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Catalyst Performance Indicators

The carbon dioxide conversion (Xco, %) was calculated as:
Ccoz~ Ccoz S1
Xcop =—— % 100
Cco2

where Ccp; is the carbon dioxide concentration in input (in) or output (out) from the reactor.

The methanol selectivity (Syeon, %0) 1s defined as:

hMeOH S2
Sueon = x 100

(Mpreon + Mco)

where ™ is the molar flow of chemical i (mmol min'), determined as:

. S3
= C e flowss
The methanol space time yield (STY, gueon e h') is given as
g2 * (Xo2/100) * (Syypp/100) * MW 0y S4
STY = X 60
mcatlyst

where MW y.0n 1s methanol molecular weight and 71,444, 15 the total mass of Cu/STO catalyst.
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Table S1. Chemical properties and red-ox characterisation from H,-TPR experiments of
copper-supported catalyst on commercial SrTiO;.

H,-TPR experiments

Material N C tent (wt. %)?
aterta ame u content (Wt. %) Reduction T (°C) | Hydrogen consumed (mmol g.,i'")
SrTiOs STO C 0 - 0
Cu/SrTiO; | 2 STO C 2.7 190 0.41

a = from ICP measurements.
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Figure S1. (a) Time on stream (tos, min) profiles of carbon dioxide conversion (Xcoz, %)
and methanol selectivity (Syeon, %) over 2 STO C. (b) H,-TPR profile at 1 bar of
2 STO C. (¢) SEM image of as-received STO C, with associated BET surface area.
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Figure S2. (a) Pressure-dependence and (b) temperature-dependence performance (i.e. STY
(gmeon Zear! D!, grey symbols) and Syeon (%, red symbols)) of CZA in carbon dioxide
hydrogenation over the fixed-bed reactor of this study (square) and set-ups from literature
(circle: open,! solid;? X,? and + #). (¢) Time on stream (tos, min) profiles of carbon dioxide
conversion (Xcoz, %) and methanol selectivity (Syeon, %) over CZA. Reaction conditions:
in (a) 7= 250 °C, in (b) p = 30 bar, in (¢) p = 30 bar, T = 200 °C; GHSV 21600-28000 h-!.
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Figure S3. Mass-normalised H,-TPR profiles of bare STO (100 mg, grey), 1 STO (51
mgcy, violet), 2 STO (70 mgy, orange) and 5_STO (12 mg.,, green)
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Figure S4. (a) O,-TPO profile at 1 bar of bulk CuO (pink) and bare STO (grey). (b)
Correlation of normalized (with respect to bare STO) O, consumption from O,-TPO of fresh
2 STO and post-reaction HP2 STO with STO reduction degree from H,-TPR. Note: only
the high-temperature TPO peak is considered.
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Figure S5. (a) Deconvolution of Cu 2p photoemission spectra of 2 STO (light orange) and
post-reaction HP2 STO (dark orange). The experimental data are given as solid circles. The
fitting of CuO and Cu(0)/Cu(I) components is given by black and pink areas, respectively,
while the envelope is a dotted red line. Standard CuO spectrum is reproduced in solid black
line. (b) Cu LMM Auger lines of 2 STO and post-reaction HP2 STO in kinetic energy
(K.E.) scale; superimposed dotted black and pink scatters are reference spectra of CuO
nanoparticles (in-house measured) and bulk metallic Cu foil (from ref °), respectively. (c)
Area-normalized Cu 2p profile of post-reaction HP2 STO (dark orange) subtracted from
that of fresh 2 STO (light orange).
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Figure S6. Deconvolution of O 1s photoemission spectrum of HP2 STO. The experimental
data are given as solid circles, while the envelope is a dotted red line. The fitting of the
following components (i) lattice oxygen of SrTiOs, (i1) the oxygen adjacent to OVs and (iii)
the chemisorbed oxygen is represented by black, blue and yellow areas, respectively.
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Figure S7. Deconvolution of (a) Ti 2p and (b) Sr 3d photoemission spectra of 2 STO (light
orange) and HP2 STO (dark orange). The experimental data are given as solid circles. The
fitting of main peak and extra features are black and yellow lines, respectively. The envelope
is a dotted red line.
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Figure S8. XRD patterns of STO (grey), 2 STO (light orange) and HP2 STO post-reaction
(dark orange). Standard SrCOs is reproduced as black dotted line.
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Figure S9. (a) N,-physisorption measurement and pore size distribution (as insert) of STO.
The full and open grey squares represent the adsorption and desorption branches,
respectively. (b) SEM image of as-synthesised STO.




Figure S10. (a)-(c) HAADF-STEM pictures of 1 STO, 2 STO and 5_STO post- H,-TPR
at 1 bar, respectively. Images in the orange box refer to 2 STO: (d) EDX mapping associated
to (b) where green areas represent counts from copper species on Ti+ Sr+ O overlay is
given in purple. (e) High magnification STEM and (f) HRTEM.
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Figure S11. (a) HAADF-STEM of 2_STO post-H,-TPR with associated (b) EDX spectrum
and (c¢)-(f) elemental mapping of O (blue), Sr (yellow), Ti (green) and Cu (white),
respectively.




Table S2. Fitting parameters and computed data from the deconvolution of the Cu 2p, Ti 2p
and Sr 3d photoemission core level of STO, 2 STO and HP2_ STO post-reaction (PR).

Catalyst B.E. (eV) | Splitting (eV) | Fitting Function | FWHM (eV) | Concentration (%)

Cu ) i ) ) )
2p3/2

o Ti

5 | apan 458.7 5.7 GL(80) 12 100
Sr
2502 133.3 1.7 GL(30 1.5 100
Cu 933.5 19.8 GL(30) 3.3 100

o 2p3/2 : : :

= Ti 458.7 5.7 GL(60) 1.4 89.3

2 2p32 460.4 5.7 GL(60) 1.4 10.7
Sr 133.1 1.7 GL(30 1.4 86.3
3d5/2 134.6 1.7 GL(30 1.4 13.7
Cu

~

S 20372 932.8 19.8 GL(30) 2.5 100
Ti

[

B i 458.7 5.7 GL(70) 1.5 100

& Sr 133.1 1.7 GL(30) 1.4 91.0

= 3dse 134.5 1.7 GL(30) 1.4 9.0

Table S3. Fitting parameters and computed data from the deconvolution of the O 1s
photoemission core level of STO, 2 STO and HP2_STO post-reaction (PR).

Catalyst | B.E. (eV) | Fitting Function | FWHM (eV) | Concentration (%)

529 - - 0
o 530.1 GL(60) 1.7 775
2 Olsl 53 ) - 0

531.8 GL(70) 2.0 25
520.1 GL(80) 1.0 15.2
é o1 5296 GL(70) 1.7 49.0
) 531.0 ) ) 0
531.6 GL(70) 25 35.8
- 529.0 3 3 0
P 5298 GL(70) 1.5 475
2ol 9% 5300 GL(70) 1.5 14.1
& 532.3 GL(70) 25 38.4
XPS Data Analysis

Cu analysis. The main photoemission peak (2ps;) of 2 STO is fitted with a single component
centred at 933.5 eV (see Figure S5(a)) with associated shake-up satellites between 940 and
946 eV ¢ and the spin orbit satellite 2p;,, peak is found at 953.3 eV with shake-up satellites
between 959.0 and 966.0 eV 7.



Concerning HP2 STO, the curve deconvolution is performed by fitting one peak centred at
932.8 eV. Because Cu' and Cu® species display similar B.E. values, this component can be
assigned to one of these oxidation states.® The analysis of the Auger Cul;M,sM, s spectrum
(Figure S5(b)) is of critical importance to be able discriminating between them.>° The centroid
of the main peak overlaps with that of metallic copper, but the shape differs from the reference,
probably due to the presence of Cu(l) as a consequence of partial Cu nanoparticles reoxidation

during sample transfer in air from the reaction to the XPS setup.

O analysis. The O 1s signal of STO in Figure 4(c) presents an asymmetric shape resulting
from the combination of the main feature (77.6%) at 530.1 eV, attributed to lattice oxygen in
O-Metal bonds,!%!! with a shoulder (22.5%) at higher B.E. (A = +1.6 ¢V) that can be assigned
to O-containing species adsorbed on the surface.'>!3 Clear changes in the O 1s spectra of
2 STO and HP2_STO are observed; namely, the main peak shifts negatively (fresh catalyst >>
post-reaction) and a shoulder develops at B.E. >530.5 eV. Four regions are highlighted in the
inset of Figure 4(c), where positive signals are indicative of new spectral features appearing,
and vice versa. The first region, going from lower to higher B.E., displays a positive feature
present only in 2 STO and centred at 529.12 eV. The grey shaded spectral region contains
negative peaks observed for both 2 STO and HP2 STO suggesting a relative decrease of the
SrTiO; (lattice oxygen) component.!*!3 Another feature at B.E. = 530.9 eV (blue spectral
region) is present only for HP2 STO (estimated fraction of 14.1%, see Table S3). The last
spectral region at high B.E. (yellow) is characterised by positive contributions observed on

both catalysts and contains peaks centred at 531.7 and 532.3 eV, respectively.

Ti analysis. No significant change in peak position/shape is observed for the Ti 2ps, (B.E. =
458.7 eV) and Ti 2p;; (B.E. =464.42+0.02 ¢V) doublet of the three materials; the values agree

with those of Ti4+.10

Sr analysis. The Sr 3d signal of STO presents a doublet with peaks located at 133.28 and
135.02 eV, attributed to the 3ds;; and 3d;,; contributions of Sr?*, respectively.!® 2 STO and
HP2 STO require a new doublet, shifted by approx. 1.4 eV from the main one of STO, to
obtain a good correlation, as shown in the deconvolution of Figure S7(b)). On HP2 STO, the

concentration of this second feature decreases from 13.7 to 9 %.
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