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Cu/Zn0O/Al, 0O, catalysts are the industrial standard for methanol synthesis.

Their high activity stems from the synergy between Cu and Zn, but their
precise structure under CO, hydrogenation conditions remains unknown.
Here we show, using operando transmission electron microscopy, that

the formation of ZnO, overlayers and CuZn surface alloys on Cu surfaces
canbereversible and is mediated by the operating temperature and the
chemical potential of the gas phase. Lower temperatures and more oxidative
conditions lead to thicker ZnO, overlayers. At elevated temperatures,

the overlayer coverage opens, exposing Cu nanoparticle surfaces to

the feed and enabling CO, activation. Furthermore, we show that CuZn
alloys are transient species and are re-oxidized by H,0 formed during the
reaction. Thisimplies that, in CO, hydrogenation conditions, CuZn and
Cu-ZnO surface states may coexist and continuously convertinto one
another as the local chemical potential oscillates throughout steady-state
operation. Maintaining this fluctuation might be critical to the lifetime and
performance of the catalyst.

Cu/ZnO/Al,0, (CZA) catalysts have been used industrially since the
mid-1960s for both the water-gas shift reaction and methanol synthe-
sis from syngas. Methanol synthesis is of growing importance with a
current demand around 112 million metric tonnes per year’, and is of
particular interest to valorize captured CO,. Furthermore, methanol
produced from CO, and H, is discussed to play akey role as an energy
storage molecule, owing toits gravimetric energy comparable to that
of ammonia’.

Although this catalyst system has seen widespread adoption,
research efforts still continue to elucidate the complete reaction
mechanism. In particular, there has been considerable debate on
the nature of the synergistic effect between Cu and Zn and whether
activessites are Cu-Znbimetallic or Cu-ZnOinterfacial sites’. Recent

evidence indicates that, although both sites are active for methanol
synthesis, Cu-ZnO sites seem superior®®, The key to understanding
the activation, performance and deactivation of this catalyst system
seemsto lieinthe delicateinterplay between the formation of aCuZn
alloy phase and the wetting of Cu nanoparticles by ZnO, after partial
reduction through the formation of strong metal-supportinteractions
(SMSI)?", Characterization of such a complex system is challenging,
as the highly dynamic nature of the CZA catalyst requires the use of
operando and in situ techniques™. It has been shown that the ZnO,
coverage on Cu surfaces canrespond to the chemical potential of the
gas feed””, suggesting that post-catalytic ex situ studies could lead to
misleading conclusions about the true working state of the catalyst.So
far, in situ and operando synchrotron-based X-ray techniques”®'>'¢>
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Fig.1|Morphological changes of the calcined CZA sample studied by
operando TEM during activationin hydrogen. a-e, Initial precursor state. CuO
and ZnO particles are embedded ina (Cu,Zn) carbonate matrix. Overview TEM
image (a). Magnified region of the area highlighted in a (black box) (b). Schematic
representation of b (c). Magnified region of the area highlighted in a (black box)
(d), including a fast Fourier transform taken from the region highlighted by

the white box. Intensity profile taken from the area highlighted ind (black box,
arrow) (e).f-j, Inafirst step up to 200 °C, the carbonate matrix disappears in
favour of fewer and larger oxide nanoparticles. Overview TEM image from the
sameregionasinaat200 °C (f). Magnified region of the area highlighted in f
(black box) (g). Schematic representation of g (h). Magnified region of the area
highlighted in f (black box) (i). Intensity profile taken from the area highlighted in
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i(blackbox, arrow) (j). k-n, inasecond step, CuO particles reduce to Cu. Partially
reduced ZnO, becomes mobile and wets Cu surfaces, forming a bridge-like
feature in the area highlighted in the inset. Overview TEM image from the same
regionasinaand fat 250 °C (k). Magnified region of the area highlighted in k
(black box) (I). Schematic representation of I (m). Magnified region of the area
highlighted in k (black box) (n). Intensity profile taken from the area highlighted
inn (black box, arrow) (0). The flat image intensity profile shows that a feature
of even thickness has appeared in the highlighted area. Images are artificially
colored for representation. The original images are shown in Supplementary
Fig.3.The dose rate was 1,105 e” As™. Conditions: gas composition He:H, = 9:1,
pressure 790 mbar, heating rate 5 K min™. Scale bar, 20 nm.

have brought the most important contributions to the field, offering
crucialinsightsintothe structure and chemistry of CZA catalysts during
reductionand CO, hydrogenation. These techniques, however, average
over many particles and can neither investigate the local morphology
and structure of the catalyst nor probe the spatial distribution of the
Cu, Cuoxide and ZnO phases.

Operando andinsitu transmission electron microscopy (TEM) can
provide such insight, and several contributions have been made®*
using established experimental workflows developed on simpler cata-
lyst systems such as Pt nanoparticles for CO oxidation*** or the SMSI
of supported noble metals®°. Recently, operando scanning (S)TEM
was used to explore the SMSI state of amodel Ni/TiO, catalyst for CO,
hydrogenation®. In situ TEM has emerged over the past decade®>*
with the advent of commercial microelectromechanical system-based
nanoreactors as aninvaluable tool to probe catalysts in their working
environments at pressures up to 1 bar. Such systems can be paired with
online mass spectrometry®* (MS) inan operando experiment, allowing
the detection of conversion and the formation of products alongside
morphologicalinsight fromimaging, and structural information from
selected area electron diffraction (SAED).

Inthiswork, operando TEM was used to provide uniqueinsight into
the morphological and structural evolution of anindustrially relevant
CZA catalyst during reductive activation and under CO, hydrogena-
tion conditions. We show that the wetting of Cu particles by ZnO, is
reversible as well as temperature and CO, content dependent. Under

reaction conditions, the ZnO, coverage diminishes, thereby exposing
the Cu/ZnO, perimeters and allowing CO, activation. The results are
complemented by in situ STEM combined with electron energy loss
spectroscopy (STEM-EELS) measurements and diffuse reflectance
infrared Fourier transform spectroscopy (DRIFTS). Finally, we explore
thereversibility of CuZn bulk alloying in CO,/H, feeds and show that H,0
produced by the reverse water-gas shift (RWGS) reaction contributes
to quickly re-oxidize CuZn alloys to Cu-ZnO sites. This suggests that
continuous alloying and re-oxidation could be critical to the perfor-
mance of this catalyst.

Results
Activation of the CZA precursor
The CZA catalyst system has previously been characterized by us using a
wide variety of techniques. Thisis summarized in Supplementary Table1
and has been used as a basis for this study. The state of the art on CZA
catalysts for methanol synthesis was also summarized in a recent
review article®. For the present study, an experiment was designed
to investigate the morphological and structural evolution of the CZA
catalyst under varying conditions, from activation to operation in
methanol synthesis and RWGS-related feeds, within a pressure range
of 616-790 mbar. A graphical summary of the temperature profiles
and gases used can be found in Supplementary Fig. 1.

The synthesis of our CZA precursor includes a final calcination
step™. The catalyst must first be activated in situ by reductionin diluted
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Fig.2|Structural changes during activation. a, Selected SAED patterns
recorded at different stages of the reductive activation process. Scale bar,
2nm. b, Integrated SAED patterns after background subtraction during
reductive activation. Characteristic peaks of the reduction intermediate Cu,0
appear between 196 °C and 232 °C. The Cu,0 fraction found below 196 °Cis a
fitting artefact due to the overlap of the CuO and Cu,0 (111) reflections. Both
CuO (greenlines) and Cu,O (orange lines) reflections disappear in favour of Cu
(bluelines), with reduction being complete at 250 °C. The black lines indicate
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reflection associated with ZnO.1/d denotes the reciprocal lattice plane distance
(d).c, Anexample of an experimental integrated SAED patternat 220 °Cand the
matching calculated pattern from Rietveld fitting indicating the coexistence of
Cu,0 and Cu. The square root (Sqrt) of the intensity is plotted. d, Relative weight
phase fraction of Cu species calculated from Rietveld fits. The error values

were calculated from the Rietveld fitting errors. Conditions: gas composition
He:H,=9:1, pressure 790 mbar, heating rate 5 K min™, electron dose rate

34e As

hydrogen, similar toindustrial activation protocols. The temperature
was ramped up to 250 °C at arate of 5 K minand the precursor left to
reduce for2 h. TEM (Fig.1), SAED (Fig. 2) and MS (Supplementary Fig. 2)
results were compared to reveal which phases were present throughout
thetemperature ramp. Based ontheseresults, we identified two main
reduction steps.

In its initial state, the aggregates of the precursor consist of
ZnO and CuO nanoparticles (3-5 nm) embedded in an amorphous
(Cu,Zn),0,CO, matrix (Fig.1a—e), as determined in previous studies® .
Therawdatafor Fig.1canbe foundin Supplementary Fig. 3. The attri-
bution of these three phases is challenging, as the carbonate phase
is too sensitive to electron beam damage (Supplementary Fig. 4 and
Supplementary Video 1) to allow direct identification by STEM-EELS
or energy-dispersive X-ray spectroscopy (EDS) measurements. It
cannot be directly assigned in an operando experiment. To address
these challenges, we controlled for electron beam damage by limit-
ing our working dose rate to about 1,000 e” A2s™ (Supplementary
Video. 2), and relying partly on prior knowledge of the system'>¢-
as well as on an analysis of the precursor by high-resolution TEM
(Supplementary Fig. 5). This analysis shows that the spherical nano-
particle domains correspond to CuO in the precursor, while ZnO is
presentas shapeless, elongated domains. For thisreason, we attribute
the domain at the top of Fig. 1c as CuO. Moreover, the domain at the
bottom of Fig. 1c can be identified as ZnO fromits characteristic (100)
lattice fringes at 2.81 A. Having located CuO and ZnO domains in the
area of interest, we attribute the remaining lighter-contrast phase to
the (Cu,Zn),0,CO; carbonate. This is supported by the fact that this
phase disappears during the reductive activation process, in favour
of larger CuO, and ZnO domains. This matches the behaviour of the
(Cu,Zn),0,CO, phase we observed in previous work**3,

Asthetemperatureincreases, the H,0 partial pressure rises sharply
from100 °C onwards (Supplementary Fig.2). Thisis accompanied by
drastic morphological changes, as the carbonate matrix progres-
sively disappears in favour of larger CuO and ZnO domains (Fig. 1f-j),
although the acquired SAED patterns remain unchanged (Fig. 2a,b).
This is because (Cu,Zn),0,CO, is amorphous and thus does not con-
tribute to diffraction®. Such so-called high-temperature carbonates

have been shown to decompose completely during reduction”. This
process is critical to the final morphology of the activated catalyst*’.
The onset of the reduction corresponds to a second step from about
190 °Conwards, inagreement with previous temperature-programmed
reduction results®**'. The CuO partially reduces to Cu,0, with CuO
reflections at 5.35 nm™ and 3.97 nm™ fading in favour of Cu,O peaks
at4.06 nm™and 4.67 nm™, respectively (Fig. 2a,b). The phase frac-
tions of the Cu containing parts of the sample were determined by
Rietveld fitting*’ of integrated SAED ring patterns* (Fig. 2c). The Cu'
reductionintermediate is transient, as characteristic Cu,0 peaks dis-
appear entirely before 234 °C is reached (Fig. 2d). This is in excellent
agreement with previous in situ X-ray diffraction (XRD)?, extended
X-ray absorption fine structure'® and X-ray absorption near edge struc-
ture® reports. We leverage here the advantageous time resolution of
electron diffraction, as the short lifetime of Cu,0, here measured to
be 7.2 + 0.8 min, makes it difficult to detect with XRD. From 205 °C
onwards, both Cu" and Cu' oxide species disappear progressively in
favour of fully reduced metallic Cu (Fig. 2d). The Cu phase fraction
shows alinearincrease over the rest of the programmed temperature
ramp, reachingits maximum at around 240 °C (Fig. 2d). Furthermore,
acareful particle size analysis shows that nanoparticles sinter during
this second activation step, with the particle size distribution average
rising from 4 nm of CuO for the precursor to 7.5 nm of Cu after 2 h at
250 °C (Supplementary Fig. 6), in line with the domain size obtained
frominsitu synchrotron XRD results®.

Atthis stage, amobile phase wets the Cu nanoparticles and forms
anetwork between particles. This is shown in the highlighted area of
Fig. 1k-o, where a bridge has formed between the top and bottom
domains. Thissupportsthe attribution of those two domains as Cuand
ZnO because of the known SMSI effect. This new mobile phase can be
attributed to ZnO,, as confirmed by in situ STEM-EELS measurements
of similar bridge features, which showed a notable Zn contribution
(Supplementary Fig. 7).

Upon coolingto 50 °C, we observe anincreased coverage of ZnO,
on Cu surfaces, with varying morphologies. Particular care was taken
to discriminate ZnO, from possible carbon contamination, which
is known to appear as shells of lower contrast over nanoparticles as

Nature Catalysis


http://www.nature.com/natcatal

Article

https://doi.org/10.1038/s41929-026-01514-x

a
N
N
o
Q
N
T
b
g
n
o~N
o
Q
N
T
c d T e 25 °C after reduction f ﬂ 250 °C in H,:CO, = 3:1 ’7
Cu-L  Zn-L T 3
m Surface ‘ 7n0O ‘
— ; | no, | ZnO,
Particle | / | x
- ' PN s
3 g| 218 m 2| 2123em” g %
> 5 5 ‘
2 = =
9 v ~
£
T T T T T T T T
900 1,000 1700 1200 1,300 2,200 2,100 2,000 1,900 2,200 2,100 2,000 1,900
Energy loss (eV) Wavenumber (cm™) Wavenumber (cm™)
9 h 300 A J
®) ~ 0.10 4
15 4 O 200 | | H,0
_ - 00 mco
£ £ a 0.08
@ 2 10 =] -
U — ©
g g 05 115 W 9 0.06 -
= = £'Q £
© Q o £ ~
£ £ 054 110 - 3 0.041
Q Q =
N N ¥ 24.0 1 0.02
04 3E
23.9 4 ! ! ! ! ! 04

Fig.3|Impact of CO, content and temperature on the ZnO, overlayer
thickness. a,b, Evolution of a Cunanoparticle as the temperature is switched
between 50 °C and methanol synthesis temperatures (220-280 °C), for two
different H,:CO, ratios: 1:1(a) and 3:1 (b). The boundaries of the Cu particle
and the overlayer are highlighted by white dashes, and the overlayer coloured
inblue. The dose rate was 1,105 e” A2s™., Scale bar, 5 nm. The original images
are presented in Supplementary Fig. 16. ¢,d, Insitu TEM observation (c) and
insitu STEM-EELS analysis (d) of anisland feature on ananoparticle.Ind,
two spectraare integrated over the areas coloured in c. Scale bar, 5nm. e f, In
situ DRIFTS measurements: at 50 °C after reductive activation at 250 °C and
1bar (e); at 250 °C after 1 hin H,:CO, = 3:1at 1 bar (f). Heating rate: 5 K min™.
K-M, Kubelka-Munk; w-ZnO denotes the wurtzite (w) polymorph of ZnO.

g, Evolution of the average overlayer thickness at 50 °C in both feeds. Circles

Reduction

H,:CO,=3:1 H,:CO,=1:1

Time (h)

represent the particle of aand b, while diamonds represent the averages over
allmeasurements on 12 particles during 1 operando experiment. In total, 81
measurements were collected: 43 for H,:CO, = 1:1and 38 for H,:CO, = 3:1. There
isno hysteresis between the successive heating and cooling cycles. h, Box plots
of overlayer thickness measurements at 50 °C for the two gas compositions.
Averages (crossed dots) are 1.1+ 0.1nmand 0.8 + 0.1 nm for H,:CO,=1:1and 3:1,
respectively. The centre line is the median. The box top and bottom bounds
areq3and ql, respectively. The whiskers correspond to1standard deviation. i,
Evolution of H,0 and CO partial pressures inaH,:CO, =1:1feed.j, H,0 and CO
partial pressure change from 50 to 250 °C.n =1. The conditionsina,cand d

are as follows: gas composition H,:CO,:He = 2:2:1, pressure 661 mbar, heating
rate10 K min™. The conditions in b and i are as follows: gas composition
H,:CO,:He = 6:2:1, pressure 616 mbar, heating rate 10 K min™.

well, but does not disappear upon heating (Supplementary Fig. 8).
Moreover, possible effects of the electron dose on ZnO, were carefully
considered and dismissed. Telltale signs of such irradiation damage
are either the transition from graphitic ZnO, towurtzite®®, which forms
facetedislands on Cusurfaces, or the progressive disappearance of the
overlayer altogether (Supplementary Fig. 9 and 10 and Supplementary
Videos 3-5). The reduced catalyst was stable when exposed to dose
ratesaround1,000 e~ A2 s (Supplementary Video. 6). Bothhomogene-
ousshellsand ZnO, islands were found, with thicknesses ranging from
0.5to3 nm.Thisisreportedin SupplementaryFig. 11, and indicates that

the final composition of CZA catalystsis dynamic and that the density
of favourable Cu-ZnO sites is not set by the synthesis or activation
protocols, but evolves with the operating temperature of the catalyst.

In situ DRIFTS measurements at 25 °C after reduction at 250 °C
ambient pressure (Fig. 3e) show a peak at 2,125 cm™ that is characteris-
ticof the adsorption of CO ongraphitic ZnO, (ref.11). CO adsorption on
metallic Cuwas not observed, indicating full ZnO, coverage. Thisisin
agreementwith previously published ex situ TEM and Raman results™?°.
The former shows that a layer of 1-2 nm of graphitic ZnO, surrounds
the Cunanoparticles at room temperature after reductive activation.
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Operationin CO, hydrogenation feeds

Next, the diluted hydrogen feed was evacuated and the reaction mix-
ture H,:CO,:He = 2:2:1was introduced. Imaging at 50 °C revealed clus-
ters of nanoparticles exhibiting core-shell structures with overlayer
thicknesses up to 2.4 nm (Fig.3a). The temperature was thenincreased
atarate of 10 Kmin™to 220 °C, where it was maintained for 1 h, and
the system was subsequently cooled to 50 °C for 30 min. This was
repeated two more times for temperature plateaus at 250 °C and
280 °C, to study the effect of repeated heating and cooling cycles
on the morphology of particle aggregates and the ZnO, overlayer in
particular (Fig. 3a). We find that the SMSI-induced ZnO, overlayer sys-
tematically opens at reaction temperatures (Supplementary Fig.12),
leading to exposed Cu surfaces sparsely decorated with ZnO, islands
(Fig. 3c). These islands were further characterized by in situ STEM-
EELS (Fig.3d and Supplementary Fig. 7), corroborating the presence
of Zn.

The ZnO, overlayer reforms upon cooling with no significant hys-
teresis effect (Fig. 3g), to an average thickness of 1.1+ 0.1 nm (Fig. 3h).
Details of the overlayer segmentation procedure and raw TEM data can
be foundinSupplementary Figs.13-16. This thicknessis consistent with
previous ex situ findings which reported 1-2 nm of ZnO, surrounding
the nanoparticles at ambient temperature®. Further sintering is also
observed, with apopulation of particles disappearinginto larger ones,
most notably after the first plateau at 220 °C (Supplementary Fig.17),
in agreement with other in situ reports of sintering in operating con-
ditions®. This is particularly noticeable in the highlighted particle of
Fig.3a, with the Cu core radiusincreasing from 3.1 nm after reduction
andsettlingtoa4 + 0.3 nmaverage in subsequent CO, hydrogenation
heating and cooling cycles.

Following these cycles, the sample was allowed to cool down to
50 °C and the feed was exchanged to H,:CO,:He = 6:2:1 to investigate
the influence of the feed composition on the SMSI. TEM results show
that, although the ZnO, overlayer has a similar temperature response
asinthefeed alarger CO, content (Fig. 3b), we observe the ZnO,over-
layer to be significantly thinner, at an average thickness of 0.8 + 0.1 nm
(Fig.3h). This provides direct evidence that higher CO, contents pro-
mote the wetting of Cu surfaces by ZnO,. Operando DRIFTS meas-
urements recorded under reaction conditions (H,:CO, =3:1, 1 bar;
Fig. 3f) at 250 °C showed a CO vibration at 2,112 cm™, which is shifted
compared with vibrations expected for metallic Cu (2,093 cm™)".
This indicates the existence of Cu®* surface species under reaction
conditions, either at the perimeters of ZnO islands or due to subsur-
face oxygen, whichis expected to formunder reaction conditions***.
The CO that probes these sites is itself the reaction product of CO,
hydrogenation. Thus the catalyst is active throughout our measure-
ment. Additional features below 2,100 cm™ indicate the simultaneous
presence of metallic Cu, consistent with an only partially decorated
Cusurfaceseenintheimages. The presence of aCuZnsurface alloyin
this hydrogen-rich feed cannot be excluded due to the tail of the peak
towards lower wavenumbers.

Itisimportant hereto note that the discrepancyinZnO, coverage
between thetwo CO, hydrogenation feeds usedin this study was robust
across multiple areas of the sample, across different experiments, and
independent of whether a higher CO, content feed was used first or
as the second step (Supplementary Fig. 18). Finally, we show that this
phenomenon is associated with CO, hydrogenation catalysis, rather
than only thermally driven. MS analysis reveals the presence of both
H,0 and CO products, with rates that respond closely to the tempera-
ture profile (Fig. 3i). Further analysis shows that these products are
present in a 1:1 ratio*® (Fig. 3j), as would be expected from the RWGS
reaction. This indicates that there is no excess water being produced
from continuous reduction of ZnO, as this reaction is suppressed by
CO, (ref.47).Interestingly, the rate of CO production is the same across
both feeds. This is in contrast with ex situ fixed-bed reactor results
(Supplementary Fig.19) which show that the CO, conversionis about
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Fig. 4 | Evolution of the Cu lattice parameter at 400°Cin H,:CO, = 1:1feed.

a, Temperature profile. b, H,0 partial pressure. ¢, Measured Cu lattice parameter
extracted from the Rietveld refinement of integrated SAED patterns (green
markers) and predicted values from the theoretical thermal expansion of Cu.
Theerrors bars correspond to Rietveld fitting errors. The conditions are as
follows: gas composition H,:CO,:He = 2:2:1, pressure 661 mbar, heating rate

10 Kmin™, electron doserate 3.4 e A2s™.,

50% lower in the H,:CO, = 1:1 feed than in the H,:CO, = 3:1 feed. This
discrepancy is probably related to the unconventional design of the
gas cell nanoreactor, in which only aminuscule amount of the gas feed
caninteract with the few catalyst particles, causing an extremely high
space velocity and alow conversion*®.

Role of H,0 in the re-oxidation of CuZn alloys

Last, weset out toinvestigate the transient nature of CuZn alloysin CZA
catalysts as those species have been shown to be unstable under reac-
tion conditions in previous reports™®*%, To this end, the temperature
was ramped up at arate of 10 K min™to three plateaus at 300 °C, 350 °C
and 400 °C. SAED patterns acquired every 2 min were processed to
yield the Cu lattice parameter. These data are presented in Fig. 4 and
Supplementary Fig. 20 alongside the predicted Cu lattice parameter
from thermal expansion.

While the Cu lattice parameter evolves in excellent agreement
with predictions from the thermal expansion up to 350 °C, it over-
shoots the thermal expansion baseline at 400 °C by 0.03% after
7.5 min. This is indicative of bulk CuZn alloy formation, which would
be expected to proceed further as the 400 °C plateau is maintained.
However, we observe asubsequent rapid dropinthe Culattice param-
eter, which returns to a baseline over the next 25 min. This intriguing
time response suggests a delayed re-oxidation of Zn species in the
alloy, with the re-oxidation rate increasing throughout the 400 °C
plateau. This may be explained by a delayed H,O production after
the temperature is quickly increased. Close analysis of the MS traces
corresponding to H,O reveals a time delay that matches the drop in
the Cu lattice parameter (Supplementary Fig. 21). Moreover, H,0 is
known to readily oxidize the Zn sites in CuZn alloys to form Cu-ZnO
species>. This leads us to hypothesize the following sequence of
events, asdescribed in Fig. 4:initially, bulk CuZn alloying dominates as
the temperatureisraised from 350 °Ct0 400 °C. The Cu lattice param-
eter overshoots the expected thermal expansion baseline. Alloying
kinetics are known to be slow because of the sluggish diffusion of Zn
inCu (1). Next, H,0 productionrises in the nanoreactor. The Cu lattice
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Fig. 5| Proposed dynamics occurring in the Cu/ZnO system. a, At low
temperatures, Cunanoparticles are encapsulated by a graphitic ZnO, shell. b,c
When the temperatureisincreased, the overlayer opens and a Cu/ZnO, perimeter
is exposed to the reaction environment. The system then becomes active. We
hypothesize that, between state (b) and the formation of CuZn surface alloys

(c) afrustrated phase transition exists, which is mediated by changes of the

local water and H, concentration under reaction conditions. At this point, which
crucially depends on the reaction conditions and reflects the point of highest
activity, the systemis able to reversibly change between these two states. An
arrow pointing upwards denotes an increase in temperature or concentration. An
arrow pointing downwards denotes a decrease in temperature or concentration.

parameter temporarily stabilizes as the balance between alloying and
re-oxidation rates shift towards the latter (2). Finally, H,O production
reaches its maximum rate approximately 16 min after the start of the
temperature plateau (3). Re-oxidation overtakes CuZn alloying and the
Culattice parameter returnsto the baseline over the next 25 min. This
behaviour was confirmed in a separate experiment, this time in the
CO,-rich feed H,:CO,:He =2:2:1 (Supplementary Fig. 22). This further
implies that the remarkable evolution of the Cu lattice parameter
can be reproduced in a robust manner and demonstrates that cou-
pling MS with electron diffraction data can yield unique insights into
time-dependent phenomena.

Discussion

Wereport hereanoperando TEMinvestigation of anindustrial relevant
CZA catalyst that is known for its high methanol production rate’.
Although there is anin situ TEM report that has focused on a similar
system?, to our knowledge there are no operando studies of such an
industrial-like catalyst system at realistic operating temperatures. Our
findings on the temperature-induced dynamics of the SMSIl overlayer
are also in line with recent operando TEM observations on Ni/TiO,
model catalysts showing that the TiO, overlayer opens at temperatures
above 400 °C (ref. 31). We present direct evidence that the wetting of
Cusurfaces by mobile partially reduced ZnO, is reversible and depends
onboth the temperature and the amount of CO, in the feed.

It has been suggested that this phenomenon is mediated by the
presence of surface CuZn alloy>*". At lower temperatures, CO, and
H,O re-oxidize the surface Zn® species’” to ZnO, and thus promote the
wetting of Cu surfaces by additional mobile ZnO, species. When the
temperature returns to CO, hydrogenation conditions, above 220 °C,
CuZn alloy is formed on the surface of Cu particles and the wetting of
CubyZnO,becomesunfavourable®. Inour second feed (H,:CO,=3:1),
this may be compounded by the higher H, partial pressure, which fos-
ters the formation of surface CuZn alloys”'®*>*°, resulting in a thinner
ZnO,overlayer. These results show that the surface morphology of Cu
nanoparticles, as well as the oxidation state of Zn, are highly dynamic
during catalysis and do not depend solely on activation parameters,
as previously suggested”®. Cu surfaces are decorated by Zn** (ZnO,
islands) and Zn° atoms (CuZn alloy), in a manner dependent on the
redox chemical potential of the gas phase'”. Higher temperatures and
more reductive conditions, such as higher CO (refs. 6,12) or H, partial
pressures”’®*, can favour more CuZn alloy formation”*°, while more
oxidative conditions such as higher CO, (refs. 12,18) and H,O partial
pressures®’ can re-oxidize CuZnand yield amore extensive ZnO, cover-
age and thus more Cu-ZnO interfacial sites at the perimeter of the ZnO
islands®. Yet, an excessive CO, fractioninthe feed will lead toadropin
the amount of available Cu-ZnO sites as the ZnO, coverage becomes
too high and blocks Cu surfaces®.

Because CuZn alloys are rapidly re-oxidized”'®*¢, yet are nonethe-

less present under operating conditions', we propose that even at
steady state, Zn° and ZnO, species may coexist and continuously inter-
convert as local chemical potentials change throughout the catalytic
cycle. It is crucial to control the reaction conditions that lead to the
formation of these phases and trigger their interconversion. As both
phasesare catalytically active, itis not surprising that no easy distinc-
tion of the active phase seems possible®.

The conditions associated with the highest catalytic performance
could in fact correspond to a state of frustrated phase transition®..
This is in line with previous results indicating that the re-oxidation
of metallic Zn in the alloy can also yield zinc formate, a critical reac-
tion intermediate*®. This further implies that the continuous forma-
tion of CuZn alloy and its subsequent re-oxidation could be critical to
the mechanism of CO, hydrogenation to methanol on CZA catalysts.
Furthermore, if we extrapolate the CuZn alloying and re-oxidation
behaviour shown here at 400 °C (Fig. 4) to more realistic operating
conditions below 250 °C, it is reasonable to assume that for methanol
synthesis the reaction product H,0 could contribute to a steady state
where CuZnformation, re-oxidation of Znin thealloy,and ZnO, wetting
of the Cu surfaces are happening concurrently. H,0 could contrib-
ute to create conditions in which the system is thermodynamically
frustrated, partially oxidized and highly active, in line with the widely
reported promotional effect of H,0 on methanol synthesis*’. Moreover,
we suggest that, as the catalyst ages, mobile Zn species crystallize as
wurtzite ZnO domains® and do not contribute to this frustrated phase
transition any longer, leading to deactivation (Fig. 5). Thisisin line with
previousreports linking wurtzite ZnO on Cu nanoparticles surfaces to
deactivation after 50 days on stream®>, Thus, strategies to limit the
loss of mobile Zn species, hinder irreversible ZnO crystallization and
maintain the frustrated phase transition could result inimprovements
to the lifetime and activity of this catalyst system.

Insummary, operando TEM was used to shed unique insight into
the morphological and structural evolution of CZA catalysts during CO,
hydrogenation. Coupling MS, electron diffraction and imaging yields a
comprehensive description of the activation and reaction process. ZnO
isseentowet the surface of Cunanoparticlesuponreductionthrough
the SMSI effect. Operando DRIFTS confirms that this is not merely a
local observation, but rather one that applies to the entire catalyst. The
catalyst morphology is overhauled upon cooling, with ZnO,migrating
further to Cu surfaces and resulting in an uneven coverage of either full
overlayers orislands. Moreover, we show that the ZnO, overlayer thick-
ness depends onthe CO,feed content, with higher CO,amounts associ-
ated with thicker overlayers. This shedsinsightinto how the chemical
potential of the gas phase affects the balance of Zn** and Zn° species
decorating Cu surfaces in operating conditions. The driving forces are
the oxidizing potentials of H,0 and CO, and the reductive potentials
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of H,and CO. This is correlated with the formation of RWGS products
and, thus, catalytic operation as detected by online MS. Finally, we
investigate the onset of bulk CuZn formation at higher temperatures.
We observe a compelling evolution of the Cu lattice parameter over
the 400 °C plateau, with an initial sharp temperature response that
corresponds to CuZnalloying, and adelayed return to the Cubaseline
astheH,Olevelincreasesinthereactor. Theseresults highlight therole
of H,0 produced during CO, hydrogenation on the re-oxidation of Zn°
species and demonstrate the potential of operando SAED combined
with Rietveld refinement to investigate transient crystalline phasesin
metastable catalysts. Altogether, our results suggest that a frustrated
phase transition between CuZnalloy and Cu-ZnO surface states could
bekeytothe high performance of CZA catalysts for methanol synthesis.
Understanding this system requires continued efforts withinsituand
operando techniquesinto how the local chemical potential dynamically
affects Znredox chemistry on Cu surfaces.

Methods

Materials

The catalyst was synthetized following a protocol published
previously***® from the calcination of a zincian malachite precursor
(ID S28807) with a Cu:Zn ratio of 70:30. The precursor was prepared
by pH-controlled coprecipitation in an automated reactor (LabMax
from Mettler-Toledo). The appropriate amount of Zn(NO,),-6H,0 and
Cu(NO;),-3H,0 was dissolved in deionized water and 15 ml of concen-
trated HNO; to obtain 600 ml of a1l M solution of the metal salts. This
solution was added to the partially filled reactor at a constant rate of
20 ml min™. ANa,CO,solution (1.6 M) was added automatically to keep
the pH constantat 6.5. The precipitation temperature was adjusted to
338 K. This precipitation process was followed by an aging time of 1 h
(338 K, pH 6.5) once the turbidity started to increase. The solid was
thenfilter-collected and washed several times by redispersionin water
until the conductivity of the washing medium was below 0.5 mS cm™.
The solid hydroxycarbonate precursors were obtained by spray dry-
ing. Calcination of the precursor for3 hat 603 Kyielded the CuO-ZnO
precatalysts (ID S29968).

Instruments

All experiments were performed in a Thermofisher/FEI Titan 80-300
operated at 300 kV and equipped with a TVIPS XF416 camera. An objec-
tive aperture of 40 pmwas used to partially remove the amorphous SiN
background and improve the contrast of TEM imaging. The amount of
imaging was kept minimal by design, to limit electronirradiation of the
sample. A strictlow-dose imaging protocol was crucial to ensure that
thetotal effective dose applied to areas of interest was only that of the
acquired frames, with minimal excess to find and focus the specimen. A
DENSsolutions Climate holder was used and connected to a homebuilt
gas feeding system described ina previous publication®.

Gasfeed and temperature control

Gas mixtures were allowed to settle overnight to ensure aflat and stable
MS baseline, which was critical to detect minute variation in trends.
The MS column was baked for 48 h before the start of the experiment
to desorb H,0 from the column walls and ensure a minimal H,O base
level. Three gas feeds were used: (1) diluted hydrogen, He:H,=9:1,
pH, =79 mbar, (2) H,:CO,:He = 2:2:1, pH, = 286 mbar, pCO, = 243 mbar
and (3) H,:CO,:He=6:2:1, pH, = 482 mbar, pCO, = 89 mbar. Gases were
allowed to settle overnight after switching from one feed to another.
The MS signal shows a rapid temperature response (<1 min) to tem-
perature changes (Supplementary Fig. 20). This is important to the
validity of theresults reported Fig. 4. The delayed H,O signal rise is not
duetoexperimental reasons, but stems from the catalytic systemitself.

TEM. Images were acquired with a dose rate of 1,105 e”A?s  over 1s,
while SAED patterns used 3.4 e A2s over 100 ms, averaging 100

frames. Temperature profiles used for reduction were adapted to
enable TEMimaging at fixed temperatures. Two additional temperature
plateaus of 15 minat150 °C and 200 °C wereincorporated to allow the
TEM imaging of six areas of interest selected beforehand. SAED was
acquired continuously every 30 s excluding imaging intervals. Par-
ticular care was also taken to discriminate ZnO, from possible carbon
contamination, which canalso appear as low-contrast shells over nano-
particles but does not disappear upon heating (Supplementary Fig. 8).
Moreover, possible effects of the electron dose on ZnO, were carefully
considered and dismissed. Telltale signs of such irradiation damage
are either the transition fromgraphitic ZnO, to wurtzite", which forms
faceted islands on Cu surfaces, or the progressive disappearance of
the overlayer altogether (Supplementary Fig. 9), possibly linked to an
increased surface CuZnalloy formation asaresult of the reducing effect
oftheelectron beam. Both of these effects can be observedin the data-
set reported Supplementary Fig. 10, which was acquired with a dose
of about 3,000 e"A2s™, adose still below what is used in other recent
insitu studies of this catalyst®***. The reported radius of the nanopar-
ticleand the values of the overlayer thickness are calculated from areas
manually segmented on TEM images (Supplementary Fig.13) assuming
aspherical core-shell morphology. A flat area measurement error of
+5nm?was used for the areas obtained by manual segmentation. This
was used to estimate the errors in the reported thickness values. In
total, 83 measurements were performed on 12 particles. The standard
error of the mean was rounded up to 0.1 nm.

SAED analysis

SAED is particularly adapted to the study of beam-sensitive systems
such as CZA catalysts, and particular attention was given to the analysis
of SAED temperature series. For this, we combined subpixel accuracy
centre finding and fourth-order astigmatism correction adapted from
recently published methods*, wavelet background removal** and Riet-
veld refinement for electron diffraction. The latter is done using MAUD,
developed by Lutterotti et al.*?, which uses the Blackman two-beam
approximation to correct for dynamic electron scattering. Published
protocols were followed to determine the broadening function of our
microscope using a reference sample of a single phase of monodis-
perse Cu,0 nanocubes that were well characterized by XRD. Rietveld
fitting was performed with the following four phases for the reductive
activation process in Fig. 2: Cu, CuO, Cu,0 and ZnO. Only Cuand ZnO
were considered for the fully reduced catalystin the dataset that went
intoFig. 4. Graphitic-like ZnO,canbeignored for SAED analysis owing
to its negligible volume and absence at 250 °C as shown throughout
the Article. The small particle size of our sample allows us to acquire
perfect, isotropic ring patterns that can easily be fitted during the
astigmatism correction step. Furthermore, the position of the Cu (111)
and (200) reflections can be fitted easily as they are very sharp and their
intensity is muchlarger than the background, especially after the dual
wavelet background extraction.

DRIFTS. DRIFTS measurements were performed using an Agilent Cary
680 FTIR spectrometer equipped with aliquid-nitrogen-cooled MCT
detector and a Harrick Praying Mantis diffuse reflectance accessory.
The spectra were recorded with a spectral resolution of 2 cm™ and
1,024 scanaccumulations. Before the measurements, the optical path
was aligned by minimizing the contribution of specular reflected light
directed at the detector by using a mirror in the sample position. The
calcined precursor (38.3 mg) was placed inaninsitu cell (DRP) in com-
binationwith a high-temperature reactionchamber HVC-DRM-5with a
high-pressure dome withZnSe windows, Harrick) and pretreatedin10%
H,in Ar (flow rate 30.6 ml min™, heating rate 5 K min™, pressure 1 bar)
for2 hat250 °C. After coolingdownin pure Arto 25 °C, aspectrum of
the catalyst was recorded. CO adsorption was performed at 25 °C by
adjusting an equilibrium pressure of 8 mbar CO (purity 3.7, Air Liquide).
The spectrum was recorded using the single-beam spectrum of the
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reduced catalyst at 25 °C as background to generate the spectrum of
adsorbed CO. The operando experiment was performed using 36.9 mg
of the calcined precursor and performing the same reduction proce-
dureasdescribed above. Then, the catalyst was heated in a gas mixture
of CO,:H,:Ar =1:3:1(flow rate 29.5 ml min™, heating rate 10 K min, pres-
sure 1bar) to 250 °C for 2 h and very short flushing with Ar at 250 °C.
The single beam of the spectrum of the reduced catalyst recorded at
250 °C was used as background. The spectra of the adsorbed species
were presented in Kubelka-Munk units F(R.) = (1-R.)%/2R...

Fixed-bed reactor testing

CO, hydrogenation reaction performance was tested at 1 bar with a
fixed-bed reactor using a steel reactor tube with an inner diameter of
4 mm. The catalyst bed temperature was determined by correcting
the temperature measured with a thermocouple located outside the
tube. All products and unreacted educts were online analysed by a gas
chromatograph (Agilent 7890) equipped with athermal conductivity
detector (permanent gas analysis) and a flame ionization detector
(hydrocarbon analysis). The conversion factor of each gas was calcu-
lated with gas standards. The temperature between thereactor and the
gas chromatographwaskept at175 °C to avoid the condensation of the
products. A100-mgsample of the CZA catalyst was sieved into particles
ranging in size from 100 pm to 200 pum and loaded into the reactor.
Before the CO, hydrogenation testing, the catalyst was pretreatedin 10
% H,/Ar (80 ml min™) at 250 °C with a ramp rate of 4 °C min™and held
for 2 h. After activation, the reactor was cooled to room temperature
and heated to target temperature in the reaction feed. Two different
reaction feeds were used: the ratios of CO,/H,/Ar were 20/20/60 and
20/60/20. The total flowing rate of two feeds kept at 80 ml min™. Arwas
used as internal standard and for carbon balance calculation. For all
testing, the deviation of the carbon balance from 100% was within 5%.

Data availability
Most raw data and excel files are available free of charge at https://
ac.archive.fhi.mpg.de/D59869. Other data are available from the
authors upon request.

Code availability

The Python routines (subpixel iterative centre finding, astigmatism
correction, background removal and 1D integration) used to process
the SAED data shown in this Article are available free of charge via
GitHub at https://github.com/mboniboni/TEM_scripts. The centre
finding and astigmatism correction algorithm are from Fritsch et al*>.
Inaddition, a Pythonimplementation of MAUD—for the Rietveld fitting
of processing SAED data—called MILK is available via GitHub at https://
github.com/lanl/MILK (ref. 55).
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