which we
manually selected the cell yielding the lowest deformation,
computationally feasible model size, and angles of about 30
degrees or more between lattice vectors to ensure sufficient
lateral distances between periodic images. Aer trans-
formation, the lattice vectors of the metal support, [aM, bM], and
ZnO lm, [aF, bF], were aligned along the a vectors, and the
deformation vectors, D, were calculated as illustrated in Fig. 1,

Da = (aM − aF, 0),

Db = (bM cos qM − bF cos qF, bM sin qM − bF sin qF),

Da+b = (bM cos qM − bF cos qF + aM − aF, bM sin qM − bF sin qF).

Similar equations were used to calculateD vectors for lattices
aligned along bM and bF. The combinations with the lowest
possible lm strains were selected by minimizing the maximum
value, Dmax, between the deformations of the lm relative to the
lattice parameters of the metal surface,

Dmax ¼ max

�kDak
kaMk;

kDbk
kbMk;

kDaþbk
kaM þ bMk

�
:

The obtained structures are summarized in Table 1 labelled
in terms of the number of stacked unit cells of the monolayer
ZnO lm and metal support in the ZnO/metal cell. Some of the
performed calculations involved supercells of the obtained
structures, e.g., 36/64 ZnO/Cu corresponds to 2 × 2 supercell of
J. Mater. Chem. A, 2023, 11, 13665–13676 | 13667
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Fig. 1 Construction of metal-supported oxide films with minimal
deformation. (A) The unit cells of oxide (e.g., by wurtzite ZnO) film (F)
and metal (M) surfaces are converted into supercells using trans-
formation matrices. (B) The supercells of the oxide and metal are
compared based on the deformation vectors, (Da, Db, Da+b). (C) After
selecting the combination of transformation matrices with minimal
deformation of the oxide, the atomic positions of the oxide are scaled
onto the metal lattice to produce the composite cell. The lattice
parameters for the oxide and metal are indicated by a, b, and q.
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9/16 ZnO/Cu. The computational efficiency of the lattice
matching procedure was improved by eliminating combina-
tions of unit cells with drastically different areas employing
a well-known area-matching algorithm.84
Table 1 The obtained combinations of graphitic and wurtzite-based ZnO
characterized by the number of ZnO/M primitive cells in the composi
Structures with the lowest formation energies are marked in bold

Metal
support

Experimentally observed
ZnO/metal

Lowest deformation
gr-ZnO(0001)/metal

ZnO/M
(units)

Dmax

(%)
Ef
(eV nm−2)

ZnO/M
(units)

Dmax

(%)
Ef
(eV nm

Mo(110) 32/43 0.11 Unstab
Ru(0001) 43/64 0.09 −4.82
Pd(111) 25/36c 0.07 −4.47 25/36c 0.07 −4.47
Pt(111) 25/36d 0.70 −4.00 19/27 0.04 −4.39
Cu(111) 9/16e 2.95 −0.50 31/52 0.09 −1.47
Ag(111) 49/64f 0.07 −1.97 49/64f 0.07 −1.97
Au(111) 49/64g 0.18 −2.34 16/21 0.07 −2.46
Sn(111) 52/27 0.12 1.70
Pb(111) 64/57 0.01 1.60

a For the reference freestanding gr-ZnO(0001), the formation energy is
optimization. c For Pd, lowest deformation and experimental cells coinci
experimental cells coincide ref. 6 and 41. g Ref. 39 and 43.

13668 | J. Mater. Chem. A, 2023, 11, 13665–13676
In some cases, we identied structures of ZnO/metal inter-
faces that yielded strains much smaller or calculated thermo-
dynamic stability much higher than ZnO/metal interfaces
observed experimentally. Both experimentally observed and the
most thermodynamically stable lattice matchings were
included in the analysis. In general, experimental studies tend
to report supercells where lattice vectors of metal and oxide unit
cells are aligned with each other.6,38–43 Although our method
identied numerous interface structures with aligned vectors,
our study focuses on the most thermodynamically stable lm
structures with the lowest formation energy instead. A detailed
analysis of the discrepancies between the results of our lattice
matching method and the experimental observations is
hindered by the intrinsic inaccuracies in the lattice parameters
and binding energies calculated by the employed exchange–
correlation functional.
Thermodynamic analysis

The formation energies of metal-supported ZnO lms were
dened as

Ef ¼ E½ZnO=M� � E½M� �N � E½ZnO�
A

;

where N is the total number of atoms in the ZnO lm, A is the
area of the ZnO/M cell in nm2, E[ZnO/M] and E[M] are the total
electronic energies of the ZnO/M composite and isolated metal
support slab, and E[ZnO] is the total electronic energy per atom
of the wurtzite ZnO bulk.

For hydrogenated lms, the formation energy was
calculated as

GH
f ¼ G½Hk=ZnO=M� � E½M� � 0:5kG½H2� �N � E½ZnO�

A
;

where G[Hk/ZnO/M] is the total Gibbs energy of the supported
ZnO lm containing k H atoms adsorbed at the H saturation
coverage, and G[H2] is the Gibbs energy of gas-phase H2
monolayers with close-packed metal surfaces. Lattice matchings are
te cell, maximum relative deformation, Dmax, and formation energy.a

Lowest deformation
wz-ZnO(0001)/metalb

Lowest deformation
wz-ZnO(10�10)/metal

−2)
ZnO/M
(units)

Dmax

(%)
Ef
(eV nm−2)

ZnO/M
(units)

Dmax

(%)
Ef
(eV nm−2)

le 30/39 0.31 Unstable 32/38 0.77 Unstable
25/36 0.06 −4.62 20/27 0.91 −4.36
28/39 0.11 −4.67 28/36 0.47 −4.10
27/37 0.16 −4.53 22/28 0.51 −4.42
13/21 0.17 −1.43 18/27 0.41 −0.73
31/39 0.19 −2.11 24/28 0.31 −1.20
31/39 0.44 −2.61 24/28 0.48 −1.49
31/16 1.42 1.71 30/14 1.84 2.01
36/31 0.06 1.41 30/24 0.84 2.34

of 4.89 eV nm2. b ZnO structure becomes graphitic upon geometry
de ref. 40. d Ref. 38 and 42. e Ref. 39. f For Ag, lowest deformation and

This journal is © The Royal Society of Chemistry 2023
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molecule calculated under given reaction conditions. The
formation energies of O vacancies Gvac[O] and Gred

vac[O] under
ambient (or oxidative) and reduction conditions were calculated
as

Gvac[O] = E[ZnxOx−v/M] + 0.5 × G[O2] − G[ZnxOx−v+1/M],

Gred
vac[O] = E[ZnxOx−v/M] + G[H2O] − G[ZnxOx−v+1/M] − G[H2]

where v is the number of O vacancies in the considered lm.
The Gibbs adsorption energy of H was calculated as

Gad[H] = G[H/ZnO/M] − E[ZnO/Cu] − G[H2]/2,

In turn, O and OH adsorption energies under ambient (or
oxidation) and reducing conditions were calculated as

Gad[O] = E[ZnxOx−v+1/M] − G[ZnxOx−v/M] − 0.5 × G[O2],

Gred
ad [O] = G[ZnxOx−v+1/M] + G[H2] − E[ZnxOx−v/M] − G[H2O],

Gad[OH] = G[H/ZnxOx−v+1/M]

− E[ZnxOx−v/M] − G[H2O]/2 − G[O2]/4,

Gred
ad [OH] = G[H/ZnxOx−v+1/M] + G[H2]/2

− E[ZnxOx−v/M] − G[H2O].

Gibbs free energy corrections within the ideal gas and
harmonic approximations were calculated at ambient conditions
(T = 298.15 K, p[O2] = 20 612.2 Pa, p[H2O] = 3171.5 Pa), typical
hydrogenation conditions of methanol synthesis (T = 525 K, p
[H2] = 1.5 MPa, p[H2O] = 0.05 MPa) and oxidative conditions of
CO oxidation (T = 450 K, p[O2] = 5000 Pa) found in the
literature.6,21–23,29,85–87 The Gibbs free energies were calculated as

G = E + ZPE +
Ð
CPdT − TS,

where E is the DFT total electronic energy, ZPE is the zero-point
energy, CP is the heat capacity at constant pressure, and S is the
entropy of the system. The ASE88 and pymatgen89 packages were
employed for thermochemistry calculations and classication
of adsorption sites, respectively.

Results and discussion

The reduced dimensionality and metal–support interactions were
observed to result in important structural changes in thin ZnOlms
supported on metals, which lead to the emergence of the graphitic
ZnO phase.40,43,52,54,55 Similarly to previous studies, ZnO lms based
on wurtzite (0001) structure became planar and adapted a structure
very similar to the graphitic ZnO,51 whereas wurtzite ZnO mono-
layers supported on metal surfaces retained corrugated structure.
For Mo(110), no stable structures of ZnO monolayers were identi-
ed because oxygen atomsmoved away from ZnO and formedMo–
O bonds of approximately 2.15 Å (Fig. S3†). The migration of O
atoms to Mo was calculated for all considered types of ZnO lms,
including a thicker graphitic lm containing 4 ZnO layers, which
This journal is © The Royal Society of Chemistry 2023
had fewer O atoms displaced but still displayed the deformed ZnO
structure at the interface (Fig. S3†). Strong interactions betweenMo
andO are in line with the higher oxophilicity ofMo compared to the
other metals.90 Therefore, our results suggest that ZnO lms onMo
are either unstable or differ signicantly from the ZnO structures
on other metals.

Formation energies of metal-supported ZnO lms

The driving force for the formation of ZnO lms on metal
surfaces in the experiment can be evaluated through the
calculation of formation energies of supported ZnO lms with
respect to ZnO bulk (Table 1). The most thermodynamically
stable supported ZnO lms were obtained through the lattice
matching of gr-ZnO(0001) and wz-ZnO(0001) lms, whereas wz-
ZnO(10�10) lms showed low thermodynamic stability and were
not considered further. The stability of ZnO lms on metal
surfaces is found to strongly depend on the group of the metal
element. Pt-group metals and Ru bind ZnO rather strongly in
the order Pt < Pd < Ru and yield lm formation energies around
−4 eV nm−2, suggesting the facile formation of ZnO lms on
these metals. In turn, the exothermicity of ZnO lm formation
on coinage metals is signicantly weaker and grows in the order
Cu < Ag < Au. In particular, ZnO lms on Cu are calculated to be
only slightly more stable than bulk ZnO, which may explain the
signicant time required for their formation in industrial Cu–
ZnO catalysts for methanol synthesis.91 In turn, the formation of
ZnO lms is endothermic on group 14 sp-metals, Sn and Pb,
indicating possible challenges in the experimental synthesis of
ZnO lms on these metals due to their lower reactivity.

Geometric analysis of ZnO monolayer supported on metals

The mismatch between lattice parameters of the ZnO and metal
surface unit cells introduces variations between metal–oxide
distances in various regions, which modulates the strength of
local metal–oxide interactions. All metal-supported ZnO lms
adopt a graphitic structure with the distances between the
planes occupied by Zn and O atoms below 0.2 Å, which is much
smaller than 0.63 Å of the wurtzite structure (Table S4†).

The local structure of supported ZnO lms can be understood
from the analysis of the local distances from O atoms to the
planes of metal surfaces, i.e., the height of O atoms above the
surface (Fig. 2). Such distances form familiarmoire patterns when
lattice vectors of oxide andmetal unit cells are aligned in the ZnO/
M superstructure, whereas the patterns becomemore complex for
superstructures with misaligned lattice vectors. The latter struc-
tures also tend to show a higher corrugation of the ZnO lms
compared to the structures with aligned unit cell vectors, which
can be tentatively attributed to more heterogeneous metal–oxide
interactions in different parts of the lm. For most metals, the
lowest elevation of O atoms above the plane corresponds to O
positions directly above on-top sites on the metal surface, which
results in the shortest O–M bonds (Fig. S4 and S5†). However, the
O–M heights for 49/64 cells of ZnO on Au(111) and Ag(111)
surfaces show the opposite trends with O atoms above top sites
exhibiting the highest elevation above the metal plane. Remark-
ably, similar lattice matchings may produce either similar (e.g.,
J. Mater. Chem. A, 2023, 11, 13665–13676 | 13669
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Fig. 2 Colour maps of distances between O atoms in supported ZnO
films and the planes of metal atoms. The dashed lines show the
employed surface cells. The sizes of data points do not represent
atomic sizes.

Fig. 3 (A) Projected densities of states (DOS) per ZnO unit or metal
atom for supported ZnO films under ambient and hydrogenation
conditions as well as for freestanding graphitic ZnO monolayer. (B)
Side views of electron density difference isosurfaces plotted at 0.010 e
Å−3 for ZnO/Cu and ZnO/Sn with accumulation and depletion of
electrons shown in yellow and blue, respectively.
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for ZnO/Ag and ZnO/Au) or distinct (e.g. for 25/36 ZnO/Pd and
ZnO/Pt) patterns of O elevation above the metal surface.
Electronic structure of supported ZnO lms

Strong and heterogeneous metal–support interactions also
modify the electronic structure of ZnO lms on metal surfaces.
Representative densities of states of the supported ZnO lms for
metals representing each studied group of the periodic table are
shown in Fig. 3. Whereas freestanding ZnO lms are calculated
to have a band gap of 1.9 eV with the employed computational
parameters, supported ZnO lms feature hybridized metal–
oxide states in the vicinity of the Fermi level, which leads to the
absence of the band gap. The broadening of the ZnO bands due
to interaction with the metal atoms is more notable on Pt and
Ru supports, which are also the metal supports with the most
negative formation energies of ZnO lms. In turn, less reactive
metals such as Ag, Au, Sn, and Pb have less signicant effects on
the ZnO DOS. Note that similar conclusions can be reached
13670 | J. Mater. Chem. A, 2023, 11, 13665–13676
from the analysis of various lattice matchings between ZnO
lms and metal supports (Fig. S6 and S7†). The modulation of
the magnitude of metal–oxide interactions due to the super-
position of the oxide and metal lattices can be also observed in
the locally projected DOS. For example, the average energy of O
2p states may vary by up to 0.9 eV with the position of the O
atom within supported ZnO lms (Fig. S8†). Such variation also
leads to a signicant and complex variation in the chemical
reactivities of these O atoms discussed below. Thus, our results
indicate that metal supports profoundly affect both the local
and average electronic structure of ZnO lms and, as a result,
can tune various properties of the lms.

Although charge transfer is considered to be one of the most
important components of metal–oxide interactions,92,93 its value
is calculated to be negligible for pristine ZnO lms supported
on all considered metals (Table S4†). At the same time, ZnO
lms are calculated to change the work function of metal
supports by 0.1–0.4 eV, which indicates signicant charge
polarization on the metal–oxide interfaces (Table S5†). Namely,
charge density difference plots reveal electron accumulation in
the region between Zn and surface metal atoms as well as
signicant polarization of the electron density in O atoms
(Fig. 3). Moreover, the analysis of charge density difference plots
This journal is © The Royal Society of Chemistry 2023
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of ZnO lms supported on Sn reveals that the electron polari-
zation may be signicant only in the regions of the lms directly
above protruding surface metal atoms and may not extend to
the regions remote from them. Thus, the charge polarization in
ZnO lms may be tuned to a signicant extent using supports
with complex surface structures.94,95
Hydrogenation of ZnO lms supported on metal surfaces

Transition metal supports signicantly affect how ZnO lms
interact with the environment in various applications. For
example, CO2 hydrogenation on ZnO-based catalysts takes place
under ∼1.5 MPa H2 pressure. Such reaction environment will
have little effect on the composition of pristine ZnO due to very
endothermic H adsorption on it with Gad[H] = 1.15 eV and
0.12 eV calculated for 3 × 3 supercells of gr-ZnO lms and 4-
layer wurtzite ZnO(10�10) slabs, respectively. However, certain
metal supports can facilitate the hydrogenation of ZnO lms by
providing an electron reservoir and facilitating their charge
balance (Fig. 4, Table S6†).

Under hydrogenation conditions, the strongest H adsorption
is calculated on ZnO lms supported on Pt and Pd, which are
among the metals with the strongest interactions with ZnO
(Fig. 4). In particular, ZnO lms on Pt are calculated to bind H
atoms ∼ 2.3 eV more strongly compared to unsupported ZnO
lms. H adsorption is calculated to be also feasible and
Fig. 4 (A) Gibbs adsorption energies of single H atoms on O sites,
Gad[H], and (B) Gibbs formation energies of single O vacancies,Gvac[O],
under typical hydrogenation conditions (T = 525 K, p[H2] = 1.5 MPa, p
[H2O] = 0.05 MPa) for metal-supported ZnO. Top, bridge, and hollow
(hcp and fcc) indicate the sites of the metal support below the
considered O sites. The bars show values for the most stable cells,
whereas the dots show the values for experimentally observed cells.

This journal is © The Royal Society of Chemistry 2023
exothermic on ZnO lms supported by coinage metals, such as
Cu, Ag, and Au, despite their much weaker interactions with ZnO
lms. Even Sn and Pb supports considerably increase binding
strength of H on ZnO compared to unsupported ZnO lms. Thus,
both d- and p-metals can serve as electron reservoirs with a strong
effect of 0.7–2.3 eV on H adsorption on supported ZnO lms.

Moreover, the heterogeneous nature of metal–oxide inter-
actions (Fig. 2) results in the dependency of the adsorption
properties of various ZnO sites on their position above the metal
surface (e.g., above top, bridge, hcp, and fcc sites) as illustrated
in Fig. 5 for fcc metals with other surfaces represented in
Fig. S9.† Since the position of the lm is not always perfectly
aligned to the sites on metal surfaces, the metal sites below the
lm were classied using the triangulation method.85 On all
supported ZnO lms except ZnO/Sn, H prefers to adsorb on O
atoms above threefold hollow hcp or fcc sites on metal surfaces,
whereas O atoms above top sites on metal surfaces are calcu-
lated to be the least reactive towards H (Fig. 4). Note that this
observation is valid for supports where O atoms above top sites
show both the highest and the lowest elevation above the
surface. For some metal supports, the variation of H binding
energies on various sites can reach 0.54 eV. Thus metal–oxide
interactions are calculated to critically change both the average
and local reactivity of ZnO lms.

Note that H adsorption energies are calculated to be somewhat
different on supported ZnO lms with experimentally observed
and the most stable lattice matchings with differences below
Fig. 5 (A) Classification of O atoms in ZnO films depending on their
location above various sites of (111) surfaces of fcc metals. The same
classification was employed to distinguish Zn sites and sites at the
centres of the graphitic ZnO rings. (B) Top and side views of 49/64
ZnO/Ag at the H saturation coverage of 0.47 ML under methanol
synthesis conditions.
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0.1 eV for most metal supports except Ag, where the difference
reaches ∼0.3 eV. Our results also show that the effect of lattice
matching on H binding energies depends on the location of
adsorption sites above themetal surface andmay be related to the
conguration of the underlying metal atoms below the ZnO lm.

For example, metal–oxide interactions may result in high and
uneven coverage of H on supported ZnO lms. Whereas under
hydrogenation conditions H coverage on ZnO lms supported on
Pt, Ru, and Pd may reach 1 ML, it is calculated to be above 0.75
ML on ZnO lms supported on Cu and Au (Table S6†). Small
quantities of H around 0.1ML can also adsorb on ZnO/Sn system,
whereas no H atoms would adsorb on ZnO/Pb. Interestingly, the
saturation coverage of H on Ag-supported ZnO lms was calcu-
lated to strongly depend on the employed lattice matching
changing from 0.13 ML on the most stable 31/39 ZnO/Ag cells to
0.47 ML in the experimentally observed 49/64 ZnO/Ag structures.
Furthermore, hydrogenation stabilizes ZnO lms supported on
transition metals, making their formation energies signicantly
more exothermic (Table S6†), which enhances the thermody-
namic driving force for the formation of ZnO, or more precisely
ZnOHx, overlayers on metal surfaces under hydrogenation
conditions in the experiment. Similar stabilization upon hydro-
genation was calculated previously for ZnO nanoribbons sup-
ported on Cu(111).46 Upon adsorption, H atoms become charged
by∼0.55 a.u., which decreases the positive charge on Zn atoms by
∼0.15 a.u. and induces a negative charge of around 0.1–0.2 a.u.
on the surface metal atoms, resulting in more signicant charge
transfer between the metal and the lm (Table S4†). The ability of
metal atoms to accept electrons coming from H atoms is likely to
be one of the key factors enabling exothermic H adsorption on
ZnO lms supported on transition metals.

The adsorption of H atoms also profoundly changes the
electronic and geometric structure of the supported ZnO lms.
For example, hydrogenation of ZnO lms shis their DOS by
about 1 eV to lower energies compared to the DOS of pristine
lms (Fig. 3) without changing much the DOS of underlying
metal atoms.

More importantly, the hydrogenation of ZnO lms disrupts
the graphitic structure of ZnO lms. When OH is formed upon
the adsorption of one H atom on ZnO, the O atom is plucked out
of the ZnO plane by 25–40 pm. For the fully hydrogenated lms,
the whole lm shows a bent ZnO lm forming a zigzag structure
where Zn is closer to the metal than the OH groups with the
distance between O and Zn planes of about 1 Å, irrespective of
the support. Interestingly, supported ZnO lms with sub-
monolayer H coverage exhibit regions with both bent and
graphitic structures of ZnO lms (Fig. 5). Therefore, local vari-
ations in H coverage and lm structure further accentuate the
heterogeneity of the lm properties due to the formation of
a periodic superlattice with the metal surface.
Fig. 6 Fragmentation of ZnO films on (A) Pd(111) and (B) Pt(111) with
a detached Zn atom highlighted in purple due to the formation of
numerous O vacancies. Structures of O vacancies created in ZnO
above the top site of Cu support for (C) the 2 × 2 supercell of the 9/16
and (D) 31/52 lattice matchings of ZnO/Cu. Copper layers from top to
bottom are represented in reddish brown, tan, and dark brown.
Formation of oxygen vacancies in ZnO supported on metals

Metal–oxide interactions may also lead to the formation of O
vacancies in oxides, which oen increases their catalytic activity
in reduction reactions.96,97On 3× 3 nonpolar ZnO slabs and 3× 3
freestanding graphitic ZnO lms, O vacancy formation is highly
13672 | J. Mater. Chem. A, 2023, 11, 13665–13676
endothermic by 0.77 eV and 1.62 eV under hydrogenation
conditions, respectively (Table S7†). Similarly high O vacancy
formation energies of 0.88 eV and 1.14 eV are calculated in ZnO
lms on Sn and Pb supports, which exhibit weak metal–oxide
interactions with ZnO. However, transition metal supports
strongly stabilize O vacancies in ZnO lms and enable their
formation under methanol synthesis conditions. In particular,
the formation of O vacancies becomes exothermic by 0.25 eV, 0.51
eV, and 1.01 eV in ZnO lms supported on Ru, Pd, and Pt,
respectively, which exhibit the most exothermic formation ener-
gies of ZnO lms. Weaker interactions between ZnO and coinage
metals like Cu and Ag result in mildly endothermic O vacancy
formation energy under hydrogenation conditions, whereas ZnO/
Au can exhibit O vacancy formation energies exothermic by just
0.22 eV. Note that some metals may stabilize O vacancies in ZnO
to the extent that undermines the stability and integrity of ZnO
lms. For example, ZnO lms were calculated to break under
hydrogenation conditions on Pt supports as well as in the
experimentally observed 25/36 ZnO/Pd system (Fig. 6), which is in
line with previous studies.42,98 Other supports such as Ru and Au
may stabilize up to 0.2 ML of O vacancies in ZnO lms under
hydrogenation conditions. However, none of the metal supports
stabilizes O vacancies in ZnO lms sufficiently to enable their
formation under ambient or oxidative conditions.

The formation of O vacancies in supported ZnO lms was
calculated to signicantly depend on the chosen latticematching
between the metal and the oxide. For example, under hydroge-
nation conditions O vacancy formation energy is calculated to be
endothermic by ∼0.1 eV in 2 × 2 supercells of experimentally
observed 9/16 ZnO/Cu structures, whereas it increases to∼0.4 eV
in more thermodynamically stable 31/52 ZnO/Cu cells. We
attribute such unusual dependency of O vacancy formation
This journal is © The Royal Society of Chemistry 2023
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Fig. 7 Scaling relation between Gibbs adsorption energies of O and
OH on metal-supported ZnO films under hydrogenation conditions.
The black line, equation, andmean absolute error (MAE) correspond to
a linear regression of the calculated values. Red circles indicate data for
the adsorption of O and OH on top of Zn atoms, while blue circles
correspond to adsorption at the centre of ZnO rings and green circles
indicate the adsorption energies of O and OH on metal-supported
ZnO films with one O vacancy.
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energies on the lattice matching details to structural rearrange-
ments around O vacancies in ZnO lms (Fig. 6). In general, the
low-coordinated Zn atoms approach the surface by around 0.3 Å
upon the vacancy formation forming strong bonds with the
metal support. The different arrangement of metal atoms below
the O vacancy in both cases resulted in different environments
for adjacent Zn atoms and their different lateral displacements
during geometry optimization. For instance, the 135° angles
between O–Zn–O atoms around the vacancy in 2× 2 9/16 ZnO/Cu
are signicantly larger than the 120° angles in 31/52 ZnO/Cu and
pristine lms without vacancies. The most pronounced effect of
the lattice matching on O vacancy formation energies is calcu-
lated for ZnO lms supported on Ag, where experimentally
observed 49/64 ZnO/Ag structures exhibit 0.46 eV lower values
than more stable 31/39 ZnO/Ag cells.

In principle, O vacancies could also form in hydrogenated
ZnO lms through the reaction of a surface OH group with H to
form a water molecule. However, such process was calculated
to be endothermic for all considered supported ZnO lms
(Table S8†). Thus, ZnO lms are more likely to be reduced
through the accumulation of surface H atoms rather than
through the formation of O vacancies under hydrogenation
conditions.
O and OH adsorption on supported ZnO lms

Whereas reductive conditions facilitate the formation of O
vacancies in ZnO, one could expect the presence of additional O
atoms on ZnO surfaces under ambient or oxidative conditions.
Although O adsorption is endothermic by more than 1 eV and
3 eV on ZnO surfaces and unsupported lms, respectively, it
may become exothermic on metal-supported ZnO lms. For
example, our calculations demonstrate the feasibility of O
adsorption on ZnO lms supported on Cu, Ag, Sn, and Pb with
binding energies of −0.88 eV, −0.39 eV, −1.34 eV, and −1.11 eV
under ambient conditions, respectively (Table S9†). In addition,
some O atoms may adsorb on ZnO lms on Pt due the proximity
of calculated Gibbs adsorption energies to zero. Such strong O
adsorption on metal-supported ZnO lms could be rationalized
by the metal–oxide charge transfer that helps to maintain
charge balance in the lm with an additional O2− on its surface.
Interestingly, O adsorption on ZnO lms supported on Ru, Pt,
Cu, Au, and Sn may result in some O atoms moving from the
oxide to the metal surface, which could be attributed to their
higher oxophilicity compared to stoichiometric ZnO. Such
reconstruction of ZnO lms becomes more pronounced upon
the adsorption of multiple O atoms.

For comprehensiveness, we also consider the binding
strength of OH species on ZnO lms, which is relevant for their
hydroxylation99–101 and transformation in ZnOxHy lms under
certain conditions (Table S10†).11 Although all consideredmetals
stabilize OH on supported ZnO lms compared to pristine ZnO,
the magnitude of stabilization varies by more than 1.2 eV and
does not correlate with the metal position in the periodic table.
The strongest binding of OH is calculated on ZnO/Sn and ZnO/
Pb models followed by ZnO/Ru. In turn, the weakest OH
binding is calculated on ZnO/Au followed by ZnO/Pd.
This journal is © The Royal Society of Chemistry 2023
Note that several corrections were proposed to the DFT energy
of O2 molecules.102,103 For example, the energy of O2 molecules
can be adjusted by 0.39 eV to higher values in order to make the
calculated Gibbs energy of water formation to match with the
value measured experimentally. Such correction would shi the
values of O vacancy formation energies, O adsorption energies,
and OH adsorption energies in Tables S6, S7, and S9,† by
0.195 eV, −0.195 eV, and −0.098 eV, respectively, without
signicant effect on the main conclusions of this study.

For the rational design of ZnO-based catalysts, it is also
important to note that the Gibbs adsorption energies of O versus
OH on metal-supported ZnO lms follow an approximately
linear relationship (Fig. 7), i.e., structures and sites with strong
O adsorption also favour OH adsorption. To make our analysis
more comprehensive, we include binding energies of O and OH
species to O vacancies in ZnO lms supported on metals
calculated from the data discussed above. As expected,104 the
variation in the OH binding energies is around twice less than
the variation in O binding energies among the considered ZnO
lms on metal surfaces. Also, the strength of the obtained
correlation with a mean absolute error of 0.15 eV is similar to
the scaling relations obtained in other studies.105,106 Thus,
metal–oxide interactions in supported ZnO lms preserve the
scaling relations between O and OH binding energies. At the
same time, the choice of transition metal support allows one to
tune H binding energies by more than 1 eV and O vacancy
formation energies by more than 1.3 eV for a given application
(Tables S6 and S9†). The variation of H and O binding energies
is further increased by the dependency of properties of the sites
on ZnO lms on their position above the metal support (Fig. 4).
Conclusions

Metal surfaces profoundly affect the properties of ZnO lms
supported on them, whichmakes ZnO/M composites promising
J. Mater. Chem. A, 2023, 11, 13665–13676 | 13673
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for many applications such as sensing and catalysis. Supported
ZnO lms are calculated to be signicantly more stable than
bulk ZnO on Ru, Pd, and Pt, and slightly more stable than bulk
ZnO on Cu, Ag, and Au. The thermodynamic stability of sup-
ported ZnO lms is undermined by insufficiently strong inter-
actions with Sn and Pb and exceedingly strong interactions with
Mo surfaces, which abstracted O atoms from the lms. Unlike
ZnO crystals with wurtzite structure, thin ZnO lms supported
on metals have graphitic structures and no band gap.

Metal–oxide interactions facilitate H adsorption on ZnO lms
and O vacancy formation in them. Whereas some concentration
of O vacancies under hydrogenation conditions can be expected
in ZnO lms supported on Ru and Au, the high amount of O
vacancies formed in ZnO lms on Pd and Ptmay undermine their
structural integrity. Although pristine ZnO surfaces or lms
weakly interact with H atoms, ZnO lms supported on transition
metals adsorb signicant (up to 1 ML) amounts of H atoms on
their surface under hydrogenation conditions because metal
surface helps to maintain charge balance in H-covered ZnO.
Submonolayer H coverage on supported ZnO lms results in the
coexistence of H-covered and bare areas within the same lm.
Note that hydrogenation of supported ZnO lms corrugates their
structure and greatly hinders the formation of O vacancies in
them. More importantly, hydrogenated ZnO lms on transition
metals are calculated to be signicantly more thermodynamically
stable compared to pristine lms, which would increase the
thermodynamic driving force for lm formation under hydroge-
nation conditions in the experiment.

The mismatch between lattice parameters of ZnO andmetal
surfaces induces signicant variations in the local properties
of the supported ZnO lms, such as the elevation above the
surface or the electronic structure of atoms composing the
lm. The binding energies of H atoms and O vacancy forma-
tion energies are also calculated to vary among sites within
each supported lm by up to 0.8 eV depending on the align-
ment of the sites with the underlying metal atoms. The
employed lattice matching also signicantly affected the
calculated binding energies of H and O to the supported lms
by up to 0.3 eV.

Overall, metal–oxide interactions are shown to be a valuable
tool to modify the electronic structure and the interaction
energies of the ZnO lms with H and O species by up to 1.4 eV.
Thus, the rational choice of metal support for ZnO lms is
suggested as a promising strategy for tuning their properties for
various applications based on the fundamental understanding
of the metal–oxide interactions obtained in this study.
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