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Abstract: Methanol, an important chemical, fuel additive and precursor for clean fuels, is produced
by hydrogenation of carbon oxides over Cu-based catalysts. Despite the technological maturity of this
process, the understanding of this apparently simple reaction is still incomplete with regard to the
reaction mechanism and the active sites. Regarding the latter, recent progress has shown that
stepped and ZnOx-decorated Cu surfaces are crucial for the performance of industrial catalysts.
Herein, we integrate this insight with additional experiments into a full microkinetic description of
methanol synthesis. In particular, we show how the presence or absence of the Zn promoter
dramatically changes not only the activity, but unexpectedly the reaction mechanism itself. The
Janus-faced character of Cu with two different sites for methanol synthesis, Zn-promoted and
unpromoted, resolves the long-standing controversy regarding the Cu-Zn synergy and adds methanol
synthesis to the few major industrial catalytic processes that are described on an atomic level.

Introduction

Industrial methanol synthesis is conducted at elevated pressure and temperature from a syngas
mixture containing CO2, CO and H2. Typically, a Cu/ZnO/Al203 catalyst is employed at 50-100 bar
and 200-300 °C.[1] As in many industrial catalytic processes, the technological application of
methanol synthesis has preceded the full understanding of the underlying chemistry. Thus, the
process has been operated for decades on empirical knowledge. The exact reaction mechanisms and
the interplay of the catalyst’s surface properties with the feed gases are debated to this day.[1-2]
Among the most important open questions are the nature of the preferred carbon source for
methanol — CO[3] or CO2[4] - and the effect of the so-called “Cu-Zn synergy” considered as having
either no unique role,[2a] i.e. mere structural promotion, or being essential for the active site.[2c][5]
Part of these discussions arise due to the difficulty of obtaining data for the industrial Cu/ZnO/Al203
catalysts under realistic working conditions.[5] In addition, the variety of different copper based
catalysts showing vastly contradicting behavior with respect to changes in the feed[6] complicates
the selection of a suitable model system.

Herein, we integrate these different models and provide evidence for a consistent and
comprehensive mechanistic picture of methanol synthesis by studying both above-mentioned
questions on realistic high performance catalysts in a combined way using a joint approach of
dedicated experiments with extensive theoretical modeling. We consider two limiting cases for Cu
based catalysts with high surface area: copper nanoparticles supported on the irreducible MgO and
Cu particles of comparable size and shape supported on ZnO. The presence of ZnO leads to a vividly
debated synergetic effect of the components in this catalyst.[2b, 2c, 7] This effect was confirmed, for
example, for a nano-structured Cu/MgO catalyst, which despite its relatively high Cu surface area
was drastically inferior to a reference Cu/ZnO catalyst in methanol synthesis from CO2-containing
synthesis gas.[6b] Similarly high Cu surface areas of Cu/ZnO and ZnO-free systems have to this date
only been achieved with MgO due to the analogous synthesis protocol as described previously,[6b]
which ensures a general high comparability of the respective catalysts, wherein ZnO and MgO both
equally fulfilled the role as a physical support for Cu. Thus, the catalytic behavior must be attributed
to an additional non-structural promoting role of ZnO, which is in agreement with the observation
that strong-metal-support interaction (SMSI) plays a key role in achieving a Zn-decorated surface
state of Cu.[8] The SMSI is only present for reducible ZnO, where it affects the adhesion between Cu
and Zn0O,[2b, 9] but not for non-reducible MgO. As a result of SMSI, Zn atoms are supplied to the Cu
surface, where they can get involved in the active site motif of the working catalyst.[2c, 5, 10]

Results and Discussion



Figure 1 shows the methanol synthesis activity of the Cu/MgO in different feed gases (all
experimental details are reported as Supporting Information). As determined by H2
chemisorption,[11] the Cu surface areas were 13.6 mCu2/g for Cu/MgO and 14.7 mCu2/g for
Cu/Zn0O/AI203. This similar high Cu dispersion allowed a direct comparison of these performance
catalysts at the same conditions regarding temperature, pressure and catalyst mass without any re-
scaling in Figure 1A rendering these catalysts a suitable materials basis to study the effect of
presence and absence of ZnO on Cu-based methanol synthesis catalysts. Interestingly, both catalysts
exhibit a dramatically different behavior in the presence or absence of CO2 in the feed gas. While the
Cu/MgO catalyst shows a high methanol formation rate in a CO/H2 mixture (case A), its Cu/ZnO-
based counterpart is highly active in CO2/CO/H2 (case D). A feed gas switching experiment (Figure
1a) shows that the performance of the Cu/ZnO deteriorates in CO/H2 (case C), which is fully
reversible upon re-addition of CO2 into the feed excluding sintering or any other irreversible effect as
the origin of this behavior. Conversely, the Cu/MgO catalyst rapidly loses its activity in a CO2/CO/H2
feed (case B), which is completely re-established in CO/H2 at long time on stream. This result
confirms that Cu is in general capable of converting CO as well as CO2 to methanol at industrially
relevant rates. In support of Nakamura’s view,[2c] we propose that contradicting views on methanol
synthesis can easily arise if CO and CO2 hydrogenation are not considered separately. Industrial
conditions are characterized by the presence of ZnO in the catalysts and of CO2 in the feed and are
only inadequately simulated by ZnO-free model catalysts (a family represented here by Cu/MgO).

The Cu catalysts reveal a Janus-faced behavior and work only efficiently in either the absence of CO2
(Cu/MgO0, case A) or in the presence of a CO2/CO mix (Cu/Zn0O, case D), respectively, but not vice
versa. We determined the carbon source for methanol formation in the syngas mixture containing
57% CO2 (as CO2/[CO+C02]) by 13CO2 labeling and found that the vast majority of the methanol
formed (Figure 2) was from CO2 in both cases. This finding was independent of whether we
employed the Cu/ZnO/Al203 catalyst containing a high turnover rate (case D) or the Cu/MgO catalyst
that exhibits a rather poor rate towards methanol (case B, for details see Supporting Information).
Concerning the Cu/ZnO-based material, this result is in good agreement with earlier radio-isotope
labeling studies[4, 12] and CO2 pulse experiments[2h] reported in the literature. In a recent labeling
experiment on Cu/Si02, 78% of the formed methanol was found to stem from CO2 at 513K and 6
bar.[2d] Our findings for the Cu/MgO catalyst are generally in agreement and indicate that CO2 acts
both as a poison (by efficiently suppressing CO conversion) and as a precursor for methanol
formation, although the rate of CO2 hydrogenation on Cu/MgO is rather low.
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Figure 1. Methanol formation rates of Cu/ZnO/AI203 (upper panels) and Cu/MgO (lower panels) with
time-on-stream (A) and in situ-thermogravimetry (B). Both experiments were conducted at 503 K and
30 bar in different feed gases. The gas switching is indicated by color changes (CO2/CO/H2/inert
(8:6:59:27): dark green; CO/H2/inert (14:59:27): purple). A detailed description of both experiments
and the catalyst is provided in the Supporting Information.

A gravimetric in situ-measurement under reaction conditions showed that both catalysts gain
weight in CO2-containing feed and reversibly lose that weight when the feed is switched to CO only
(Figure 1b). As brass or bulk carbonate formation can be excluded based on control experiments (see
Supporting Information), we attribute the reversible weight change to the adsorbate coverage of the
catalyst’s surface under reaction conditions. Formate is well-known to be formed on Cu surfaces and
has been observed to be the most abundant surface species during methanol synthesis in several
studies.[13] Thus the observed weight changes suggest that in a CO2 containing syngas mix both, the
Cu/MgO and Cu/ZnO catalyst are similarly covered with a formate-containing adsorbate layer, which
is slowly released or replaced by lighter adsorbates as the CO2 feed is turned off. The presence of
highly sticking carbon species on the catalyst’s surface under working conditions is also supported by
a sustained methanol production if the feed is switched from COx/H2 to H2/Ar (see Supporting
Information).

Figure 2 shows the intrinsic, i.e. Cu surface area-normalized, methanol formation rates near
differential conditions as a function of the CO2 concentration in the feed gas. In addition to the
inverse behavior of Cu/MgO and Cu/ZnO (cases A-D), it can be seen that upon the first addition of
CO2 the activity of Cu/ZnO/AlI203 rises precipitously and further increases with an increase in CO2
content, strongly suggesting that CO2 is converted to methanol rather than CO. Note that only if the
experiments are conducted at higher conversions away from the differential regime, a volcano-type
behavior with CO2 concentration[2f, 3] can be observed, which is due to product inhibition by water
as has been shown by Sahibzada et al.[14] The resulting maximum in methanol formation usually



observed at low CO2 concentrations is sometimes related to “CO2-promoted methanol synthesis” — a
term that does not reflect that CO2 is the major carbon source for methanol.

In case of Cu/MgO, the situation is reversed and the high CO hydrogenation rate is suddenly
guenched in the presence of even small amounts of CO2. The addition of 5 wt.% ZnO to the Cu/MgO
catalyst by impregnation[6b] can revert its behavior. This result provides evidence that the ZnO
promoter plays a decisive role for the catalytic properties of Cu in industrial catalysts as it was
observed for model catalysts.[2c] The behavior of our catalysts in a CO2/H2 feed is similar to that in
the CO/C0O2/H2 mix and the intrinsic activities are in a similar range like TOF values determined in
surface science experiments on model materials. The activity of Cu/MgO is found to be almost
identical to the TOF found for Cu(111) by Fujitani et al.[15] and one third of that of polycrystalline Cu
foil as determined by Campbell and co-workers.[16] The intrinsic activity of Cu/ZnO/AI203 in CO2
hydrogenation is, however, 16x higher than that of Cu/MgO and slightly above the TOF determined
by the former authors for a Zn-doped Cu(111) single crystal.

The quenching effect of the Cu/MgO catalyst upon CO2 addition seen in Figure 2 is very
drastic. This is on the one hand clearly due to its extraordinary high initial methanol synthesis activity
in pure CO/H2 thanks to the synthesis method leading to high Cu dispersion, but might be
additionally amplified by the surface basicity of MgO on the other hand. Indeed, it seems reasonable
to assume that the poisoning effect of formate is stronger on very basic catalysts. However, also Cu
supported on amphoteric Al203 or La203 showed a clear decrease in methanol synthesis activity
upon addition of CO2 to CO/H2, but a much lower performance level not comparable to industrial
performance catalysts (see Sl, Fig. S2). Indeed, in case of Cu/Al203 the methanol synthesis activity
exhibit a faster recovery with increasing CO2 level than in case of Cu/MgO indicating that poisoning
was less severe on this less basic support. Thus, while the exact strength of the poisoning effect will
likely depend on the type of irreducible non-ZnO support, we can assume that the general effect of
CO2 poisoning in ZnO-free catalysts compared to the beneficial effect of CO2 on the methanol
formation rate in Cu/ZnO is a general feature that is attributed to the presence or absence of ZnO as
expressed most clearly by the comparison of Cu/MgO with two ZnO-containing performance
catalysts in Figure 2.
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Figure 2. Intrinsic methanol formation rate of a Cu/ZnO/AI203 (red), the Cu/MgO (blue) and an
Cu/MgO/ZnO0 catalyst (dashed) that was obtained by impregnation of ZnO onto Cu/MgO, as a
function of the CO2 concentration in the feed gas ([CO2+CO]/H2/inert = 14:59:27) at 503 K and 30
bar. The data points correspond to the steady state activity after an equilibration time of 4 h for each
measurement. The direction of concentration change was from low to high CO2 concentration for



Cu/MgO and in the opposite direction for the ZnO-containing catalysts for reasons discussed in the
Supporting Information. The 13C data given on the right hand side of the plot correspond to
independent isotope labeling experiments that have been carried out at the same conditions in the
CO2-richest feed at steady state (13C02:CO:H2:inert = 8:6:59:27). The axis on the right hand side
shows corresponding TOFs from model studies, polycrystalline Cu (blue arrow “poly-Cu”)[31] and
Cu(111) single crystal before (blue arrow “Cu(111)”) and after Zn deposition on Cu(111) (red arrow,
coverage [BZn = 0.19)[30] for CO2/H2 feed. The Literature values have been corrected for pressure
and temperature as described in the Supporting Information together with the experimental details.
The measured rates in 100% CO2 (squares, blue: Cu/MgO; red: Cu/Zn0O/AI203) were separately
obtained with fresh samples as described in the Supporting Information.

In order to understand the different catalytic behavior of the Cu/MgO and Cu/ZnO as well as the role
of CO and CO2 as feed for methanol synthesis we applied density functional theory (DFT) calculations
on two stepped model surfaces, Cu(211) (representing Cu/MgO and hereafter called the Cu-site) and
a fully Zn-covered Cu211 step (representing Cu/ZnO and hereafter called the Zn-site), see Figure 3, to
model the two limiting cases. While the full elucidation of the true surface properties under working
conditions remains challenging, we justify our structural model of the Zn-site based on the
experimental and theoretical results presented previously,[5] where surface enrichment of Zn on the
Cu particles was observed by XPS and HRTEM. Compared to our earlier work, a new generation of
model for the Zn-site was employed in this study. It consists of the 211 Cu surface with a fully Zn-
decorated step opposed only partial substation of Cu and Zn in the step. This is certainly an extreme
case and there will be some Cu atoms present in the steps in realistic systems. This can also be seen
in Figure 2 where the CO hydrogenation activity for Cu/ZnO catalysts is not entirely suppressed. The
experimentally observed damping of this reaction by the presence of Zn atoms, however, can only be
modelled using the new fully Zn-covered step model, as the formerly used model provides high CO
hydrogenation activity by a too large number of coordinatively unsaturated Cu sites. We note that
during the preparation of this paper, a microkinetic modelling of methanol synthesis using our old
model was presented by van Rensburg et al.[2]] Recently, further experimental support for the
surface alloying model has been provided by Kuld et al, who found metallic Zn on the surface of
reduced realistic Cu/ZnO catalysts by Auger emission spectroscopy.[10b] We employed the BEEF-
vdW functional[17] as it has been shown that only the inclusion of dispersion forces allows a
guantitative description of methanol synthesis on copper catalysts.[18] The importance of surface
steps in the structural motif has recently been verified experimentally and theoretically for the
industrial catalyst[2j, 5] and is in agreement with the structure sensitivity of the methanol synthesis
reaction, which was established by the group of Campbell, who using clean Cu found the highest
specific activity for a Cu(110) surface,[13d] which in the present context can be viewed as a heavily
stepped (111) surface. The reported TOF corrected for the different conditions used in Campbell’s
study amounts to 1.34 x 10-2 s-1, markedly higher than Cu(111). For nano-sized systems, an
additional promoting role of ZnO attributed to this morphological effect on pure Cu sites was
proposed.[2b, 2e, 10a] The energetics calculated here on the two model surfaces are employed in a
microkinetic model. This model uses the established pathways for CO and CO2 hydrogenation[19]
calculating the methanol rate from CO and CO2 under differential conditions (see Supporting
Information). Figure 3 shows the results of the DFT calculations and the microkinetic modeling for
the two structural motifs as a function of CO2 concentration in the feed gas.

The free energy diagram of the hydrogenation of CO and CO2 shows that both reactions
exhibit a maximum free energy barrier of about 1.5 eV on the Cu-site. The formation of formate is
downhill in free energy indicating a substantial coverage of this species in agreement with the data of
Figure 1B and with the results of van Rensburg et al.[2j] When Zn is introduced into the steps (Zn-
site) all intermediates and transition-states that bind through an oxygen atom are stabilized. While



all carbon-bound intermediates can still bind on partially Zn substituted Cu steps[5] they become
severely destabilized upon full substitution of Cu atoms with Zn. The Cu-site and the Zn-site can thus
be seen as the two extreme cases for methanol synthesis catalysts. The addition of Zn hence acts as a
promoter for the hydrogenation of CO2 since all its intermediates for this pathway bind to the
surface through an oxygen atom. Since most intermediates of the CO hydrogenation pathway bind
through the C atoms, a full layer of Zn will block the step sites for this process. The results of the
microkinetic modeling confirm these conclusions and are shown in the lower panels for the case of
the Cu-site (blue) as well as Zn-site (red). The Cu-site is quite active for CO hydrogenation, its activity
decreases significantly, however, with CO2 concentration in the feed. This is because formate covers
the surface and decreases the availability of free sites[2j] as shown in Figures 2 and 3. All calculated
changes in surface coverage with feed gas composition are consistent with the gravimetric
measurements (Figure 1b). Formate does not only act as a poison but it is an intermediate in the
hydrogenation of CO2. CO2 hydrogenation on the Cu site is slow so that an overall decrease in total
hydrogenation rate is observed (see also insert in Figure 3). Interestingly, our kinetic model predicts
that despite the low CO2 hydrogenation rate, the carbon source gradually changes from CO to CO2
with increasing CO2 concentration in the feed due to the strong site blocking effect of formate on CO
hydrogenation. Thus, the fraction of methanol formed from CO2 follows the formate coverage at the
surface. This as well as the trend in total hydrogenation activity is in good qualitative agreement with
the experiments described above and well within the accuracy of DFT.[20]
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Figure 3. Top: Free energy diagram of CO (left) and CO2 (right) hydrogenation to methanol at 503 K
on the Cu-site (blue line) and Zn-site (red line) as obtained from the DFT calculations. Bottom:
Turnover frequencies, coverages, and carbon percentages from CO2 in methanol product for the Cu-
site (left) and the Zn-site (right) as a function of CO2 concentration in the feed gas. Reaction
conditions are the same as in Figure 2. The turnover frequency is given for the rate of CO2 conversion
(rCO2, dark green circles), CO conversion (rCO, purple circles) and the total conversion of CO2 and CO
(rtot, black circles). Coverages are given for formate (dark green circles), CO (purple circles) and the
free sites (black stars). The coverages of all other intermediates were negligible for the surfaces and
reaction conditions studied here. The turnover frequency in the range 0 to 0.005 (site-1s-1) for the
Cu-site is magnified as an insert in the topmost left figure.

For the Zn-site the picture is essentially reversed. Zn deactivates the surface for CO hydrogenation, as
expressed by extremely low rates on the Zn-site. The CO coverage is calculated to be close to zero
even without CO2 present in the feed as opposed to the Cu-site where this can be up to 0.1 ML. This
has also been observed experimentally by microcalorimetric measurements that showed weaker
binding of CO on ZnO-promoted Cu catalysts.[21] The hydrogenation of CO2 is significantly enhanced
on the Zn-site so that the total hydrogenation rate increases with CO2 in the feed. Likewise, CO2
constitutes the major carbon source over the whole CO2 feed concentration range simulated, being
largely in agreement with earlier results from Nakamura’s group who established the promotional
effect of Zn in CO2 hydrogenation in the context of a Cu-O-Zn ensemble as the active site.[2c, 22] A
similar mechanism, where the oxygenates are adsorbed on the oxophilic promoter and hydrogen on
the metal sites was also proposed for methanol synthesis on ZrO2-promoted Cu catalysts.[23]
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Figure 4. Schematics of the four cases (A to D) considered in this study as denoted in Figures 1-3.
Case D refers to industrial conditions.

Our theoretical modeling has allowed us to define four limiting cases for Cu-based methanol
synthesis catalysts and reaction conditions. These are consistent with their experimental
counterparts and can comprehensively explain the experimental observations of the Cu/ZnO/AI203
and Cu/MgO catalysts in CO2/CO/H2 and CO/H2 feeds. The picture that emerges for methanol
synthesis is summarized in Figure 4, which schematically shows the four cases A-D. Copper catalysts
in the absence of ZnO can exhibit fast rates for CO hydrogenation (case A, apparent experimental
activation energy Ea = 31 + 2 kJ/mol), but deactivate with increasing formate coverage controlled by



the concentration of CO2 in the feed gas (case B, Ea =79 = 7 ki/mol, cf. 77 £ 10 kJ/mol observed for
polycrystalline Cu).[16] The reason for this behavior is the relatively weak interaction of oxygen
atoms with pure Cu leading to a low conversion of adsorbed formate to methanol. As formate
constitutes the main species on the surface, however, its conversion contributes more to the
resulting methanol than the fast but rarely occurring hydrogenation of CO. Promotion of copper by
Zn0, on the other hand, blocks the CO conversion sites and does hence lead to poor CO conversion
rates (case C, Ea = 81 + 2 kl/mol). This can be rationalized by the relatively weak binding of carbon
atoms by Zn. Unlike unpromoted copper Zn increases the binding of oxygen-bound intermediates
and hence accelerates CO2 hydrogenation to the extent that Cu/ZnO becomes a good methanol
synthesis catalyst in feeds containing CO2 (case D, Ea = 57 * 3 kiJ/mol). The important interplay of the
ZnO promoter and the formate intermediate is thus that formate can only be effectively
hydrogenated on Cu-based catalysts due to the Zn-modification of the Cu site, for whose CO
hydrogenation activity it otherwise would be poisonous.

The choice of Cu/ZnO-based catalysts is motivated by its ability to hydrogenate CO2. As CO2
hydrogenation is less exothermic (-40.9 kJ/mol) than CO hydrogenation (-90.7 kJ/mol), CO on the
other hand is beneficial in the feed gas as it shifts the thermodynamic equilibrium towards higher
conversion. Under integral reaction conditions CO and water (produced by CO2 hydrogenation) are
converted to CO2 (and hydrogen) via the water gas shift reaction,[2g, 24] which is fast compared to
methanol synthesis on copper based catalysts and hence equilibrates.[13d, 24-25] The important role
of the water gas shift reaction in industrial methanol synthesis is to enable a higher methanol
formation rate at integral conditions by mitigation of product inhibition through cleaning the surface
from adsorbed water. Simultaneously, new CO2 as precursor for methanol is produced. For the
fundamental considerations of this work, which are based on differential conditions as the only
meaningful way to investigate the reaction mechanism and especially the question of the carbon
source, the secondary water gas shift reaction does not play a major role. However, we note that our
theory predicts the water-gas-shift reaction to be an order of magnitude faster than CO2
hydrogenation on the active sites identified in this work for methanol synthesis.[24]

Performance catalysts will expose a distribution of different sites maximizing the beneficial
thermodynamic effects of a feed mix. Thus, Figure 4 should be interpreted as representing the
extreme cases of feed composition and the minimum complexity of active sites required to
gualitatively explain catalytic COx hydrogenation on copper and the decisive role of the Zn promoter.
Practical realizations of copper-based catalysts will exhibit a behavior that is somewhere in between
these extremes and the controversial discussion of the performance of many catalysts that have
been studied in the literature is explained by a superposition of the cases described Figure 4. The
industrial methanol synthesis (case D) is a fixed point of reference in the parameter field that
determines such superposition. By using Cu/MgO as a counter example, this study has shown that a
dramatically different catalytic behavior can be achieved by changing the composition of catalyst and
feed away from the industrially relevant system. The large variety of methanol synthesis activities
contained for instance in Figure 2 clearly shows that comparisons of single measurements of
different materials under different conditions need to be evaluated with great care. A successful
research strategy needs to validate its model catalysts by also addressing a parameter variation in an
attempt to approach the industrially relevant conditions.

Conclusions

The model presented here answers the questions of carbon source and of the role of ZnO. It provides
a framework of functional elements to rationalize the chemical reaction system standing behind the
combination of Cu and Zn active sites with a mix of CO and CO2. The catalyst mixture optimizes the
reaction kinetics whereas the feed gas optimized the equilibrium thermodynamics of the system. The



present work highlights how empirical optimization found a fortunate combination of kinetics and
thermodynamics. It further points to the necessity of studying the whole chemical system when
further optimization is desired: changing either feed conditions or catalyst composition alone will not
lead to an improved performance. With respect to desired hydrogenation of CO2 in the context of
the energy challenge[2f, 26] it can be predicted that the optimization of the catalyst composition
beyond the present technical systems should be beneficial to attain better performance provided
that the micro- and meso-structural features of the present system remain preserved.[27]

Experimental Section

All catalysts used in this work have been synthesized from a substitute malachite precursor,
(Cu,M)2(0OH)2C03 (M = Zn, Mg), obtained by co-precipitation using the concept of the industrial
catalyst. By this synthesis strategy, two high surface area catalysts Cu/MgO and Cu/ZnO/AI203 have
been obtained that have experienced an analogous preparation history and exhibit a comparable
microstructure with a similar Cu dispersion. This allowed a direct comparison of these performance
catalysts at the same conditions regarding temperature, pressure and catalyst mass without any re-
scaling in Figure 1A. Further details on the synthesis and the properties of the catalysis can be found
in the SI. All catalysts tests were done in fixed bed flow reactor. The catalysts (sieve fraction 100 - 200
pum) were reduced at 523 K (1 K min-1) for at 2 hours in 20 % H2 in He (100 mL min-1) prior to
methanol synthesis at 30 bar and 503 K. Products were analysed by Gas Chromatography. The
activation energies have been determined in the same reactor in the temperature range between
463 and 523 Kin CO/H2/inert (14/59/27) and CO2/H2/inert feeds (24/72/4). Details of the testing
procedure can be found in the SI. For the feed gas switching experiments (Figure 1A), approximately
50 mg of catalyst have been used. After stabilization the feed gas composition was abruptly switched
between a 6% CO / 8% CO2 /59% H2 syngas mixture and 14% CO / 59% H2 (rest: He). For the feed
gas variation measurements (Figure 2), the general feed gas composition was 14% COx / 59% H2, rest
He. The concentrations were gradually varied in the range 0% < CO2 < 8% or 0% < C0O2/(CO+C02) <
57%. After the start of the reaction, the catalysts were allowed to stabilize for 4 hours time on
stream. All our measurements were performed at differential conversions to suppress the shift
reaction and to avoid product inhibition. To compare activity data of our measurements to literature
data, the rates have been corrected assuming a first order dependency on the hydrogen partial
pressure and Arrhenius-type behaviour as described in the SI. The isotopic tracing experiments
during methanol synthesis were conducted using a calibrated mass spectrometer to determine the
absolute concentration of 13C-labeled methanol in the product from a syngas mix with 13C-labelled
CO2. More details can be found in the SI. The in-situ TG experiments were performed on a high
pressure magnetic suspension balance by Rubotherm at 30 bar and 503 K. Prior to the experiment,
the catalysts were reduced in the balance with H2 at 523 K. Control experiments to interpret the
weight changes of the catalysis are described below. Density functional theory calculations have
been performed with the Quantum Espresso code[28] using a plane-wave basis set in the generalized
gradient approximation with the BEEF-vdW exchange-correlation functional,[17] which explicitly
takes long-range dispersion forces into account. The plane-wave cutoff used in all calculations was
500 eV and the density cutoff 5000 eV. Stepped surfaces have been modeled using a 9 layer (3x1)
unit cell resulting in a slab with 3 layers in the (111) direction having monoatomic steps with a (100)
geometry. In all calculations the adsorbates and the atoms in top most (111) layer are allowed to
relax until forces become smaller than 0.05 eV/A. The vibrational frequencies used to determine the
zero-point energy and entropic contributions to the free energy have all been calculated within the
harmonic approximation. A correction of the gas-phase errors[29] in BEEF-vdW was performed using
the Quantum Espresso code as described below. For the microkinetic modeling, a mean-field
microkinetic model was employed to calculate the reaction rates. The model solves the rate of
methanol production under steady state conditions and treats all reaction steps as being potentially



rate limiting within the reactions paths described below. The model was solved at differential
reaction conditions to match the experimental conditions, that is for low conversion to methanol
(and water).
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