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ABSTRACT: By hydrogenating carbon dioxide to value-added products such as
methanol, heterogeneous catalysts can lower greenhouse gas emissions and generate
alternative liquid fuels. The most common commercial catalyst for the reduction of
CO2 to methanol is Cu/ZnO/Al2O3, where ZnO improves conversion and selectivity
toward methanol. The structure of this catalyst is thought to be Zn oxy(hydroxyl)
overlayers on the nanometer scale on Cu. In the presence of CO2 and H2 under
reaction conditions, the Cu substrate itself can be restructured and/or partially
oxidized at its interface with ZnO, or the Zn might be reduced, possibly completely to
a CuZn alloy, making the exact structure and stoichiometry of the active site a topic of
active debate. In this study, we examine Zn3 clusters on Cu(100) and Cu(111), as a
subnano model of the catalyst. We use a grand canonical genetic algorithm to sample
the system structure and stoichiometry under catalytic conditions: T of 550 K, initial
partial pressures of H2 of 4.5 atm and CO2 of 0.5 atm, and 1% conversion. We
uncover a strong dependence of the catalyst stoichiometry on the surface coverage. At the optimal 0.2 ML surface coverage, chains of
Zn(OH) form on both Cu surfaces. On Cu(100), the catalyst has many thermally accessible metastable minima, whereas on
Cu(111), it does not. No oxidation or reconstruction of the Cu is found. However, at a lower coverage of Zn, Zn3 clusters take on a
metallic form on Cu(100), and slightly oxidized Zn3O on Cu(111), while the surface uptakes H to form a variety of low hydrides of
Cu. We thus hypothesize that the 0.2 ML Zn coverage is optimal, as found experimentally, because of the stronger yet incomplete
oxidation afforded by Zn at this coverage.

Heterogenous catalysis is essential to chemical production,
sustainable energy, and many other important aspects of

society, but it remains a difficult science to study
experimentally and computationally because catalysts, partic-
ularly their active sites, can be rebuilt drastically at each step of
the reaction. The dynamic nature of these catalysts under
reaction conditions leaves many outstanding questions in the
field.1−6 One contested question is the true nature of the active
site in various heterogeneous catalytic reactions, and here we
will focus on the reduction of CO2 to methanol on Cu/Zn/
ZnO catalysts.7−12 In this industrial reaction, CO2 and H2
gases flowed over the catalyst and are believed to pass through
formate and methoxide intermediates before ultimately
forming methanol.13 Because oxidation, reduction, and
associated restructuring of the Cu−Zn interface can occur
under reaction conditions, this system is a key example of
strong metal support interaction (SMSI) and has led to various
computational and experimental studies proposing different
active sites with little consensus,14−16 though Zn in some
oxidation state being encapsulated on Cu as an overlayer is
accepted as a key step for the Cu/ZnO/Al2O3 industrial
catalyst.16,17 Oxide-on-metal “inverse catalysts” have also been
shown to perform better than their traditional, metal-on-oxide
counterparts for a number of reactions,18−28 including

methanol synthesis with ZnO or ceria on copper.29,30 Across
these many variants, catalytic Zn has been proposed to be
metallic (as an alloy)8,10,15,31−33 or to exist in small ZnO
surface islands,30,34−37 bulk/layered forms of ZnO,17 or a
mixed phase of all of these.38−41 The copper coordination and
oxidation state is also contested.33,39,42−44 It has also been
proposed that Zn coverage is highly dynamic, responding to
the chemical potential of the surrounding gases.10,33,42

Clearly, a reliable phase diagram of this catalyst would be
helpful in understanding its active site, and though one has
been presented, it considered only oxygen chemical potentials
and not hydrogen;34 on the contrary, hydrogen is present in
methanol hydrogenation and known to be a major factor in
ZnO thin film restructuring on metals.45 One consensus that
has largely been reached is that this methanol reduction
catalyst is most efficient at a 20% surface coverage of Zn on Cu
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(0.2 ML).7,32,46−48 This begs the question of why 0.2 ML is
optimal.
Given this information, we constructed a computational

model in which a small Zn cluster is deposited on a Cu unit
cell to match the 0.2 ML coverage. Here, we select p(4 × 4)
Cu surface supercells with (111) and (100) termination,
because model catalysts made by deposition of ZnO on these
two single crystal surfaces were shown to be highly active, with
(100) reported to be superior to (111).48 We perform the
grand canonical global optimization under a variety of chemical
potentials of hydrogen and oxygen to obtain a phase diagram
as a function of these chemical potentials. By determining the
chemical potentials of the reaction conditions using ab initio
thermodynamics, we arrive at the most stable phases
corresponding to those conditions. By comparing the results
to those at a smaller Zn coverage on Cu (∼0.14 ML), we find a
strong dependence of the system stoichiometry (O and H

content) on the Zn coverage, potentially shedding light on why
0.2 ML appears to be optimal in the experiment.
The chemical potentials are derived on the basis of the

conditions of the thermal CO2 reduction of Palomino et al.:48

T of 550 K, initial partial pressure of H2 of 4.5 atm, and initial
partial pressure of CO2 of 0.5 atm. Assuming 1% conversion to
match the experiments of Palomino et al.,48 we obtain reaction
partial pressures of 0.005 atm for H2O and 4.5 − 3(0.005) =
4.485 atm for H2. We compute the free energies (G) of H2O
and H2 using the density functional theory (DFT) energies
plus zero-point energy (ZPE) as the enthalpy (H) and the
ideal gas limit of the vibrational, translational, and rotational
entropy (S) contributions:

= = +
+ +

G T P H T TS T P E E

T S S S

( , ) ( ) ( , )

( )
DFT ZPE

trans vib rot

Figure 1. Phase diagrams of (a) Zn3/Cu(100) and (c) Zn3/Cu(111) at 0.2 ML coverage as a function of the chemical potentials of O and H. The
black star denotes the chemical potentials for the considered reaction conditions. The dominant structures of several phases are shown in panel b
for Zn3/Cu(100) and panel d for Zn3/Cu(111) as top-down views.
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Using the fact that free energy is gained when a molecule
adsorbs to the Cu/Zn surface, we obtain chemical potentials of
μ(H) = μ(H2)/2 = −3.684 eV per H and μ(O) = μ(H2O) −
μ(H2) = −8.107 eV per O.
Thus far, however, this derivation has assumed that the free

energy of formation of ZnO is zero or negligible, which it is
not. The ZnO formation equilibrium will give a more positive
surface oxygen chemical potential:

= G(O) (H O) (H ) (ZnO, 0 K)2 2 f

where

= +

[ + + + ]

G E E

E E E E

(ZnO, 0 K) (ZnO) (ZnO)

(Zn) (Zn)
1
2

(O )
1
2

(O )

f DFT ZPE
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Because the PBE exchange-correlation functional used in
this study notoriously overestimates the bond energy of O2, for
ΔGf(ZnO, 0 K), we employ optPBE exchange49 instead of
PBE exchange (but keep PBE correlation) to evaluate the free
energy of formation of ZnO, maintaining the use of a very
similar GGA-family density functional for the sake of
consistency, but mitigating the error associated with O2. As a
result, μ(O) is shifted by 0.43 eV to −7.677 eV per O. For
comparison, using PBE exchange instead of optPBE gives a
shift of 0.39 eV; the difference is small but not negligible due
to the many domains present near reaction conditions on
Cu(100) shown below.
Grand canonical global optimization using GCGA (see

Methods for details) was performed at several chemical
potentials of O and H, where global and local minima were
retained. For intermediate values of the chemical potentials,
the free energies of all found isomers were re-evaluated, and
thus, the phase diagram was made continuous by extrapolation.
The resultant phase diagrams of Zn3/Cu(100) and Zn3/
Cu(111) as a function of μ(O) and μ(H) are presented in
Figure 1. The black star denotes the chemical potentials under
the specific considered reaction conditions, derived in the
previous section. Different visualizations of these phases, such
as individual diagrams for H coverage and O coverage, are
available in Figure S1 for Cu(100) and Figure S2 for Cu(111).

A clear difference between Cu(100) (Figure 1a) and
Cu(111) (Figure 1c) is that Cu(100) has much narrower
domains that can interconvert at even small changes to the
chemical potential, particularly at and around reaction
conditions. This suggests an ease of changing the oxidation
and hydroxylation status of Zn, which is relevant to the
reactivity. By contrast, the domains tend to be wider in the
Cu(111) diagram, indicating greater ranges of stability,
consistent with the Cu(100) surface being known to be
more reactive, while Cu(111) is more stable.
Upon close examination of only the reaction chemical

potentials, calculated free energy surfaces as functions of the
number of O and H atoms are shown in Figure 2. On the
Cu(100) and Cu(111) surfaces, the catalysts have clear free
energy basins, with the minimum free energy (designated as
0.0 eV) corresponding to Zn3O2H2 and Zn3O3H3 for Cu(100)
(Figure 2a) and to Zn3O3H3 for Cu(111) (Figure 2b). The
value of kBT at 550 K is ∼0.0474 eV, making the Zn3O3H4
local minimum (LM) structures easily thermally accessible on
Cu(100). A deeper basin exists around the global minimum
(GM) on Cu(111), however, leading to lower probabilities of
other stoichiometries being thermally accessed. This corre-
sponds to the most likely resting states of the catalyst and may
change when reaction intermediates are adsorbed to the
catalyst (to be addressed in a future study). Structures with
many hydrogen atoms and few oxygen atoms or vice versa are
either highly unfavorable or absent altogether under these
conditions, especially in the case of many oxygens but few
hydrogens. This indicates the favorability of hydroxyl and (less
so) water ligands, which is verified in the next section where
GM and LM structures are discussed. The stoichiometric or
near-stoichiometric oxide or metallic forms of the cluster are
clearly not identified as being relevant.
At 0.2 ML coverage, the lowest-lying minima are very similar

chain-like structures, often differing by small Zn−Zn bond
angles and by additions of chemisorbed water molecules,
which are essentially guaranteed to overcome the desorption
barrier at 550 K, leaving only hydroxyls. This is true even upon
comparison of (100) and (111) surfaces, though two notable
differences are that energy differences on Cu(100) are quite
small between varying hydroxyl and hydride content, and a

Figure 2. Free energy surfaces as functions of O and H coverage for (a) Cu(100) and (b) Cu(111), at 0.2 ML coverage, using the following
chemical potentials: μO = 7.677 eV and μH = 3.685 eV. Darker reds indicate higher free energies, which are relative to each surface’s GM (i.e.,
ΔGGM = 0.0 eV). The plots are based on the global minimum free energy structure of each stoichiometry.
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ring-like structure (Figure S7, LM3) is also quite stable on
Cu(100). This is consistent with the depth of the wells in the
free energy surfaces (Figure 2a) and implies that the true
industrial catalyst may be fluxional in its (100) regions and
restructure significantly when different intermediates bind to
it.50

Notably, Zn3(OH)3 chains bridge periodic images in Figure
S9 LM1 (also shown Figure 1b), and the structure is essentially
degenerate in free energy with the GM, at a difference of only
0.004 eV, which is well within the margin of error for not only
DFT but also more accurate electronic structure methods. The
GM on the Cu(111) also shows the bonding of Zn to its image
under the periodic boundary conditions of the unit cell,
indicating that long chains of Zn(OH) would form if larger,
more physical supercells were used and the 0.2 ML coverage
was kept fixed.51,52 Due to the sites bridging Cu, which the Zn
atoms favor on both surfaces, being spaced more closely on
Cu(100), such chains form; it would take a fourth Zn atom for
the same chains to form on the (100) facet as a GM on (111).

Notably, while we show below that O and H coverages are
highly sensitive to reaction conditions, Li et al. found a very
similar (though not bridging periodic images), chain-like
minimum structure on p(6 × 6) Cu(111) slabs under
conditions of methanol steam reforming, a reaction at a
similar temperature but with very different amounts of O and
H present.53

Hence, at the 0.2 ML coverage, the Zn3(OH)3 chains
interacting with their periodic images lead to an increase in the
extents of favorable bond formation. This is not an artifact, as
the coverage emulates the experimentally synthesized catalyst,
but it does beg the question of how the Zn3 would behave if
the Cu slab were too large to form these cell-bridging chains,
or in other words if the coverage of Zn was <0.2 ML. We thus
perform sampling of the same 3Zn system but on 6 × 6 slabs
with (100) and (111) termination, corresponding to a 0.14
ML Zn coverage, and found drastically different behavior,
shown in Figures 3 and 4. The Zn3 clusters are no longer
hydroxylated. The GM and LMs on Cu(100) are bare Zn3 in a

Figure 3. (a) Phase diagram, (b) global minimum structure of Zn3OxHy on Cu(100), and (c) free energy surface at a 0.14 ML coverage. Note that
all LMs differ from the GM only by copper surface hydride coverage.

Figure 4. (a) Phase diagram, (b) global minimum structure of Zn3OxHy on Cu(111), and (c) free energy surface at a 0.14 ML coverage. Note that
all LMs differ from the GM only by copper surface hydride coverage.
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triangular formation, and the same is true on Cu(111) except
with an oxygen atom bridging them as predicted by
Reichenbach et al.34 Hydrogen adsorbs to the Cu surface
rather than the Zn, at a significant coverage. This result,
obtained under conditions of CO2 reduction, is in stark
contrast to the previously mentioned case of methanol steam
reforming studied by Li et al.53 We also note the lack of many
metastable Zn3 geometries on Cu(111).
Finally, we note that brass, a mixture of Cu and Zn, is among

the most famous alloys in existence. It is thus natural to
wonder whether surface alloying may occur between the Zn3
cluster and Cu under the reaction conditions. During all
sampling simulations presented above, the surface Cu atoms
were sampled and, in particular, allowed to swap places with
Zn; no alloyed phases were identified. To confirm the result,
the low-free energy structures on Cu(100) and Cu(111), such
as the Zn(OH) chains, were altered with this swapping by
hand, to see if additional minima were discovered. While
surface alloy structures were favorable at more negative oxygen
chemical potentials [i.e., μ(O) = −8.1 eV], none were found to
be accessible minima under reaction conditions. Thus, alloys
can be ruled out as the active phase, at least at the level of a
small model.
In the important catalytic reaction of thermal CO2 reduction

to methanol via zinc/zinc oxide on copper, the true nature of
the active site under reaction conditions has been widely
contested. Using the Zn3 cluster on p(4 × 4) supercells of
Cu(100) and Cu(111) to represent the optimal 0.2 ML
coverage for this reaction, we present a comprehensive phase
diagram of hydrogen and oxygen coverage as a function of
their respective chemical potentials. We find that the more
reactive facet, Cu(100), has many energetically similar surface
phases near the reaction chemical potentials, while the more
stable facet, Cu(111), is more sparse in its phases. For both, we
predict that chains of zinc-hydroxyl spanning the copper
surface are the global minima, with some variation of hydroxyl
content, geometry, and surface hydrides easily thermally
accessible for Zn3/Cu(100) but not Zn3/Cu(111). The fully
oxidized Zn3O3 phase is not competitive, and Cu/Zn surface
alloying is also not observed under the reaction conditions. We
observe an important dependence of the preferred structures
and stoichiometries of Zn on the coverage. The previously
experimentally identified 0.2 ML coverage is a critical coverage
at which chains of Zn hydroxide can reach across the unit cell
boundary, forming extended structures generally supported by
the increased number of Zn−O bonds. These extended
structures are apparently required for Zn to be partially
oxidized. At lower coverages, e.g., 0.14 ML, simulations show
isolated metallic or very mildly oxidized Zn clusters and larger
amounts of surface hydride on Cu. This drastic change may
point at the reason for the optimal coverage to be in the
experimentally determined range of 0.2 ML, because on the
contrary, a higher coverage could lead to blocking of surface
active sites. The structures found establish important starting
points for reactivity studies of industrial reduction of CO2 to
methanol.

■ METHODS
All calculations were performed with periodic DFT, using the
Vienna Ab-Initio Software Package (VASP).54−56 The
Perdew−Burke−Ernzerhof (PBE)57 functional (known to
perform well for the surface and bulk properties of transition
metals)58 was used with corresponding pseudopotentials in the

projector-augmented wave (PAW) scheme,59 with a plane
wave kinetic energy cutoff of 400 eV. The zero-damping DFT-
D3 method60 was used to account for van der Waals
corrections, and a dipole correction61 in the Z-direction was
applied. The self-consistency for energy was enforced up to
10−5 eV and for force norms up to 0.06 eV/Å in geometry
optimizations. Due to the highly ionic bonding of Zn and O,
no Hubbard corrections (U or V) or Hund corrections (J)
were used. Energy differences between low-lying gas phase
isomers were computed with U and J combinations ranging
from 0 to 5 eV each, in increments of 0.5 eV, and compared
against the HSE0662 range-separated hybrid functional, and
indeed, calculations with no Hubbard terms were found to
match the HSE06 results most closely. To mimic the desired
0.2 ML coverage of ZnO, a p(4 × 4) Cu supercell was used
with four layers for the Cu(100) and Cu(111) surfaces. The
top two of these layers were unconstrained during the
optimization to allow for any surface deformation. A 20 Å
vacuum was used to avoid interaction between slabs. A Γ-only
k-point scheme was applied, justified by the large size of the
supercell (the area of the (100) surface is ∼100 Å2, for
example). Second-order Methfessel−Paxton smearing was
used to assist convergence, but all energies were taken in the
limit of zero smearing. Manual sampling of structures on Cu
surfaces, as well as ab initio thermochemistry calculations (i.e.,
ideal gas entropic contributions) for determining chemical
potentials, was performed with the atomic simulation environ-
ment (ASE).63,64 Grand canonical genetic algorithm (GCGA)
global optimization was performed using our group’s in-house
GOCIA software.65 Fifty initial structures were generated
randomly and optimized with the energy and force cutoffs
given above, with manual prevention of forming H−H or O−
O bonds. All structure visualization was performed with
Ovito.66
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