Supporting Material

Hydrogenation of CO2 on nanostructured Cu/FeOyx catalysts:
The effect of morphology and Cu load on selectivity

Karolina Simkovi¢ova'2, Muhammad |. Qadir?, Nadézda Zilkova', Joanna E. Olszéwka', Pavel Sialinis,
Libor Kvitek?" and Stefan Vajda’

" Department of Nanocatalysis, J. Heyrovsky Institute of Physical Chemistry v.v.i., Czech Academy of
Sciences, DolejSkova 2155/3, 182 23 Prague 8, Czech Republic.
2 Department of Physical Chemistry, Faculty of Science, Palacky University Olomouc, 17. listopadu 12,
77900 Olomouc, Czech Republic.
3 Laboratory of Surface Analysis, University of Chemistry and Technology, Technicka 3, 16628
Prague, Czech Republic.
* Correspondence: stefan.vajda@jh-inst.cas.cz (SV) and libor.kvitek@upol.cz (LK)

Table of content:

Figure S1 TEMPEIALUIE FAIMP..ciii it e ettt e e e e ettt e e e e e e et e e e e e s saaaeaeeeaeeseansssbeeeaeeeeeannsbeneeaeeaans S2
Figure S2 SEM/EDX of fresh Catalysts ......ccoooiiiiii e S3
Figure S3 STEM/HAADF images of freSh FEOx......uuuiiiiiiiiiiii e S4
Figure S4 STEM/HAADF images of fresh 1%-CU/FEOx......ccuiiiiiiiiiiiieieeeee e S5
Figure S5 STEM/HAADF images of fresh 3%-CU/FEOx......ccuuiiiiiiiiiiiiiieeii e S6
Figure S6 STEM/HAADF images Of fresh 5%-CU/FEOK......ccuuuiiiiiiieiiiiee et S7
Figure S7 XRD patterns of fresh catalysts ............ooooiiiiiiiiiiiii e S8
Table S1 X-ray coherence length of fresh catalysts..........ccccooiiiiiiiiii e S9
Figure S8 XPS of fresh and spent catalysts.............oooiciiiiii i S10
Figure S9 XPS of FeOx S11
Table S2 Chemical composition of Fe and Cu in catalysts...........cccoo i S11
Figure S10 Wide scan XPS spectra of fresh and spent catalysts ..o S12
Figure S11 Adsorption/desorption isotherms of fresh catalysts ............ccccooi i S13
Figure S12 UV-Vis spectra of fresh catalystS.........cccuviiiiiiiiiii e S14
Table S3 Conversion and selectivities of FeOx, 1%-Cu/FeOx, 3%-Cu/FeOx and 5%-Cu/FeOx............. S15
Figure S13 TEM images of fresh and spent catalysts..........ccccooioiiiiiiiiiiic e S16
Figure S14 SEM/EDX Of SPent CatalyStS........uuviiiiiiiiiiiieiiie e S17
Figure S15 STEM/HAADF images Of SPENt FEOx......cuuuiiiiiiiiiiciieiiie e S18
Figure S16 STEM/HAADF images of Spent 1%-CU/FEOK.........uiiuiuiiiiiiiieeiiiie et S19
Figure S17 STEM/HAADF images of Spent 3%-CU/FEOx.........uiiuiiriiiiiieiiiie et S20
Figure S18 XRD patterns of spent Catalysts .........ooo i S21
Table S4 Mean X-ray coherence length of spent catalysts...........ooooiii i S22
Figure S19 Adsorption/desorption isotherms of spent catalysts ............cccccoeeeiiieiiiiiiiii e S23
Figure S20 Comparison of the performance of the catalysts ..........ccccooveiiiiiiii e, S24
Figure S21 CO:z2 conversion and selectivity over the course of 6 consecutive temperature ramps .......... S25
Table S5 Literature comparison of CO2 hydrogenation by different iron-based catalysts..................... S26
Figure S22 Literature comparison of CO2 hydrogenation by different iron-based catalysts..................... S27

REFEIEBNCES ... ettt e et e e e et e e S28

S1




Temperature ramp

450 - 1st Ramp 2nd Ramp
400 -

350 -
300 -
250 -
200
150
100 -
50 -
o

0 60 120 180 240 300 360 420 480 540 600

Time (min)

Temperature (°C)

Figure S1. Double temperature ramp applied during catalytic testing. 200 mg of catalyst and
COz2/H2/He (1:5:4, total flow 25 ml/min).
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Figure S2. SEM images of fresh catalysts and EDX of the selected part of the image in highlighted rectangles
with included particles, (a, b) FeOx, (¢, d) 1%-Cu/FeOx, (e, f) 3%-Cu/FeOx and (g, h) 5%-Cu/FeOx.
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STEM/HAADF images of fresh FeOx
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Figure S3. (a) STEM-HAADF of fresh FeOx, and (b-d) EDX elemental mapping (red: Fe, yellow: O, green: C)
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STEM/HAADF images of fresh 1%-Cu/FeOx
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Figure S4. (a) STEM-HAADF of fresh 1%-Cu/FeOx, and (b-d) EDX elemental mapping of Fe, O, C and Cu.
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STEM/HAADF images of fresh 3%-Cu/FeOx
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Figure S5. (a) STEM-HAADF of fresh 3%-Cu/FeOx, and (b-d) EDX elemental mapping of Fe, O, C and Cu.
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STEM/HAADF images of fresh 5%-Cu/FeOx
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Figure S6 (a) STEM-HAADF of fresh 5%-Cu/FeOx, and (b-d) EDX elemental mapping of Fe, O, C and Cu.
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XRD patterns of fresh catalysts
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Figure S7. XRD patterns of fresh (a) FeOx, (b) 1%-Cu/FeOx, (c) 3%-Cu/FeOx and (d) 5%-Cu/FeOx.
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Mean X-ray coherence length of fresh catalysts

Table S1. Mean X-ray coherence length of fresh catalysts obtained
from XRD data using Rietveld refinement of analysis.

Catalyst a-Fe203 a-FeO(OH) FesO04
[nm] [nm] [nm]
FeOx 9 12 11
1%-Cu/FeOx 12 11 0.0
3%-Cu/FeOx 19 9 0.0
5%-Cu/FeOx 19 10 0.0
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XPS of fresh and spent catalysts
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Figure S8. XPS analysis; quantification and deconvoluted spectra of copper and iron for catalysts (a,
b) fresh 1%-Cu/FeOx, (c, d) spent 1%-Cu/FeOx, (e, f) fresh 3%-Cu/FeOx, (g, h) spent 3%-Cu/FeOx, (i. j)
fresh 5%-Cu/FeOx, and (k. 1) spent 5%-Cu/FeOx
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Figure S9. XPS analysis; quantification and deconvoluted spectra iron for catalysts (a) fresh FeOx, and
(b) spent FeOx.

Table S2. Chemical composition of Fe and Cu in catalysts.

Catalyst Fe(0) Fe2+ Fe3+ Cu2+ Cu(0)
Fresh 1%Cu/FeOx - + + + -
Spent 1%Cu/FeOx + + + - +
Fresh 3%Cu/FeOx - + + + -
Spent 3%Cu/FeOx + + + - +
Fresh 5%Cu/FeOx - + + + -
Spent 5%Cu/FeOx + + + - +

Fresh FeOx - + + - -
Spent FeOx + + + - -
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Figure S10. Wide scan XPS spectra of (a, b) fresh and spent FeOx, (c, d) fresh and spent 1%-
Cu/FeOx, (e, f) fresh and spent 3%-Cu/FeOx, (g, h) fresh and spent 5%-Cu/FeOx, respectively.

S12




Adsorption/desorption isotherms of fresh catalysts
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Figure S11. Adsorption and desorption isotherms of fresh (a) blank FeOx, (b) 1%-Cu/FeOsx, (c) 3%-Cu/FeOx and (d) 5%-
Cu/FeOx.
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UV-Vis spectra of fresh catalysts
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Figure S$12. UV-Vis spectra of fresh catalysts. The spectra were recorded in glycerol.
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Conversion and selectivities of FeOx, 1%-Cu/FeOx, 3%-Cu/FeOx and 5%-
Cu/FeOx

Table S3: CO2 conversion and product selectivities during 15t and 2"¢ temperature ramps. Reaction mixture was
COz2, H2 and He in the ratio of 1:5:4 giving 11 % and 49 % of CO2 and H2 in He, respectively. Total flow 25
mL/min, pressure 1 bar. Products were analysed by gas chromatography.

Selectivity [%]

CO2
Cat. TI[°C] conversion
0,
(%] CHs C2-Cs C2-Ce" Cs+ co
ramp 1. 2. 1. 2. 1. 2. 1. 2. 1. 2. 1. 2.
250 1.5 - 100 100 - - - - - - - -

280 2 0.7 100 100 - - - - - - - -

3 310 3.1 24 90.9 815 - - 9.1 6.2 - - - 12.3
i 340 7.9 6.9 262 712 18 - 364 144 195 - - 14.5
370 14.9 14 19.2 576 227 - 31.9 105 26.2 - - 31.9
410 303 28.2 29.7 80 25 - 31.6 20 13.7 - - -
250 - 1.4 - 69.5 - 22.8 - 6.1 - - - 1.6
5 280 - 3.4 100 691 - 17.9 - 10.1 - 1.25 - 1.6
E 310 3.5 8.3 39.5 66.5 12 13.1 45 16.1 3.4 2.2 - 2.1
:E 340 14.7 13 50.1 654 136 8.5 27 21.8 6.6 2 27 24
" 370 235 216 605 645 5.7 5.8 29 25.6 2.3 1.5 25 27
410 347 344 733 752 3.4 4.3 19.9 174 0.5 0.4 3 2.7
250 23 7.3 96 62.2 - 32.3 - - - 2.8 4 2.8
5 280 6.2 109 835 585 5.2 34.2 8.3 2.2 - 2.4 33 26
E 310 13 173 677 567 114 317 172 5.6 1.3 35 28 25
:\E 340 191 229 609 596 151 242 18 10.9 3.5 28 25 26
® 370 273 268 627 663 177 142 146 151 23 14 27 341
410 365 368 826 822 6.5 6.2 6.9 8 0.4 - 36 3.6
250 1.4 5.6 100 57 - 37.3 - 0.3 - 2.9 - 2.6
5 280 5.6 11.8 784 553 8 36.4 7.1 1.8 - 39 65 25
E 310 12 17 69.3 543 17.7 348 9 3.5 1.3 4 27 33
:E 340 20 237 669 576 204 297 6.8 6.4 1.9 3 4.1 3.3
0

370 278 295 783 686 123 186 4.5 7.2 0.4 13 44 43

410 35 356 923 86.6 24 4 0.2 2.7 - 1.3 5.1 5.4
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TEM images of fresh of fresh and spent catalysts
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Figure $13: TEM images of (a) fresh FeOx and (b) spent FeOx, (c) fresh 1%-Cu/FeOx and (d)
spent 1%-Cu/FeOx,, (e) fresh 3%-Cu/FeOx and (f) spent 3%-Cu/FeOx,, (g) fresh 5%-Cu/FeOxand
(h) spent 5%-Cu/FeOx catalyst.
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SEM/EDX of spent catalysts
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Figure S14. SEM images of the spent catalysts and EDX of the selected part of the image in highlighted
rectangles with included particles, (a, b) spent FeOx, (c, d) spent 1%-Cu/FeOx, (e, f) spent 3%-Cu/FeOx, (g, h)
spent 5%-Cu/FeOx.
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STEM/HAADF images of spent FeOx
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Figure S$15. (a) STEM-HAADF of spent FeOx, and (b-d) EDX elemental mapping of Fe, O, C and Cu.
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STEM/HAADF images of spent 1%-Cu/FeOx
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Figure $16. (a) STEM-HAADF of spent 1%-Cu/FeOx, and (b-d) EDX elemental mapping of Fe, O, C and Cu.
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STEM/HAADF images of spent 3%-Cu/FeOx
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Figure S$17. (a) STEM-HAADF of spent 3%-Cu/FeOx, and (b-d) EDX elemental mapping of Fe, O, C and Cu.
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XRD patterns of spent catalysts
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Figure S18. XRD patterns of spent (a) FeOx, (b) 1%-Cu/FeOx, (c) 3%-Cu/FeOx and (d) 5%-Cu/FeOx.
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Mean X-ray coherence length of spent catalysts

Table S4. Mean X-ray coherence length of spent catalysts obtained
from XRD data using Rietveld refinement of analysis.

Catalyst FesOq4 FesC:2 FesC
[nm] [nm] [nm]
FeOx 63.0 0.0 0.0
1%-Cu/FeOx 63.0 29.0 0.0
3%-Cu/FeOx 47.0 40.0 0.0
5%-Cu/FeOx 36.0 35.0 23.0
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Adsorption/desorption isotherms of spent catalysts
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Figure S19. Adsorption and desorption isotherms of spent (a) FeOx, (b) 1%-Cu/FeOx, (c) 3%-Cu/FeOx and (d) 5%-Cu/FeOx.

S23




Comparison of the performance of the catalysts as the function of temperature
during the second ramp
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Figure S$20. (a-f) CO2 conversion and product selectivity of the studied catalysts as the function of temperature during
the second temperature ramp.
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CO:2 conversion over the course of six consecutive temperature ramps
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Figure S21. 5%-Cu/FeOx. (a) CO2 conversion throughout 6 consecutive temperature ramps. (b) Product selectivity
throughout 6 consecutive temperature ramps. CO2 200 mg of catalyst and CO2/H2/He (1:5:4, total flow 25 ml/min).
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Table S5. Literature review of Fe-based catalysts for CO2 hydrogenation

Literature comparison of CO2 hydrogenation by different iron-based catalysts

co Selectivity (%)

2 Cs+

Entry Cat. T;,n(;;) ) Pretreatment C(oo/zl)v. CHs | cO | Cocs | CocCs :;:gr Ref.

s

1 1%-Cu/FeOx 370 None 23.5 60.5 | 2.5 29 5.7 23 *
2 3%-Cu/FeOx 370 None 27.3 62.7 | 2.7 14.6 17.7 23 *
3 5%-CulFeOx 370 None 278 |783| 44 | 45 | 123 | %4 | ~
4 Fe-Mn-K 300 H2:C0O=2:1, 320°C, 24h 38.2 104 | 5.6 25.2 2 61.9 [1]
B Fe—Co/AI203-K 300 Hz, 400°C, 2h 36 16 13 - 71 - [2]
6 Fe/Co-Y 300 Hz, 380°C, 8h 29.6 14 21 - 30 55 [3]
7 Na/FeOx 320 Hz, 350°C, 12h 36 8 10 64 18 - [4]
8 Ru-FeOx/Al203 300 Hz, 300°C 18 55 - - 45 - [5]
9 Fe-Ru-K 300 Hz, 450°C, 5h 47 16.4 | 3.1 19.7 7.4 53 [6]
10 Fe-K/alumina 300 Hz, 450°C, 13h 313 11 7 - 36 46 [7]
11 Fe/CNT 350 Hz, 400°C, 2h 20 36 22 - 33 9 [8]
12 Cu/Fe20s 300 Hz, 400°C, 2h 17 23 | 3 - 32 65 [9]
13 Na—Fe304/HMCM 320 Hz, 350°C, 8h 26 8 17 - 26 57 [10]
14 ZnFe204 340 Hz, 400°C, 2h 28 44 22 - 34 - [11]
15 Fe-Ru-Mn-K/Al203 300 10% Hz, 500°C, 2h 30 19 18 - 39 25 [12]
16 Co-Fe 270 CO, 250°C, 20h 23 31 53 - 12 - [13]
17 Mn-Na-Fe 320 Hz, 350°C, 12h 38.6 11.8 | 11.8 30.2 4 421 | [14]
18 Fe-Ce 300 gg%’ 32042(;)800116& 25 38 19 - 38 4 [15]
19 Na-FesO4 320 Hz, 350°C, 12h 40.5 158 | 13.5| 46.6 7.5 30.1 | [16]
20 Mn/Fe304-EDA 320 None 20 40 41 1 36 23 [17]
21 K-FeC/ZrO2 220 Hz, 400°C, 4h 40 13 32 25 - 30 [18]
22 Fe-Cu-K-Al 300 CO, 350°C, 4h 41 156 | 2.5 - 38 44 [19]
23 Fe-Cu-K 300 Hz, 400°C, 2h 29.7 7 17 22 - 54 [20]
24 Na-CoFe304 320 Hz, 400°C, 3h 34 15 - 39 6 40 [21]
25 Fe203 300 50% Hz, 500°C, 2h 23 14 | na - - 65 [22]
26 K-Fe20s3 270 H2:CO=1:1, 350°C, 1h 36 20 13 35 8 24 [23]
27 Mn-FeO 340 Hz, 400°C, 5h 30 40 7 - 52 n.a [24]

* This work.
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Figure S22. (a) CH4 selectivity plotted against CO2 conversion and (b) CO selectivity plotted against CO2
conversion for catalysts from literature review (Table S5) including reference numbers. Our catalysts are red
points.
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