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The role of surface oxygen on copper metal in catalysts
for the synthesis of methanol
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Discrepancies in experimental measurements of adsorbed oxygen coverage on copper metal surfaces in working Cu/ZnO/Al,O3
catalysts are interpreted in terms of two types of adsorbed oxygen. The first, O(a), is identical with that observed in studies of single-
crystal copper surfaces. The second, O*(a), not seen in single-crystal studies, is more strongly bonded to the metal surface. It is suggested
that the adsorption sites of O* (&) contain Zn as well as Cu, from surface a-brass (copper/zinc aloy) formation during catalyst reduction.
Earlier experimental results on O(a) coverages on various supported copper cataysts are re-assessed. Only catalysts containing Zn (or
Ga) gave abnormally high coverages: with other supports, basic or acidic, O(a) coverages are less than ~0.1.
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1. Introduction

A novel interpretation [1] of the mechanism of methanol
synthesis over copper catalysts under industrial conditions,
subsequently expanded, e.g. [2,3], has found general ac-
ceptance. Methanol is formed predominantly from COo,
not CO. Copper is present in the working catalyst as cop-
per metal. The rate of synthesis is proportional to cop-
per metal area, showing that the critical reaction steps in
the synthesis occur on the copper metal surface. An ad-
sorbed formate on the copper metal surface is a key in-
termediate and hydrogenolysis of this formate is probably
the rate-determining step. Other important surface interme-
diates are CO, and COs. A comparison [4-6] of results
obtained by several groups with different catalysts contain-
ing Cu/Zn showed consistent values of TOF for the reac-
tion. Nevertheless, it is still commonplace for workers in
the area to write, eg., “... the nature of the active sites
and the reaction mechanism is still subject to considerable
controversy” [7]. Mot of this controversy concerns non-
industrial catalysts (e.g., Cu/SIO; [8], Cu/ZrO, [9], dloy-
based Cu/CeO, [10,11]) and/or non-industrial conditions,
eg. [12].

For methanol synthesis over Cu/ZnO/Al,O3 catalysts un-
der industrial conditions argument has been largely con-
fined to two aspects. First, the possible role of surface
oxygen on copper metal and the oxidation states of sur-
face copper atoms; secondly, the possible effects of zinc
oxide in the catalyst. The various roles of zinc oxide
in the system are discussed elsewhere [13,14]. A signifi-
cant coverage of O(a) on copper was found experimentally
[1-3,15] and this coverage, measured with a variety of sup-
ported copper catalysts, was observed [1] to depend on the
oxide support (these data were omitted from a later pa-
per [15]). These results were later confirmed and extended
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by Fujitani et al. [16]. The species O(a), hot necessarily a
single species, was seen as important in the mechanism of
methanol synthesis both as intermediate and promoter [2].
This view was challenged by Campbell [17,18], who ar-
gued that the coverage of O(a) should be negligible during
methanol synthesis. Although the validity of this extra-
polation from surface chemistry was questioned [19], later
experimental results with a Cu/ZnO/Al,0O5 catalyst [7] sup-
ported the view that in situ O(a) coverage is negligible. It
has also been suggested [20] that the O(a) coverage found
in in situ but post-reaction measurements arose from the
decomposition of surface carbonate but, at least for cata
lysts containing zinc oxide, the observed coverages of O(a)
are too high to have been formed from surface carbon-
ate [21,22].

All commercia copper catalysts for methanol synthe-
sis and the water—gas shift reaction contain zinc oxide.
Thisfulfils severa functions (formation and maintenance of
small Cu metal crystallites, poison absorption, etc.) about
most of which there is little controversy [14]. Neverthe-
less there is till uncertainty about ZnO (or other bases)
stabilising Cu™ sites on the copper metal surface. The ob-
served [16] dependence of specific activity for methanol
synthesis on O(a) coverage on copper, for catalysts with
different oxide supports including ZnO, aso requires ex-
planation. The possible formation of dilute a-brass (cop-
per/zinc aloy) in the surface of copper crystallites has been
analysed theoretically [23] and subsequently Nakamura et
al. [24-26] have found experimental evidence of ZnO mi-
gration and surface brass formation under relevant condi-
tions.

In this paper an attempt is made to reconcile the appar-
ently conflicting evidence on the role of O(a) in methanol
synthesis.
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2. Experimental measurement of O(a) coverage

Here it is assumed that, in the absence of evidence to
the contrary, the experimental methods used by different
groups of workers are valid and that the apparent discrep-
ancies arise from interpretation rather than practical incom-
petence. The techniques used and results obtained fall into
two groups.

(i) The post-reaction examination of working catalysts
by reaction with N,O has been used by the ICI group
[1-3,15,27,28] and others, e.g. [16]. The method deter-
mines the free copper metal surface area after the removal
of all adsorbed intermediates except O(a). The reasons for
ascribing the loss of area solely to O(a) have been given
before [2]. Further, this has been confirmed [28] by the
guantitative, post-reaction conversion of O(a) to CO; in re-
duction with CO. It has also been shown [2], contrary to
later suggestions [7], that the observed decrease in cop-
per metal surface area is due to adsorbed species and not
a result of sintering: subsequent re-reductions of the cat-
aysts, followed by another treatment with N,O, showed
negligible loss of copper metal surface. Some results from
experiments at 50 bar are shown in table 1. When the
differences in catalyst preparation and methanol synthesis
conditions are taken into account, the agreement between
the two sets of results is encouraging. Catalysts containing
zinc or galium oxides gave O(a) coverages in the range
0.1-0.4. Similar values have been found [2] with a com-
mercial Cu/ZnO/Al,O3 catalyst. In contrast, copper sup-
ported on a range of other oxides of different properties all
gave values for O(a) coverage of ~0.1 or less.

Post-reaction analyses of catalysts aways have the dis-
advantage that changes to the catalyst may occur between
reaction and analysis. Thus Bailey et a. [20] have sug-
gested that the main part of the O(a) observed post-reaction
derives from CO3(a) decomposition. Recent surface chem-
istry by Carley et a. [29] has shown unambiguously that
any COgz(a) present during synthesis (i.e., in the presence of
COy) is converted to O(a) on purging (i.e., on the removal
of CO,). However, the results of the reaction of pure CO,

Table 1
Experimental determination of O(a) coverage in working catalysts by post-
reaction measurement of Cu metal surface area with N,O.

Catalyst Fractional O(a) coverage

(1 (16]
Cu/ZnO - 0.23
Cu/ZnO/Al, 03 0.36 0.22, 0.10
Cu/ZnO/ZrO, - 0.23
Cu/ZnOICry03 - 0.14, 0.11
Cu/ZnO/Gap 03 - 0.18
Cu/GapO3 - 0.16
Cu/SIO, - 0.07
Cu/Al;03 0.09, 0.15 0.09
Cu/Cr,03 - 0.11
Cu/ZrO, - 0.10
Cu/MgO 0.01, 0.09, 0.15 -
Cu/MnO 0.01, 0.05, 0.11 -

with a commercial Cu/ZnO/Al,O3 catalyst [21,22] demon-
strates that the copper metal surface in zinc-containing cat-
alysts would need to be completely covered with CO3(a)
to give the O(a) coverages of table 1. The main advantage
of post-reaction analysis, i.e., an in situ but not in tempore
analysis, is that it is free from the time scale of the cat-
alytic reaction. Thus the N,O reaction technique gives a
maximum value of O(a) coverage.

(if) The Topsee group used [7] a technique which is
both in situ and in tempore, i.e., the imposition of transient
changes in CO or CO, during methanol synthesis. By fol-
lowing the changes in concentration of gas-phase species
leaving the catalyst, O(a) coverages on the catalyst can be
deduced. Thistype of technique has the advantage of avoid-
ing the ambiguities from post-reaction treatment. However,
it does have two disadvantages. All analyses have to be on
the time scale and conditions (temperature, gas mixture,
etc.) of the catalytic reaction and the surface state of the
catalyst is deduced solely from the products of the catalytic
reaction. The experiments of Muhler et al. [7] were at at-
mospheric pressure, so differing from industrial practice in
this respect but it seems unlikely that the discrepancies in
results can be explained solely in terms of this pressure
difference.

In atypical experiment pulses of CO were dosed repesat-
edly into a 5% CO,/H, stream already producing methanol
over Cu/ZnO/Al,O3 catalysts. Any adsorbed oxygen on
copper was expected to give CO,, but the amount of ex-
tra CO, formed during the CO pulses was negligibly small.
Similar results were obtained in other experiments, in which
a 6% CO,/H, stream was changed in one step to a 5%
CO/5% CO,/H; stream. Muhler et al. [7] concluded from
this work that there was little or no oxygen adsorbed on
the copper metal surface of the catalyst during methanol
synthesis. It should be noted that the transient technique
gives a minimum value of O(a) coverage.

Other experimental work [30] with clean polycrystalline
copper agrees with the Topsge group’s results. Post-reaction
analysis of the copper surface found almost a monolayer of
adsorbed formate and negligible coverage of adsorbed oxy-
gen. In these experiments the copper surface was cooled
under reaction gas, thus alowing the persistence of ad-
sorbed formate. In contrast, a He purge at reaction temper-
ature, customary in the N,O measurement of copper metal
surface area [2,15,27], removes all adsorbed species other
than O(a).

3. The paradox of values of O(a) coverage

The discrepancy of high experimental values for O(a)
coverage from N,O chemisorption measurements and low
values from transient experiments arises only with Cu/ZnO
catalysts (and possibly Cu/Ga,Os-containing catalysts).
Values of high coverages are observed only with these
catalysts (table 1) and the Topsge group have used their
transient techniques only with a standard Cu/ZnO/Al,03
catalyst [31].
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If it is assumed that both experimental techniques give
results valid for the working methanol synthesis catalysts,
then the paradox can be resolved only if the major part of
the O(a) coverage on the copper surface reacts too slowly
with CO for the production of CO, to be significant in the
transient experiments. This form of O(a) — denoted O*(a)
— cannot be identified as any species of adsorbed oxygen
observed in single-Cu-crystal experiments. As Campbell
and co-workers have rightly observed [17,18], O(a) on Cu
surfaces reacts rapidly with CO, so very low coverages of
O(a) are to be expected. Thus O*(a), as a less readily
reduced species, is probably more strongly bonded to the
copper surface. In view of the wide variety of stable and
transient oxygen species now known to be formed on metal
surfaces [29,32], it is not surprising that two adsorbed oxy-
gen species co-exist on the copper surface of a working
catalyst. The features requiring explanation are (i) why
O*(a) has not been observed in single-Cu-crystal experi-
ments, and (ii) why high coverages of O*(a) are observed
amost solely in Cu/ZnO catalysts. The answer may well
lie in surface copper/zinc alloy («-brass) formation.

Theoretical aspects of «-brass (copper/zinc alloy) for-
mation in Cu/ZnO-containing catalysts have aready been
examined in some detail [23]. Although bulk a-brass for-
mation would not be expected (and has not been found
experimentally) in working methanol synthesis catalysts,
the formation during catalyst reduction of «-brass in the
surface layers of the copper crystallites is certainly pos-
sible. Further there is experimental evidence [24-26] of
zinc migration and surface brass formation under reduc-
ing conditions in several Cu/ZnO systems. The somewhat
less-reducing gas mixtures (higher CO, and H,O levels)
present under synthesis conditions should cause some sur-
face oxidation [23]. This could take the form of either an
adsorbed oxygen atom bonded to a zinc atom (or zinc and
copper atoms) in the surface a-brass or of a ZnO deco-
ration of the copper metal surface. Chadwick et al. [33]
found that Cu/ZnO catalysts in which bulk «-brass forma-
tion had been induced by high-temperature reduction gave
the same specific methanol synthesis activity as catalysts
which had been reduced by standard methods. Thus a-brass
formation is not detrimental to methanol synthesis. Ad-
sorbed formate is a key intermediate in methanol synthesis
[1-3,9,15,19,20,24-26,28]. In FTIR studies Rochester et al.
[34-36] observed a bridging formate across a mixed Cu—
Zn site and they concluded that species of this type could
play a significant role in the methanol synthesis mecha-
nism. Clausen et al. [37] found changes in the morphology
of metallic copper crystallites on ZnO (but not on SiO,),
dependent on the oxidation potential of the synthesis gas
mixture. These changes were attributed to a wetting/non-
wetting phenomenon at the Cu/ZnO interface, i.e., further
evidence of Cu/ZnO alloy interaction in these systems.

It followsthat at least three stable surface oxygen species
could be present on copper crystalites surfaces during
methanol synthesis, subseguent to surface a-brass forma-
tion during catalyst reduction:

(i) Oxygen bonded solely to surface copper atoms, i.e.,
O(a). The coverage of this species on the working
catalyst is low, certainly <0.1.

(ii) Oxygen bonded to both copper and zinc atoms (the

zinc atoms include those in surface a-brass and in the

edge of a ZnO decoration of copper). This can be

identified with O*(a).

Oxygen bonded solely to zinc atoms. This species is
unaffected under synthesis conditions [14]. Although
a-brass can be formed from Cu/ZnO, zinc oxide alone
cannot be reduced to zinc metal [23].

(iii)

Another experimental observation can be explained in
terms of surface brass formation. Muhler et al. [7] found,
intheir transient experiments, that the gas composition (CO,
CO; concentrations) settled to steady valuesin about 1 min
after achange of feed gas but the rate of methanol formation
took about 30 min to reach a new steady state. Fujitani et
al. [16] have shown that the specific rate of methanol syn-
thesis is a function of O(a) coverage. Thus a ow change
in O(a) coverage from surface alloy formation, as proposed
here, would give the corresponding slow changein the rate
of methanol synthesis. Changes in copper crystallite mor-
phology [37], associated with changesin oxidation potential
of the gas phase, may also be significant. This would be

in accord with Muhler et al. [7]: “... a dependence of the
amount of active sites on the CO/CO; ratio in the feed is
also possible’.

A similar catalyst model can be put forward for the cat-
alysts containing gallium oxide (table 1). Like zinc oxide,
gallium oxide is readily reducible (in contrast to the other
oxide supports in table 1) and surface alloy formation is
plausible.

It should be emphasised that the more complex model of
catalyst surface proposed here does not necessitate any ma-
jor change in the synthesis reaction mechanism put forward
earlier [1-3] in which adsorbed oxygen functions as both in-
termediate and promoter. Changes in the synthesis mecha-
nism have been expansions of composite reactions, e.g., the
recognition of the importance of CO; (a) and CO3(a) in the
conversion of CO, to adsorbed formate [20-22,29,34-36].

4. Other support effects

Of the catalysts not containing zinc oxide, slica-
supported copper has been studied most widely, e.g. [1,3,
8,9,12,15,16,19,34-36,38]. Many of these experimental re-
sults appeared to be conflicting but this can now be seen to
be largely the consequence of different experimental condi-
tions [13,14]. For example, the lack of methanol synthesis
activity found with a copper/purified silica catalyst [12,38]
disagreed with the observation of activity in other cop-
per/silica catalysts[1,8,15,16] and even unsupported copper
[1,15,30]. However, these contrasting results can now be
understood, at least qualitatively, from the results of sur-
face chemistry studies which have shown the necessity for
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Figure 1. Catalyst activity plotted against copper metal surface area for catalysts consisting of copper supported on several different oxides. Data from
table 2 of Fujitani et a. [16], re-plotted for comparison with earlier results of Chinchen et al. [1,3,6,15].

either high pressure of CO, [22,29,32] or the presence of
a base [38-4Q] for the formation of the CO; (a) interme-
diate. Yoshihara et a. [30] confirmed this in studies with
clean polycrystalline copper. A total pressure of at least
5 bar, with excess hydrogen, is needed to obtain the same
specific rates as those measured with commercial Cu/ZnO
catalysts.

Comparative results, including measurements of O(a)
coverage, for a range of supports were obtained by
Chinchen et a. [1] and Fujitani et a. [16]. In the more
recent work [16] Fujitani et al. showed that the specific
activity for methanol synthesis is a function of O(a) cov-
erage, with a maximum at about 17% coverage. However,
when their results are plotted as activity (g-cat.)~! against
specific copper surface area (figure 1), the resulting graph
is similar to those obtained earlier [1,15] for copper on a
range of supports and even for a group of Cu/ZnO/Al,O3
catalysts [3]. This linear relationship was implicitly as-
sumed by Fujitani et a. in the use of specific activity in
their figure 1 [16]. Chinchen and Spencer [3] stated: “In
methanol synthesis, catalyst activity is proportional to the
copper metal surface area of the working catalyst, although
the scatter of the experimental pointsis more than would be
expected from the experimenta errors. There may there-
fore be a small second-order effect of catalyst composition,
etc., on the specific synthesis activity”. Fujitani et al. [16]
have now identified one cause of this second-order effect as
the result of variations in O(a) coverage. As the proposed
mechanism for methanol synthesis involves both the bare
and O(a)-covered surfaces [2], it is not surprising that the
plot of specific activity against O(a) coverageisa*volcano”
curve.

A question remains on the nature of the O(a) species
present on the copper surfaces of these varied, non-zinc-
containing catalysts. As noted above (table 1), the cover-

ages are al smaller than those on zinc- (or gallium-)con-
taining catalysts but even so, by extrapolation of the exper-
imental results of Muhler et al. [7] and by Campbell’s argu-
ments [17,18], it seems unlikely that it can all be accounted
for as simple O(a) on copper metal. Alloy formation, as
proposed above for Cu/ZnO catalysts, is scarcely credible
for, e.g., a Cu/SIO;, under typical methanol synthesis con-
ditions. Oxygen atoms at copper metal/support interfaces,
could well appear as surface oxygen, if reducible. How-
ever, it islikely [41] that peripheral sites of this type are of
negligible importance in conventional precipitated copper
catalysts. This would not be the case for copper crystal-
lites “decorated” with particles of support: the proportion
of peripheral sites could then be much greater. Also, O(a)
remaining after CO3(@) decomposition [20], athough in-
sufficient to explain O(a) coverages on Cu/ZnO catalysts,
could make a significant contribution to these lower cover-
ages. Thus it is likely that the coverages of O(a) observed
(table 1) in post-reaction analyses of these catalysts were
built up with O(a) from several sources.

5. Conclusions

(1) The contrary results for in situ O(a) coverages on
Cu/ZnOJ/Al,O3 catalysts, obtained by different experi-
mental methods, can be resolved in terms of two stable
adsorbed oxygen species. one, the “normal” O(a) on
Cu, and the second, a more strongly adsorbed species.

(2) Both experimental and theoretical evidence point to sur-
face copper—zinc aloy («-brass) formation as the origin
of the second O(a) species.

(3) Types of O(a) from several sources may contribute to
the low total O(a) coverages of non-zinc-containing cat-
alysts.
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Experimental surface science results have been es
sential in the resolution of cataytic problems in
methanol synthesis. Nevertheless, the complexity of
the methanol synthesis system confirms our earlier
statement: “Caution is needed in using results from a
[111] plane of copper obtained under ‘ surface science’
conditionsto interpret the behaviour of a methanol syn-
thesis catalyst operating with a mixed gas feed at ele-
vated pressure” [19].
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