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The state of zinc in methanol synthesis over a
Zn/ZnO/Cu(211) model catalyst
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Patrick Lömker4,1, Christoph Rameshan5, Kevin Ploner2, Djuro Bikaljevic2, Hsin-Yi Wang1,
Markus Soldemo1§, Mikhail Shipilin1, Christopher M. Goodwin1, Jörgen Gladh1§,
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The active chemical state of zinc (Zn) in a zinc-copper (Zn-Cu) catalyst during carbon dioxide/carbon
monoxide (CO2/CO) hydrogenation has been debated to be Zn oxide (ZnO) nanoparticles, metallic Zn,
or a Zn-Cu surface alloy. We used x-ray photoelectron spectroscopy at 180 to 500 millibar to probe
the nature of Zn and reaction intermediates during CO2/CO hydrogenation over Zn/ZnO/Cu(211),
where the temperature is sufficiently high for the reaction to rapidly turn over, thus creating an almost
adsorbate-free surface. Tuning of the grazing incidence angle makes it possible to achieve either
surface or bulk sensitivity. Hydrogenation of CO2 gives preference to ZnO in the form of clusters or
nanoparticles, whereas in pure CO a surface Zn-Cu alloy becomes more prominent. The results reveal
a specific role of CO in the formation of the Zn-Cu surface alloy as an active phase that facilitates
efficient CO2 methanol synthesis..

M
ethanol receives much interest as an
industrial chemical as well as for its
potential as an energy carrier (1). Its
gravimetric energy density is compa-
rable to that of liquid ammonia and

can easily be distributed and stored with es-
tablished technologies. To date, the leading
industrial catalyst for the CO/CO2 hydrogen-
ation toward methanol consists of a mixture
of Cu, ZnO, and Al2O3 (2). Methanol synthesis
is carried out between 150° and 300°C at
pressures of 50 to 100 bar but can also oc-

cur at substantially lower pressures of a
few millibar (3).
Although this catalytic process is a century

old, years of intense research have aimed to
determine the mechanism and active sites.
The catalytic nature of the Zn in the catalyst
is still highly debated (2), and the mechanism
is not yet fully experimentally verified. The
addition of ZnO/Zn goes beyond the role of a
mere particle dispenser and acts as a chemi-
cally active promoter of the reaction (the ZnCu
synergistic effect). There are a number of hy-

potheses about the chemical state of Zn—more
specifically, whether it is in a metallic state
as a surface alloy (4) or a bulk alloy (5), and
whether small ZnO islands are present on the
surface (6, 7) or in bulk forms (8, 9). There is
also a proposal that mixed phases could co-
exist, either in the bulk or on the surface (10).
Additionally, Zn diffusion and Zn spillover on
the Cu surface have been observed at various
conditions, suggesting that the system can have
a strongly dynamic character (4, 11). These
highly divergent hypotheses result from a com-
plex interplay between Cu and ZnO and the
relative proportions of CO2 and CO in the re-
actant gas and thus have sparked intense de-
bate (12, 13).
Another mechanistic issue is whether the

Zn-promoted mechanism propagates through
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Fig. 1. Experimental setup and x-ray photoelectron spectra under different
gas environments. (A) The surface of Zn/ZnO/Cu(211) is probed with grazing
incidence x-rays at different angles (Q1 and Q2) while the surface is exposed to
an elevated pressure of a gas mixture of CO, CO2, and H2. The surface was
heated from the backside to achieve reaction conditions. (B) Experimental x-ray
photoelectron spectra of the Zn 3d region obtained at 180 mbar, 140°C, and
stoichiometric gas composition, using 4750 eV of photon energy. The experiment

was conducted at ~35% surface Zn. The relative amount of ZnO to metallic
Zn shows a strong dependency on gas composition. a.u., arbitrary units.
(C) Experimental x-ray photoelectron spectra of the Zn 3d region obtained at
500 mbar, 230°C, and H2:CO = 2.6:1 and H2:CO2 = 2.6:1, using 4600 eV of photon
energy at a Zn coverage of ~15%. The spectra contain more noise because of
the elevated pressure but exhibit more-pronounced differences between the
two gas compositions.



formate and methoxy species as stable inter-
mediates with different propensities, depend-
ing on whether the reactants are CO2, CO, or a
mixture of both (4, 6, 14, 15). It has been de-
termined from isotope labeling experiments
that the reaction proceeds more efficiently
from CO2 than CO (16), but it remains un-
resolved how the mixture of the two gases
yields the highest production rate of methanol
(17). However, the cooperative action of ZnOx

and CO2 has also been reported to enhance
the rate of methanol synthesis from CO, even
when the CO2 fraction is as low as 3% (18).
Experimental observation of the response

from the potential active sites and surface in-
termediates in situ could test the various hy-
potheses about the active catalytic site, but
such studies would need to be conducted near
the operating conditions at which the reaction
turns over (19). As the catalyst is exposed to
elevated temperatures and pressures with a
variable reaction mixture, it may undergo crit-
ical changes that take place only in the upper-
most atomic layers. In many cases, only a few
active centers at step edges are responsible
for reaction propagation (20). Active centers
and reaction intermediates often amount to
minority species in a dominating macroscopic
bulk system of the catalyst material together
with a large macroscopic gas volume. To meet
this challenge, recent studies have conducted
in situ x-ray absorption spectroscopy of the
Cu-Zn system at high-pressure conditions
(8–10), but only with the use of bulk-sensitive
detection schemes.
X-ray photoelectron spectroscopy (XPS) can

be used to investigate the chemical nature of
catalytic surfaces and adsorbates through core-
level shifts. In particular, all aspects of the
catalyst system in terms of the metallic/oxide
surface, adsorbates, and gas phase can be
probed under identical conditions (21), and
well-defined peaks are often observed. The
high inelastic scattering cross section of photo-
electrons in the gas phase makes vacuum con-
ditions necessary. The approach for catalysis
studies using XPS has either been postreaction
analysis after the reaction at high pressure or
under near–ambient-pressure conditions with
a differential pumping arrangement (22).
Near–ambient-pressure conditions in the

1-mbar regime are still limited in terms of
high-pressure capability when reactions pro-
ceed at high rates (23). For the Cu-Zn system,
the pressure has been restricted to between
0.05 and 1 mbar (7, 10, 24). Nakamura et al.
have pointed out that postreaction studies can
potentially result in misleading conclusions
about the active state of Zn in methanol syn-
thesis (12), in which reaction intermediates
[e.g., formate (HCOO)] may decompose and
oxidize the surfacewhen the system is evacuated
and the temperature is reduced. Kuld et al.
(3) and Behrens et al. (4) showed that the Zn

coverage dynamically responds to the chem-
ical potential of the surrounding gas, which,
for postreaction experiments, will be changed
upon evacuation.
In this work, we demonstrate that a spe-

cially engineered ambient-pressure XPS ex-
periment, based on a design with local high
pressure and extreme grazing incidence of
incoming x-rays, is capable of providing high
surface sensitivity (25). This approach enables
investigation of the nature of Zn and surface-
adsorbed intermediates with a pressure of
several hundred millibar at elevated temper-
atures, thereby shifting toward more-realistic
conditions for methanol synthesis. To enable
a direct comparison with theoretical calcula-
tions (4) that aimed to describe the industrial
catalytic process, we selected an identical
model system with a stepped Cu(211) single
crystal promoted by Zn. This system exhibits
superior turnover frequency relative to other

more-compact surfaces such as Cu(111) and
Cu(100) (4, 6).
Furthermore, the high concentration of steps

at the surface acts to simulate defects, as mo-
tivated by the study of Behrens et al. (4). From
Zn 3d core-level shifts, we found that the
nature of Zn depended on the reaction gas
mixture. Incidence angle–dependent spectra
showed that, in CO2-rich conditions, ZnO was
favored to exist as bulk-like particles, whereas
CO tended to generate metallic Zn that was
alloyed with the Cu near the surface. From
the C 1s spectra, we concluded that for CO2

reduction there was a codominance of for-
mate and methoxy as long-lived intermediates,
whereas in CO themethoxy species dominated.
The coverage of the intermediates diminished
at higher temperature, indicating that the re-
action was turning over. The aforementioned
results support a model in which highermeth-
anol production yield with a mixture of CO2
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Fig. 2. Zn 3d spectral region in different gas compositions and probing depths. Spectra were collected at
180°C and ~280 mbar on the system Zn/ZnO/Cu(211) at a varying gas mixture of H2:(CO + CO2) = 2.6:1, with
CO:CO2 ratios indicated for ~15% surface Zn. Spectral raw data (circles) are deconvoluted by a four-peak structure.
The green components at 9.53 and 9.85 eV correspond to the spin-orbit split components of metallic Zn 3d, the
structure at 10.93 eV (gray) corresponds to ZnO, and the structure at 10.3 eV (light blue) corresponds to Zn in a
(d+) oxidation state. (A) Highly surface-sensitive experiments at a grazing incidence angle of 0.3°. A pronounced
change is observed as the Zn:ZnO ratio varies. (B) Same experiment as in (A) but with a grazing incidence angle
of 0.9°, to achieve greater bulk sensitivity. Data were accumulated consecutively, from CO:CO2 = 1:0 to CO:CO2 = 0:1.
For each fixed-gas mixture, the angles of 0.3° and 0.9° were investigated.
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and CO (3) is a consequence of the strong re-
ducing ability of CO, which generates a surface
that has a high density of alloyed Cu-Zn sites
(3) and is particularly active for CO2 reduction
to methanol (2).

Outline of the experiment

The principle of the experiment is illustrated
in Fig. 1A (26). The Zn/ZnO/Cu(211) surfacewas
prepared by evaporating metallic Zn and sub-
sequent thermal annealing, generating around
15 or 35% of surface Zn inside the vacuum
chamber without exposure to air [higher an-
nealing temperature or longer annealing time
led to less Zn surface content (26)]. The sample
surface was then placed parallel to and within
30 mm of the electron spectrometer entrance.
Precleaned and premixed gases of CO, CO2,
and H2 were directed onto the sample surface,
which created a localized volume of elevated
pressure that acted as a small virtual cell with
rapid gas flow. Using a well-focused and low-
divergence x-ray beam from beamline P22 at
the Petra III synchrotron radiation facility, we
probed the surface under grazing incidence con-
ditions with a precision of ±2 mrad (25). Given
the specific reflectivity of the Cu single crystal,

the choice of incidence angles below and
above the critical angle of reflection allowed
us to obtain depth information (27). To ac-
count for the variation in the pressure and
differences in photoelectron absorption in the
gas phase, all spectra were normalized to the
simultaneously recorded Cu 2p3/2 core-level
spectra. The measurements were conducted
below a photon flux threshold so that beam-
induced changes could be eliminated (26).
Owing to its high photoionization cross

section, the stronger bound 2p core level is
often used to determine the oxidation state of
3d metals. Previous studies focusing on the Zn
2p3/2 core level showed a shift from 1021.2 to
1021.8 eV upon oxidation of metallic Zn to
ZnO (6), but the inherent lifetime broadening
of the Zn 2p3/2 core level renders peak de-
convolution highly ambiguous. However, the
valence-like Zn 3d core level has less lifetime
broadening and allows deconvolution into
metallic and oxidized states (28, 29), but with
lower photoionization cross section and less
signal intensity.
The importance of in situ measurements in

comparison to postreaction analysis in vacuum
has beendemonstrated for CO2-rich conditions

(26). The spectra in fig. S4 show distinctly dif-
ferent peak positions, with a pronounced shift
from oxidized Zn to more-metallic Zn under
vacuum conditions (7). These findings empha-
size the importance of in situ investigations,
and we have conducted all of our experiments
at pressures between 180 and 500 mbar.

Metallic Zn or ZnO depending on
gas composition

In Fig. 1B we show Zn 3d spectra measured
under reaction conditions of 180 mbar, 140°C,
and 2:1 H2:CO and 3:1 H2:CO2 gas fractions.
The spectra were consistently characterized
by four peaks at 10.9, 10.3, 9.8, and 9.5 eV
throughout the accumulated dataset. As de-
tailed below, the low–binding energy peaks at
9.5 and 9.8 eV (green) corresponded to the
spin-orbit split states of metallic Zn 3d3/2 and
Zn 3d5/2. We associated the broad structure
at 10.9 eV (gray) with Zn in the +2 oxidation
state, related to bulk-like ZnO. We assigned
the component at ~10.3 eV (light blue) to a
Zn-(d+) oxidation state species related to
Zn interacting with formate and methoxy
(4, 30, 31) as well as some ZnOH. Thus, we
identified the preferential states of Zn di-
rectly from the spectra under gas phase
composition-dependent reaction conditions.
Under CO-rich conditions (H2:CO = 2:1), the

metallic Zn signal became more dominant
(Zn:ZnO = 0.6), whereas under CO2-rich con-
ditions (H2:CO2 = 3:1), ZnO was strongly en-
hanced (Zn:ZnO = 0.34). When the pressure
was increased tomore-extreme conditions at
500 mbar and 230°C, the spectra became
noisier, owing to increased gas-phase elec-
tron scattering (Fig. 1C), indicating that in
pure CO metallic Zn was present almost ex-
clusively, and in CO2 only ZnOwas observed.
This observation directly indicated that CO
promoted a more-reduced state enriched in
metallic sites, whereas CO2 drove the surface
toward the fully oxidized state of Zn. We did
not observe any evidence for the oxidation of
Cu in either of these measurements (26).
The relative amount of Zn in at least two

different redox states changes continuously
in gas mixtures ranging from pure CO + H2

mixture to pure CO2 + H2 mixture at 180°C
and 280 mbar (Fig. 2). To distinguish the sur-
face effects from bulk effects, we conducted
separate measurements at two different inci-
dence angles. At a grazing incidence angle of
0.3°, the effective probing depth was ~14 Å
(26), which corresponded to between seven
and eight layers, in accordance with the defi-
nition of interlayer distance from Gajdoš et al.
(32). For 0.9° the probing depth was much
greater (~53 Å) and corresponded to ~30 Cu
layers. The response in peak intensity for the
various gas mixtures (Fig. 2, A and B) re-
sembles the situation discussed in connection
with Fig. 1B: The peak structure under CO-rich
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Fig. 3. Spin-orbit splitting in native polycrystalline ZnOx and brass sample and temperature-
dependent behavior of Zn on active Zn/ZnO/Cu(211). (A) Comparison of Zn 3d spectra measured in
the hard x-ray photoelectron spectroscopy chamber at beamline P22, using a incidence angle of 5° to
provide bulk-sensitive conditions. The spectra were recorded in vacuum conditions, with a photon energy
of 4600 eV and at room temperature. Depending on the orbital overlap of neighboring Zn atoms, the
3d5/2-3d3/2 spin-orbit splitting becomes apparent. (B) Temperature-dependent investigation of
Zn/ZnO/Cu(211) with ~35% surface Zn under a grazing incidence angle of 0.6° and a stoichiometric gas
ratio of H2:CO = 2:1 at 180 mbar using the POLARIS instrument. Spectra accumulation took place in a
consecutive manner from low to high temperature. Peak deconvolution and color coding are as in Fig. 2. The
photon energy in this experiment was 4750 eV.
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conditions is dominated by the metallic Zn
component, whereas under CO2-rich condi-
tions the ZnO becomes dominant—but in all
cases, we find a mixed state between metallic
Zn and bulk-like ZnOx. Because higher pressure
induced more electron scattering, the spectra
had a lower signal-to-noise level, the spin-orbit
split peaks of the Zn 3d core level became less
obvious, and the intensity of the fitted light
blue Zn-(d+) component became uncertain.
The situation is distinctly different at a grazing
incidence angle of 0.9° (Fig. 2B). The change
in envelope peak structure was barely visible
as the gas composition changed, and the rel-
ative signal from metallic Zn was weaker.
Because we observed a higher metallic Zn
signal in comparison to ZnOx at more grazing
incidence, we concluded that the reduction
of ZnO to metallic Zn occurred in close prox-
imity to the surface or directly at the surface,
whereas the main fraction of ZnOx should
represent larger assemblies containing sub-
stantial bulk ZnO contributions. The Zn-ZnOx

reduction and oxidation were reproducibly
independent of the direction upon switch-
ing between CO- and CO2-rich conditions
(fig. S5) (26).

Distinguishing Zn-Zn and Cu-Zn
alloy interactions

We used the valence character of the Zn 3d
electronic state to address the nature of Zn,
distinguishing ZnOx, metallic Zn islands on the

surface, or a surface Cu-Zn alloy. Because the
bandwidth of Zn 3d is determined by the over-
lapping atomic wave functions of neighboring
atoms, the 3d bandwidth became larger with
increased interaction between neighboring Zn
atoms. By contrast, if the Zn atoms alloyed
into Cu, with d states closer to the Fermi level,
the Zn 3d would become more atomic in na-
ture. If the 3d bandwidth was larger than the
3d5/2-3d3/2 spin-orbit splitting, only one broad
3d peak would be seen, whereas if the width
was smaller than the splitting, two 3d com-
ponents would be seen (33). The Zn 3d spec-
tra of native polycrystalline Zn and a Zn37Cu63
brass sample measured at an incidence angle
of 5° (Fig. 3A) showed ZnO and intermediate
ZnOx redox states on top of the Zn bulk metal
sample, but the steeper angle allowed probing
of the underlying metallic Zn at 9.76 eV. For
the native polycrystalline Zn in its metallic
state, we indeed saw only a broad Zn 3dmetal
component resembling the aforementioned
large-bandwidth case, with a broad 3d peak
width. However, in the brass sample, two spin-
orbit components centered at 9.95 and 9.56 eV
were resolved, demonstrating that the alloying
with Cu could lower the 3d bandwidth of Zn.
These results provided a spectral fingerprint
to distinguish ZnOx, Zn interacting with Zn,
and Zn interacting with Cu in the form of
an alloy.
The Zn 3d spectra in Fig. 1B showed a spin-

orbit split metallic feature that was enhanced

under CO-rich conditions, which was indica-
tive of a decrease in the Zn-Zn interaction. We
interpreted the lower Zn-Zn interaction as
alloying with Cu, similar to the brass sample.
However, we could not rule out some Zn-Zn
interaction, although the extent of coordina-
tion was small relative to the Zn-Cu interac-
tion. This alloy formationwas further promoted
when the temperature was raised from 45° to
140°C (Fig. 3B). With increasing temperature,
we noticed a strong change in the signal in-
tensity related to the restructuring of the sur-
face. The ZnO, whichwas initially on top of the
Cu surface, broke up and transformed to Zn,
which further alloyed into theCu and increased
the amount of surface-alloyed Zn from 7.8%
at 45°C to 9.5% at 140°C. As the total amount
of Zn with respect to Cu atoms decreased with
increasing temperature, it appeared that some
Zn was lost into the gas phase because of the
high vapor pressure of Zn metal.
By contrast, Zn atoms in the alloy were

thermally more stable. Preferentially, the
alloying process would start at undercoordi-
nated Cu sites such as step edges (4). Metallic
Znexhibits enhancedwettingonCu that creates
an even distribution of Zn atoms on the sur-
face to maximize Zn-Zn distance. By contrast,
ZnO tends to wet less and to accumulate into
ZnO clusters or nanoparticles (34). For CO2

reduction on Cu(111), Kattel et al., Fujitani et al.,
and Nakamura et al. showed that there is an
optimum reactivity at a Zn coverage of ~20%
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Fig. 4. Reaction intermediates probed in the C 1s region. (A) Surface-
sensitive experiments at 180°C, ~230 mbar, and grazing incidence of 0.3°, with
a varying gas mixture of H2:(CO + CO2) = 2.6:1. The spectra are characterized
by two pronounced peaks in the region from 291 to 295 eV, corresponding to CO
and CO2 gas phase signals, and an otherwise featureless area between 278
and 291 eV. (B) X-ray photoelectron spectra at ~180 mbar and H2:CO2 = 3:1 at

a grazing incidence angle of 0.6°. (C) Close-up view of the area surrounded by the
dashed rectangle in (B), showing the presence of HCOO and OCH3 reaction
intermediates. (D) Spectra collected under temperature reduction in a mixture
of H2:CO = 2:1 and a pressure above ~470 mbar. For (A) and (D), data were
collected with ~15% surface Zn; for (B) and (D), data were collected with ~35%
surface Zn.
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of monolayer and that the chemistry can be
different above or below this value (6, 30, 35).
Because the reaction plotted in Fig. 3B was
conducted at Zn coverage above the optimum
level, some Zn may not have formed surface
alloys andwas readily oxidized bywater vapor.
However, on a stepped Cu(211) surface with
more active step sites (4), the optimum re-
activity most likely occurred at a higher Zn
coverage.

Stable reaction intermediates

We next consider the reaction mechanism
and the identification of stable intermediates.
Under steady-state conditions, it would be
possible to detect only those long-lived inter-
mediates that can give rise to a detectable
population. Density functional theory predicts
deepminima in the free-energy surface, with
formation of formate and methoxy in the
case of CO2 hydrogenation and formation of
only methoxy in the case of CO hydrogenation
(4, 6, 14). We verified that CO2 reduction pro-
ceeds through both formate and methoxy in-
termediates, whereas CO reduction proceeded
predominantly through methoxy. Because the
O 1s region of the intermediates exhibited
overlapping ZnO and ZnOH peaks, we relied
on the C 1s spectral region for identification,
but the corresponding O 1s spectra are also
shown for completeness (fig. S14) (26). Many
different carbon-containing molecular species
potentially populate the surface, and their bind-
ing energies depend on whether the coordina-
tion is with pure Cu sites, surface-alloyed
Cu-Zn sites, pristine Zn sites, ZnOx sites, or
mixed Cu-ZnOx sites. However, we note that a
given binding energy position in the spectra is
consistent with the proposed intermediates.
The C 1s spectra at 180°C and 230 mbar of

H2with CO, CO2, ormixtures of both reactants
at a 0.3° incidence angle (Fig. 4A) showed
strong peaks at ~293.2 and ~291.6 eV from
gas-phase CO2 and CO, respectively. The ad-
sorbate region between 283 and 290 eV
showed no peaks, meaning that the surface

coverage of any carbon-containing species
was very low, consistent with a high turnover
rate and a lack of long-lived intermediates. At
lower temperatures (≤140°C), the turnover
rate decreased and intermediates became visi-
ble. For the reaction of CO2 with H2, adsor-
bates accumulated on the surface (Fig. 4, B
and C). The coverage increased with decreas-
ing temperature, and two broad spectral struc-
tures were observed at ~290 and ~285 eV.
These adsorbate peaks could be consistently
assigned to formate and methoxy species (26).
We related the C 1s formate species to some
of the intensity of the Zn-(d+) peak at 10.3 eV
in Figs. 1 and 2.
For CO hydrogenation, we saw a similar

trend (Fig. 4D), with a peak at ~285.2 eV that
increased with decreasing temperature. Such
reactivity is consistent with methoxy as the
predominant intermediate (26). There is not
a straightforward interpretation for the peaks
in the carbon region, but given that multiple
species can coexist at various sites, we can
rule out graphitic carbon as an intermediate,
as it gives rise to a much narrower peak at a
lower binding energy of 285.4 eV (36). We
stress that the interpretation of formate and
methoxy on ZnO and CuZn from CO2 and
methoxy on CuZn from CO is basically con-
sistent with the proposed mechanisms of
methanol synthesis (4, 6, 14) and has been
observed in low-pressure or vacuum experi-
ments (7, 24, 30, 37–40).

Inferred surface-alloyed CuZn active sites for
CO2 reduction

A schematic representation of the “working”
model catalyst is illustrated in Fig. 5. In situ
XPS at pressures of ≥180 mbar provided in-
sight into the dynamic changes of the surface-
near redox chemistry during reaction conditions.
By focusing on the Zn 3d level, we could dis-
entangle the effects of gas-phase composition
and temperature on the surface-alloyed Zn,
(partially) oxidized states of Zn, and the stab-
ility of the system Zn/ZnO/Cu(211). This com-

plexity explained the divergent descriptions of
the system that arose from the use of different
reaction mixtures (2, 41) and the relative lack
of in situ studies. Using different incidence
angles, we conclude that, in the near-surface
region, Zn can convert to a surface alloyed
state, whereas ZnO remains within the bulk in
the form of clusters or nanoparticles on the
surface. Spectroscopically, we have demon-
strated that Zn alloyed into the surface of Cu(211)
to form a structure in which the Zn-Zn inter-
action is minimized. This observation is en-
tirely consistent with the work of Behrens et al.
(4), which suggests that Zn alloying into the
Cu steps is energetically favorable.
With increasing temperature under reac-

tion conditions, the surface gradually depleted
formate and methoxy species, which is ex-
pected for a transient population of reaction
intermediates. We inferred that the catalyst
was very active in this state and that the ob-
served low coverages were consistent with the
findings of Kuld et al. (3). We conclude that
the oxidation state of Zn was dictated by the
redox chemical potential of the gas phase,
rationalizing the autocatalytic behavior ob-
served by Thrane et al. (42). Surface-alloyed
Zn and ZnOx acted as a dynamically revers-
ible acceptor and donor, respectively, of O for
the O atoms produced by the reductive activ-
ation of CO2.
In a similar manner, Zn appeared to inhibit

Cu oxidation, an effect related to the higher
oxophilicity of Zn relative to Cu. Under CO-
rich conditions (Fig. 5A), ZnO transformed
into Zn at temperatures as low as 60°C by
the formation of CO2 and H2O. If, alterna-
tively, CO2 is increasingly admixed to the re-
action together with CO (Fig. 5B), it can access
the active interfacial and/or metallic Zn sites
and contribute to their oxidative depletion.
The admixture of CO2 to the reaction affected
the local ZnO⇄Zn redox equilibrium by push-
ing it toward ZnO with increasing admixture
of CO2. In the absence of CO (Fig. 5C), mostly
ZnOwas stabilized and even enriched at 180°C.
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Fig. 5. Schematic illustration of the reaction mechanism. (A to C) Behavior of the Zn/ZnO/Cu(211) surface as dependent on reaction mixture and conditions,
which range from CO-rich, reducing conditions in (A) to CO2-rich, more-oxidizing conditions in (C). These illustrations show how temperature and gas mixture critically
affect the ZnO⇄ Zn equilibrium.
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Formation of ZnO occurred at the expense of
an active alloyed surface, which was effectively
needed for both product-forming reactions—
CO2 reduction and direct CO hydrogenation—
to proceed.
We can conclude that the most-active state

is stabilized in the simultaneous presence of
balanced amounts of CO, CO2, and H2. An
enhanced CO:CO2 ratio kept the surface more
metallic, and allowed methanol formation
through CO2 to proceed more efficiently, as
seen from isotope labeling experiments (16).
The results thereby indicate that the most-
active state involved an optimized surface-
near abundance of redox-active surface Zn-Cu
alloy sites for the reduction of CO2, fully con-
sistent with the proposal from Behrens et al.
(4) and other studies (3, 11, 43), whereas com-
putation studies indicate that Zn poisons CO
hydrogenation (15).
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Zinc’s state in methanol synthesis
Methanol can be synthesized from carbon monoxide (CO), carbon dioxide (CO

2

), and molecular hydrogen (H
2

)
over copper–zinc (Cu–Zn) catalysts, but studies have disagreed about the chemical state of Zn. Although x-ray
photoelectron spectroscopy (XPS) can determine its oxidation state, many studies have been limited to reaction
pressures of a few millibars, where the rates are low. Amann et al. performed XPS at 180 to 500 millibars for CO

2

 and
CO hydrogenation over a Zn/ZnO/Cu(211) surface at high turnover rates. Stoichiometric mixtures of CO

2

 and H
2

 formed
ZnO, but for CO and H

2

, Zn became more metallic and formed Cu alloys. In industrial synthesis, CO
2

 and H
2

 are mixed
with CO, and the presence of CO would generate Cu–Zn alloy sites active for CO

2

 reduction to methanol. —PDS
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