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Theory-guided Sn/Cu alloying for efficient CO,
electroreduction at low overpotentials
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Electrochemical CO, reduction to formate provides an avenue to reduce globally accelerating CO, emissions and produce value-
added products. Unfortunately, high selectivity in formate electrosynthesis has thus far only been achieved at highly cathodic
potentials. Here we use density functional theory to investigate the effect of alloying Cu and Sn on the activity and selectivity
towards formate. A theoretical thermodynamic analysis of the reaction energetics suggests that the incorporation of copper
into tin could suppress hydrogen evolution and CO production, thus favouring formate generation. Consistent with theoretical
trends, the designed CuSn, catalysts by co-electrodeposition exhibit a Faradaic efficiency of 95% towards formate generation
at —0.5V versus RHE. Furthermore, the catalysts show no degradation over 50 h of operation. In situ Sn L;-edge and Cu K-edge
X-ray absorption spectroscopy indicate electron donation from Sn to Cu, which indicates positive oxidation states of Snin CuSn,

under operating conditions.

route to traditional pathways to fuels and chemicals'-*. While

the technoeconomic viability of the direct electrosynthesis of
multicarbon products requires significant reduction in overpoten-
tials’, the catalytic efficiencies and production rates for single-car-
bon products, such as CO and formate, provide more immediate
opportunities for electrochemical CO, valorization**’.

Formate is a liquid fuel with high energy density, and is regarded
as a useful hydrogen carrier for fuel cell applications>*’. However,
the potential required for CO,RR to formate with high selectivity is
in general very high (—0.9V versus reversible hydrogen electrode,
RHE, with ~90% Faradaic efficiency)®'*""*. Catalysts including elec-
trodes based on Cu*', Sn”", Pb", Pd" and Co’ have each shown
recent progress in CO,RR to formate. Nevertheless, these catalysts
still fail to meet strict criteria such as high selectivity at low overpo-
tentials, and prolonged durability®~''3-1°.

Sn-based catalysts have proven to have good selectivity for
CO,RR to formate”'*'*'7. However, they only exhibit good selec-
tivity in a narrow and highly cathodic potential window”'*'"". Cu,
although selective towards further reduced products at high overpo-
tentials, also shows significant formate selectivity at low overpoten-
tials'’. Alloying as a means to tune selectivity has been exploited in
several recent works. For example, CuAg alloys suppress hydrogen
evolution and enhance the selectivity towards multi-carbon oxygen-
ated selectivity'®, AuFe alloys increase CO selectivity and activity"
and PdPt alloys show tunable formate selectivity at low potentials®,
although CO poisoning remains an issue.

In this study, we present the theory-guided discovery of Cu,Sn,
electrocatalysts for the selective reduction of CO, to formate. A
thermodynamic analysis of the reaction energetics using density
functional theory (DFT) calculations suggests that Cu-Sn alloys can
achieve high formate selectivity through the suppression of hydro-
gen evolution and CO production, with CuSn, suggested to be the
most promising candidate. We synthesized Cu,Sn, alloys through a

Electrochemical CO, reduction (CO,RR) offers an appealing

modified co-electrodeposition of Cu and Sn. In situ X-ray absorp-
tion studies showed higher oxidation states of Sn in CuSn, than of
Sn in Sn metal at —0.5V versus RHE, in accordance with theory.
Consistent with theoretical predictions, the resultant CuSn, cata-
lysts exhibit a low potential (—0.5V versus RHE) in combination
with high selectivity (95%) for formate production; these values are
among the best of all known non-noble metal systems. The new cat-
alysts also demonstrate excellent stability over the course of a 50h
initial study.

Results

Reaction energetics of Cu, Sn and Cu,Sn,. We investigated the
thermochemical reaction energetics of CO,RR and the competing
hydrogen evolution reaction (HER) on Sn, CuSn, CuSn, and Cu
using DFT calculations. We used a face-centred cubic (fcc) struc-
ture for Cu, and the a-phase for Sn, because these have the low-
est formation energies among the different phases’’. For CuSn,
we adopted the hexagonal (point group 6/mmm) structure”. For
CuSn,, we explicitly investigated a variety of bulk structures and
found the hexagonal phase to have the lowest formation energy
(Supplementary Table 1). We considered stepped facets, shown pre-
viously to be more active for CO,RR, and applied solvation correc-
tions*. The structures of the intermediates (H*, COOH*, OCHO*
and CO*) are shown in Fig. 1a and Supplementary Fig. 1.

Free energy diagrams (FEDs) for Sn, CuSn, CuSn, and Cu are
presented in Fig. 1b,c. In the case of CO production, COOH* is
the relevant intermediate (Fig. 1b)**. For formate production, the
potential limiting step on Cu and Sn is suggested to be the forma-
tion of COOH*, whereas on CuSn and CuSn; it is suggested to be
that of OCHO***. The magnitudes of the corresponding ther-
modynamic limiting potentials |U;| are summarized in Fig. 1d. In
general, we find the theoretical formate activities to be essentially
equal (<0.1eV difference) within uncertainties in the binding ener-
gies determined by DFT, whereas the CO and HER activities show
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Fig. 1| DFT calculations on Sn, CuSn, CuSn; and Cu. a, Optimized structures of stepped facets of Sn, CuSn, CuSn; and Cu with adsorbed H* (see
Supplementary Fig. 1for the configurations of other intermediates). b,c, FEDs for CO, HCOOH and H, on Sn, CuSn, CuSn; and Cu, respectively (note that
CO on Sn(211) is physisorbed, so its energy is not included in b). d, Magnitudes of the theoretical limiting potentials of CO, H, and HCOOH production on
stepped Sn, CuSn, CuSn; and Cu.
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Fig. 2| Preparation and structural characterization of Cu,Sn, catalysts. a, Schematic of the process leading to the fabrication of Cu,Sn, samples. b,c,
Low- and high-magnification scanning electron microscopy images of CuSn; catalysts. d, XRD results for carbon paper substrates, CuSn and CuSn,
electrodes, in which only Bragg peaks from carbon paper were observed. e f, STEM-HAADF (e) and high-resolution TEM (f) images of CuSn; electrodes.
Inset (e), Pair distribution function peaks for the CuSn, diminish at 5nm because there are no atom-atom pairs separated by more than the particle
diameter).
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significant variation across the pure metals and alloys. Both CuSn
and CuSn, show higher |U,| values than Cu and Sn, which suggests
the alloying of Cu with Sn to significantly enhance formate selectiv-
ity, with CuSn, suggested to have the lowest activity towards both
CO and H,.

A Bader analysis showed that the alloying of Sn with Cu results
in charge transfer from Sn to Cu (Supplementary Fig. 2). In addi-
tion, the structures of the alloys are different from both Cu and
Sn. Therefore, the origin of the improved selectivity of CuSn and
CuSn, alloys for formate comes from a combination of geometric
and electronic effects. The net effect is that the binding of COOH*,
H* and OCHO* are all significantly weakened on CuSn and CuSn,,
which not only increases the |U;| for CO and H, production, but
also changes the relevant intermediates for the formation of formic
acid from COOH* to OCHO* (with a smaller |U,|). Therefore, the
selectivity for formate on CuSn and CuSn, is greatly enhanced.

Synthesis and characterization of Cu,Sn, catalysts. To evaluate the
theoretical prediction of high formate selectivity of Cu,Sn, catalysts,
we prepared them by a modified co-electrodeposition process”
(Fig. 2a). First, we dissolved metal chloride precursorsand (NH,),C,0,
in water to form metal complexes. Polyethylene glycol (PEG2000)
was then added to isolate the nucleation of Cu,Sn, nanocrystals.
Since the reduction potentials of Cu** (—0.55V versus Ag/AgCl)
and Sn** (—0.85V versus Ag/AgCl) are different, different poten-
tials were used to co-electrodeposit Cu-Sn alloys (Supplementary
Fig. 3). Finally, Cu-doped Sn spheres strung on carbon paper like
sugar-coated haws were successfully synthesized (Fig. 2b,c).

From inductively coupled plasma-optical emission spectrom-
etry (ICP-OES) analysis, we determined the molar ratio of Cu:Sn
to be 1:3 for Cu-Sn co-electrodeposited at —0.6V versus Ag/
AgCl. X-ray diffraction (XRD) analysis showed that the catalysts
lack Bragg peaks and are amorphous or nanocrystalline (Fig. 2d).
Scanning transmission electron microscopy (STEM) in high-angle
annular dark field (HAADF) mode shows an ~3-5nm size distri-
bution of nanocrystallines, which is consistent with pair distribu-
tion function results*® (Fig. 2e). Transmission electron microscopy
(TEM) further confirmed the size of the CuSn; particles to be in the
range of ~3-5nm (Fig. 2f). STEM and TEM show that CuSn, exhib-
its some nanocrystalline structures embedded in the amorphous
structure (Fig. 2e,f).

In situ electronic and structural characterization. To investigate
the electronic configuration and structure of the CuSn, catalysts
under operating conditions, we employed an in situ electrochemi-
cal flow cell for X-ray absorption spectroscopy (XAS) measure-
ments (Fig. 3a). In the homemade flow cell, electrochemistry was
performed using catalysts on carbon paper as a working electrode,
a Ag/AgCl reference electrode, a platinum wire counter electrode
and a flowing CO,-saturated 0.1 M KHCO, solution as the elec-
trolyte (Fig. 3a and Supplementary Fig. 4). All Sn L;-edge data
were collected in fluorescence mode with a seven-element Ge
detector (Canberra).

We analysed the Sn L,-edge position of each compound as
this shifts to higher energies with increasing oxidation of Sn®**.
Sn nanoparticles were used as a control for metallic Sn. SnO was
used as a reference for Sn**. In situ Sn L;-edge spectra at —0.5V
versus RHE indicate that the Sn within the CuSn, alloy has an oxi-
dation state of Sn’*, while pure Sn demonstrated a zero valence and
no change in oxidation state at —0.5V versus RHE (Fig. 3b). At —
1.0V versus RHE, CuSn; still shows a higher oxidation than zero
valence with an edge that shifts to higher energy than metallic
Sn (inset of Fig. 3b). The positive charge on Sn is consistent with
theoretical calculations; a theoretical Bader analysis of the CuSn,
system suggests that each Sn donates about 0.1 e~ to Cu, on average
(Supplementary Fig. 2)*"*%

NATURE CATALYSIS | www.nature.com/natcatal

a . RE
WE 5 5
. ~8 Fluoresces
/' B 5 )i
< «— Outlet
Inlet fj\ b
\ : - Catalysts
X-rays ©
CE
b 55
SnO reference
I 20 CuSn, at open circuit
S CuSn; at-0.5V vs RHE
& 15t —— CuSnzat-1.0 V vs RHE
= —— Sn at open circuit
§ 1.0 Sn at-0.5 V vs RHE
g Sn nanoparticles
[}
N 05F
[
13
2 o0
3,920 3,930 3,940
_05 1 1 1 1 1 1 1 1
3,900 3,925 3,950 3,975 4,000 4,025 4,050 4,075 4,100 4,125
Energy (eV)
c d
2.0 C — —~ 04 —
—— CuSnj at open circuit S —— CuSn; at open circuit
S 1.6f — CuSngat-0.5V vs RHE Luj, 03 — gu?n_? at-0.5 V vs RHE
3= — fj— : ——Cufoi
_g S 12 Cu fonlﬁ\ CuO reference )  GuO reference
= C - - Iy
< S g 02
ES os 7 ]
o .
z 0.1
2 04 rf £ P
=z S—
0.0 < 00

8,978 8,980 8,982 8,984
Energy (eV)

8,960 8,980 9,000 9,020 9,040
Energy (eV)

Fig. 3 | In situ observation of the electronic structure of Sn. a, Schematic
illustration of the in situ liquid cell experimental set-up. b, In situ Sn L;-edge
XANES spectra of Sn nanoparticles, SnO, CuSn; at —0.5V versus RHE

and =1.0V versus RHE and Sn at —0.5V versus RHE. Inset, Enlarged view
of the pre-edge energy range of CuSn; and Sn at operating potentials. ¢,

Cu K-edge XANES (c) and first derivatives of the normalized Cu K-edge
XANES (d) spectra of CuSn, at open circuit and —0.5V versus RHE. Cu

foil and CuO were used as references. WE, working electrode; CE, counter
electrode; RE, reference electrode.

The metallic state of Sn in both CuSn, and pure Sn catalysts
was confirmed using extended X-ray absorption fine structure
(EXAFS), which showed no peaks assignable to Sn-O bonding
in the range 1.5-2.0A (Supplementary Fig. 6a)”’. The white line
intensities of the CuSn, catalysts were slightly larger than that of
the Sn foil. This probably originates in electron transfer from Sn to
Cu in the CuSn, catalysts®*. The Sn K-edge suggests that CuSn,
at —0.5V versus RHE was more positively charged than the
Sn metal (Supplementary Fig. 6b), which agrees with the in situ
Sn L,-edge spectra.

Enlarged plots and first derivatives of Cu K-edge X-ray absorp-
tion near-edge structure (XANES) spectra are presented in Fig. 3¢,d.
Cu foil was used as a control for metallic Cu. CuO was used as a ref-
erence for Cu?*. The edge positions of CuSn; catalysts were slightly
lower than those of Cu foil, indicating that Cu in CuSn, had an oxi-
dation state lower than Cu®. In combination with Sn L,-edge analy-
sis and our theoretical calculations, this suggests electron donation
from Sn to Cu. Cu K-edge EXAFS spectra showed the presence
of metallic Cu, and no Cu-O bond was observed (Supplementary
Fig. 7). We performed Sn K-edge and Cu K-edge EXAFS fitting
for Sn and CuSn, at open circuit and on applying —0.5V versus
RHE during operating conditions (Supplementary Figs. 8-10).
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Fig. 4 | Evaluation of CO,RR catalytic activity by electrochemical measurements. a, Potential dependence of Faradaic efficiencies for CO,RR on Sn, CuSn,
CuSn; and Cu electrodes. b, ECSA measurements. Orange, blue, pink and grey solid lines represent a linear fit with standard error less than 0.01%. c-e,
Potential dependence of ECSA-corrected current densities for hydrogen (¢), carbon monoxide (d) and formate (e) production. f, Stability test of CuSn; at
—0.5V versus RHE (green symbols, Faradaic efficiency; black, current density).

The fitting results justify the correlation between the theoretical
models and experimental structures.

Evaluation of CO,RR activity. We explored the CO,RR activity of
Sn, CuSn, CuSn; and Sn on carbon paper in CO,-saturated 0.1 M
KHCO,. In general, we find the experimental trends to be consis-
tent with the thermodynamic analysis of the energetics of the vari-
ous Cu,Sn, alloys and controls. Both CuSn and CuSn, demonstrated
higher selectivity for CO, reduction to formate at low overpoten-
tials than either Cu or Sn, and CuSn, showed the highest selectiv-
ity towards formate, with a Faradaic efficiency of nearly 100% at
potentials more negative than —500mV versus RHE (Fig. 4a and

Supplementary Fig. 12). In contrast, Cu catalysts mainly produced
H, at these potentials, and Sn catalysts showed lower selectivity
towards both CO and formate (Fig. 4a). To further confirm whether
CuSn, is the optimized composition, we synthesized additional
Cu,Sn, catalysts and explored their catalytic activity (Supplementary
Fig. 14). Overall, CuSn, catalysts exhibit the best Faradaic efficiency
of 95% towards formate and highest j_ - of 31mAcm™at —0.5V
versus RHE (Supplementary Fig. 14b).

The activity, normalized by the geometric surface area of the
electrodes, does not reflect the intrinsic activity of a catalyst™. To
evaluate the intrinsic activity of the Cu,Sn, alloys and controls, we
measured the electrochemically active surface area (ECSA) for Sn,
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Table 1| Comparison of catalytic parameters of electrocatalysts for formate production

Samples Electrolyte Potential (V versus RHE) Current density (MAcm=2)  FE Ref.
CuSn, 0.1M KHCO, -0.5 33 95% This work
Sn(S)/Au 0.1M KHCO, -0.75 55 93% Ref. ”
PdSn/C 0.5M KHCO, -0.49 2 99% Ref. 4
SnO,-derived Sn 0.5M KHCO, -1.05 12 19% Ref.
Oxide-derived Pb 0.5M KHCO4 -1.05 1 95% Ref.

Sn quantum sheets/GO 0.1M KHCO, =113 21 85% Ref.
Partial oxidized Co 01M Na,SO, -0.35 10 90% Ref. ?

Pd nanoparticles 0.5M KHCO, -0.35 8 90% Ref. ™
PdPt alloys Phospate buffer -0.4 5 88% Ref. 20

CuSn, CuSn; and Cu (Fig. 4b) and evaluated their ECSA-normalized
partial current densities for formate production, hydrogen evolu-
tion and CO production (Fig. 4c—e). In accordance with the theo-
retical thermodynamic analysis, Cu,Sn, alloys show lower HER and
CO production rates, Therefore, they exhibit significantly higher
selectivities for formate production than Cu and Sn. In particular,
in the case of CuSn,, it suppresses both hydrogen evolution and CO
production by one to two orders of magnitude compared to other
samples, which results in it having the highest selectivity (Fig. 4c,d).

The trends in activity for HER (Cu>Sn> CuSn> CuSn;) and
CO (Sn>Cu> CuSn> CuSn;) also follow those in the theoretical
|U,| (Fig. 1d). In the case of formate, the variations in |U,| are equal,
within the uncertainties of DFT binding energies, and are consistent
with the relatively similar (2X variations) ECSA-normalized activity
among the various samples.

The incorporation of Cu into Sn materials also enhanced the
geometric current densities through an increase in the ECSA
(Supplementary Fig. 15 and Table 2). Notably, CuSn, catalysts
exhibited a stable total geometric current density of ~33mA cm™
at a low potential of —0.5V versus RHE during 50h of continuous
reaction, corresponding to an overpotential of 0.39V for formate
production (Fig. 4f). Time-dependent Sn L;-edge spectra at —0.5V
versus RHE indicate that the Sn within the CuSn, alloy has an oxi-
dation state between that of Sn® and Sn?*, and no change within
several hours (Supplementary Fig. 16). This demonstrated that the
Sn site is stable during operating conditions. No obvious changes
in the morphology and composition were observed after long-term
CO,RR (Supplementary Figs. 17 and 18). To exclude selectivity and
efficiency artefacts owing to the nature of carbon paper, we also
evaluated the CO,RR on a glassy carbon electrode (Supplementary
Fig. 19), which showed comparable results. Overall, the selectivity
and stability of the CuSn, alloy outperforms all non-noble metal
catalysts reported thus far (Table 1).

Conclusions

We have presented the theory-guided design of Cu-Sn alloys for
the selective reduction of CO, to formate. Our thermodynamic
DFT analysis suggests alloying Cu and Sn to suppress hydrogen and
CO generation relative to Cu and Sn, thereby promoting formate
selectivity. We report the synthesis of co-deposited Cu,Sn, alloys,
and the structures were characterized in situ under relevant oper-
ating conditions. Using in situ X-ray absorption studies of Sn L;,-
edges and Cu K-edges, we found electron donation from Sn to Cu
in CuSn; catalysts, resulting in Sn** oxidation states consistent with
theory. Cu K-edge and Sn K-edge EXAFS spectra also suggest the
formation of a metallic CuSn; alloy. Our electrochemical results
reveal that, in accordance with theoretical predictions, CuSn, shows
significantly improved selectivity (95%) at a low potential (—0.5V
versus RHE). These findings show the importance and potential of
the theory-guided rational design of catalysts, and present CuSn, as
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an electrocatalyst with unprecendented activity towards formate as
well as stability under reducing conditions.

Methods
DFT calculations. All calculations were carried out with DFT using Quantum
ESPRESSO?, using a plane-wave basis set® and ultrasoft pseudopotentials™*,
interfaced with the atomic simulation environment (ASE)*'. Plane-wave and
density cutoffs of 500 eV and 5,000 eV were used with the BEEF-vdW*>* exchange-
correlation functional. (4x4x1) Monkhorst-Pack grid K-points were used for
(1x3)-Cu(211) and (2x1)-Sn(211), and (3x3x1) grid K-points were used for a
(2%2)-(100) surface supercell with a vacuum layer of 14A. Dipole corrections
were applied in the z direction perpendicular to the slab*. The structures were
relaxed until the maximal force on the atoms was smaller than —0.05eV A-'. DFT
calculations were used to probe the energetics along the different CO, reduction
pathways to hydrogen, formate and carbon monoxide. The computational hydrogen
electrode model"” was adopted to calculate the formation free energies of the
intermediates under CO, reduction conditions. We included solvation corrections
calculated with explicit water models for CO* (0.1eV) and COOH* (0.25eV)>.
Further computional details are included in the Supplementary Methods.

Low coordinated atoms have been found to be generally more active for
CO,RR than flat terrace sites***, so we considered stepped model systems of

three-layer (211) facets of Cu and a-Sn and (100) facets of CuSn and CuSn; (see
Supplementary Fig. 1 for the slab and adsorbate structures). The (100) surface of
CuSn and CuSn; can be terminated by either Cu or Sn. Their formation energies
are summarized in Supplementary Table 3. The Sn-terminated surface was used
for the calculation because its formation energy is 0.06 eV A~ lower on CuSn and
0.01eV A2 lower on CuSn,(100) than the Cu-terminated surface.

Preparation of Cu,Sn,. A three-electrode cell was used for the electrodeposition
experiments”. A Pt electrode was used as a counter electrode. A Ag/AgCl electrode
was used as the reference electrode. Carbon paper was used as a working electrode
during electrodeposition. Before electrodeposition, the carbon paper substrate

was cleaned ultrasonically in 0.1 M HCI, distilled water and isopropanol and then
rinsed in distilled water again. The electrochemical deposition experiments were
carried out in solutions of 0.01 M SnCl,, 0.01 M CuCl,, 0.06 M (NH,),C,0, and

50 ppm PEG2000. To co-electrodeposit CuSn and CuSn;, —0.5V and —0.6 V versus
Ag/AgCl was used. The duration of electrodeposition was 20h. Cu and Sn controls
were synthesized without SnCl, or CuCl,, respectively.

X-ray absorption measurements. The Sn K-edge spectra were collected at
Beamline 11-2 of Stanford Synchrotron Radiation Lightsource (SSRL). Ex situ
and in situ Sn-L; edges were collected at Beamline 10.3.2 of Advanced Light
Source (ALS). The partial fluorescence yield was extracted from all silicon drift
detectors (SDDs) by summation of the corresponding metal L emission lines. The
X-ray wavelength was monochromatized by a Si(111) double-crystal, fixed-exit
monochromator. The intensity of the incident X-ray radiation, I, was monitored
with a nitrogen-filled ionization chamber. All data were collected in fluorescence
mode with a seven-element Ge detector (Canberra). All spectra were aligned
according to a glitch in I near the absorption edge. Cu K-edge XANES and EXAFS
spectra were collected at Beamline 4-1 at SSRL.

ECSA measurements. To evaluate the effect of surface area, we measured the ECSA
for Sn, CuSn, CuSn, and Cu from the electrochemical double-layer capacitance of the
catalytic surface””. The electrochemical capacitance was determined by measuring
the non-Faradaic capacitive current associated with double-layer charging from the
scan-rate dependence of cyclic voltammograms (Supplementary Fig. 8).

Electrocatalytic reduction of CO,. All CO, reduction experiments were
performed using a three-electrode system connected to an electrochemical
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workstation (BioLogic VMP3). Ag/AgCl (with saturated KCl as the filling solution)
and platinum mesh were used as reference and counter electrodes, respectively.
Electrode potentials were converted to the reversible hydrogen electrode (RHE)
reference scale using Eyyy; = Ejyaqci+0.197 V +0.0591 X pH. The electrolyte

was 0.1 M KHCO; saturated with CO, with a pH of 6.8. The experiments were
performed in a gas-tight two-compartment H-cell with compartments separated
by an ion exchange membrane (Nafion117). The electrolyte in the cathodic
compartment was stirred at a rate of 300 r.p.m. during electrolysis. CO, gas was
delivered into the cathodic compartment at a rate of 20.00s.c.c.m. and was routed
into a gas chromatograph (SRI 8610C).

Product analysis. Gas products were measured by gas chromatography. The gas
chromatography column oven was temperature-programmable from ambient

to 400 °C with unlimited ramps and holds, and fast cooldown. Argon (Airgas,
99.999%) was used as the carrier gas. The columns led directly to a thermal
conductivity detector to quantify hydrogen and a flame ionization detector
equipped with a methanizer to quantify carbon monoxide. The partial current
densities of carbon monoxide and hydrogen production were calculated from the
gas chromatograph peak areas according to the following’:

Peak area 2Fp, .
=" % Flow rate x —2 x (Electrode area) ™ (1)
Jeo " =T <¢ )
2F,
Ju = Peak area X Flow rate X ) % (Electrode area) ™ 2)
H B RT

where a and f are conversion factors for CO and H,, respectively, based on
calibration of the gas chromatograph with standard samples, p,=1.013bar and
T=300K.

Formate was quantified on UI 600 MHz NMR spectrometer. Assuming that
two electrons are needed to produce one formate molecule, the Faradaic efficiency
was calculated as follows: Faradaic efficiency =2F X #1yq/ Q = 2F X Hgnee/ (I X 1),
where F is the Faraday constant, I is the current, ¢ is the running time and n,,,, is
the total amount of produced formate (in moles).

Data availability

The data supporting the findings of this study are available within the paper and its
Supplementary Information and Supplementary Data. Extra data are available from
the corresponding author upon reasonable request.
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