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Converting CO, emissions, powered by renewable electricity, to produce fuels and chemicals provides an elegant route towards
a carbon-neutral energy cycle. Progress in the understanding and synthesis of Cu catalysts has spurred the explosive devel-
opment of electrochemical CO, reduction (CO,RR) technology to produce hydrocarbons and oxygenates; however, Cu, as the
predominant catalyst, often exhibits limited selectivity and activity towards a specific product, leading to low productivity
and substantial post-reaction purification. Here, we present a single-atom Pb-alloyed Cu catalyst (Pb,Cu) that can exclusively
(~96% Faradaic efficiency) convert CO, into formate with high activity in excess of 1A cm The Pb,Cu electrocatalyst converts
CO, into formate on the modulated Cu sites rather than on the isolated Pb. In situ spectroscopic evidence and theoretical calcu-
lations revealed that the activated Cu sites of the Pb,Cu catalyst regulate the first protonation step of the CO,RR and divert the
CO,RR towards a HCOO* path rather than a COOH* path, thus thwarting the possibility of other products. We further showcase
the continuous production of a pure formic acid solution at 100 mA cm over 180 h using a solid electrolyte reactor and Pb,Cu.

vides an elegant route to offset the extra carbon footprint'~.
Among the diversified products from electrochemical CO,
reduction (CO,RR), formic acid (HCOOH) fuel shows the high-
est profit per mole of electrons®. HCOOH itself has a very high
energy density, and is being widely explored as a hydrogen storage
material and chemical fuel for fuel cells’. Up to now, the reported
HCOOH-selective electrocatalysts, such as Bi, Sn, In, Pb and Pd,
unfortunately have all failed in either activity (<500mA cm™) or
stability (<20h)*"%, impeding the practical application of CO,RR.
Cu has been regarded as the most promising CO,RR catalyst
and has the advantages of high activity, ease of processing and low
cost'*~'%. However, selective formate production from CO,RR using
Cu catalysts is generally very difficult due to the barely precluded
C-C coupling process, and only a few studies have achieved reason-
able selectivity (>80% Faradaic efficiency, FE)'*. In general, CO,
molecules first undergo adsorption and activation through their
interaction with atoms on the catalyst surface, followed by the forma-
tion of HCOO* or COOH* intermediates?"**. The former determines
the production of formate, whereas the latter (and its subsequent
CO*/CO—-CO* derivatives) produces other C, and C,, products
beyond formate***". Once the reaction over Cu has been directed
towards the HCOO* path, Cu-based catalysts offer great potential
for the long-term commercial conversion of CO, into HCOOH.
Single-atom alloys (SAAs), which consist of foreign atoms
diluted in the matrix of a host metal, possess peculiar electronic and
geometric features that are rather different from their constituent

( : O, electrolysis to liquid fuels using renewable energy pro-

metals. These unique features can endow SAA catalysts with dis-
tinct reaction pathways””. For instance, Pt,Cu single-atom alloys
showing the interfacial synergy effect change the reaction pathway
of glycerol hydrogenolysis from dehydrogenation to dehydration®.
Inspired by single-atom alloying chemistry, we sought to explore a
single-atom alloyed Cu catalyst for the CO,-to-formate conversion.
We exploited the fact that the suppression of the oxygen protonation
of CO, to intermediate COOH* promotes formate production, and
hence the fact that precise electronic/geometric tuning using iso-
lated heteroatoms on an active metal catalyst promotes the carbon
protonation of CO, and increases the reaction barrier of competi-
tive hydrogen evolution. We anticipated that the intrinsic properties
of the Cu catalyst can be modulated, by alloying with other isolated
metal atoms, in a manner that prefers HCOO* to COOH* adsorp-
tion and thus favours formate evolution (Fig. 1a).

Results and analysis

Here, we report a Pb single-atom alloyed Cu catalyst (Pb,Cu) to
realize near unity selectivity of formate with record activity. We syn-
thesized the Cu-Pb precursor using an epoxide gelation approach
(see Methods), which yielded nanohybrid structures comprising
Cu,(OH),CI and PbCl, (Supplementary Figs. 1 and 2). To form
the Pb,Cu SAA catalyst, the as-prepared Cu-Pb precursor was
electrochemically reduced in situ under a constant current den-
sity of —500mA cm™ in CO,-saturated 0.5M KHCO, electrolyte
for 30min (see Methods). The powder X-ray diffraction pattern
of the as-synthesized Cu-Pb catalyst indicated a pure Cu,O crystal
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Fig. 1| Structural characterization of the Pb,Cu catalyst. a, Schematic illustration of CO, conversion into HCOOH over a Pb,Cu SAA. b, HAADF-STEM
images of the Pb,Cu catalyst. The white circle highlights the single-dispersed Pb atom. ¢, STEM-EDS mapping of the Pb,Cu catalyst, showing the atomic
dispersion of Pb in the Cu matrix. d, Ex situ EXAFS spectra at the Pb L;-edge of the Pb,Cu catalyst. The spectra of PbCl, and PbO are shown as references.

e, In situ XAS spectra at the Cu K-edge of the Pb,Cu catalyst under formate evolution conditions, along with the spectra of CuO, Cu,O and Cu as references.

structure (PDF 78-2076, Supplementary Fig. 3), excluding the forma-
tion of Pb nanoparticles. Transmission electron microscopy (TEM)
images revealed that the in situ generated Cu-Pb catalyst has a cubic
morphology with edge lengths ranging from 20 to 50 nm with high
homogeneity (Supplementary Fig. 4). The atomic structure of the
in situ formed Cu-Pb catalyst was then investigated by high-angle
annular dark-field scanning transmission electron microscopy
(HAADEF-STEM) combined with energy-dispersive X-ray spectros-
copy (EDS). Figure 1b clearly indicates the atomic dispersion of Pb
atoms in the Cu matrix and the absence of Pb clusters or nanopar-
ticles, suggesting the successful formation of the Pb,Cu catalyst
(Supplementary Fig. 5). This was also confirmed by scanning trans-
mission electron microscopy energy-dispersive X-ray spectroscopy
(STEM-EDS) analysis (Fig. 1c). Further large-scale EDS mapping
also precluded the existence of Pb particles (Supplementary Fig. 6).
The mass loading of Pb in the as-formed Pb,Cu system was deter-
mined to be 4.4 wt% using inductively coupled plasma atomic emis-
sion spectroscopy (ICP-AES).

To further investigate the coordination environment of the Pb
atoms in the Pb,Cu catalyst, we performed extended X-ray absorp-
tion fine structure (EXAFS) measurements. As shown in Fig. 1d,
the EXAFS curve of the Cu-Pb precursor shows a peak at around
2.67 A attributed to Pb-Cl bonds, whereas Pb,Cu exhibits two peaks
at around 1.93 and 2.73 A attributed to Pb-O and Pb-Cu bonds”,
respectively, verifying the presence of solely atomically dispersed
Pb atoms. Note that no Pb-Pb bonds were detected, and the Pb-O
bond might be due to the oxidation of the Pb,Cu catalyst during
ex situ tests (Supplementary Fig. 7). Wavelet transform analysis fur-
ther corroborated the EXAFS fitting results (Supplementary Fig. 8
and Supplementary Table 1). In an effort to elucidate the electronic
structure of the Pb,Cu catalyst under reaction conditions, we con-
ducted an in situ X-ray absorption spectroscopy (XAS) study. The
Pb,Cu catalyst was prepared in situ by reduction of the Cu-Pb pre-
cursor in a home-made XAS flow cell at different voltages. Figure le
shows the Cu K-edge normalized absorption spectra of the in situ
formed Pb,Cu catalyst at different applied potentials, as well as the
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spectra of Cu foil, CuO and Cu,O as controls. The results indicate
that the Cu matrix of the Pb,Cu catalyst exhibit a metallic nature
under formate evolution conditions. Unfortunately, we failed to
detect Pb signals in situ, probably due to the strong background
interference caused by the fluorescence of Cu. The above results,
taken together, suggest that the active phase of our in situ formed
catalyst under CO,RR conditions is metallic Cu alloyed with Pb
single atoms, namely the Pb,Cu SAA catalyst.

We next evaluated the CO,RR catalytic activity of the in situ
formed Pb,Cu catalyst in a standard three-electrode flow cell sys-
tem using 0.5 M KHCO; as the electrolyte (see Methods). Gas and
liquid products were separately analysed using gas chromatogra-
phy (GC) and nuclear magnetic resonance (NMR) spectroscopy,
respectively. Linear sweep voltammetry of Pb,Cu showed a much
higher current density in the CO,-saturated electrolyte than under
N, atmosphere (Supplementary Fig. 9), indicating the participation
of CO, gas in the reaction. We found that formate was the only
liquid product obtained with Pb,Cu during CO,RR, together with
a small amount of H, and negligible CO (<0.5% FE). The maxi-
mal formate FE reached about 96% with a partial current density
(rormate) of —800mA cm™ at about —0.80V versus the reversible
hydrogen electrode (RHE; Fig. 2a and Supplementary Table 2). A
high plateau of formate FEs over 90% was retained across a broad
potential range from —0.7 to —1.0V versus RHE, and the com-
petitive hydrogen evolution reaction (HER) was suppressed to
below 7%. Notably, at about —1.0V versus RHE, Pb,Cu reached
a high je e in excess of —1,000mA cm™2, while still maintaining
a formate selectivity of 92% (Fig. 2b), outperforming the previ-
ously reported formate-selective electrocatalysts (Supplementary
Fig. 10). High formate FEs (>80%) were still maintained when
the current density was further increased, up to a partial current
density of —1,200mA cm™2. The long-term stability of the Pb,Cu
catalyst under a conversion rate of —500mA cm™ was demon-
strated in a flow reactor for more than 20h, with an average for-
mate FE of around 90% (Fig. 2c and Supplementary Fig. 11). Of
note, post-catalysis analysis confirmed the fully isolated dispersion
of Pb atoms among the Cu of Pb,Cu (Supplementary Figs. 12-14),
suggesting the robustness of the Pb,Cu coordination structure dur-
ing CO,RR. We also transferred the in situ formed Pb,Cu catalyst
to an H-cell with 0.5M KHCO, as the electrolyte, and the catalyst
still exhibited an excellent performance with a selectivity of 95.7%
towards formate at —0.72'V versus RHE, ranking among the best
catalyst performances in an H-cell (Supplementary Fig. 15 and
Supplementary Table 3).

Because CO,RR over the Pb,Cu catalyst was conducted in 0.5M
KHCO,; electrolyte, the formate product was generated as a mixture
with the dissolved salts, requiring energy-intensive downstream
separation. To directly generate pure HCOOH, we sought to trans-
fer the in situ formed Pb,Cu catalyst to a 3-cm? electrode device with
a proton-conducting solid electrolyte (Supplementary Fig. 16)*~*°
to avoid the mixing of electrolyte and liquid products. In this sys-
tem, during the selective reduction of CO, by the Pb,Cu catalyst, the
generated negatively charged HCOO-, driven by the electrical field,
travels into the middle solid-electrolyte channel. Simultaneously,
protons (H*) generated by water oxidation on the anode side move
into the electrolyte layer to compensate the charge. The electrochem-
ically generated H* and HCOO~ combine to yield HCOOH, which
diffuses away through the liquid water. Under a releasing deionized
water flow rate of 45mlh™', we observed that the formic acid selec-
tivity remained at >90% across almost the entire cell voltage range
(Fig. 2d and Supplementary Fig. 17). A peak HCOOH FE of ~94%
with a partial current of —375mA was achieved at around —3.86'V,
corresponding to a 0.16 M pure HCOOH solution. More excitingly,
our device can continuously run for 180h at —3.45V with negli-
gible performance decay (FEcoon>85%, jiw®—100mAcm™),
resulting in a total of ~81 of 0.1 M pure HCOOH product (Fig. 2e),
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which is superior to our previously reported solid electrolysers
(Supplementary Table 4)***. 'H and *C NMR analyses revealed the
high purity of the as-obtained HCOOH solution (Supplementary
Fig. 18). Taken together, the highly active and selective Pb,Cu offers
the prospect of commercial production of formate from CO, and
electricity.

We performed a detailed experimental analysis to investigate the
possible mechanism for this shift of the CO,RR pathway away from
multiple products to a single HCOOH product over this Cu-based
catalyst. First, we prepared a series of samples with varying Pb
contents and compared their performances. Combined with their
HAADEF-STEM images, we inferred that isolated Pb atoms play an
importantrole in the selective generation of formate (Supplementary
Fig. 19). To directly link the exclusive selectivity for HCOOH to the
impact of alloyed Pb single atoms in the Pb,Cu catalyst, in a first
control experiment we prepared pure Cu nanoparticles by a simi-
lar approach to that used for Pb,Cu for comparison, in a second
experiment, we compared Pb,Cu with a pure Pb nanocatalyst, and
in a third experiment we synthesized a Cu catalyst loaded with Pb
nanoparticles (Pb@Cu; Supplementary Figs. 20 and 21). The three
control catalysts demonstrated much lower performances for the
electrochemical CO,-to-HCOOH conversion than the Pb,Cu sys-
tem (Fig. 3a) and generated a mixture of products. These com-
parisons highlight the critical role of the alloyed single Pb atoms
in Pb,Cu. Second, we conducted in situ electrochemical attenuated
total reflection Fourier-transform infrared (ATR-FTIR) spectros-
copy to monitor the CO,RR process on the different catalysts. On
scanning the applied potential from —0.5 to —1.3 V versus RHE over
the in situ formed pure Cu catalyst, two infrared bands appeared at
1,947 and 2,050 cm™ (Fig. 3¢), which we ascribed to surface-bonded
CO on Cu derived from COOH* intermediates’**. *CO is the key
intermediate that has been proposed for C-C coupling towards
C,, or further hydrogenation towards other C, products such as
CH, (refs. ***3%), In stark contrast, no infrared bands for CO over
the Pb,Cu catalyst were observed across the entire potential range
(Fig. 3b), showing good agreement with the results of the in situ
Raman analysis (Fig. 3e). This result implies the substantial proton-
ation of the carbon in CO, instead of oxygen protonation. In addi-
tion, the fingerprint infrared band of HCOO~ was clearly detected at
1,384 cm™" over the Pb,Cu catalyst™. The band intensities increased
on scanning to more negative potentials, which is consistent with
the trend of formate formation rates. Intriguingly, we observed
that the infrared band corresponding to HCOO~ appeared at 1,382
and 1,414cm™" over the pure Cu and Pb metal catalysts (Fig. 3c,d),
respectively, whereas a broad infrared band for HCOO~ with two
peaks at 1,393 and 1,412 cm™ was detected over the Pb@Cu cata-
lyst (Supplementary Fig. 22). These observations suggest that the
formate intermediates are more likely to be adsorbed on Cu sites
rather than on the isolated Pb sites in the Pb,Cu catalyst (HCOO™ at
1,384cm™). To further support this speculation, we electrodepos-
ited a layer of Cu with a thickness of less than 1nm or more than
5nm, respectively, on the as-formed Pb,Cu catalyst (Supplementary
Figs. 23 and 24). We found that Pb,Cu with an ultrathin Cu layer
still produced formate as the exclusive product from CO,RR,
whereas Pb,Cu with a thick Cu layer generated multiple C, and C,
products. In light of these findings, we speculate that the isolated
Pb atoms in the Pb,Cu SAAs are not intrinsically the active site, but
more likely behave as a modifier to finely tune the local geometric/
electronic structure of the neighbouring Cu sites, which was further
confirmed by theoretical simulation, as will be discussed later, mak-
ing them highly selective and active for formate evolution.

To simply test our assumption, we introduced other isolated
modifier atoms into the Cu catalyst using a similar approach
(Supplementary Figs. 25-31). The as-synthesized Bi,Cu catalyst also
showed much improved performance for CO,-to-formate conver-
sion. To be specific, it delivered a maximum formate FE of 96% at
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Fig. 2 | CO,RR performance over in situ formed Pb,Cu SAAs. a, FEs of all CO,RR products at different current densities and the corresponding j-V curve of
Pb,Cu SAAs. b, Variation in the formate partial current density against applied potential over Pb,Cu SAAs. ¢, Stability test at =500 mA cm~2 current density
in a flow cell for over 20 h, indicating an average formate FE of about 90%, estimated by NMR analysis. d,e, Direct production of pure liquid fuel over Pb,Cu
SAAs using a CO, reduction device with a solid electrolyte?: FEs of all the products under different cell currents, along with the corresponding HCOOH
partial current density (d), and long-term operation of the reduction device for pure HCOOH solution production at —=3.45V (e). The Pb,Cu catalyst
demonstrates an impressive stability over 180 h at an average current density of =100 mA cm~2 (3 cm? electrode). The HCOOH FE was maintained above
~85% during continuous operation for 180 h. The error bars correspond to the standard deviation of three independent measurements.

a current density of —667mA cm™ (Supplementary Fig. 32). When
the current density of Bi,Cu was ramped up to —1,000mA cm™2, the
formate FE still remained above 90%, generated along with around
2% CO and 4% H,. However, the In,Cu catalyst co-generated CO and
formate as major products (Supplementary Fig. 32). The Bi,Cu and
In,Cu controls demonstrate that the Cu site selectivity for CO,RR
could be regulated using different isolated alloying atoms. Other spe-
cific products, such as methanol and methane, might also be exclu-
sively produced on Cu catalysts by appropriate single-atom alloying.

In addition, we conducted density functional theory (DFT) cal-
culations to understand the global activity trend and mechanism
of CO,RR on all the studied SAA catalysts, as well as the exclu-
sive features of the Pb,Cu case. As discussed previously™, a step
surface is more selective for CO,RR to formic acid. Thus, a set of
SAA step (211) surfaces (M,Cu, M =Pb, In, Bi), as well as the pris-
tine Cu(211) surface, were constructed (Supplementary Fig. 33)
to study the CO,RR activity trend. Two competitive reaction
pathways for formic acid production were considered explicitly,
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Fig. 3 | Mechanistic studies of the electrochemical CO2-to-formate conversion on Pb1Cu. a, Comparison of product FEs on Cu (left), Pb (centre) and
Pb@Cu (right) nanoparticles. b-d, In situ ATR-FTIR spectra recorded at different applied potentials (without iR compensation) for the Pb,Cu SAA (b), pure
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producing formate or CO and the HER reaction at the electrode potential of —0.9V versus RHE.
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namely, via COOH* (path I: R1+R3) and via HCOO* (path II:
R2 + R4).

CO, + (H* +e7) +" — COOH" (R1)

CO; 4+ (H" +e7) +* — HCOO" (R2)

COOH" + (H' + e~ ) — HCOOH+" (R3)

HCOO" + (H" +e~) — HCOOH+" (R4)
Theadsorption structures of COOH* and HCOO* on various sur-
faces and sites are shown in Supplementary Fig. 33. An explicit model
shows the solvation stabilizations for COOH* and HCOO* tobe 0.18
and 0.06 eV, respectively, which are consistent with the calculations
based on implicit models (Supplementary Fig. 34 and Supplementary
Tables 5 and 6). According to the correlation between the COOH*
and HCOO* adsorption energies (Supplementary Fig. 35),
a global activity trend along with relevant mechanisms can be
obtained from a thermodynamic perspective by varying the
HCOO* adsorption free energies (G,;HCOO*), named the reac-
tion phase diagram (RPD; Fig. 4a). The four bold lines in Fig. 4a
represent the globally optimal limiting free energies (Ggpp-limiting),
accounting for the more favourable path via COOH* for strongly
reactive catalysts, whereas the HCOO* path is favoured by catalysts
with relatively weak reactivity (see Supplementary Information for a
more mechanistic analysis of the RPD). A double-peak activity vol-
cano trend was found due to different mechanisms following either
the COOH* or HCOO* path, consistent with previous work'"".

Towards a more accurate description of the activity trend, a
two-dimensional RPD was established (Fig. 4b) on the basis of two
independent descriptors (the adsorption free energies of COOH*
and HCOO). The activity trend of formic acid production can be
estimated using the Gp,p-limiting energies, which gave strong agree-
ment with the experimental trend of Pb,Cu> Bi,Cu>In,Cu>Cu
(Fig. 4c). Note that the COOH* path is only preferred on Cu(211)
(Supplementary Fig. 36). However, the HCOO* path is more favour-
able with lower Ggpp-limiting energies over all the studied SAA
surfaces (M,Cu, M=Pb, In, Bi) due to the appropriately weaker
HCOO* binding energies compared with on Cu(211), explained
well by the d-band model (Supplementary Fig. 37a,b). Moreover,
the good correlation between the theoretical descriptor of activ-
ity and the experimental activity indicates the importance of both
paths (Fig. 4c). In addition, the activity on other terrace (100) and
(111) surfaces for either the SAAs or pure Pb, Bi and In have also
been studied for comparison (Supplementary Figs. 33, 38 and 39).
Different active sites on Pb,Cu were studied as well (Supplementary
Fig. 40), which revealed weaker HCOO* binding on the Pb-top
site, explained well by the projected density of states between O 2p
and Cu or Pb (Supplementary Fig. 37¢). In short, the Cu site on the
Pb, Cu step surface shows the highest CO,RR activity towards exclu-
sive formate production.

Towards understanding the exclusive CO,RR selectivity for
formate in comparison with CO and HER on Pb,Cu, a few key
elementary steps of the HER and CO production were studied for
comparison.

COOH" + (H' +e7) — CO* + H,0 (R5)

CO" — CO+" (R6)

HY +e )+ > H (R7)

(H* +e7) + H" — Hy+" (R8)
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The potential-dependent activation barriers were explicitly cal-
culated on the basis of the ‘charge-extrapolation’ scheme’* within
the capacitor model. The strong correlations between the amount
of electron transfer from the electrode to the water layer (Aq) and
the relative work function of the system (A®) at the initial, transi-
tion and final states (R2 and R4 are shown as examples in Fig. 4d)
again revealed the reliability of the capacitor model in these sys-
tems. Therefore, the relative variation in the kinetic barriers is
reliable***!, even though there are dynamic water structures at the
electrode interface. As a result, activation barriers were calculated
at specific work functions, which can be extrapolated to varying
electrode potentials (Supplementary Tables 7 and 8; for details of
the ‘charge-extrapolation’ scheme, see Supplementary Information).
According to the theoretical microkinetic modelling**, the excel-
lent linear correlation between the theoretical reaction rate and
experimental partial current density indicates the potential effect
can be captured (Fig. 4e).

In addition, the potential-dependent activation barriers for all
the electrochemical steps in the CO,RR and HER were explicitly
calculated (Supplementary Fig. 41). The free-energy diagrams for
these processes at —0.9 V versus RHE on Pb,Cu are shown in Fig. 4f.
CO, protonation to HCOO* exhibits a lower barrier (0.55eV) than
CO, protonation to COOH* (0.64eV). No additional barriers were
determined for the protonation of COOH* to CO* (R5) and the
desorption of CO* (R6) at —0.9V versus RHE. Hence, the first pro-
tonation determines the high formate selectivity with respect to CO
production. Moreover, the Heyrovsky step (R8) has a larger barrier
of 0.96eV (Fig. 4f), resulting in a slow HER. Microkinetic simu-
lations confirmed again the high selectivity for formate on Pb,Cu
(Supplementary Table 9).

Conclusion

Taken together, the experimental and theoretical results described
herein showcase a new Cu catalyst design principle for CO,RR
towards formate by mediating the intermediate priority path, sug-
gesting further avenues for engineering Cu catalysts for specific
single products. Given the wide variety of single-atom modifi-
ers, our strategy could in principle be extended to generate other
value-added pure liquid fuels. Furthermore, we would like to clarify
that, due to the lack of in situ technology that can directly observe
the intermediate adsorption on a specific site, other possibilities, for
example, that both Pb surrounded by Cu and Cu with Pb nearby
serve as the active sites, cannot be ruled out completely, and will be
thoroughly explored in our future work.
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Methods

See the Supplementary Information for detailed descriptions of the methods
employed in this study.

Chemicals. Copper(II) chloride dihydrate (CuCl,-2H,0), lead nitrate (Pb(NO,),),
bismuth nitrate pentahydrate (Bi(NO;),-5H,0), indium nitrate hydrate
(In(NO,);-5H,0), sodium borohydride (NaBH,), isopropanol (>99.7%), propylene
oxide (>99.5%) and ethanol (>99.7%) were purchased from Sinoreagent. All the
chemicals were used without further purification.

Materials synthesis. Pb,Cu SAA catalyst. First, the Cu-Pb precursor was
synthesized using an epoxide gelation approach. First, 515 mg CuCl,-2H,0 and
115mg Pb(NO;), were dissolved in 2ml isopropanol in a vial. Under bath sonication,
2ml propylene oxide and 0.2 ml H,O were then successively added, forming a green
gel. The green gel was aged for 1day and dried at 60 °C under vacuum overnight. The
Pb,Cu SAA catalyst was then formed in situ by reducing the Cu-Pb precursor at a
constant current density of =500 mA cm™ for 30 min in a standard three-electrode
flow cell system supplied with CO, gas, with 0.5 M KHCO,; as electrolyte.

Cu, Pb and Pb@Cu particles. Cu and Pb nanoparticles were synthesized in an
approach similar to that used for the Pb,Cu SAA catalyst, except that 515mg
CuCl,-2H,0 or 500 mg Pb(NO,),, respectively, was used. To synthesize the Pb@Cu
particles, 5ml of a 10mM Pb(NO,), solution was added to a suspension of 50 mg
Cu nanoparticles in 15 ml of H,O with constant stirring, followed by the dropwise
addition of a 50 mM NaBH, solution. This reaction was conducted for 1h.

Bi,Cu and In,Cu SAAs. Bi;Cu and In,Cu SAAs were synthesized in a similar
approach to that used for the Pb,Cu SAA, except that Pb(NO,), was replaced with
170 mg Bi(NO,),-5H,0 or 96 mg In(NO,),-5H,0, respectively.

Electrochemical measurements. All the electrochemical measurements were
conducted at room temperature. A CHI electrochemical workstation was
employed for the electrochemical measurements. The typical three-electrode cell
measurements were performed using a conventional flow cell and a customized
gas-tight H-type glass cell. For the study in aqueous electrolyte in the flow cell,
precursor inks were air-brushed onto a gas diffusion layer (YLS-30T GDL) as the
cathode electrode with a mass loading of ~0.5mgcm™. A piece of Ni foam was
adopted as the anode for water oxidation. The two electrodes were then placed

on opposite sides of two 1-cm-thick polytetrafluoroethylene (PTFE) sheets with
0.4cm X 1.5 cm channels such that the catalyst layer interfaced with the flowing
electrolyte. The geometric surface area of the catalyst was 0.6 cm”. A Nafion 115
film (Fuel Cell Store) was sandwiched between the two PTFE sheets to separate the
chambers. On the cathode side, a titanium gas flow chamber supplied 50 cm® min™!
CO, (monitored by an Alicat Scientific mass flow controller). In addition, 0.5M
KHCO, was circulated around the anode and cathode at a flow rate of 1.0 ml min~!
during the CO,RR. An Ag/AgCl electrode was used as the reference electrode. For
measurements in the H-cell, the Pb,Cu catalyst was formed in situ in a flow cell
and then transferred to the H-cell separated by a Nafion 115 film. All potentials
measured against Ag/AgCl in this work were converted to the RHE scale using
the expression Eyy = E g x40+ 0.197 +0.0591 X pH. Solution resistance (R)

was determined by potentiostatic electrochemical impedance spectroscopy at
frequencies ranging from 0.1 Hz to 200 kHz. All the potentials measured using the
three-electrode set-up were manually compensated.

For the two-electrode cells with solid proton conductor for pure HCOOH
solution production®, an anion-exchange membrane (Dioxide Materials and
Membranes International) and a Nafion film (Fuel Cell Store) were used for anion
and cation exchange, respectively. Around 0.5 mgcm™ Pb,Cu loaded onto the
YLS-30T GDL electrode (3.0 cm? electrode area) was used as the cathode, and IrO,
loaded onto a titanium mesh as the anode. The cathode side was supplied with
30 cm® min~' humidified CO, gas, and 0.5 M H,SO, aqueous solution was circulated
around the anode side at 2mlmin~". Porous styrene-divinylbenzene sulfonated
co-polymer was used as the solid ion conductor®. Deionized water at a flow rate
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of 0.75 mlmin~" was used to release the HCOOH produced within the solid-state
electrolyte layer. All the potentials measured using the two-electrode set-up were
manually compensated.

CO, reduction product analysis. To quantify the gas products obtained during
CO, electrolysis, pure CO, gas was delivered into the cathodic compartment at a
constant rate and vented into a gas chromatograph (Shimadzu GC-2014) equipped
with a thermal conductivity detector, a Molsieve 5 A column and a flame ionization
detector. The liquid products were quantified by collecting and analysing the
electrolyte using a 400 MHz NMR spectrometer. Typically, after electrolysis, 600 pl
electrolyte was mixed with 100 pl D,O (Sigma Aldrich, 99.9at.% D) and 0.05 pl
dimethylsulfoxide (Sigma Aldrich, 99.9%) as internal standard.

Data availability

All data that support the findings of this study are available in the main text,
figures and Supplementary Information, or from the corresponding authors upon
reasonable request. Source data are provided with this paper.
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