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In order to grasp the dynamic behavior of the surface composi-
tion of Cu/ZnO-based catalysts, the surface atomic densities of
63Cu and 68ZnO were determined separately with static LEIS on
63Cu/68ZnO/SiO2 catalysts. Our data show that the methanol syn-
thesis activity and surface composition of 63Cu/68ZnO/SiO2 depend
strongly on the reduction temperature between 473 and 673 K. The
catalyst surface is strongly enriched in ZnO under methanol synthe-
sis conditions. The oxidation state of the Cu species in the outermost
atomic layer of the Cu/ZnO/SiO2 surface has been determined by
performing LEIS in combination with adsorptive decomposition
of N2O. The observed oxidation behavior of the Cu species differs
clearly from pure metallic Cu. This oxidation behavior and the
methanol synthesis activity of the reduced catalyst surface are expl-
ained in terms of the formation of Cu(I)/ZnO with oxygen vacancies
and are shown to be clearly affected by the reducing agent (being
5% CO/5% CO2/90% H2 or pure H2). c© 2002 Elsevier Science (USA)
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acterization; surface oxidation state.
1. INTRODUCTION

Cu/ZnO-based catalysts are commercially applied in
many industrial processes, such as the production of
methanol from synthesis gas, the low-temperature shift re-
action, and the synthesis of fatty alcohols from methyl
esters. The annual worldwide methanol production alone
amounts to 29 × 106 tons (1); hence, the optimization and
understanding of these catalysts is of great interest. Al-
though extensive studies have been carried out for more
than two decades, controversies remain concerning the na-
ture of the active site in methanol synthesis and the role of
ZnO. Surface structures such as Cu on top of ZnO (2–4),
Cu(I)/ZnO (5, 6), ZnO on top of Cu (7, 8), mixed Cu–O–Zn
(9), and Cu–Zn alloys (10–12) have been proposed for the
Cu/ZnO-based catalysts.

Part of the controversy may originate from the frequently
reported dynamic behavior of the Cu/ZnO system (see, e.g.,
1 To whom correspondence should be addressed. Fax: +31 40 2453587.
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3, 10, 13). It has been speculated that under reaction con-
ditions, part of the ZnO in the catalyst may be reduced and
may segregate to the surface (12). Spencer showed that the
formation of an α-brass is thermodynamically favored un-
der reaction conditions (14–16). This author also suggests
that the presence of traces of CO2 could significantly change
the surface concentration of zinc, which could explain part
of the experimental discrepancies (16). To probe the as-
sumed segregation processes, selective information on the
outermost atomic layer is essential to avoid averaging of the
surface and subsurface compositions.

A commonly used method to determine the Cu metal
surface area in Cu/ZnO catalysts is by adsorptive decom-
position of nitrous oxide (17), according to the reaction

2Cus + N2O → (Cus)2O + N2, [1]

where Cus denotes a Cu surface site. In spite of its common
use, this method entails a fundamental problem: selecting
experimental conditions that lead to complete monolayer
coverage of Cu with oxygen while excluding subsurface ox-
idation of Cu. Moreover, the removal by N2O of oxygen
vacancies that are possibly present in ZnO would lead to
an overestimation of the Cu metal area when using adsorp-
tive decomposition of nitrous oxide. When Cu–Zn alloys
(brasses) are formed, this method is no longer suited to
characterizing the Cu surface area and these surfaces may
be overestimated by as much as 100% (18).

We have applied low-energy ion scattering (LEIS) to
determine the Cu(O) and Zn(O) surface atom densities
in the outermost layer. Since the natural Cu and Zn iso-
topes have similar masses, a separate analysis of Cu and
Zn is hampered. Previously we showed that isotopic en-
richment allows the separate detection of 63Cu and 68Zn in
63Cu/68ZnO catalysts with LEIS (19). At that time the LEIS
measurements revealed a considerable amount of Pb on the
surface of the unsupported 63Cu/68ZnO catalyst, originat-
ing from the 68ZnO raw material and segregating to the
surface during catalyst reduction. In contrast, no impurities
were detected on the surface of a 63Cu/68ZnO/SiO2 catalyst.
This seemingly contradictory behavior was attributed to the
higher dispersion of Cu and Zn in the 63Cu/68ZnO/SiO2
0021-9517/02 $35.00
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catalyst, or interaction of Pb with the support leading
to Pb glasses. As no Pb was detected on the surface of
63Cu/68ZnO/SiO2 catalysts, these were used in the present
study to investigate the dynamic behavior of the Cu/ZnO
system, following reductive treatments in various gas mix-
tures and at various temperatures.

In principle, LEIS merely provides information on the
atomic composition, and not on the oxidation state. The
LEIS yield of a pure metal, however, is typically two to five
times higher than that of the corresponding metal oxide,
due to shielding of the metal by oxygen. Using this differ-
ence, information can be obtained on the oxidation behav-
ior/state of the Cu surface species from LEIS measurements
before and after N2O decomposition. This novel method of
combining N2O decomposition and LEIS has two advan-
tages. First, the oxidation state of the Cu can be determined
separately from that of the Zn. Second, LEIS assures selec-
tive information on the outermost atomic layer. Hence, the
oxidation behavior of the Cu surface species and the relia-
bility of adsorptive decomposition of N2O in assessing the
Cu surface area on Cu/ZnO catalysts may be determined.

2. EXPERIMENTAL

2.1. Catalyst Preparation

The synthesis procedure of the isotopically enriched
63Cu/68ZnO/SiO2 catalysts was the same as that described
in our previous study (19). Isotopically enriched [63Cu]–Cu
was obtained from Campro Scientific with a chemical and
isotopical purity of >99.875 and >99.87 wt%, respectively.
Isotopically pure 68ZnO was obtained from Alfred Hempel
GmbH and was chemically and isotopically >98.8 wt%
pure. Both Cu and ZnO were converted into their nitrate
forms by dissolution in 65% nitric acid (Acros Chimica,
p.a.).

A 63Cu/68ZnO/SiO2 (12.5 ± 0.4 wt% Cu, 5.15 ± 0.15 wt%
Zn; as determined by inductively coupled plasma–atomic
emission spectroscopy, 95% confidence interval) catalyst
was prepared by homogeneous precipitation as described
elsewhere (20). Subsequently, the precipitation mixture was
aged for 140 min, after which it was filtered and flushed with
demineralized water. The catalyst was dried overnight in air
at 363 K.

The dried catalyst samples were pressed (at 250 MPa)
into cavities (�, 2 mm) in alumina disks (�, 9.9 mm). We
have determined that pressing up to at least 2000 MPa does
not influence the surface composition of a silica-supported
catalyst. Each disk contains two cavities, hence, two identi-
cally prepared catalysts. The catalyst was calcined in a flow
of 2 cm3 s−1 of dry air at a temperature of 750 K for 12 h.
Subsequently, the catalyst was reduced for 1 h at either 473,
573, or 673 K in a flow of 2 cm3 s−1 hydrogen (Praxair,

99.999% pure). The heating rate in all cases was 72 K · h−1.
The reduction procedures correspond to those described
ET AL.

elsewhere (3, 13, 20, 21, and references therein), where re-
markable changes in catalyst activities for acetone hydro-
genation, ester hydrogenolysis, and methanol synthesis are
reported, depending on the temperature of the reductive
pretreatment. The resulting activated catalysts have been
extensively discussed in the cited references. Before trans-
ferring the samples to the LEIS setup, these were passivated
at 363 K in a flow of 2 cm3 s−1 1% N2O/99% Ar.

In the LEIS setup, the catalysts were rereduced in a
pretreatment chamber at the previously applied reduction
temperature, either in 5% CO/5% CO2/90% H2 or in pure
hydrogen at atmospheric pressure for 15 min. In order to
prevent subsequent changes in the surface composition,
samples were always cooled below 373 K in the reactant
mixtures before evacuation was started. Both in situ mea-
surements (7) and kinetically calculated time scales (15)
show that in this way changes in the surface composition
may successfully be prevented. N2O decomposition was car-
ried out in the LEIS pretreatment chamber for 45 min at
363 K in 5% N2O/95% He at atmospheric pressure.

The pure 63Cu sample did not receive ex situ reduction or
calcination and was only reduced in the LEIS pretreatment
chamber (30 min in 1 atm H2 at 573 K). To investigate the
shielding of Cu by oxygen atoms for 4 keV Ne+ scattering,
N2O decomposition was carried out on a sputter-cleaned
63Cu sample in the LEIS pretreatment chamber (45 min in
1 atm 5% N2O/95% He at 363 K). A pure 68ZnO sample
was analyzed after calcination (30 min in 1 atm O2 at 573 K)
and after a subsequent reduction (15 min in 1 atm H2 at
573 K).

2.2. LEIS

The LEIS experiments were carried out using the ERISS
LEIS setup. In this setup a beam of monoenergetic noble
gas ions (He+ or Ne+ with energies of 3 and 4 keV, re-
spectively) is directed perpendicularly onto the target. The
energy distribution of the backscattered ions is analyzed
for a fixed scattering angle (145◦) with a double toroidal
electrostatic analyzer. The analysis is similar to that of the
EARISS setup, which has been described in more detail
elsewhere (22, 23). This analyzer makes very efficient use
of the backscattered ions by measuring simultaneously a
considerable part of the energy spectrum contained in 320◦

of the azimuthal angle. Using this type of analyzer mea-
surements can be carried out using only 1013 ions/cm2. For
metallic Cu the 4 keV Ne+ sputter yield is 3 atoms/ion (24).
When the same yield is assumed for ZnO and the number of
atoms in the surface of the catalyst amounts to 1.3 × 1015 at/
cm2 (average of Cu (19) and ZnO (25)), a dose of 0.4 ×
1015 Ne+/cm2 corresponds to the removal of one atomic
layer. The 3-keV He+ sputter yield is 0.25 atoms/ion (24),
resulting in a dose of 5.2 × 1015 He+/cm2 for the removal

of one atomic layer. Hence, the ERISS allows us to per-
form static LEIS, i.e., with negligible damage. Note that
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during the previous study, using the NODUS setup (19),
∼102 higher doses had to be used. In the present study both
low doses (∼1013 ions/cm2) and higher doses (∼1015 ions/
cm2) were applied, the latter to obtain depth profiles. Depth
profiles of the atomic compositions of the different catalysts
were obtained by fitting the areas of the Cu and Zn peaks
in the 63Cu/68ZnO/SiO2 LEIS spectra to reference spectra
measured on pure 63Cu, 63CuO, and 68ZnO as a function of
the applied dose. The depth profiles were fitted by assuming
the surface consisted of a combination of uncovered CuO
and ZnO, as well as CuO and ZnO that were shielded either
by hydrogen or by each other. The sputter rates of H, CuO,
and ZnO were kept constant in all fits.

2.3. Surface Oxidation State Evaluated with LEIS
and Adsorptive N2O Decomposition

In principle, LEIS provides only information on the
atomic densities of the atoms present in the surface, and
not on their oxidation state. One cannot tell whether the
detected oxygen atoms belong to copper or to zinc ox-
ide. However, in oxides the oxygen atoms (partly) shield
the metal atom. Therefore, the experimentally determined
4-keV Ne+ Cu LEIS yield of a metallic Cu reference sample
is a factor of 5 higher than that of oxidized copper formed
after exposing the Cu metal to N2O (30-min treatment in
1 atm 5% N2O/95% He at 363 K). Similarly, the 4-keV
Ne+ LEIS yield of Zn is a factor of 3.7 higher than that of
ZnO. Hence, a comparison of the Cu and Zn LEIS yields
of a 63Cu/68ZnO/SiO2 catalyst before and after exposure
to N2O, may provide details of the oxidation state of the
surface Cu and Zn atoms. Aluminum disks, containing two
catalyst samples each, were analyzed with LEIS before and
after exposing them to N2O. In this way two further identi-
cally prepared and pretreated catalysts could be compared
to obtain information on the oxidation state of the surface
species.

3. RESULTS

3.1. Oxidation State of the Cu and Zn
in the Cu/ZnO/SiO2 Catalyst

It is crucial to assess the oxidation state of the copper
and zinc atoms in the Cu/ZnO/SiO2 catalyst in order to
comprehend the structure–activity relation. As explained
before, the combination of LEIS measurements before and
after N2O chemisorption may be used to address this is-
sue. Figure 1 shows the Cu and Zn LEIS signals of reduced
63Cu/68ZnO/SiO2 (hydrogen at 473 K) before (open mark-
ers) and after (solid markers) subsequent exposure to N2O.
The figure shows that both the Cu and the Zn LEIS yields
did not change significantly (i.e., less than 4%). The Cu and
Zn LEIS yields of 63Cu/68ZnO/SiO2 reduced in hydrogen at

673 K decreased about 20% on N2O decomposition. Hence,
the oxidation behavior of Cu and Zn species in the surface
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FIG. 1. The Zn (triangles) and Cu (squares) atomic density of
Cu/ZnO/SiO2 as a function of a 4-keV Ne+ dose. The solid data points
were obtained after reduction at 473 K in pure H2; the open data points
were obtained after the sample was subsequently exposed to N2O at 363 K.

of a reduced 63Cu/68ZnO/SiO2 catalyst is different from that
of pure, metallic Cu and Zn, where N2O exposure results in
a reduction of the LEIS signal with a factor of 3.7–5. One
may therefore conclude that less than 5% (after reduction
at 473 K) or 25% (after reduction at 673 K) of both the Cu
and Zn species at the surface is metallic. The fact that N2O
decomposition has only a minor impact on the LEIS yields
of reduced 63Cu/68ZnO/SiO2 can only be explained by the
presence of (partly) oxidized Cu and Zn that may well be
present in the form of Cu(I)/ZnO (5, 6). The presence of
oxygen vacancies (26) may explain the observed 20% de-
crease in the Cu and the Zn signal after the N2O treatment
of those catalysts that were previously reduced at 673 K.
We have used pure CuO and ZnO to calibrate surface area
percentages of the (partly) oxidized Cu and Zn species in
the catalyst surface. Earlier LEIS studies showed the valid-
ity of this approach, since copper oxide (27) and zinc oxide
(28) show no matrix effects.

3.2. Dynamic Behavior

The surface atomic densities of ZnO and CuO have been
determined with LEIS for 63Cu/68ZnO/SiO2 reduced in
pure H2 at 473, 573, and 673 K. Figure 2 shows the CuO
and ZnO percentages of the total surface area as a function
of the applied 4-keV Ne+ dose. As described above, a dose
of 0.4 × 1015 ions/cm2 corresponds to the removal of ap-
proximately one monolayer (ML). Hence, the data shown

in Fig. 2 represent surface area percentages for depths of
0–7 ML.
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FIG. 2. The ZnO (open triangles) and CuO (solid squares) atomic densities as a function of a 4-keV Ne+ dose for Cu/ZnO/SiO2 after reduction
s
in pure H2 at 473 (a), 573 (b), and 673 K (c). All data were fitted using the

Regardless of the applied reduction temperature, the
data show a sharp increase in both the CuO and ZnO atomic
densities for doses up to ∼0.25 × 1015 ions/cm2. This sharp
increase may be explained by the presence of residual hy-
drogen (probably as hydroxyl groups) from the reductive
treatment that remained on the surface after the evacuation
treatment. Therefore, the depth profiles of the Cu (/Zn)
LEIS yields were fitted by assuming the surface consisted
of a combination of uncovered CuO and ZnO, as well as
CuO and ZnO that were shielded either by hydrogen or by
each other. All fits are based on the same, constant values
for the sputter rates of H, CuO, and ZnO. The fits, repre-
sented by the solid lines in Fig. 2, show that hydrogen has
a 13 times higher sputter yield than ZnO. This is in agree-
ment with a reported 10–50 times higher sputter rate for
hydrogen compared to that of other elements (29).

After the ZnO concentration at the surface increases, be-
cause of the hydrogen removal, it starts to decrease while
the CuO surface concentration keeps increasing. Hence,
the surface of 63Cu/68ZnO/SiO2 is enriched in ZnO follow-
ing reduction. This is true even for reduction at 473 K;
the extent of the enrichment in ZnO depends strongly
on the reduction temperature. Figure 3 shows the surface
composition (i.e., CuO and ZnO surface percentages de-
duced from fits for zero dose and in the absence of H)
of 63Cu/68ZnO/SiO2 after reduction in H2 at 473, 573, and
673 K. Note that the measurements before and after ex-
posure to N2O demonstrate that reduction at 473 K yields
less than 4% of the Cu surface species in metallic form
(see Section 3.1). Consequently, the surface concentration
of metallic Cu after reduction at 473 K in pure H2 is less than

0.2%. After reduction at 673 K, the surface concentration
of metallic Cu is 3 × 102 ppm.
ame, constant values for the H, CuO, and ZnO sputter rates (solid lines).

After reduction at 673 K about 96% of the cluster surface
area is ZnO terminated and almost no CuO is exposed (see
Fig. 3). This is in agreement with thermodynamics (19, 30).
The low CuO content in the outermost layer also explains
the absence of a sharply increasing CuO surface concen-
tration as a function of dose on reduction at 673 K (see
Fig. 2c). Following reduction at this temperature CuO is
mainly covered with ZnO instead of hydrogen. In contrast,
the fits show no significant shielding of ZnO by CuO, re-
gardless of the applied reduction temperature.

Both Figs. 2 and 3 show a decrease in the total clus-
ter area with increasing reduction temperatures. Reference
(31) shows that such a decrease can be related to sinter-
ing. Hence, after reduction at 573 K and especially after
reduction at 673 K, the clusters have partly sintered. TEM

FIG. 3. The CuO (black bars), ZnO (white bars), and total CuO +
ZnO (hatched bars) surface atomic densities as derived from the fits of

the LEIS data after reduction in pure H2. Note the decrease in the total
cluster surface area because of sintering.



tion as the promoting effect. However, parts-per-million
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results confirm this: a combination of small (∼3 nm) and
large (∼10 nm) clusters is observed on a catalyst reduced
at 673 K, whereas a catalyst reduced at 473 K exposes only
small clusters (∼3 nm).

Following reduction at 673 K the clusters have (partly)
sintered and the overall amount of ZnO is high enough to
cover the entire cluster surface. The LEIS measurements
show that indeed 96% of the cluster surface area is covered
with Zn species after reduction at 673 K. When in thermo-
dynamic equilibrium, the ZnO enrichment is expected to
be even higher for a reduction temperature of 473 K com-
pared to that at a reduction temperature of 673 K. However,
the complete amount of ZnO in the catalyst can cover at
most 55% of the cluster surface area if the metal is spread
over 3-nm clusters. After our 15-min reduction treatment
only 44% of the cluster surface area was covered with Zn
species. Hence, the concentration is kinetically determined.
After prolonged exposure to H2 at 473 K a cluster surface
concentration of ∼55% may be expected.

During methanol synthesis, Cu/ZnO catalysts are not
exposed to pure hydrogen but to CO/(CO2)/H2 mixtures.
To study the effect of a methanol synthesis gas, we also
analyzed a 63Cu/68ZnO/SiO2 catalyst pretreated in 5%
CO/5% CO2/90% H2, a gas mixture that was also used by
Grunwaldt et al. from Haldor Topsøe (12) to mimic indus-
trially applied synthesis gas mixtures. In Fig. 4 the CuO and
ZnO percentages of the total surface area are presented as
a function of Ne+ dose following treatments in 5% CO/5%
CO2/90% H2 (solid data points) and in pure hydrogen

FIG. 4. The ZnO (triangles) and CuO (squares) atomic densities as a
function of a 4-keV Ne+ dose for Cu/ZnO/SiO2. The open data points were
obtained after reduction at 573 K in pure H2; and the solid data points after
reduction in 5% CO/5%CO2/90% H2. All data have been fitted (solid and

dashed lines) using the same, constant values for the H, CuO, and ZnO
sputter rates.
E SURFACE OF Cu/ZnO/SiO2 233

(open data points) at 573 K. Following reduction in 5%
CO/5% CO2/90% H2 the CuO (squares) and ZnO (trian-
gles) surface areas are 11% lower than the corresponding
signals after reduction in pure H2. Exposure to N2O follow-
ing reduction in H2 leads to a drop in the CuO and ZnO
LEIS yields of less than 4% (after reduction at 473 K) and
20% (after reduction at 673 K) and we assume that the dif-
ference of 11% (reduction in 5% CO/5% CO2/90% H2 vs
pure H2 at 573 K) is likely caused by removal of the oxygen
vacancies in the catalyst surface by CO2 (32). Except for
this difference, the treatments in 5% CO/5% CO2/90% H2

and pure H2 produce very similar surfaces. In both cases
one observes a surface that is enriched in ZnO, and the
ZnO/Cu ratio upon low ion doses (reflecting the surface
conditions) is much higher than the bulk value. From the
measurements it may be concluded that a pretreatment in
pure hydrogen leads to a slightly higher ZnO enrichment
than does pretreatment in 5% CO/5% CO2/90% H2. How-
ever, the difference is small with respect to the earlier dis-
cussed temperature effect.

4. SURFACE STRUCTURE MODELS

Recently, Poels and Brands reviewed literature, catalytic
tests, XRD, FT-IR, and preliminary LEIS analyses of the
Cu/ZnO/SiO2 catalyst (13). The results relevant for this
paper are summarized here. Table 1 gives an overview
of the results of catalyst activity tests concerning acetone
hydrogenation, ester hydrogenolysis, and methanol syn-
thesis (13). By way of comparison, the activity of unpro-
moted Cu/SiO2 and Cu/MnOx /SiO2 are shown as well.
Unpromoted Cu/SiO2 has a modest activity, which essen-
tially remains constant for all reactions as the reduction
temperature is increased from 573 to 673 K. In contrast,
Cu/ZnO/SiO2 catalysts demonstrate a remarkable activity
increase for higher catalyst reduction temperatures. There-
fore, Poels and Brands proposed that the Cu–ZnO interface
plays a crucial role in catalyzing these reactions. After re-
viewing literature and experimental evidence they reported
two possible models that explain the enlarged interface af-
ter high-temperature reduction. The two models suggest
either (i) migration of partly reduced ZnO on top of Cu or
(ii) reversible formation of flat epitaxial Cu particles upon
high-temperature reduction.

Three arguments would speak against model (i). For one,
treatment in pure N2 for 2 h of the reduced catalyst at a re-
duction temperature of 673 K partly reverses the observed
increase in activity upon reduction. The reversibility of this
was demonstrated by a subsequent repeated second reduc-
tion in H2 at 673 K, resulting in exactly the same activity
as was observed for a single reduction in hydrogen. This
reversibility was considered inconsistent with alloy forma-
levels of O2 due to leakage or other contaminants in the
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TABLE 1

Summary of the Activity Data of Relevant Cu-Based Catalysts, with Reduction Temperatures of 573 and 673 K (13)

Cu/SiO2 Cu/ZnO/SiO2 Cu/MnOx /SiO2

Methyl acetate hydrogenolysis, 573 K (673 K) 10% 20% 20%
(10%) (48%) (27%)

Methyl palmitate hydrogenolysis, 573 K (673 K) 18% 40% 48%
(18%) (66%) (52%)

Methanol synthesis, CO/H2 = 1/2, 573 K (CO/H2 = 1/2, 673 K) 0 nmol s−1 g−1 cat 0 nmol s−1 g−1 cat —
(0 nmol s−1 g−1 cat) (45 nmol s−1 g−1 cat)

Methanol synthesis, CO/H2 = 1/3, 573 K (CO/H2 = 1/3, 673 K) 5 nmol s−1 g−1 cat 20 nmol s−1 g−1 cat —

(8 nmol s−1 g−1 cat) 50 nmol s−1 g−1 cat
N2 feed may well explain the observed deactivation dur-
ing the 2-h inert treatment. Similarly to N2O decomposi-
tion, trace amounts of O2 may act to passivate the catalyst.
Such a passivation, however, can be completely reversed
by subsequent reduction without any loss of activity (33).
The observed catalytic activity may be explained as fol-
lows: during either the “inert” or N2O treatment the cata-
lyst gets deactivated due to partial oxidation, and during the
subsequent reduction Cu(I)/ZnO with oxygen vacancies is
formed again and the catalyst is regenerated.

A second argument against model (i) concerns the re-
ported similarity between activity as a function of reduction
temperature of Cu/ZnO/SiO2 and Cu/MnOx /SiO2 catalysts
(13). It should be noted, however, that the increase in activ-
ity of the Cu/ZnO/SiO2 is much more profound than that
of the Cu/MnOx /SiO2 (Table 1).

A third argument against model (i) is formed by the ab-
sence of a peak shift in XRD that would accompany alloy
formation (13). However, it should be noted that XRD is
a bulk technique that selectively detects crystalline phases.
Hence, amorphous or surface phases accompanying seg-
regation, as shown by the LEIS measurements, would not
be detected by this technique. Note that also EXAFS and
even XPS may similarly average out segregation because of
the probing depths of these techniques (34). In conclusion,
there remain no serious arguments against model (i).

The present LEIS measurements confirm and extend
earlier preliminary LEIS data, demonstrating that the sur-
face of the Cu/ZnO/SiO2 catalyst is strongly enriched in
ZnO upon reduction, in agreement with model (i). The
ZnO : CuO ratio increases by a factor of 7 when the reduc-
tion temperature is increased from 573 to 673 K. Moreover,
there are strong indications for the presence of oxygen va-
cancies following reduction at 573 and 673 K, whereas these
are completely absent after reduction at 473 K. This may
well explain the fact that the methanol synthesis activity of
the Cu/ZnO/SiO2 catalyst in 33% CO2/66% H2 and 25%
CO/75% H2 mixtures increases from 0 nmol s−1 g−1 cat (at

−1 −1 −1
573 K) to 45 nmol s g cat (673 K) and from 20 nmol s
g−1 cat (573 K) to 50 nmol s−1 g−1 cat (673 K), respectively.
Model (ii), the so-called Yurieva model, involves the re-
versible formation of flat epitaxial Cu particles upon high-
temperature reduction from the fraction of the Cu dis-
solved in the mixed catalyst precursor phase. Using XRD
and transmission electron microscopy (TEM), Yurieva
et al. (35) observed the formation of flat epitaxial Cu par-
ticles on top of a Cu–Zn mixed oxide phase after a treat-
ment under flowing hydrogen at 533 K. Formation of these
epitaxial Cu particles correlated with enhanced hydro-
genation activity. These authors showed that a maximum
methanol formation rate is obtained for a catalyst contain-
ing about equal molar amounts of Cu and ZnO. In their
study, the XRD and TEM analyses were performed on sur-
faces of Cu/ZnO and Cu/ZnO/Al2O3 catalysts with very
low Cu : ZnO molar ratios (8% : 92% and 15% : 75%, re-
spectively). Hence, one may question to what extent the
active phase is present on the barely active catalyst that
was investigated by Yurieva et al. The strongest argument
in favor of the Yurieva model is the agreement between
their model and the adsorptive N2O decomposition data
indicating an increasing Cu area after reduction. However,
Berndt et al. (18) have clearly proven that in the case of re-
duced Cu/ZnO-based systems, this technique may very well
produce misleading results. Our present results confirm this.
While the weight increase upon N2O chemisorption indi-
cates a higher Cu0 surface area upon reduction, the LEIS
data suggest the reverse. Following reduction the catalyst
surface is strongly enriched in ZnO. Moreover, combined
N2O chemisorption and LEIS data show that the oxidation
behavior of the Cu in the catalyst is clearly different from
that of pure metallic Cu. According to our measurements
metallic Cu covers only 3 × 102 ppm of the Cu/ZnO/SiO2

surface area (i.e., less than 1% of the cluster surface area)
after reduction in H2 at 673 K. Hence, the contribution
of metallic Cu (platelets) is very limited at the surface of
the most active catalyst. As indicated in Refs. (13, 19) the
formation of epitaxial Cu platelets is also highly improb-
able from a thermodynamic point of view, since the sur-

face free energy of Cu is much higher than that of ZnO
(30).
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FIG. 5. Model of the surface structure of Cu/ZnO/SiO2 after (a) low-temperature (473 K) and (b) high-temperature (673 K) reduction as determined
g
with LEIS. One should note that the cluster shape represents an educated

In conclusion, model (i), the migration of ZnO on top
of Cu followed by the formation of a (partly) oxidized
Cu in a Cu(I)/ZnO surface with oxygen vacancies present,
seems the best hypothesis for formation of active sites of the
Cu/ZnO/SiO2 catalyst. Since the solubility of CuO in ZnO
is limited (4–6% (w/w)), the Cu will be largely present as
Cu1+ (5). Below the (partly) oxidized surface Cu0 may well
be present, as schematically indicated in Fig. 5, which shows
a model of the surface structure derived from all measure-
ments. For comparison low-temperature (473 K) and high-
temperature (673 K) reduced catalysts are shown (Figs. 5a
and 5b, respectively). As discussed in Section 3.2 the ZnO
surface concentration is still kinetically determined after
our reduction at 473 K. Prolonged reduction at this temper-
ature would lead to complete ZnO segregation and cause a
ZnO cluster surface concentration of ∼55%. The observed
weight increase in adsorptive N2O decomposition could
then be explained by the oxidation of the subsurface Cu
atoms and the oxygen vacancies in the surface. According
to (17, 36) the adsorptive N2O decomposition method is not
necessarily surface sensitive; the oxidation of subsurface Cu
by N2O is thus very well possible. Termination of Cu metal
atoms by a (partly) oxidized overlayer is also favored by
thermodynamics (19, 30). The valence states of the subsur-
face Cu and Zn are not known. However, only the presence
of subsurface Cu in the metallic state can explain the results
obtained with adsorptive N2O decomposition. The maxi-
mum solubility of Cu in ZnO is 2% (37). Assuming that
also the solubility of ZnO in Cu is small, the presence of
subsurface metallic Cu would require reduction of most of
the subsurface Zn species as well. Hence, the present model
explains the catalytic tests and is in agreement with thermo-
dynamics, adsorptive N2O decomposition, LEIS measure-
ments, and quasi in situ TEM measurements (38).

5. CONCLUSIONS

Both the catalytic activity and the surface composition of
a 63Cu/68ZnO/SiO2 catalyst depend strongly on the applied

reduction temperature in the range 473–673 K. LEIS data
show that the catalyst surface is enriched in ZnO following
uess; it was not determined.

reduction at 473 K. For reduction at 573 K the ZnO en-
richment becomes more prominent and, finally, for reduc-
tion at 673 K virtually all Cu species in the catalyst surface
are covered with ZnO. The ZnO surface enrichment of the
63Cu/68ZnO/SiO2 catalyst appears relatively insensitive to
the reducing agent (being either CO/CO2/H2 or pure H2).

The oxidation state of surface Cu species is obtained on
the basis of the difference in the LEIS yields between metal-
lic Cu and Cu oxide. By combining N2O decomposition
and LEIS it is demonstrated that the Cu LEIS yield of a
reduced 63Cu/68ZnO/SiO2 catalyst decreases by less than
4% (after reduction at 473 K) and by 20% (after reduc-
tion 673 K) upon a N2O decomposition treatment at 363 K.
The Cu LEIS yield of a metallic 63Cu reference sample de-
creases by a factor of 5! Moreover, the Zn yield decreases
also by less than 4 and 20% after reduction at 473 and
673 K, respectively, suggesting a similar metal shielding by
the oxygen atoms. Hence, the oxidation behavior of Cu at
the Cu/ZnO/SiO2 surface is clearly different from that of
pure metallic Cu. This shows that the adsorptive decom-
position of N2O is not a straightforward manner for deter-
mining the Cu0 surface area of reduced Cu/ZnO catalysts.
However, the combined use of LEIS and adsorptive N2O
decomposition allows for a controlled and separate deter-
mination of the oxidation states of the Cu and Zn species
in the outermost atomic layer of the catalyst surface.

The present results clearly show that ZnO segregates af-
ter reduction. The observed oxidation behavior of the Cu in
the reduced Cu/ZnO/SiO2 can only be explained in terms of
the formation of Cu(I)/ZnO, along with oxygen vacancies.
Since the methanol synthesis activity increases dramatically
after reduction, these results strongly support theories (5, 6,
9, 11, 14–16) suggesting that Cu1+ is the active phase. Oxy-
gen vacancies may also explain the fact that both the CuO
and ZnO LEIS yields are ∼11% lower after reduction at
573 K in 5% CO/5% CO2/90% H2 compared to reduction
at 573 K in pure H2.

It should be noted that our measurements leave hardly
any room for the presence of metallic Cu at the surface.

After reduction at 673 K (resulting in the highest activity
in the methanol synthesis being 50 nmol s−1 g−1 cat for our
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Cu/ZnO/SiO2 catalyst) the metallic Cu surface concentra-
tion is 3 × 102 ppm (i.e., less than 1% of the cluster surface
area).
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