Supplementary Information

Structural evolution and strain generation of derived-Cu

catalysts during CO; electroreduction

Qiong Lei,! Liang Huang,?® Jun Yin,*” Bambar Davaasuren,* Youyou Yuan,* Xinglong Dong,*® Zhi-Peng
Wu,! Xiaogian Wang,! Ke Xin Yao,® Xu Lu,*?3 Yu Han*:*®

! Advanced Membranes and Porous Materials Center, Physical Sciences and Engineering Division, King
Abdullah University of Science and Technology (KAUST), Thuwal 23955-6900, Saudi Arabia.

2 Clean Combustion Research Center, KAUST, Thuwal 23955-6900, Saudi Arabia.
¥ KAUST Solar Center, KAUST, Thuwal 23955-6900, Saudi Arabia.
* Imaging and Characterization Core Lab, KAUST, Thuwal 23955-6900, Saudi Arabia.
> KAUST Catalysis Center, KAUST, Thuwal 23955-6900, Saudi Arabia.

® Multi-scale Porous Materials Center, Institute of Advanced Interdisciplinary Studies, & School of
Chemistry and Chemical Engineering, Chongging University, Chongging 400044, P. R. China.

" Department of Applied Physics, The Hong Kong Polytechnic University, Hung Hom, Kowloon 999077,
Hong Kong, P. R. China.

Corresponding Authors

* yu.han@kaust.edu.sa, xu.lu@kaust.edu.sa, and jun.yin@polyu.edu.hk



mailto:yu.han@kaust.edu.sa
mailto:xu.lu@kaust.edu.sa
mailto:jun.yin@polyu.edu.hk

This supplementary information contains:

e Supplementary Note
e Supplementary Figs. 1-20
e Supplementary Tables 1-13

e Supplementary References

S1



Supplementary Note

Before addressing the catalyst evolution during the CO2RR, we first investigated the redox
behavior of the three oxidized Cu samples by performing Cyclic Voltammetry (CV) in 0.1 M KOH
aqueous solution. Two reduction peaks were observed in the CV pattern of CuO at 0.57 and 0.32
V/rHE, corresponding to the reduction of CuO to Cu20 and then to Cu, respectively (Supplementary
Fig. 5a), which is consistent with the findings of previous studies.!?> The reduction peaks
corresponding to the reduction of Cu(OH)2 and Cuz2(OH)2CO3 to Cu20 were maintained at
approximately 0.55 Vrue, whereas those corresponding to the reduction to Cu shifted to 0.11 VrHe
(Supplementary Figs. 5b-c). An additional peak was observed at 0.97 Vrwue, Which could be
attributed to the dissociation of Cu(OH)2 or Cu2(OH)2COs to Cu?*. These results indicate that the
electroreduction of Cu2(OH)2CO3, Cu(OH)2, and CuO goes through a Cu20 formation stage,
followed by a full reduction to Cu.

Linear Sweep Voltammetry (LSV) was performed on the three oxidized Cu samples in Ar-
saturated 0.1 M KHCOs (Supplementary Fig. 5d). Two intense peaks were observed in the LSV
curve of CuO at -0.16 and -0.58 Vrue, wWhich corresponded to the reduction of CuO to Cu20 and
then to Cu, respectively, whereas only one broad reduction peak was observed on Cuz(OH)2COs
at -0.96 Vrue, and two broad reduction peaks on Cu(OH)2 at -0.69 and -1.18VrHe. These results
indicate that in both KOH and KHCOs3 environments, the electroreduction of Cu2(OH)2COs and
Cu(OH): to Cu required more negative potentials compared to that of CuO. It is important to note
that the data presented here are the first LSV scans of each freshly prepared electrode; therefore,
the current density and potential cannot directly correlate with those in the discussion of the
CO:zRR performance of the catalysts, because the electroreduction kinetics of oxidized Cu phases
can be slow on the time scale of CO2RR? (details will be discussed in the subsequent paragraphs

in the main text).

S2



a an [\‘20'“ Cu,(OH),CO,
(130)
(020) \ ' “‘, (21 1)
._,Mi\._,/ \JW‘WN I\N"J I\”WV\JV\”»«”NWW/WWW
axt |.|| 1l Lol L Lol i ooty n
= (020) (021)  (002) (130) Cu(OH),
E \ (111) | (132)
-a | ‘ ) \
3 hasaic o . S e | N Wi g LR RPDT N pacnpdid AN
£ ‘ i I} I ]
Wil (20-2)
i il . T . SR e
g : = : | . ’ ‘ T v ‘ T - | T [ = 1| |
10 20 30 40 50 60 70
20 (degree)
b (111) Cu nanowires
. (200)
3 k (220)
: | -
= (200) Cu foil
s
£
T T T T T T — r T T T T T
10 20 30 40 50 60 70 80

20 (degree)

Supplementary Fig. 1. Indexed ex situ XRD patterns of (a) Cu2(OH)2COz, Cu(OH)z, and CuO

nanocrystals, and (b) Cu nanowires and polycrystalline Cu foil.
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Supplementary Fig. 2. Ex situ Raman spectra of (a) Cu2(OH)2COs, and (b) Cu(OH)2 and CuO

nanocrystals.

S4



- Cu [112]

Supplementary Fig. 3. SEM images of (a) Cuz(OH)2COs, (b) Cu(OH)z2, (c) CuO nanocrystals, (d)
Cu nanowires, and (f) polycrystalline Cu foil. (€) TEM image of focused ion beam (FIB)-fabricated
specimen from electropolished Cu foil. The corresponding SAED pattern (inset, scale bar 10 1/nm)
was collected in the circled area with a diameter of ~160 nm. FIB was performed using the
standard lift-out technique on a dual-beam FIB-SEM (FEI, Helios Nanolab Dualbeam) equipped
with an OmniProbe micromanipulator to prepare ultrathin (~100 nm) lamella from the electrode
for TEM analysis on the cross-section. The prepared lamella was mounted to a copper half-grid

and immediately transferred to glovebox for storage.
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Supplementary Fig. 4. Product distribution for the CO2RR with (a) Cu2(OH)2COs, (b) Cu(OH)z,

(c) CuO nanocrystals, (d) Cu nanowires, and (e) polycrystalline Cu foil at different potentials.
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Supplementary Fig. 5. Cyclic Voltammetry (CV) of (a) CuO, (b) Cu(OH)2, and (c) Cu2(OH)2COs
nanocrystals in 0.1 M KOH. (d) Linear Sweep Voltammetry (LSV) with these three catalysts in
Ar-saturated 0.1 M KHCOa. Potential sweep rate was 5 mV s,
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Supplementary Fig. 6. Exploded view of the customized cell for operando XRD characterization
under CO2RR conditions.
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Supplementary Fig. 7. Setup for the operando XRD under the CO2RR conditions.
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Supplementary Fig. 8. Time-resolved operando XRD patterns (upper panel) and the
corresponding quantitative peak analysis (lower panel) for the CO2RR with Cu2(OH)2COs at (a) -
0.84 VrHe and (b) -1.2 VrHe. Spectra were collected every 15 min. For the quantitative peak

analysis, the integrated and normalized intensities of Cu2(OH)2C0O3(20-1) and Cu(111) were used.
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Supplementary Fig. 9. Comparison for the XRD patterns of Cu2(OH)2COs electrode in fully

assembled cell with and without electrolyte. Other parameters were kept same for the

measurements.
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Supplementary Fig. 10. Exploded view of the customized cell for operando Raman

characterization under CO2RR conditions.
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Supplementary Fig. 11. Setup for the operando Raman spectroscopy under the CO2RR

conditions.
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Supplementary Fig. 12. (a) Comparison for the Raman spectra collected when applying and then
lifting the potential during the CO2RR with CuO nanocrystals at -1.16 Vrue. Other parameters
were kept same for the measurements. (b) Comparison for the XRD patterns collected operando
and ex situ (electrode removed from electrolyte and dried with N2) during (or after) the CO2RR
with Cuz2(OH)2COs nanocrystals at -1.05 Vrue for 1.5 h. Cu foil was tested on the same XRD

instrument as a reference.
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Supplementary Fig. 13. Time-resolved operando Raman spectra (left panel) and light microscopy
(right panel) for the CO2RR with Cu2(OH)2COs3 at -1.2 Vrue. Spectra were collected every 15 min.
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Supplementary Fig. 14. FEc., of the Cu2(OH)2CO3 and CuO nanocrystals at -1.05 and -1.16
VrrE, respectively. Both CO2RR experiments were performed in an H-type cell using CO2-
saturated 0.1 M KHCOs as the electrolyte for 1.5 h. Error bars represent the standard deviation of

three independent measurements.

S16



a b
= (1 x 2) Cu(111) = (1 x 1) Cu(111)
S . 4 x u < x u
S 14 \. S 1741 \-
£ 147/ e § ..y .
u-:ls -1.50 \- l.l.l5 ‘ \.
(@) ’ 4.58 x 1015 cm? \ (@) 1.801 2.29 x 1015 cm? \
4 453] (0.50ML) = @ ~h (1.00 ML) B
0% 0.5% 1.0% 1.5% 2.0% 0% 0.5% 1.0% 1.5% 2.0%
C 082
= =) (2 x 2) Cu(100)
()]
% -0.84 I
5
o
u.‘ 1 .
o 98671 529x 105 cm2 -
Y (0.25 ML) "
-0.88

0% 0.5% 1.0% 1.5% 2.0%

Supplementary Fig. 15. Calculated binding energies of *CO for (a) 1 x 2 Cu(111) unit cell, (b) 1
x 1 Cu(111) unit cell, and (c) 2 x 2 Cu(100) unit cell with different strain values (0.0%, 0.5%,
1.0%, 1.5% and 2.0%). The lateral dimension of the Cu unit cell is adjusted to increase the *CO
coverage. For Cu(111), the *CO coverage is elevated from 0.25 ML with a cross-sectional area of
9.15 x 10°% ¢cm? (2 x 2 unit cell) to 0.50 ML (4.58 x 1015 cm?, 1 x 2 unit cell) and 1.00 ML (2.29
x 10715 ¢cm?, 1 x 1 unit cell); for Cu(100), the *CO coverage is elevated from 0.11 ML with a cross-
sectional area of 1.20 x 101* cm? (3 x 3 unit cell) to 0.25 ML (5.29 x 10'° cm?, 2 x 2 unit cell.
These values are close to the reported cross-sectional area occupied by adsorbed CO (3.9 x 101
cm?, assuming a roughness factor of unity).* For both Cu(111) and Cu(100), the strain-induced
increase in *CO binding energy did not change significantly with the degree of the *CO coverage:
0.11, 0.10, and 0.08 eV for 2 x 2, 1 x 2, and 1 x 1 unit cells, respectively, for Cu(111); 0.03 and
0.04 eV for 3 x 3and 2 x 2 unit cells, respectively, for Cu(100).
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Supplementary Fig. 16. (a) FEcH, of Cu2(OH)2COs-derived Cu at -1.05 Vrre and Cu foil at -1.12
VrHe. (b-c) Operando Raman spectra acquired on (b) Cu foil at -1.12 Vrue and (¢) Cuz(OH)2COs-
derived Cu -1.05 Vrke at different reaction times. (d) Intensity ratio of P2 to P1 summarized from
(b) and (c). The CO2RR experiments were performed using CO2-saturated 0.1 M KHCOs as the
electrolyte for 1.5 h. In the Raman spectra, the P1 and P2 bands correspond to the CO frustrated
rotational mode and Cu—CO stretching vibrational mode, respectively, and the higher P2/P1 ratio
can be used as an indicator of higher *CO coverage on the Cu surface.® Error bars represent the

standard deviation of three independent measurements.
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Supplementary Fig. 17. Optimized structural models of *CHO, *COH, *CO+*CO, *COCOK
and *COCOH adsorbed on Cu(100) and Cu(111) surfaces before introducing lattice strain.
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Supplementary Fig. 19. Raman spectra acquired with high (50x) and low (10x) magnification
objective lenses during the ex situ Raman characterization for the Cu2(OH)2COs nanocrystals.

Other parameters were kept the same for the measurements.
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Supplementary Fig. 20. 26 range of interest for the operando XRD measurements under CO2RR
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Supplementary Table 1. Determination of mean crystal size and electrochemically active surface
area (ECSA) of the catalysts under study. The mean crystal sizes of nanocrystals were estimated
using Scherrer equation, while that of Cu foil was estimated using the transmission electron
microscopic image. Double layer capacitance (Ca) was measured to determine the ECSA. The
ECSA for electropolished Cu foil was defined as 1, and the geometric area of all electrodes were

controlled to be the same.

Sample Cuz(OH)2COs  Cu(OH): CuO Cu foil
Initial mean crystal size (nm) 247+3.5 19+0.5 10+0.5 4500
Derived mean crystal size (nm) 11.8+1.7 11.7+1.4 11.6+14 4500

Ca of the (derived-) Cu
electrode (mF cm)

ECSA of the (derived-) Cu
electrode

2.53 2.10 2.85 0.16

16.16 13.70 17.27 1
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Supplementary Table 2. Diffraction peak shifts and the corresponding lattice parameters and
strain values observed during the operando XRD on Cuz(OH)2COsz, Cu(OH)2, and CuO
nanocrystals at different CO2RR potentials. Cu foil was tested on the same XRD instrument as a

reference.
Cu(111) Cu(200)
CO:RR
Cu precursor  potential  Average . Average .
(VRHE) XRD peak Lattice Strain | XRD peak Lattice Strain
. parameter . parameter
position A) (%) position A) (%)
(20) (20)
Cuy(OH),CO3 -0.84 43.1586 3.6305 0.51 50.1611 3.6373 0.67
-1.05 43.1410 3.6319 0.55 50.1313 3.6394 0.72
-1.20 43.1097 3.6345 0.61 50.1414 3.6387 0.70
Cu(OH), -0.63 43.1953 3.6276 0.42 50.2687 3.6301 0.46
-0.83 43.1751 3.6292 0.47 50.2565 3.6309 0.49
-1.08 43.1912 3.6279 0.43 50.2526 3.6311 0.49
CuO -0.82 43.3870 3.6123 0.00 50.5121 3.6137 0.01
-1.16 43.3602 3.6145 0.06 50.4813 3.6158 0.07
-1.23 43.3810 3.6128 0.02 50.4422 3.6184 0.14
Cu foil - 43.3881 3.6123 0 50.5186 3.6133 0
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Supplementary Table 3. Unit-cell volumes of the three oxidized Cu precursors, the corresponding

cell volume reduction after their electroreduction to Cu, and the corresponding tensile strain of the
derived Cu.

Unit-cell Cuatoms Cell volume Cell volume Strain (on
Sample volume per unit- per 4 Cu reduction per 4  (111) surface)
(A3) cell atoms (A%  Cu atoms (%) (%)
Cu2(OH)2CO3  364.35 8 182.175 74 0.55
Cu(OH)2 164.14 4 164.14 71 0.43
CuO 81.08 4 81.08 42 0.06
Cu 47.16 4 47.16 - -
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Supplementary Table 4. Thermodynamic parameters for calculating Gibbs free energies of
Cu(111) without strain (i.e., strain 0.0%).

C“(lcl).lgtz"ai” Eorr ZPE J C,dT TAS G

Slab 282911

*CO -208.161 0.178 0.092 0.120 -208.012

*CHO -301.037 0.444 0.132 0.159 -300.620

*COH -300.697 0.452 0.115 0.117 -300.247

*CO+*CO  -313.783 0.343 0.238 0.306 -313.509

*COCO -312.439 0.366 0.185 0.205 -312.093

*COCOH -316.101 0.684 0.237 0.256 -315.437

Supplementary Table 5. Thermodynamic parameters for calculating Gibbs free energies of
Cu(111)-strain 0.5%.

C“(lé_?(;/itrai” Eper ZPE f C,dT TAS G

slab -282.568

*CO -297.845 0.179 0.092 0.122 -297.696

*CHO -300.721 0.444 0.132 0.175 -300.320

*COH -300.396 0.451 0.115 0.117 -299.947

*CO+*CO 313,501 0.331 0.215 0.277 -313.232

*COCO 312,127 0.370 0.210 0.268 -311.815

*COCOH 315.799 0.661 0.213 0.262 -315.186
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Supplementary Table 6. Thermodynamic parameters for calculating Gibbs free energies of
Cu(111)-strain 1.0%.

C“(lf.%))(;)trai” Eorr ZPE J C,dT TAS G

Slab 282,082

*CO -297.386 0.178 0.118 0.187 -297.277

*CHO -300.264 0.442 0.132 0.175 -299.865

*COH -299.951 0.448 0.117 0.119 -299.506

*CO+*CO  -313.073 0.346 0.237 0.207 312,787

*COCO 311,671 0.367 0.211 0.269 -311.363

*COCOH -315.351 0.662 0.240 0.267 -314.716

Supplementary Table 7. Thermodynamic parameters for calculating Gibbs free energies of
Cu(111)-strain 1.5%.

C“(lll_?(;/itrai” Eper ZPE f C,dT TAS G

slab -281.447

*CO -296.777 0.171 0.092 0.121 -296.635

*CHO -299.657 0.444 0.132 0.174 -299.255

*COH -299.356 0.451 0.115 0.116 -298.906

*CO+*CO -312.494 0.344 0.238 0.300 312212

*COCO 311.067 0.367 0.185 0.205 310721

*COCOH 314.754 0.665 0.239 0.308 314.158
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Supplementary Table 8. Thermodynamic parameters for calculating Gibbs free energies of
Cu(111)-strain 2.0%.

C“(lzli%))(;/f’)”ai” Eorr ZPE J C,dT TAS G

Slab 280,667

*CO -206.023 0.180 0.117 0.183 -295.908

*CHO -298.905 0.445 0.132 0.173 -298.501

*COH -208.616 0.451 0.116 0.117 -208.167

*CO+*CO  -311.770 0.347 0.237 0.202 311.478

*COCO -310.319 0.370 0.210 0.267 -310.006

*COCOH -314.013 0.664 0.237 0.304 -313.415

Supplementary Table 9. Thermodynamic parameters for calculating Gibbs free energies of
Cu(100) without strain (i.e., strain 0.0%).

C“(lgg)(;/itrai” Eper ZPE f C,dT TAS G

slab -313.658

*CO 1329.282 0.179 0.092 0.121 -329.133

*CHO 332,066 0.427 0.108 0.152 -331.683

*COH 332,180 0.451 0.143 0.152 -331.738

*CO+*CO -344.850 0.361 0.208 0.299 -344.580

*COCO -343.905 0.363 0.210 0.232 -343.564

*COCOH 347.756 0.700 0.222 0.236 -347.070
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Supplementary Table 10. Thermodynamic parameters for calculating Gibbs free energies of
Cu(100)-strain 0.5%.

C“(lg%)(;/f’)”ai” Eoer ZPE J C,dT TAS G

Slab 313232

*CO -328.863 0.173 0.093 0.128 -328.725

*CHO -331.729 0.440 0.106 0.122 -331.305

*COH -331.773 0.445 0.117 0.112 -331.324

*CO+*CO  -344.449 0.357 0.210 0.308 -344.190

*COCO -343.501 0.353 0.183 0.188 -343.153

*COCOH -347.353 0.700 0.222 0.236 -346.667

Supplementary Table 11. Thermodynamic parameters for calculating Gibbs free energies of
Cu(100)-strain 1.0%.

C“(lf%)(;/itrai” Eper ZPE f C,dT TAS G

slab -312.634

*CO :328.273 0.179 0.092 0.121 -328.123

*CHO -331.146 0.446 0.131 0.170 -330.739

*COH -331.187 0.442 0.118 0.114 -330.741

*CO+*CO -343.869 0.359 0.210 0.306 -343.607

*COCO 342,928 0.354 0.186 0.186 342574

*COCOH 346.778 0.700 0.222 0.235 -346.091
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Supplementary Table 12. Thermodynamic parameters for calculating Gibbs free energies of
Cu(100)-strain 1.5%.

C“(lf%)(;/f’)”ai” Eoer ZPE J C,dT TAS G

Slab 311.881

*CO -327.526 0.180 0.117 0.183 -327.412

*CHO -330.405 0.447 0.131 0.169 -329.997

*COH -330.444 0.443 0.118 0.113 -329.997

*CO+*CO  -343.133 0.361 0.235 0.369 -342.906

*COCO -342.196 0.352 0.187 0.189 -341.846

*COCOH -346.047 0.700 0.222 0.244 -345.370

Supplementary Table 13. Thermodynamic parameters for calculating Gibbs free energies of
Cu(100)-strain 2.0%.

C“(lg%)(;/itrai” Eper ZPE f C,dT TAS G

slab -310.976

*CO 1326.628 0.180 0.092 0.121 -326.477

*CHO 329,512 0.439 0.107 0.121 -329.087

*COH -329.549 0.442 0.118 0.114 -329.103

*CO+*CO 342,243 0.355 0.184 0.243 -341.948

*COCO 341314 0.363 0.183 0.228 -340.996

*COCOH 345.165 0.699 0.222 0.236 -344.479
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