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Supplementary Discussion

XRD

X-ray diffraction (XRD) patterns of the CdhO/Al>Os, CuZn/SiQ and CuzZn/AfOs catalysts

were recorded in their ggepared calcined state as well as after reac8appdlementaryFigure

6). A main CuO phase was observed on albeepared samples, together withs2(OH)sCl4 for
CuZn/SiQ and Cuzn/AtOz and Zi(OH)sCl2-H20 for CuZnO/Al20s. The residual Cl from the
metal salt precursor was not observed after the reaction. Rietveld refinement optepaasd
CuZzn/SiQ and CuZnO/Al;Oz diffraction patterns revealed crystalline domairesimostly larger

than 5nm, indicating that some sintering took place during the calcination. XRiDwsever not
sensitive to highly disordered small NPs, and therefore, we mainly observe the agglomerated NPs.
In the case of the CuzZn/ADs, only support diffraction peaks could kseen after reaction, which
indicates the formation of small, nanystalline NPsIn CuZn/SiQ, the lattice parameter of the
main fcc phase agrees well with a slightly expanded Cu lattice suggesting minor (<5 %) Zn
incorpordion. Additionally, some Zn segregated after reaction, forming a ZnO phaseondary

Curich phase with expanded lattice formed also in CulAhfDs.

OperandoXAS data

The Cu K-edge XAS dataobtainedare shown inSupplementaryFigures 9 (Cu K-edge
XANES), 10 and11 (Cu K-edge EXAFS), as well as in kigg 2 in the main textAt the Cu K-
edgepperandaXAS spectra collected at different conditions are alrmabstinguishablend only

minor changes due to temperatdependent thermal disorder can be observed.



The Zn Kedge XAS data obtained are shownSupplementaryFigures 14 (Zn K-edge

XANES), 15 and16 (Zn K-edge EXAFS), as well as in Figu2en the main text.
a) EXAFS data for the Cu K-edge

EXAFS spectra of the samples in their initial state (after calcination) resemble those for
bulk CuO. In particular, the first peak the FT-EXAFS spectra at ~1.5 A (uncorrected for phase
shift) can be associated with & bonds. During the activation iryéirogen and under reaction
conditions, a clear GQuM (here M is Cu or Zn) shell corresponding to metallic Cu develops at ca.
2.24 A (uncorrected for phase shift) fall catalysts. In agreement with the XANES data,
contributions of C& O bonds are not detadtle for any of the catalysts under reaction conditions,
and all the spectra of the three catalysts resemble strongly that of metallic Cu. Slight changes in
the main FTEXAFS peak intensity observed under reaction conditi@upflementaryFigure
11) correlate well witlthe corresponding changes in temperature and can be attributed to thermal
disorder effectslt is also worth noting that the Cu-&dge EXAFS of all catalystscontain
pronounced contributions from distant coordination shells (peaks-EXAFS atlargeR vaues,
which indicate the presence of relatively ordered Cu phasethéd be attributed to our micelle
encapsulation synthesis and the long calcinatiofirpegment performed 20%Ox/inertat400C

to remove the polymer before the activation iadd the reaction.

To characterize the local structure of the investigated catalysts quantitatively, EXAFS data
fitting for the first coordination shell was performe@onventional leastquare fitting to
theoretical standards, as implementethelFEFFIT code was applied. Theoretical phases and

amplitudes were obtained in sebnsistent atinitio calculations witithe FEFF8.5 codéfor bulk



Cu and CuO materials. The complex exchaogeelation HedinLundqvist potential and default

values of muffintin radii as provided within the FEFF8.5 code were employed.

We stared with single shell fitting ofthe Cu foil and CuO data to obtain the valuestiod
amplitude reduction factoi¥. The obtained values were used later floe fitting of the
experimental EXAFS data for nanocatalysts. Fitting o€spdor reference materials werarried
out in the same rangesknandR-spaces athe onedaterusedfor the nanocatalgts, to partially

compensate fosystematic errors due thelimited sigral length ink-space.

For CuO and for aprepared catalysts (initial state) we fit only the first peath@¥Fourier
transformed EXAFS spectra, which in bulk CuO corresponds to 4 nearest cxygeresdistant
peaks contain overlapping contributions offb@uw M and C@é O pairs, as well as contributions
of multiple-scattering effects, thus they are challenging to interpret in conventional analysis.
Fitting of &}XKES caredootiRspacedn the range froRmin= 1.0 A up to
Rmax= 2.0 A. Fourier transform was carried out in kh@nge from 3.0 & up to 9.5 AL, Fitting
parameters were coordination numbierand interatomic distanc&sand disorder factors for

ClWO bonds, and corrections to®o photoelectron r

Forall of the catalystsinder reaction conditions very good fit can be obtained by including
aCud M contribution only. Addition of C& O contribution did not improve tHé significantly,
andthe Cud O coordination numbeiCN) was in all cases el to 0 within uncertainties. The
fitting of theE X AF S s [K&2evasrcariedso{t ilR-space in the range froRmin = 1.0 A up

to Rmax= 3.0 A. Fourier transform was carried out in the k range from 3.0pkto 9.5 AL



For the quantitative EXAFS dait fitting of the samples during the reduction in hydrogee,
used the same fitting model as the sample undeeaction conditionbutincluded alsa Cud

O contribution

The esults of Cu Kedge EXAFS data fitting are summarizedSupplementaryFigures 12
and13 andSupplementarylable8. In addition to EXAFS data fitting, fadhereduced samples we
performed alsdhe analysis ofthe coordination numbers usiran advanced interpretation tfe
XANES databased omnartificial neural networKNN) approach The lesults otheNN-XANES

analysis are also shown Supplementaryrable8.

For atalysts in their initial statéhe obtained structure parameters values are in very good
agreement with those for bulk CuO, which also agrees with the conclusiongheorsual
examination of the EXAFS dat Only a small reduction in @uO CNs was detected, and this
effect is close to the uncertainty of amalysis. During the reductidreatmenin hydrogen, the
CN fortheCud O bond gets close to 0, whilee Cud M CN increases, indicating the reduction
ofal | sampl es . 2factors thad chin bie iassotiated tvdthc aricthermal disorder,

increase due tthetemperature increase.

For the three catalysts under reaction conditions, the obtain@dVCcoordination number
areca. 81 10, ina goodagreement with the NMXANES results and are slightly reduced with
respect to the bulk Cualue, 12 The observed CNs values can be linked to a pagizke effect,
and are in agreement with the expected particle size of ca. 3 nm. These results, ackl dhe |
changes in the CN values under reaction conditions, suggest that while some sintering was
observed in the XRD and TEM datupplementaryigure 3-6), the majority of Cu must be found

within well-dispersed NPs that remain stable during the reaction.



The lower CuM CNs for theCuzn/Al,Os sample could be assigned to a smaller average NP
size, in agreement with our XRD data. Note, neverthethas,the CN ca. 8, observed fibre
Cuzn/AlLO3 sample, seems to be rather small for 3 nm particle size, angugggst the presence
of some heterogeneity in the sample (coexistence of particles of differentosifiatening of the
nanoparticle shape due to strong pargieport interactiortsDuring the reaction, all the changes
in the CNs are within the urestainty of the analysis, suggestitigat NPs were stable and their
sizes did not change significantly under the reaction conditions t@s$tegqressure effect on the

environment of Cu seems also to be negligible.

As obtained from the EXAFS data analydise interatomic Cd M distances for all three
samples are also similar, and slightly smaller than that for bulk coppergparent Bortening
of theinteratomic distancasa theoperandadatacan be explained by an increase of anharmonicity
in the atomic thermal motion at higher temperatures that results in skewed-lbogth
distributions not accounted for in our EXAFS anaRidimleed, wherthe samples after treatment
are cooled down to room temperature, thé @i interatomic distance, yielded liie EXAFS
data fit, agrees well wittheCud Cu distance in metallic Cu (s€applementaryrable8). Overall,
when the results for the three catalysts are compared, in all cases the values obtained for the
structural parameters are close, suggesimgak dependency of thedal structure around Cu

due to the presence of as part of th&lPsor as a support.
b) EXAFS data for the Zn K-edge

The Zn Kedge EXAFS spectrum (see Gig 2b in the main text of the asprepared
CuZn/SiQ catalyst only shows a prominent-Zhfeature at 1.55 A (uncorrected for phase shift),

revealing a high degree of structural disorder. During the activation and under reaction conditions,



an additional peak appears at ca 2.2SlpplementaryFigure 15) that can be linkedo the
formation of metallic ZrZn or ZnCu bonds, in agreement with thelications of minor sample
reductionfrom the XANES analysis. Th€uZn/AlLOs catalyst also shows a strong ¥©
contribution in the first coordination shell. At the same time, noifsogint changes in the Zn-K

edge EXAFS spectrean be observegnder reaction conditions, except for the broadening of the
features in the Fouridransformed spectra due to an increase in the thermal disorder. In addition,
the contribution of distant coordination shells is higher in this sample, which may be brtked t
additional feature in the Zn-Kdge XANES spectra (see arrow in liig2a), which indicates that

Zn is forming an ordered phase with the alumina in the support. This strong interaction with the

support may hinder the reduction of the Zn species uedetion conditions.

To obtain quantitative information, we perfeedZn K-edge EXAFS data fittingSimilarly,
as forthe Cu K-edge, conventional leastuare fitting to theoretical standards, implemented in
FEFFIT code, was applied. Theoretical phasessamglitudes were obtained in selfnsistenab-
initio calculations with FEFF8.5 code for bulk ZnO and for bulk Cu, where one Cu atom is replaced
by Zn. The complex exchangerrelation Hedir_Lundqvist potential and default values of muffin
tin radii as preided within the FEFF8.5 code were employ@ée stared with the single shell
fitting of theZnO data to obtain the valuethieamplitude reduction factol . The obtained value
waslater on usedor thefitting of the experimentaEXAFS data of thaarocatalysts. Fitting of
the spectrum for ZnO wacarried out in the same ranigek- andR-spaces as latersedfor the
nanocatalysts, to partially compensate for systematic errors dielbtmited signal length irk-

space.

For ZnO we fit only the first peak ithe Fouriertransformed EXAFS spectra, which in bulk
ZnO corresponds to 4 nearest oxygens. FittintheE X AF S s (k)&2dsthusaarried out in
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R-space in the range froRmin= 1.0 A up toRmax= 3.0 A. Fourietransform was carried out in the
k range from 3.08* up to 9.5A. The ftting parameters werihe coordination numberlsl and
the interatomic distance®, disorder factors, for Znd O bonds, anda correction tothe

photoel ectron Eeference energies ®

Next, we employasimilar fitting procedure to analyzlbe Zn K-edge data of ahanocatalysts.
In this case it was found that an inclusion 062 (where M is Zn or Cu) contribution improves
thefit quality. The obtained coordination numbers for this pathll cases are small. To reduce
the uncertainties, we constraime DebyeWaller factors for this path bthe correlated Debye
model: all spectra fahe nanocatalysts are fitted simultaneously #r@DebyeWaller factors for
the Znd M paths are calcuted as, ” "Yg , where, andg are fitting parameters
(common for all samples), afds thecorresponding sample temperature. Also, a common value

for Znd O and Zametal distance was used for all spectra.

Zn K-edge EXAFS spectra obtaid in follow-up experiments fatCuzZn/SiQ samplereduced
in Hz at 245C were fitted separately usiram analogous fitting model. Only the data collected at
room temperature (itheinitial state, aftethe activation treatment and after sample exposure to

reaction conditions) were included.

For the CuzZn/SiQ samplein the initial state the local structure resembles that of bulk ZnO,
sincethe Znd O CN is close to 4. Upothe initial reduction treatmerdand wnder reaction
conditions, the Znd O CN slightly decreased, while @M CN systematically increased
suggesting thathe ZnO component dhis catalyst gets gradually reduced and some fraction of
metallic Zn was formedThe pesence of Z& M bond inthe CuzZn/30, sample was confirmed

also by fittingthe EXAFS data from followmup experimentshere the sample was cooled down to



room temperature aftehe reduction in hydrogeat 245C and after exposure the reaction
conditions. The obtained AnM distanceis similar tothe Cud Cu distance in metallic bulk

copper, suggestintpe formation of Curich alloy.

In the aspreparedCuzZn/AlLOsz catalyst, Zn is also-fbld coordinatedThe danges inthe
sample structurgvith increasing temperatut@e not pronounceftbr this sample. The reduced
Znd O CNs observed fo€Cuzn/AlOs at high temperatures are likely an artifact due to the
correlation between Cdand disorder factors, and the very short spekirahge available for the
analysis. Finally, by comparing the results obtainedezZn/Al,Oz and CuZn/SiQ at different
pressures, all structure parameters agree within error bars, and no significant pressure effect can

be detected.
Additional NAP-XPSdata, C 1sand O lsspectra

C 1sand Olsspectra were acquired during tNAP-XPS experiments. The peaks observed
before the oxidation in the Tsregion SupplementaryFigure 24) correspond to adventitious
carbon. During the oxidatiothis peak decreased and the oxidation treatmenta@mueduntil
it completely disappeared. During timethanol synthesigaction peaks corresponding to CO and
CQO: in the gas phase could be measured, but no additional featul beunequivocdly

assigned, due to the low intensities.

The oxygen contribution from the SiGupport is the main contributido the XPSsignal in
the Olsregion. We could identify peaks caused by the gas phase reactar@%0CO) in their
respective mixture. A cleassignment of the oxidized Cu or Zn contribution could not be done

becausef thelow metal NP loadingda.5% of the signal)which leads tdhe oxygenlsregion



beingdominated by the Sigxontribution. Additionally the ZnO and Cy@aturescannot easily

separated since thepare similar binding energies
XPS and highpressure reaction cell (HPC) experiments

To address the existing gap between the low pressureX¥*8measurements and the high
pressure XAS experiments we performed additiangestigations which show that for this
material system, the findings extracted from the NAES data can be also extrapolated to high
pressure reaction conditions. For thigposewe used a laboratoftyased UHV system equipped
with NAP-XPS and a higlpressure reaction cell (HPC) directly attached to it. The HPC is a cell
placed inside a UHV chamber that can be closed and subsequently pressurized up to 20 bar with a
chosen gas atmosphere, while being heated. Afterwards gas in the high pressuraicgies p
out and the sample is reintroduced back to the UHV environment without any air exposure. Then
the sample is transferred through UHV directly to the XPS chamber where the XPS measurements
are then conducted under UHV conditionspiature of the expemental setup can be found in

Supplementaryigure 25a

SupplementaryFigure 25b displays the findings of these experiments. The sample was first
measured in UHV in its initial state before any treatment. Afterwards, adventitious carbon was
removed from the sample inMbar oxygen at 400°C, similarly as in the synchrotron NS
experiments, and the sample wasneasured afterwards. Then the sample is moved to the HPC
where it is exposed to 1 bar of hydrogen and heated at 350°C for 2h. Afterwards, another XPS
scan isperformed in UHV. Then the sample is transferred to the HPC again, and exposed to 20
bar of H2+CO2+CO (84/4/12, same ratio used for the NA&S synchrotron experiments for this

mixture) and heated to 250°C for 2h. Next, the final XPS scan under UHV omrisdgiperformed.
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The depth profiling is performed in these laboratbaged experiments by comparing #pe
and 3p regions of Cu and Zn photoelectrons. Because of the higher binding energiepf the
electrons, their contribution is more surface sersitClear surface segregation of Zn can be
observed after the sample was exposed to the reaction gas mixture, closely resembling the behavior
observed in the in situ NARPS experiments. It should be noted that because an-aplka
source (h=1487 eV) wasised, the binding energies of the emitted electrons differ from those in
the NARXPS synchrotron experiments and, therefore, the probing depths are slightly different
from those in the synchrotron results. Nonetheless, the segregation trends remairethiehga
results from this experiment show that the sample behaves in the same way under mbar pressure
of the reactant mixture during the synchrotron NAIPS measurements and under 20 bar pressure
during the HPC treatment. Thus, there is no pressure @figbe range of pressures investigated)

in the segregation trends.
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Supplementary Figures

Supplementary Figure 1. Representative AFM image of the Zdno.sNPson SiQ/Si(111)
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Supplementary Figure 2. Example of TGA measurement for a roaicined catalyst, in this case

the Cu NPs on Si&XCu/SiQ catalys). The sample was heated from 50°C to 600°C with a ramp

of 5°C/min in synthetic air. The weight loss corresponds to the removal of the polymer from the
synthesis. When repeating the same experiment after the calcjrmafiahcurve is olatined. In

the calcinationapplied to the samples used for the reactivity studies, the temperature was chosen
accordingly to completely remove all of the polyraed was kept betweeh0 0 and4 6 0.
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Before Reaction After Reaction
CuZn/SiO:

s 70 NM s 100 NM

Supplementary Figure 3. STEM images and corresponding EDX maphafCuZn/SiQ catalyst
acquired before and after reacti@elected NPs are highlighted with yellow arrowsthe EDX
maps, Cu is shown in red, Zn in green and Si in blue.
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Supplementary Figure 4. STEM images and corresponding EDX mapstloé CuzZn/AlOs
catalystacquired before and after reacti@elected NPs are highlighted with yellow arrows.
the EDX maps, Cu is shown in red, Zn in green and Al in blue.
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Before Reaction After Reaction
Cu/ZnOJ/Al,O,

s 20 NM e 50 M

Supplementary Figure 5. STEM images and corresponding EDX mapstied Cu/Zn@Al20s
catalystacquired before and after reactitmthe EDX maps, Cu is shown in red, Zn in green.
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Supplementary Figure 6. X-ray diffractograms (black) & the support materiglb CuzZn/SiQ,

¢ Cuzn/AlLO3, andd Cu/ZznQAlOs in the calcined state and after reaction and the calculated
profiles (red) achieved by Rietveld refinement. The bar plots show the peak posititives of
reference pattern of the identified crystalline phases as extracted fromotiganic Crystal

Structue Database (ICSD).
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Supplementary Figure 7. Selectivity and methanol productiobtainedfor thea Cuzn/AlOs, b
Cu/Al203, ¢ CuZn/SiQ, d Cu/Si® ande Cu/ZnO/Al>Os catalystmeasured at 20 bar, 40 bar and
60 bar as a function of increasing reaction temperainer bars correspond to the standard
deviation.
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Supplementary Figure 8. Tests of the commercial catalyst done in our reactor satbglectivity
of the Catalyst shows a selectivity >99% for all reaction condit\ith the same gas mixture and
flow rate (17 ml/min) as for the other catalysBther products are mainly DME and &Hb
Comparison of the activity obtained with the commercial reference with our catd@ly&&0°C)
Error bars correspond to the standagdidtion.
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Supplementary Figure 9. Operando Cu K-edge XANES spectra od Cu/ZnO/Al2O3, b
Cuzn/Al03 and ¢ CuzZn/SIO catalysts under COhydrogenation conditions at the different
temperatures and pressures tested, as indicated on the plots. The reference spectra of a metallic Cu
foil and CuO are also shown.
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Supplementary Figure 10. OperandoCu K-edge EXAFS spectras(k)k?) of Cu/ZnO/Al2Os,
Cuzn/Al03 and @Zn/SIO. catalysts under COhydrogenation conditions at the different
temperatures and pressures tested, as indicated on the plots. The reference spectra of a metallic Cu
foil and CuO are also showmhe gectra are shifted vertically for clarity.
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Supplementary Figure 11. FouriertransformedperandoCu K-edge EXAFS spectri@(k)k?) of
a Cu/ZnO/Al 203, b Cuzn/Al203 andc CuzZn/SIO2 catalysts under C£hydrogenation conditions
at different temperatures and pressures.
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Supplementary Figure 12. Fits of Cu kedge EXAFS spectra farCu/ZnQAl203, b CuzZn/SiQ
and ¢ Cuzn/Al>Oz catalystsin their initial state at ambient conditions, during activation in
hydrogen af=245°C for Cu/ZnQAI>03 andCuzZn/AlLbOs catalystsandT=325°C for CuZn/SiQ
catalyst and inoperandoconditions at indicated temperatures and presstuitesfit range goes
from 13.p0 t ol YpectBa are shifted vertically for clarifylagnitudes (thick lines) and
imaginary parts of FEXAFS spectra are shown.
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Supplementary Figure 13. Fits of a Cu K-edge and Zn K-edge EXAFS spectra obtained in
control experiments foaCuZn/SiQ catalystsAll spectra are acquired at room temperature and 1
bar pressure after treatment undee conditions indicated on the plots. Spectra are shifted
vertically for clarity. Magnitudes (thick lines) and imaginary parts of-EXAFS spectra are
shown.The Zrd M contribution, obtained in the EXAFS data fitting, is shown separdtdting
results for CuZn brass are shown for comparison.
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Supplementary Figure 14. OperandoZn K-edge XANES spectra o CuZn/AlLOs and b
CuZnlSiO; catalysts under COhydrogenation conditions at the different temperatures and
pressures tested, as indicated on the plots. The reference spectra of a metallic Zn foil and ZnO are
also shown.
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Supplementary Figure 15. OperandoZn K-edge EXAFS spectras(k)k?) of Cuzn/AlOs and
CuZn/SiQ catalysts under COhydrogenation conditions at the different temperatures and
pressures tested, as indicated on the plots. The reference spectra of a metallicCaamdirass

foil and ZnO are also shown Spectra are shifted vertically for clarity.
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Supplementary Figure 16. FouriertransformedperandoZn K-edge EXAFS spectri@(k)k?) of
a Cuzn/AkLOs and b Cuzn/SiQ catalysts under COhydrogenation conditions at different
temperatures and pressures. The reference spectra of a metallic Zn foil and ZnO are also shown.

The arrow marks the region where the peak correspondingddvZbondsgradually develops
upon catalystactivationand/or undereaction conditions.
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Supplementary Figure 17. Zn K-edge XANES ofthe Cuzn/SiQ catalyst obtained in control
experiments. Spectra are acquired at room temperature and 1 bar presagasriple inits as
prepared state, amdhfter treatment in MIHe atmosphere at 246 for 20 hoursandb in a separate

experiment at higher temperatures as indicaiée. reference spectra of a metallic Zn foil and
ZnO are also showin both panels.
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Supplementary Figure 18. Fits of Zn K-edge EXAFS spectra farCuzZn/SiQ andb Cuzn/AlLOs
catalystan their initial state at ambient conditions, during activation in hydrog@s245C for
CuZn/ALOz catalyst, T=325°C for CuzZn/SiQ catalyst and undeoperandoconditions at the
indicated pressure and temperature. Spectra are shifigatally for clarity. The Z M
contribution, obtained in the EXAFS data fitting, is shown separately.
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Supplementary Figure 19. a AFM image of 6 nm CuZn NPs on SiSi(100) b Nanoparticle

height histogram obtained from the AFM image
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Supplementary Figure 20. Beam effecon the CuzZn/Si@Si(100)sampleshown for consecutive
Zn 2pz2 scans in 1.3 mbar of &t 350°C during ~37 min of data acquisition. The original peak
area/height intensity was measurelden the Xray beam was directed to a different spot on the
sample that had not been exposed to the beam before.
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Supplementary Figure 21. Fitting of theNAP-XPS spectraf the CuzZn/Si@Si(100) samplefor
thea Cu2pandb Zn 2pregions acquiredat aphoton energy 01580eV. The fit quality is similar
for the other spectra.
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Supplementary Figure 22. NAP-XPS spectra of the CuZSiO2/Si(100) sample for thén Auger
region acquired at a photon energyadf250 eV and 1580 eV for the measurement series done
with the CO+CGQG+Hz reaction gas mixture
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Supplementary Figure 23. NAP-XPS spectra of th€uzn/SiQ/Si(100) sample for the Cu Auger
region acquired at a photon energyadf250 eV and 1580 eV for the measurement series done
with the CO+CQ+H> reaction gas mixture
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Supplementary Figure 24. a C 1sandb O 1sNAP-XPS spectra of CuZn NPs on SiSi(111)
acquired in various gas mixtures using a photon energy of 1258 €Ne as prepared spectra
were measured under UHV conditions, the spectra labeled with reaction were chéasure

and CQ containing mixture. For the Csregion, the peak appearing as prepared under UHV
condition corresponds to adventitious cardaeto the sample transfer to the synchrotron facility
in air. The adventitious C peak was completely removed during the initial oxigatdreatment

The peak appearing during the reaction corresponds {phgase CQ@ b For the Olsregion, gas
phase peakfor @ and CQ are observed during oxidizing and reaction condition respectively.
The main OLspeaks corresponds to Sifdom the support. No significant charsyeereobserved

for the main peak, when changing from the reducing to the reaction mixture.
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