Supplementary Information

Isolated copper-tin atomic interfaces tuning electrocatalytic CO:2 conversion

Wenhao Ren,’’ Xin Tan,>’ Jiangtao Qu,“ Sesi Li,> Jiantao Li® Xin Liu,> Simon P.
Ringer,3 Julie M. Cairney,3’4 Kaixue Wang,5 Sean C. Smith’ and Chuan Zhao""

School of Chemistry, University of New South Wales, Sydney, New South Wales
2052, Australia. %Integrated Materials Design Laboratory, Department of Applied
Mathematics, Research School of Physics, The Australian National University
Canberra, ACT 2601 (Australia). *Aerospace, Mechanical and Mechatronic
Engineering. *Australian Centre for Microscopy and Microanalysis, the University of
Sydney, 2006, NSW, Australia. *School of Chemistry and Chemical Engineering,
Shanghai Jiao Tong University, Shanghai 200240, China. ®State Key Laboratory of
Advanced Technology for Materials Synthesis and Processing, Wuhan University of
Technology, Wuhan 430070, China. "These authors contributed equally to this work.
Correspondence and requests for materials should be addressed to C.Z.

(chuan.zhao@unsw.edu.au).



Experimental Section:

Quantification of gas and liquid products. The products and Faradic efficiency (FE)
of CO> reduction were measured using chronoamperometry at each fixed potential.
The gaseous products were quantified by a gas chromatograph (GC) equipped with a
flame ionization detector (FID) for CO and CH4 and a thermal conductivity detector
(TCD) for H> quantification. Ultrapure Ar (99.999%) was used as the carrier gas. The
average flow rate of CO, was controlled at 20 ml min™' by a Cole-Parmer mass flow
meter. GC was calibrated using standard gas mixtures under standard conditions (1
atm, 298 K). Liquid products were analysed on a 400 MHz nuclear magnetic
resonance spectrometer (NMR, Bruker Avance III HD). A 0.5 ml of
product-containing electrolyte was syringed out from the cathodic compartment after
electrolysis. It was mixed with 0.1 ml of internal standard of diluted dimethyl
sulfoxide (DMSO, Sigma-Aldrich, >99.9%) and 0.1 ml of DO (Cambridge Isotope
Lab, 99.9%), and then transferred to an NMR sample tube. The calibration curve of
formate was made by using sodium formate (Sigma-Aldrich, >99.998%) with

different concentrations together with the internal standard and D-O.

DFT calculations. All of the spin-polarized DFT calculations were performed using
the VASP program,'* which uses a plane-wave basis set and a projector augmented
wave method (PAW) for the treatment of core electrons.? The Perdew, Burke, and
Ernzerhof exchange-correlation functional within a generalized gradient
approximation (GGA-PBE)* was used in our calculations, and the van der Waals
(vdW) correction proposed by Grimme (DFT-D3)° was employed due to its good
description of long-range vdW interactions. For the expansion of wavefunctions over
the plane-wave basis set, a converged cutoff was set to 450 eV. Spin-polarization

effect and dipole correction were considered in all cases.

Figure 5a shows the theoretical models of the studied systems. The structural
models of pure Cu, Cu-Sn surface alloy, Cu-Sn bulk alloy, and Cu-Sn core-shell bulk
alloy are constructed as 2x4 periodic supercells, which contains six atomic layers with

the bottom three layers fixed in their respective bulk positions and all the other atoms



fully relaxed. Here, we considered stepped facets (211) in our models, which have
been found to be generally more active for CO2RR than flat terrace sites. In order to
simulate 1% or 3% Sn-doped Cu, a Sn atom replaces a surface Cu atom, which shows
much smaller substitution energy rather than in layers below the surface.® The vacuum
space was set to larger than 15 A in the z-direction to avoid interactions between
periodic images. In geometry optimizations, all the structures were relaxed up to the
residual atomic forces smaller than 0.005 eV/A, and the total energy was converged to
10° eV. The Brillouin zone integration was performed on the (3x3x1)

Monkhorst—Pack k-point mesh.’

For CO2RR on various catalysts, we considered different reaction mechanisms of
CO2RR to formic acid and CO, which have been proposed for COoRR on Cu-Sn
alloys.®

Formic Acid:

CO,+H"+e+" — OCHO" (1)
OCHO"+H"+e — HCOOH +* (2)
CO,+H"+e+" — COOH" 3)
COOH"+H'+e¢ — HCOOH + " 4)

Carbon monoxide:
COOH"+H"+e¢ — CO"+H0 (5)
CO" — CO+" (6)
The free energy changes at each electrochemical step involving a proton-electron

transfer were computed based on computational hydrogen electrode (CHE) model,’ in
which the free energy of (H™ +e7) equals to %Hz(g) for standard hydrogen

electrode (SHE). The free energy of adsorbates and non-adsorbed gas-phase
molecules is calculated as G = Egjoc + Ezpg + [ CpdT — TS, where Epoc is the
electronic energy calculated by DFT; E,pg is the zero point energy (ZPE), Cp is
heat capacity, T is temperature and S is entropy. Here, the correction terms are
present in Table S3, which are from previous literature.”!° Additionally, a correction

of —0.32 and +0.26 eV for non-adsorbed gas-phase CO and HCOOH molecules have



to be made due to the use of PBE functional.® The solvation effects have been
included for COOH" and CO" by stabilizing 0.25 and 0.10 eV, respectively.”!°

The overall hydrogen evolution reaction (HER) mechanism is evaluated with a
three-state diagram consisting of an initial H' state, an intermediate H" state, and 1/2
H, as the final product. The free energy of H™ (AGy-) is proven to be a key descriptor
to characterize the HER activity of the electrocatalyst. An electrocatalyst with a
positive value leads to low kinetics of adsorption of hydrogen, while a catalyst with a
negative value leads to low kinetics of release of hydrogen molecule.[11] The
optimum value of |AGy+| should be zero; for instance, this value for the well-known
highly efficient Pt catalyst is near-zero as |AGy+| = 0.09 eV.[11] The AGy- is
calculated as'!
AGy = AEy~ + AE;pp — TASy (7)

where AEy« is the binding energy of adsorbed hydrogen, and AE;pr and ASy
are the difference in ZPE and entropy between the adsorbed hydrogen and hydrogen
in the gas phase, respectively. As the contribution from the vibrational entropy of

hydrogen in the adsorbed state is negligibly small, the entropy of hydrogen adsorption
is ASy = —%SHZ, where Sy, is the entropy of H» in the gas phase at the standard

conditions. Therefore, Eq. (7) can be rewritten as'!

AGy- = AEy+ + 0.24 eV (8)
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Supplementary Figure 1 | TEM characterizations of Cu¢7;Sns and Cu7Snszo. (a-d) The
HRTEM and HAADF-STEM images of Cug7Sn3 with the spacing analysis of Cu lattice. (e-h) The
HRTEM images of Cu7Snsp with the spacing analysis of Cu lattice. There is a relatively thick

amorphous SnOx shell (2.0-3.8 nm) out of Cu nanoparticles on Cu7oSn3o.



Supplementary Figure 2 | EDS analysis of Cuo7Sn; and Cu7Sn3p. (a,b) The overlapped EDX
mapping of Cug7Sn3 and CuzoSn3o based on Fig. 1b,c, respectively. Cu (green) and Sn (red). (c,d)

The corresponding mass spectrum analysis.



Supplementary Figure 3 | TEM images of Cu¢7Sni. (a) Typical TEM image Cuy7Sn3
nanoparticles. (b-d) HAADF-STEM images showing atomically dispersed Sn on the Cu host

surface.
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Supplementary Figure 4 | Atom probe tomography analysis of Cuo7Sn3; specimen. (a) Voltage
curves. 3D tomography at the end of Stage 1 (b), Stage 2 (c¢), and Stage 3 (d). (e) The full-range
mass to charge spectrum with rebin-treatment to enhance the signal to background ratio. (f) The
detailed Sn isotopes analysis. Inset is the natural abundance of main isotopes of tin and the ratio is

demonstrated as the blue lines, which is in good agreement with the experimental results.



The whole APT experiment includes three stages. During Stage 1, the Cuy7Sn; alloy was
successfully evaporated by applying electric pulses at the voltage of 1,600 V, which is a common
voltage observed for alloy samples (Supplementary Fig. 4a). After the stable evaporation, we
obtained the tomography of a single nanoparticle (Supplementary Fig. 4b). Then, the voltage
started to increase in Stage 2 because of the detection of the C (Pt) signals (Supplementary Fig.
4c). The C (Pt) comes from our specimen preparation process, during which we incorporated the
nanoparticles into a layer of electron-beam-assisted deposition of (CsH4)CH3Pt(CH3)s. This
deposition can fill the interspace of each nanoparticle and make the tip compacted. However, the
carbon needs higher energy to be evaporated so that the voltage gradually increases.!> As the
experiment continued to run, the carbon layer became thicker and the voltage even increased to
above 5,000 V after Stage 3 (Supplementary Fig. 4d). In this case, the APT experiment would
automatically end, and we cannot obtain more tomography of nanoparticles.

The full-range mass-to-charge spectrum is shown in Supplementary Fig. 4e. Our specimen
preparation method use gas-injection-system as adhesive to bond the nanoparticle onto the Mo
post, followed by the (CsH4)CH3Pt(CHs); deposition and a Ga source FIB annular milling.!3 As a
result, C, Pt, H, and Ga are the primary contamination introduced to the sample. Note that all the
elements detected in the spectrum (H, C, Sn, Cu, Ga and Pt) have no overlapping owing to their
different mass-to-charge-state ratio. Besides, the overall Sn content is more than 1% in the
specimen and the surface content can reach up to ~8%, which is far beyond the detection limit of
APT technique (ppm elemental detection capacity).'* Another strong evidence is that the mass
spectrum of Sn matches very well to the corresponding isotopes (Supplementary Fig. 4f). Based
on the above analysis, we can firmly claim that the signal peak at ~60 (Da) originating from Sn

only, rather than impurities or noise.
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Supplementary Figure 5 | Structural characterizations of Cuigo, Cuo7Sn; and Cu7Snz. (a)

XRD patterns. (b) UV-vis spectroscopy. (¢) Cu LMM Auger spectra and (d) XPS of Cu 2p spectra.
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Supplementary Figure 6 | X-ray absorption spectroscopy. (a) Cu K-edge XANES spectra of
Cuioo, Cug7Sn3 and CuzoSnzo with the comparison of standard CuO and Cu-foil. (b) The plotted
FT-EXAFS spectra obtained from Cu K-edge absorption spectra. (¢) Sn K-edge XANES spectra
of Cug7Snz and Cu7Snzo with the comparison of standard Sn-foil. (d) The plotted FT-EXAFS
spectra obtained from Sn K-edge absorption spectra. As shown in Figure S6c, the near-edge
positions of Cug7Sns and CuzoSnso catalysts are higher than that of Sn foil, indicating the oxidation
of Sn in the samples. This is also supported by the Fourier-transformed A*-weighted spectra of the

samples, where the peaks at 1.4 A correspond to Sn-O coordination shells.
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Supplementary Figure 7 | Calibration curves for different products. (a) NMR calibration

curves for HCOOH. (b,¢) GC calibration curves for CO and H», respectively.
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Supplementary Figure 8 | CV pretreatment. (a) Pristine LSV curves of CuzSnzo. (b-d) CV

pretreatment from -0.5 to -2.0 V vs. RHE for 10 cycles at 50 mV s,
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Supplementary Figure 9 | Structural analysis of Cu¢7Sn3 before and after CV treatment. (a)
XPS of Sn 3d spectra. (b) Cu LMM Auger spectra. Ex-situ Sn 3d XPS and Cu LMM Auger
spectra on Sng7Sns confirm the reduction of Sn?* to Sn® and Cu* to Cu® after the CV pretreatment.
The residual oxides can be attributed to the inevitable oxidation during sample delivery and test. It
is expected that most of the Cu and Sn species are reduced to the metallic state after the CV
treatment, according to their standard reduction potential (Sn?>* +2e- = Sn at -0.13 vs. SHE, Cu* +

e = Cuat+0.52 vs. SHE).6%13
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Supplementary Figure 10 | CO;RR assessment of Cuy7Sn; after exposure to the air for 1
week. (a) XRD analysis. (b) LSV comparison. (¢) FEco from -0.4 to -1.0 V vs RHE. To further
investigate the influence of the surface oxide layer, the as-synthesized Cug7Sns sample is exposed
to the air and aged for 1 week before CO2RR testing. As shown in XRD analysis, the Cug7Sn3
catalyst is further oxidized after continuous exposure to the air. While, after the CV pretreatment,
the aged Cug7Sn3 show very close LSV curves and similar FEco compared with pristine Cug7Sn3
for CO; electrolysis, indicative of the similar CO,RR reactivity and the negligible effect of surface

oxides after CV pretreatment.
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Supplementary Figure 11 | CO2:RR performance of CugoSn;. (a) Potential dependence of
Faradaic efficiencies from -0.5 to -1.0 vs. RHE. (b) Potential dependence of j.. (¢) CV

pretreatment at 50 mV s!. (d) LSV curves from 0 to -1.0 V vs. RHE.
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Supplementary Figure 12 | CO;RR measurements on CuosSns (a), CugoSnip (b), and CusgpSnazg
(c). As shown in Supplementary Fig. 12, the CugsSns exhibits CO dominated reactions from -0.6
to -1.0 V vs RHE, and the corresponding FEco reaches 98% at -0.7 V. As for CugoSnio, the FEco
still outperforms FEromate at low potentials from -0.6 to -0.7 V, and then the production of CO and
formate becomes similar at -0.8 V with FE of both products at ~45%. With the further increase of
overpotential, the CugSnio produces preferentially formate instead of CO. As for CusoSny, the

FEFomate €xceeds the FEco in the whole potential range and more approaches to the performance

of CU7osn3o.
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Supplementary Figure 13 | Electrochemically active surface area (ECSA) estimated from the

double-layer capacitance. (a-c) CV curves for the identification of the capacitance measurements.

(d-f) CV curves at different scan rates from 50 to 300 mV s for Cujgo, Cug7Sn3 and Cu7oSnso,

respectively. (g) Double-layer capacitance of different electrodes. The fluctuation in CV curves

can be attributed to the CO» gas bubbling during the tests and the Autolab setup is very sensitive to

the current change. Note that the fitting error in Supplementary Fig. 13g is very small, which

suggests reliable double-layer capacitance calculation.
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Pure Cu Cu-Sn surface alloy bulk alloy core-shell bulk alloy

Supplementary Figure 15 | Optimized DFT model with different intermediates. Surface slabs
with adsorbed (a) COOH*, (b) OCHO*, (¢) CO*, and (d) H* on stepped facets of pure Cu,
Cuo7Sn3 and Cu7oSnzo. The dark goldenrod, slate grey, grey, red and white balls represent Cu, Sn,

C, O and H atoms, respectively.
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Supplementary Figure 16 | The calculated free energy diagrams for CO,-to-CO and

CO;-to-HCOOH conversion on four samples.
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Supplementary Figure 17 | The difference in limiting potentials for CO;-to-CO reduction
and H: evolution on the catalysts. Previous studies have shown that the difference between
thermodynamic limiting potentials for CO2RR and HER (denoted as U (CO,)—UL(Hz), in which
UL is defined as the lowest potential that all reaction steps are downhill in free energy) can reflect
the selectivity of CO,RR. According to this definition, a more positive value indicates a higher
selectivity. Figure S17 shows the difference in limiting potentials for four samples, where surface
alloy demonstrates a considerably more positive value than other samples, suggesting the greatly

enhanced selectivity for CO»-to-CO conversion.
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Supplementary Figure 18 | DFT simulations of CO;RR on Cu-Sn alloys with Sn atoms in
different layers. (a) The relative substitution energy of a Cu atom by an Sn atom at different
positions. All are given in eV. (b) The calculated free energy diagrams of CO»-to-CO conversion
for Cu-Sn single-atom alloys with different Sn position.

To understand the surface segregation of Sn atoms from the thermodynamical point of view.
New density function theory (DFT) simulations have been carried out to investigate the possible
position of Sn atom in single-atom Cu-Sn alloy, i.e. if the Sn prefers to sit on the surface or in the
bulk. We calculated the relative substitution energy, which corresponds to the difference between

the energy of substitution of a Cu atom in an inner layer and the energy of substitution of a Cu



atom at the surface, as shown in Supplementary Fig. 18a. The results suggest that only sit in the
sub-surface layers, the substitution energy barrier of Sn atoms significantly increases to ~1.5 eV
for 2L(b) and 3L(d) position. Therefore, the Sn atoms prefer to anchor on the surface of Cu
nanoparticles rather than in bulk from an energetics perspective.

To investigate the effects of Sn atoms from different layers, we also calculated the free energy
diagrams of CO»-to-CO conversion for Cu-Sn single-atom alloys with different Sn positions
including 1L(a), 2L(b), 2L(c) and 3L(d) (Supplementary Fig. 18b). For Cu-Sn single-atom alloy
with Sn at the surface, the overpotential of CO» to-CO conversion is very small (0.29 eV). If the
Sn atom locates in the second or the third layer, the electrocatalytic performance also displays a
certain degree of enhancement compared with pure Cu, however, the overpotentials of CO»-to-CO
conversion significantly increase to 0.34~0.43 V compared with at the surface. These results
indicate that the CO2RR activities of single-atom Cu-Sn alloys are dependent on Sn atom position,

and the single-atom Cu-Sn alloy with Sn at the surface shows the highest CO2RR activity.



Table S1. Inductively coupled plasma optical emission spectroscopy (ICP-OES) analysis. The

influence of oxygen is excluded.

Samples Cu (at%) Sn (at%)
Cug7Sn;3 97.3 2.7
Cu7oSn3o 72.8 27.2

Table S2. Recently reported Cu-Sn catalysts for CO2RR in H-cells.

Catalysis

FEco
(%, V vs RHE)

FEuncoon

(%, V vs RHE)

Current density

(mA cm?, V vs RHE)

Ref.

Cuy7Sn3 surface alloy
Cu7Sn3o bulk alloy
CuSn NPs/C-A
CuSns/carbon paper
Cu-Sn nanoparticles
Cu-Sn electrodeposition
Cu@Sn nanocones
7/0.8 Cu/SnO2
Sn/Cu-nanofiber
Cu-Sn dendrite
Cu-Sn foam
3D-h Cu-Sn

OD-Cu-Sn

98% at-0.7V

~20% at-1.0 V

93% at-0.7V

80% at-1.0 V

~90% at-0.7 V

94% at-0.7V

98.6% at-0.45V

90% at-0.6 V

88.8% at-1.0 V

~70% at -1.0 V

95% at-0.5V

92% at -0.95 V

81%at-1.1 V

90.4% at-1.1V

78 at-1.0 V
92at-1.0V
~13 at-1.0 V (HCOOH)
31 at-0.5 V (HCOOH)
9 at -0.95 V (HCOOH)
13 at-1.1 V (HCOOH)
57.7 at-1.1 V (HCOOH)
/
53 at-1.0 V (CO)
11.5at-1.1 V (CO)
4.7 at-0.8 V (CO)
4.5 at -0.45 V (CO)

1.0 at -0.6 V (CO)

Our work

Our work
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Table S3. Performance of recently reported CO»-to-CO electrocatalysts in flow cells.

E Jjco FE
Catalysis Electrolyte Ref.
(V vs. RHE) (mA cm) (%)
Cug7Sn3 -0.45 100 87 1 M KOH This work

Ni-N/PCFM -0.7 ~115 ~80 0.5 M KHCOs3 25
Ni-N-C -0.7 ~85 ~90 1 M KHCO;3 26
Ni-N-C -0.8 ~110 97% 0.5 M KHCOs3 27
Fe-N-C -0.45 94 ~90 0.5 M KHCOs3 28
CoPc@Fe-N-C -0.55 ~100 >90% 0.5 M KOH 29
CoSA/HCNFs -0.6 ~100 ~70 1 M KHCO;3 30
CoPc -0.65 70.5 94 1 M KOH 31
CoPc-N -0.66 31 94 1 M KOH 32
-1.0 ~160 ~90 1 M KHCO;3 33

Ag/PTFE
-0.7 ~150 ~90 1 M KOH 33
Ag/MPL-3C -0.7 98.5 98.5 0.1 M KHCOs3 34
Au -0.7 ~110 / 1 M KOH 35
-0.9 ~100 ~67% 1 M KHCO;3 36

Porous Zn
-0.62 100 ~70% 1 M KOH 36

Table S4. Contribution to the free energy of adsorbates and non-adsorbed gas-phase molecules

from ZPT correction, enthalpic temperature correction, and entropy contribution, respectively. All

are given in eV.

Species ZPE [ CpdT -TS
COOH" 0.62 0.10 -0.18
OCHO" 0.62 0.10 -0.23
co’ 0.19 0.08 -0.15
CO2 0.31 0.10 -0.65
CO 0.14 0.09 -0.67
H2 0.27 0.09 -0.42
H20 0.58 0.10 -0.65
HCOOH 0.90 0.11 -1.02
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