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Abstract.

The electroreduction of CO> has recently achieved notable progress in the formation of C. products such
as ethylene and ethanol. However, the direct synthesis of Cz products is considerably limited by the C»-Cy
coupling reaction and the Faradaic efficiency has remained low. Here, we present a supersaturation strategy
for the electrosynthesis of 2-propanol from CO: in highly carbonated electrolytes. By controlling the CO>
concentration above the saturation limit, we developed a co-electrodeposition method with suppressed
galvanic replacement to obtain a Cu-Ag alloy catalyst. In supersaturated conditions, the alloy achieved high
performance for the production of 2-propanol with a Faradaic efficiency of 56.7 % and j2-propanol 0f 59.3 mA
cm2. Our investigations revealed that the presence of dispersed Ag atoms in Cu weakens the surface binding
of intermediates in the middle position of the alkyl chain and strengthens the C-O bonds, which favours the

formation of 2-propanol over 1-propanol.
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Introduction.

The carbon dioxide reduction reaction (CO2RR) is investigated as a promising route to convert CO- into
value-added chemicals through electrochemical processes.! While the reduction of CO, to Ci1 and C;
products has achieved significant progress toward industrial application over recent years, the formation of
multicarbon molecules with C > 3 (Cs+) possessing superior energy density and higher commercial values
is more desirable but remains challenging.? Favourable multicarbon coupling is a prerequisite to unlock the
formation of Cs products and requires the development of catalysts with low energy barriers associated
with the C1-Ci (C2) and C1-Cz (Cs) coupling reactions.® Alternatively, efforts to increase the selectivity
towards the formation of Cz products have focused on replacing CO» with CO but such a strategy involves
a two-step reaction and complicates the overall CO2RR process.* From a mechanistic point of view, the
initial *CO intermediate (* denotes surface bound intermediates) plays a central role in the formation of C-
C bonds. Protonation and desorption of *CO are however competing processes to the dimerization of *CO,
which is intrinsically limited by a high energy barrier and sluggish kinetics.®> To date, only a handful of
systems have demonstrated the direct conversion of CO2 to Cs hydrocarbons and oxygenates, and the
corresponding Faradaic efficiency (FE) remains below 20 %. The reaction mechanism for the formation of
Cs products and the associated selectivity is still debated.®’ Statistically, larger concentrations of *CO on
the catalyst surface increases the probability of further C-C coupling.® Previous reports have pointed out
that modulating the local CO2 concentration ([CO2]) can enhance the C-C coupling in CO2RR. For example,
cavities on the catalyst surface were found to achieve larger selectivity for the formation of propanol thanks

to a confinement-derived accumulation of *CO.°

Herein, we report a supersaturation strategy for the direct electro-reduction of CO> to Cz products on a
CuAg alloy catalyst by using a strongly carbonated electrolyte with [CO2] above the saturation limit. We
developed a co-deposition method under CO> supersaturated conditions where CO> acts as a surfactant to
prevent undesirable galvanic replacement reaction, while favouring the preferential growth of the CO2RR
active CuAg facets. The influence of the [CO2] on the C-C coupling rate was investigated. We find that
performing CO2RR in strongly carbonated electrolyte translates to a dramatic change in the reaction
pathway towards the selective formation of 2-propanol with a record-high FE2-propanol 0f 56.7 % at a specific
current density of 59.3 mA cm2. Our hard X-ray absorption (hXAS) spectroscopies revealed the formation
of the CuAg alloy with highly dispersed Ag atoms, forming a solid solution, while operando Raman
spectroscopy indicated the formation of multicarbon products involves the adsorption of *CO on an
optimized ratio of atop and bridge sites in the supersaturated electrolyte.'® We also identified the role of the
*OCH2CHs intermediate using isotopic labelling and operando infrared spectroscopy. Finally, we used
DFT calculations to elucidate the critical role of silver atoms in orienting the reaction toward the formation

of 2-propanol over 1-propanol. Overall, our investigations revealed that supersaturated conditions promote
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the formation of *CO species on the surface of catalyst, whereas the CuAg alloy favours the formation of

multicarbon products and is responsible for the selective formation of 2-propanol.

Results.
Design and characterizations of bimetallic CuAg catalyst.

The direct conversion of CO2 to C3 molecules requires the development of catalysts with low energy
barriers for both the C1-C1 and C1-C, coupling steps.!! Cu-based alloys have been identified to enhance the
selectivity towards the formation of C3 products through the modulation of the *CO adsorption.'? Herein,
we designed a favourable catalyst with high C-C coupling activity using CO. supersaturated electrolyte
based on a synergy effect from Cu and Ag.™® By analogy with the use of capping agents for the control of
the exposed facets of nanocrystals, we hypothesized that the high concentration of CO. used for
electrodeposition under supersaturated conditions promotes the adsorption of CO2 on the most favourable
facets for the CO.RR.! Under cathodic conditions, the facets with the lowest adsorption energy will be
involved in CO> conversion, while the less favourable facets will be more likely to be involved in the
deposition process. We first explored the adsorption energies of *CO- on different Ag and Cu facets by
using density functional theory (DFT) calculations (Fig. 1a).*® According to the adsorption energy diagram,
CO2 will preferentially bind on Cu (100) facets rather than Cu (111), Cu (211) facets or Ag (111) and Ag
(100) facets. We anticipate that the high surface coverage with CO, under supersaturated conditions also
prevents galvanic replacement reaction and the formation of segregated domains of Ag and Cu (Fig. 1b).1
Experimentally, Cu and Ag were co-electrodeposited on a gas diffusion layer (GDL) using alternatively
COg-supersaturated (CO2-CuAg) or argon-saturated (Ar-CuAg) conditions (Supplementary Fig. 1, 2, 3a
and 3b, Supplementary Note 1 and 2). The precursor ratio of Cu?* to Ag* ions and the deposition current
density (jaeposition) Were adjusted and the CuAg bimetallic electrodes were characterized by inductively
coupled plasma mass spectrometry (ICP-MS), X-ray diffraction (XRD) and scanning electron microscopy
(SEM) (Supplementary Table 1 and 2, Supplementary Note 3, Supplementary Fig. 3c). At higher
Jdeposition, the morphology of CuAg bimetallic structure evolved from bulk microcrystals to dendritic
structures with high electrochemically active surface area (ECSA) determined by the lead underpotential
deposition (Pb-UPD) method (Supplementary Fig. 3d, Supplementary Table 3 and 4). Systematic X-
ray investigations using XRD and 1D grazing-incidence wide-angle X-ray scattering (GIWAXS)
spectroscopy revealed the presence of a single peak at 26 around 50.9° that is attributed to CuAg (100)
facet and is characteristic of a copper-silver based alloy. Conversely, under Ar saturated conditions, the
observation of the Ag peak at 38.2° indicates an uncontrollable galvanic replacement reaction
(Supplementary Fig. 4, Supplementary Note 4). Temperature-programmed desorption (TPD) of CO, was
also carried out on the CO.-CuAg and Ar-CuAg, respectively (Supplementary Fig. 5, Supplementary
Note 5). For CO2-CuAg, one broad peak was observed from 350 to 720 °C instead of the individual
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contribution from Ag and Cu, suggesting an alloying characteristic. The XPS spectra show that the position
of Cu 2pz2 and Cu 2py2 shifted by +0.6 eV for CO2-CuAg compared with bulk Cu (Fig. 1c). Similarly, the
binding energies of Ag 3dz» and Ag 3ds,> peaks shifted by -0.5 eV for CO»-CuAg compared with bulk Ag
(Fig. 1d). Such a shift in binding energies is attributed to electron transfer from Cu to Ag atoms, during
which Cu atoms act as electron donors and become electron-deficient.!”® The existence of electron transfer
from Ag to Cu atoms highlights the strong electronic interaction between Cu and Ag and further supports
the alloy feature of CO,-CuAg.'® We prepared a CuAg alloy: CO,-10-CugsAgs With a molar ratio of 94 : 6
and a deposition current density of 10 mA cm, which exhibited the largest ECSA and a dendritic
microstructure (Fig. 1e to 1g). The crystal structure of the catalyst was elucidated using high-angle annular
dark-field scanning transmission electron microscopy (HAADF-STEM) and OH" adsorption profile (Fig.
1h, Supplementary Fig. 6 and 7, Supplementary Note 6 and 7). These results indicate that CO2-10-
CugsAgs preferentially exhibits CuAg (100) facets on the surface. Energy-dispersive X-ray (EDX) mapping
finally reveals the uniform dispersion of elements in CO2-CuAg alloy even at high magnification (Fig. 1i
to 1l). On the other hand, detailed (S)TEM analyses of the Ar-CuAg sample highlighted the segregation of
Ag from the surface of Cu (Supplementary Fig. 8, Supplementary Note 8).2°

2D-GIWAXS was then performed to elucidate the surface structure of the exposed crystal facets for both
the CO,-CuAg and Ar-CuAg (Fig. 2a and 2b).?! Using CO- supersaturated deposition solution, a series of
intense single peaks are detected at g, = 29.42, 33.98, 48.03 and 56.85 nm™* in agreement with the presence
of the CuAg alloy (111), (200), (220) and (310) facets, respectively. Conversely, when the co-deposition is
carried out under argon, all peaks split into two components. We monitored the evolution of the
coordination environment during the co-deposition process using time-resolved 2D Fourier-transformed
operando extended X-ray absorption fine structure (EXAFS) (Fig. 2c and 2d).?? By fitting the Cu K-edge
EXAFS spectra, we identified the contribution of the Cu-Ag bond as evidenced by the shoulder peak at
2.63 A in agreement with the decrease of the Cu-Cu coordination number for the CO,-CuAg alloy
(Supplementary Fig. 9 to 14, Supplementary Table 5 and 6, Supplementary Note 9 to 11). The
combined analysis of the GIWAXS and EXAFS results allowed us to discriminate the contributions from
the alloy, galvanic replacement and pure Cu formation during the co-deposition process.?® We estimated
that 88.4 % alloying occurs when preparing CO2-CuAg. Without CO: as the capping agent, alloying
decreases to only 5.5 % whereas Cu-Cu formation and uncontrollable galvanic replacement processes
account for 52.2 % and 42.3 %, respectively in the case of Ar-CuAg (Supplementary Fig. 15 and 16,
Supplementary Note 12 and 13). We then carried out ex-situ Ag K-edge EXAFS spectra and the
corresponding wavelet transformation (WT) EXAFS contour spectra to further highlight the Ag-Cu
bonding (Supplementary Fig. 17, Supplementary Table 7, Supplementary Note 14 and 15). As shown
in Fig. 2e, the peak at 2.45 A for the CO2-CuAg unambiguously confirms the existence of the Ag-Cu bond
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with a coordination number of 2.43, while no contribution of the Ag-Ag bond was detected.?* As
demonstrated by Fig. 2f and 2g, the Ag K-edge WT-EXAFS spectra demonstrate one intensity maximum
associated with the Ag-Cu contribution, which is consistent with the formation of a CuAg alloy. Taken
together, these results suggest that the co-deposition of Ag and Cu under CO- supersaturated conditions

leads to the formation of a CuAg alloy with CO2RR active (100) facets being preferentially exposed.
CO2RR under atmospheric pressured CO:2 supersaturation.

The CO2RR electrocatalytic activity was evaluated using an H-type cell in a standard three-electrode
configuration with a catalyst loading amount of 5 mg cm.2° To avoid any cross effect from the pressure,
all the measurements were performed at atmospheric pressure. We evaluated the relationship between the
equilibrium concentrations of CO,-HCO3-COs? together with the electrolyte pH for increasing partial
pressure of the CO, (Supplementary Fig. 18, Supplementary Note 16).2® Electrochemical activation was
carried out before the reaction to remove the surface oxides (Supplementary Fig. 19, Supplementary
Note 17). The experimental quantification of the [CO-] in the electrolyte was determined using a CO»-
specific reference electrode (Inset Fig. 3a). Fig. 3a presents the linear sweep voltammetry (LSV) curves
for CO,-10-CugsAgs recorded in 1.0 mol L CsHCO3 with [CO2] of 0, 0.05 and 0.3 mol L™ that correspond
to Ar-saturated, CO.-saturated and CO»-supersaturated electrolytes, respectively. The onset potential
measured in the CO» supersaturated electrolyte extracted from the LSV curves appeared positively shifted
by 46 mV compared with that measured in the CO> saturated electrolyte. To further quantify the CO2RR
performance, the Faradaic efficiency (FE) was estimated using pre-calibrated gas chromatography (GC)
and nuclear magnetic resonance (NMR) analyses (Supplementary Fig. 20 to 22, Supplementary Note 18
and 19).2" In CO; saturated electrolyte, the FEcona reached 23.2%, while no Cs product was detected (Fig.
3b). Conversely, using a CO; supersaturated solution, C3 products were systematically detected for
potentials larger than -0.4 V versus the reversible hydrogen electrode (vs. RHE) with the 2-propanol being
the main product (Supplementary Fig. 23).28 The FE2-propanol €Xhibits a volcano-shaped dependence with
the applied potentials and reached a maximum of 39.6 % at -0.73V vs. RHE (Fig. 3c). Importantly,
deuterium isotopic labelling experiments under the same CO2RR condition confirmed the formation of 2-
propanol-D8 and ruled out any possible contamination (Supplementary Fig. 24 and 25, Supplementary
Note 20 and 21). Fig. 3d compares the ECSA-normalized specific current density (j) of CO2-10-CusAgs
for the different CO2RR products. The jecsa2-popanot F€aChes 12.03 MA cmilg, With a corresponding partial
energy efficiency (EE) of 22.7 %. These results outperform the previous reports from the literature for the

direct conversion of CO,-to-Cs products (Supplementary Table 8).2°3!

To better gauge the CO2RR properties of CO2-10-CugsAgs in CO2 supersaturated 1.0 mol L CSHCOs,
we then analyzed the FEs of the different products as a function of the [CO>] for different applied potentials
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(Fig. 4a-e).3? The FE_ for the hydrogen evolution reaction (HER) is found to be larger than 90 % over the
measured potential range when the [CO2] < 0.05 mol L (Fig. 4a). The FE for C; and C: products (FEc1
and FEc») are clearly increased in CO2-supersaturated electrolytes (Fig. 4b and 4c). When [CO2] > 0.2 mol
L1 — equivalent to 8.8 x 102 parts per million (ppm) — C3 products are detected at potentials as low as -0.4
V vs. RHE. (Fig. 4d). These findings highlight the role of the [CO2] on the reaction pathway (Fig. 4e,
Supplementary Note 22).2 Importantly, we identified that [CO2] > 0.2 mol Lt unlocks the C1-C, coupling
reaction to form Cz products, which emphasizes the benefit of performing the CO2RR in the supersaturated

electrolyte.®

To discriminate the role of CO,, we systematically examined the CO2RR performance of CO.-10-
CugsAgs with and without supersaturation as well as the influence of the current density for the co-
deposition of the alloy (Supplementary Fig. 26 and 27, Supplementary Note 23). The results revealed
that the Cs products are only detected when both the co-deposition and the CO2.RR measurements are
performed in a COz-supersaturated condition. We investigated the role of the cations on the reaction
selectivity under supersaturated conditions (Supplementary Fig. 28 to 31, Supplementary Note 24 to 26).
Although the [CO] is found to be largely independent of the nature of the cations, Cs products could only
be detected in the presence of Cs*, while the FEcz moderately increased with the electrolyte concentration.
This finding is attributed to the larger radius of the Cs* cations that can interact with two *C0.34 To clarify
the importance of controlling proton and CO> concentrations, we also assessed the CO2RR performance of
CO0»-10-CuesAgs using flow-cells and membrane electrode assembly (MEA) electrolyzers with the triple-
phase interface.® No Cs products could be detected, which suggests that the elevated [CO,] and optimal
proton concentration are necessary conditions for the formation of Cz species (Supplementary Fig. 32 to
34, Supplementary Note 27 and 28).%

The stability of CO,-10-CugsAgs Was evaluated over 24 hours at a potential of -0.73 V vs. RHE in CO»-
supersaturated 1.0 M CsHCOs3 under atmospheric pressure (Fig. 4f, Supplementary Fig. 35 to 39 and
Supplementary Table 9 to 10, Supplementary Note 29 to 32). The current was continuously measured
while the liquid products were collected and quantified by NMR. The performance was found to be stable
with nearly constant cathodic current density and minimal drop of the FEz-propanol. After 24 hours, the
retention of the current density and the FE2-propanoi reach 98.4 % and 89.6 %, respectively. 2D Fourier-
transformed operando EXAFS of the CO2-10-CugsAgs catalyst during the CO2RR in CO2-supersaturated
electrolyte highlights the absence of signals from the Cu-O bonds (expected at 2.0 A) and confirms that the

coordination environment for Cu K-edge is preserved during the CO2RR process (Fig. 49).

Investigations of CO2 reduction reaction mechanism.
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It is generally accepted that the formation of multicarbon products during the electro-reduction of CO>
proceeds via C-C coupling of the *CO intermediates, which has been proved to be a crucial step for
achieving higher selectivity towards the formation of the multicarbon products.3’* To investigate the
reaction mechanism in the supersaturated electrolyte, the surface of the catalysts was probed by operando
Raman spectroscopy (Supplementary Fig. 40). We first recorded the [CO2] and potential-dependent
Raman responses of CO,-10-CussAges (Supplementary Fig. 41 and 42, Supplementary Note 33 and 34).
A qualitative comparison of *CO intermediate around 2000 cm™ during the CO2RR revealed that the *CO
signatures are enhanced when the [CO,] > 0.2 mol L™ (Fig. 5a). It is worth noting that the region with the
most intense *CO contribution overlaps with that of the largest FE2-propanol (Fig. 5a, Supplementary Fig.
43, Supplementary Note 35). This observation suggests that increasing [COz] translates to a higher
concentration of *CO absorbed on the surface of the alloy catalyst. We then examined the interactions
between the catalyst surface and adsorbed *CO by recording the potential-resolved 2D Raman heatmap in
supersaturated 1.0 mol L™* CsHCO3 with a constant [CO;] of 0.3 mol L (Fig. 5b).° The *CO stretching
modes on CO2-10-CugsAgs alloy with CO2RR under supersaturated conditions were found to extend over
a much larger frequency range from 1900 to 2100 cm™ compared with those measured in CO2- and Ar-
saturated conditions, suggesting a multisite binding mechanism favourable to the multicarbon product
formation (Supplementary Fig. 44 to 46).%°

To gain further insight into the nature of the *CO binding on the catalyst surface, we deconvoluted the
*CO stretching modes into two regions corresponding to *CO bound on defect-like sites (*CObridge) and
*CO bound on top of terrace-like sites (*COaop) at a frequency below 2080 cm™ and above 2080 cm™,
respectively.*®*! The ratio of *COprigge t0 *COatop linearly increases with the [CO] once the electrolyte
enters the supersaturated regime; pointing out a possible correlation between 2-propanol selectivity with
the local concentration and stretching mode of *CO (Supplementary Fig. 47 to 49, Supplementary Note
36). We further evaluated how the evolution of *CO stretching modes influence the FE2-propanol Under
different potentials (Fig. 5¢).*?> A volcano-shaped relationship centred around the optimal potential of -
0.73V vs. RHE was found between the *COprigge-t0-*COatop ratio, the FE2-propanol and the applied potential.
The results reveal a possible optimization of the proportion of *COprigge t0 *COatop for activating the C-C

coupling at high *CO density on the catalyst surface.*

We then aimed to elucidate the reaction mechanism for the formation of 2-propanol by combining the
isotopic labelling experiments and operando Fourier-transform infrared (FTIR) spectroscopy. We
hypothesized that *OCH,CHjs is involved in the formation of C3 species during the CO.RR. We added
hexadeuteroethanol (ethanol-D6) to the electrolyte as a simulant of *OCH2CHz3 before the reaction and
performed *C NMR spectroscopy after 24 hours at -0.70 V vs. RHE under the 1.0 M CsDCOs, D20
electrolyte (Fig. 5d, Supplementary Fig. 50, Supplementary Note 37). Remarkably the formation rate of
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2-propanol-D8 increases in presence of ethanol-D6 in the electrolyte as evidenced by the increase of the
corresponding NMR signals, while the integrated peak area from ethanol-D6 decreased after the reaction,
suggesting a direct involvement of ethanol-D6 in the reaction process. To confirm the role of *OCH2CHj,
we performed the same reaction using ethanol-D6 in a 1.0 M CsHCOs, H20 electrolyte. We found that the
13C NMR peak for methyl-carbon splits into two peaks with a difference of chemical shift of 121 ppb,
which is attributed to the hydrogen / deuterium-isotope effects.** These investigations thus confirm the
detection of partially deuterated 2-propanol-D3, which is formed via the first dehydrogenative adsorption
of ethanol-D6 (*OCD,CDs as intermediate) followed by the C:-C> coupling with *CO adsorbed on the
catalyst surface.

To get a further understanding of the C1-C> coupling process, we examined the dynamic evolution of the
*CO and *OCH2CHzs intermediates during the CO2RR by performing operando FTIR spectroscopy under
COg-supersaturated conditions (Supplementary Fig. 51, Supplementary Note 38). Clear signals
attributed to the *CO stretching band and the *OCH,CHj3 bending band were detected at 1950-2150 cm™
and ~1340 cm, respectively.*>4¢ When the potential decreases from -0.2 to -0.73 V vs. RHE, both the *CO
and *OCH.CHz bands become progressively more intense, which points to higher formation rates of the
intermediates (Fig. 5e). Remarkably, the increase of the *CO and *OCH2CHpz signals is accompanied by a
decrease of the FEco and FEethanol together with an increase of the FE2-propanol (Fig. 5f). These findings
suggest that under CO2-supersaturation conditions, the high density of *CO and *OCH2CH3 intermediates
triggers the formation of 2-propanol instead of CO or ethanol. At larger overpotentials, fewer *CO and
*OCH2CHs intermediates are generated according to the decrease in FTIR signals, which decreases the
probability of C1-C> coupling and leads to a rapid decrease in 2-propanol formation.

In the light of the above experiments and the identification of the role of *OCH2CHj3 in the formation of
2-propanol, we proposed in Fig. 6a the mechanism toward 2-propanol. DFT calculations were performed
with an implicit solvent to evaluate the formation energy of each intermediate with the computational
hydrogen electrode, under a potential of -0.7 V vs. RHE. We performed calculations on Cu and Cug2Ags
slabs to model pure Cu and CuAg catalysts (Supplementary Table 11). We note that the Cug2Ags slab was
formed by swapping two of the closest Cu atoms to the oxygen atom of intermediate 12 (*OCH2CH3) by
Ag. We found that the adsorption of the intermediate via the O atom pointing to a hollow site of Cu is more
stable by 0.79 eV compared to the adsorption via only one C atom. On both Cu and CuAg catalysts, the
thermodynamic pathway occurs via the formation of intermediates 12, 12°, 12°°, 13, 16 and 18, leading to the
formation of 2-propanol (red arrows, the corresponding energies are summarized in Supplementary Table
12 and 13).
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Although the formation energies provide a potential route to the formation of 2-propanol on Cug2Ages,
they do not demonstrate the selective effect of the catalyst, as 1-propanol is not thermodynamically
predicted on pure Cu. Indeed, kinetic effects, governed by transition barriers along the pathway, also control
the reaction selectivity. According to our proposed mechanism and the literature, the formation of 1-
propanol occurs via the cleavage of the O-C bond of the carbon in the middle carbon position on the C3
chain, leading to an oxygenated carbon at the end of the alkyl chain.3"474® By contrast, the formation of 2-
propanol must proceed by the hydrogenation of the middle oxygen (in position 2 of the C3). We evaluated
the strength of the O-C bond with respect to the strength of the Cu*-O bond as a key descriptor of the
propanol formation kinetics. To illustrate this general effect, we considered the intermediate 12.4° The
energy of 12 was first calculated as a function of Cu*-O or O-C bonds distance on the Cu catalyst (Fig. 6b).
The dissociation energy is defined as the lowest energy value when shifting the dissociated state to 0.0 eV.
We further defined the difference between dissociation energies of *Cu-O and O-C bonds as AEgiss. We
found that on a pure Cu catalyst, the dissociation energy of Cu*-O is greater than that of O-C on pure Cu.
This implies that a weaker O-C bond will preferentially break, striping the oxygen atom in the position 2
of the Cs chain, thus leading to the formation of 1-propanol via the 17 intermediate, which is consistent with

the previous experimental reports.*®

We then generated a library of CuAg slabs by replacing 1, 2 and 3 Cu atoms of the 2 first surface layers
with Ag atoms, which is combinatorial with symmetry, leading to the CugsAgs, Cug2Ags and CugsAg12
structure, respectively. For the 127 slabs generated, we computed the dissociation energy of Cu*-O and O-
C bonds for 12, and the energy differences AEdiss as a function of the distance to Ag are plotted in Fig. 6¢
(Supplementary Table 14). The distance to Ag is defined as the averaged distance between the oxygen
atom of 12 and the Ag atoms in the catalyst. We realized that as the 12 intermediates get closer to the Ag
atoms, the dissociation energy corresponding to the CuAg*-O bond decreases and that of the O-C bond
increases (i.e. AEqiss decreases). Interestingly, for configurations where 12 is very close to Ag sites, AEqiss
becomes negative, suggesting that the O-C bond becomes stronger than the CuAg*-O bond (inset in Fig
6c, Supplementary Fig. 52). By contrast, for configurations where 12 is far from Ag sites, AEdiss tends to
0.4 eV, which is similar to the energy we computed on pure Cu catalyst (dashed line in Fig. 6¢). Therefore,
when 12 is in the vicinity of the Ag sites, the weaker CuAg*-O bond will dissociate preferentially, and the
stronger O-C bond will stabilize intermediates such as 15 and 18, leading to the selective formation of 2-
propanol. It is important to note that C, and Cz intermediates will be located close to Ag sites of the CuAg
alloy as it has been previously demonstrated that Ag provides low energy barriers for C1-C1 and C1-C;

coupling.?

To further demonstrate and validate the effect of Ag proximity to CuAg*-O and O-C bonds in a realistic

environment, we performed operando DFT calculations with explicit water (Supplementary Fig. 53 to 59,
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Supplementary Table 15 to 17). Our simulations include the explicit effect of water, electrochemical
potential, ions, and CO> (Please see the markup of SI for more information). Overall, the results provide
strong validations of the implicit solvent model and suggest minor effects of dissolved cation and CO to
the stabilization of the intermediate 12. To summarize, our experimental and computational approaches
demonstrate that both CO»-supersaturated conditions and the alloy characteristics of CO»-CuAg are
responsible for the enhanced formation rates of *CO and *OCH,CHj3 intermediates (12) close to Ag sites
of the alloy, which further combine and lead to the formation of 13. The proximity of Ag sites strengthens
the C-O bond of the carbon in position 2 of the Cz chain while destabilizing the CuAg*-O bond, leading to
the preferential formation of 2-propanol. According to our experimental and DFT calculation results, the
origin of the unique selectivity of CO»-to-2-propanol conversion can be attributed to the combined effect
on the modulation of the *CO adsorption and formation of the key *OCH,CH3 intermediate induced by

both the alloy nature of the catalyst and the CO> supersaturation of the electrolyte.
CO2RR under elevated pressured CO2 supersaturation.

CO2RR investigations have previously been performed under elevated pressure to avoid the diffusion
limit of the CO> during the electrochemical reactions, but there is limited in-depth discussion in the
literature regarding the origin of the activity enhancement under high CO; partial pressure.>®>2 In the light
of the above performance and the mechanism investigations, we further evaluated the CO2RR properties of
the catalyst at higher [CO-]. According to Henry's law, under constant temperature, the amount of a given
gas that dissolves in a given volume of liquid is directly proportional to the partial pressure of gas in
equilibrium with the liquid.>* Therefore, the catalytic measurements were carried out using a two-
compartment high-pressure reactor with CO. pressures up to 20-bar and Nafion-117 membrane as cation
exchange membrane (Supplementary Fig. 60 and 61, Supplementary Note 39). To better assess the
performance of CO2-10-CugsAgs in CO2 supersaturated 1.0 mol L™t CsHCO3 under high pressure, we first
evaluated the FE2-propanol @s @ function of the [CO.] and for different applied potentials (Supplementary
Fig. 62 to 64). As shown in Fig. 7a, the FE2-propanol €Xhibits a volcano shape relationship with the potential
and the CO: pressures and reaches a record-high value of 56.7 % at a potential of -0.70 V vs. RHE and ~3.0
mol L of CO2 corresponding to a pressure of 10 bar. To highlight the role of the [CO2] on the catalyst
behaviour, the jiota, jH2 and jo-propanol Were calculated (Fig. 7b). The jwta for all products continuously
increased with the elevation of the [CO;]. For a [CO2] of 3.0 mol L?, the CO,-10-CussAgs electrodes
demonstrated a value of j2-propanol as high as 59.3 mA cm2. By comparing the performance metrics of CO,-
10-CugsAgs under CO> supersaturated electrolyte with previous literature benchmarks, we observed that
the supersaturation strategy outperforms previous reports from the literature even including CO-to-Cs
systems and set a record-high direct CO,-to-C3 conversion rate of 0.71 pmol h'* cm (Fig. 7¢).5>° The
robustness of the CO2-10-CugsAgs catalyst was investigated under continuous operation with a CO>
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pressure of 10 bar, a feed rate of 100 standard cubic centimetres per minute (sccm) and an applied cell
voltage of -0.70 V vs. RHE (Fig. 8a). We further used EDX-mapping, XPS, ex-situ XRD and operando
hXAS analyses to confirm the stability of the surface oxidation state as well as the coordination
environment of the catalyst during operation (Supplementary Fig. 65 to 68, Supplementary Table 18,
Supplementary Note 40 and 41). NMR analyses were carried out along reaction time and the
corresponding amount of 2-propanol produced from the conversion of CO was estimated (Fig. 8b and 8c).
Under high-pressure operation, the system was found to be stable over 200 hours with retentions of the FE..
propanol @aNd j2-propanol OF 98.3 % and 97.5 %, respectively, which translates to a steady CO»-to-C3 conversion
rate of 0.71 pmol h* cm™.

Conclusions.

Overall, we introduced a CO> supersaturation strategy for the direct conversion of CO»-to-Cs products.
Supersaturation conditions with CO allow for the controllable co-deposition of a CuAg alloy by
suppressing the galvanic replacement reaction responsible for the segregation of Cu and Ag. Performing
the electro-reduction of CO> under supersaturation conditions also orients the reaction pathway towards the
formation of 2-propanol. The mechanism responsible for the high selectivity towards the formation of Cs
products was explored in detail using operando Raman, FTIR and hXAS spectroscopy together with ex-
situ isotopic labelling experiments and DFT calculations. These results led to the identification of the role
of *CO for C1-Cy coupling and *OCH2CHs as a key intermediate for the selective formation of 2-propanol.
Our experimental and calculation results highlight the importance of the CuAg alloy catalyst on the
formation of 2-propanol and emphasize the advantage of the supersaturation strategy to increase the local
[CO2] during the CO2RR, which improves the formation rate of *CO intermediates. We achieved a record-
high selectivity with the Faradaic efficiency for 2-propanol of 56.7 % and a specific current density of 59.3
mA cm together with operating stability for 200 hours. Our investigations provide the opportunity for
fine-tuning the reaction pathway by controlling the local CO> concentration and the formation rate of the
catalytic favourable intermediates. We believe that the supersaturation strategy holds promise for
applications in large-scale carbon fixation, the production of high-market value, energy-dense multicarbon

molecules and the storage of energy in the form of chemical fuels.
Methods.
Structural characterization and compositional analysis.

Scanning electron microscopy (SEM) images were obtained using a Hitachi SU-8010 ultra-high resolution
(1.0 nm) scanning electron microscope. Transmission electron microscopy (TEM) measurements were
conducted with a JEOL 1400 microscope equipped with an emission gun operating at 120 kV. High-
resolution transmission electron microscope (HRTEM) was performed on the FEI Tecnai G2 F20 TEM
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operating at 200 kV. The samples were prepared by dropping ethanol dispersions onto 300 mesh lacey
carbon-coated gold grids. High-angle annular dark-field scanning transmission electron microscope
(HAADF-STEM) images were acquired using a JEOL-ARM200F TEM operated at 200 kV. The attainable
spatial resolution of the microscope was 78 pm with a probe spherical-aberration corrector. The images
were acquired with an illumination semi-angle of 25 mrad and a probe current of 100 pA. The dwell time
for image acquisition was set at 10 us per pixel to ensure a desirable signal-to-noise ratio. The collection
angles for the HAADF images were fixed at 90-250 mrad. To obtain high-quality scanning transmission
electron microscopy (STEM) images with atomic resolution, the material was pre-treated at 60 °C in a
vacuum oven for 4 hours to remove any organic contaminants on its surface. A field emission scanning
electron microscope (TESCAN Mira3) was employed to observe the morphology of samples. Aberration-
corrected high-resolution (scanning) transmission electron microscopy imaging (HR-(S)TEM) and energy-
dispersive X-ray spectroscopy (EDX) were performed using an FEI Titan Cubed Themis microscope which
was operated at 200 kV. The Themis is equipped with a double Cs aberration corrector, a monochromator,
an X-FEG gun, a super EDS detector, and an Ultra-High Resolution Energy Filter (Gatan Quantum ERS)
which allows for working in Dual-EELS mode. HR-STEM imaging was performed by using HAADF and
annular dark-field (ADF) detectors. X-ray photoelectron spectroscopy (XPS) measurements were
performed using an ESCALAB-250 instrument (Thermo Fisher Scientific, USA) with a monochromatic
Al-Ka (1486.6 ¢V) radiation source and a hemisphere detector with an energy resolution of 0.1 eV. Peak
positions were all corrected to the position of the C 1s peak at 284.8 eV. X-ray diffraction (XRD) analyses
were performed on an Xpert Pro apparatus (Philips Pana Analytical, Cu Ka; A = 1.5418 A) operating at 40
kV and 20 mA with a scan rate of 8° per minute. Inductively coupled plasma mass spectrometry (ICP-MS)
data were determined using an ELAN 9000/DRC ICP-MS system (PerkinElmer, USA).

Wide-angle X-ray scattering measurements.

Grazing-incidence wide-angle X-ray scattering (GIWAXS) measurements were carried out at beam-line
07A of the National Synchrotron Radiation Research Centre (NSRRC), Taiwan. In the GIWAXS
measurements, the incident angle to each thin film was aligned precisely to 0.3° for investigating the whole
layer and minimizing the background from the Si substrate. The scattering intensities were reduced through
standard calibration and background subtraction and are expressed as a function of the scattering vector, Q,
where Q =4x (sin 0) / A, 0 is half of the total scattering angle and A is the X-ray wavelength. The photon
energy of the beam used is 15 keV. To ascertain the reproducibility of the experimental data, at least three

scan sets were collected and compared for each sample.
Ex-situ and Operando X-ray absorption spectroscopy measurements.

Ex-situ and Operando X-ray absorption spectroscopy (XAS) for Cu K-edge data were collected at room
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temperature at SAMBA beamline (Synchrotron SOLEIL) equipped with a double-crystal Si (111)
monochromator at the Cu K-edge for energy selection. The beam size was 1.0 x 0.5 mm. The signals were
collected in fluorescence mode using a 13-channel Ge detector. The intensity of the incident radiation was
measured with an ionization chamber (lo) filled with an N2 (500 mbar) / He (500 mbar) mixture. Two
additional ionization chambers filled with 1700 mbar N2 (in 1. chamber) and an Ar (150 mbar) / N2 (850
mbar) mixture (in 1z chamber) were used for measurements in transmission mode in the case of the reference
samples. The energy resolution (AE / E) for the incident X-ray photons was estimated to be 2.0 x 104, A
custom-designed electrochemical cell (Zahner, PECC-2) was used for the operando Cu-K edge XAS
measurements. The applied potential was controlled by a VSP potentiostat (Bio-Logic Science
Instruments). A platinum wire and Ag/AgCl electrode (3 M KCI) were used as counter and reference
electrodes, respectively. For the XAS studies, the CO2-10-CussAgs Was in-situ electrodeposited on the gas
diffusion layer (GDL, Sigracet 22 BB, Fuel Cell Store). The GDL was then mounted on a graphite foil by
polyamide tape as both a working electrode and window for the pass-through of the X-ray. The CO>
supersaturated 1.0 M CsHCO3 was used as the electrolyte for the CO2RR with continuously purging by
CO; during the measurements and the electrolyte was refreshed every two hours to maintain the CO»
supersaturation. Time-resolved spectra were recorded every 10 mins, to ascertain the reproducibility of the

experimental data, at least three scan sets were collected and compared for each sample.

Ex-situ and Operando XAS for Ag K-edge were collected at Shanghai Synchrotron Radiation Facility
(SSRF) on beamline BL14W1. The storage ring is operated at an electron energy of 2.5 GeV with a beam
current of 250 mA. A Si (111) double-crystal monochromatic was applied. The beam size used at the sample
position was ~900 x 300 um?. All the data were collected at ambient temperature and applied in
fluorescence mode. The energy resolution (AE/E) for the incident X-ray photons was estimated to be
2 x 1074, To ascertain the reproducibility of the experimental data, at least three scan sets were collected
and compared for each sample. A custom-designed electrochemical cell (Zahner, PECC-2) was used for
the operando Ag-K edge XAS measurements under atmospheric pressure. The applied potential was
controlled by a VVSP potentiostat (Bio-Logic Science Instruments). A platinum wire and Ag/AgCl electrode
(3 M KCI) were used as counter and reference electrodes, respectively. For the XAS studies, the CO»-10-
CugsAgs Was in-situ electrodeposited on the GDL. The GDL was then mounted on a graphite foil using
polyamide tape. Graphite foils were used as both a working electrode and window for the pass-through of
the X-ray. The CO; supersaturated 1.0 M CsHCOs was used as the electrolyte for the CO2RR and the
solution was purged with CO> during the measurements. The electrolyte was refreshed every two hours to
maintain the CO> supersaturation. Time-resolved spectra were recorded every 10 mins, to ascertain the
reproducibility of the experimental data, at least three scan sets were collected and compared for each

sample.
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Extended X-ray absorption fine structure curve fitting and data analysis.

Extended X-ray absorption fine structures (EXAFS) curve fitting and data analysis were performed with
the Artemis and IFEFFIT software. Standard data-processing, including energy calibration and spectral
normalization of the raw spectra was performed using the Athena program. Each sample of XAS data was
aligned and processed using the Athena program. Spectra were baseline corrected using a linear pre-edge
function between -200 and -50 eV and normalized using a linear or quadratic function between 150 and
700 eV, including a flattening function in the post-edge region. To track the copper and silver valence state
distribution, a linear combination fitting analysis, included in Athena, was carried out using the hXAS
spectra of various copper-based and silver-based standards. The XAFS signal was isolated from the
adsorption edge background using a fit to a cubic spline with nodes defined by the AUTOBKG function in
IFEFFIT, with a k-weight of 3 and with the Rbkg parameter set to 1. Fourier transformations of k3-weighted
spectra were using a Kaiser-Bessel window with a 1 A sill width. The magnitude parts of the Fourier
transformed spectra are shown throughout this manuscript with a radial distance scale that is not corrected
for phase shift. For EXAFS fitting, theoretical scattering paths were calculated with FEFF6 using Artemis.>
All EXAFS spectra (in-situ and ex-situ) were fit for distances (AR), coordination number (CN), and mean-
square displacement of interatomic distance (¢?) using the Artemis interface with a fixed amplitude
reduction factor (So?) of 0.707 to 1.000. The parameters such as interatomic distance (R), CN, the difference
in threshold energy (AEo) and Debye-Waller factor (¢%) were first established with reasonable guesses and
then were fitted in R-space. The error in the overall fits was determined using the R-factor, the goodness-
of-fit parameter, in which R-factor = X(ydata — ¥fit)> / Z(ydata)> and good fits occur for R-factor < 0.05. For the
wavelet transform analysis, the y(k) exported from Athena was imported into the Hama Fortran code
available on the European Synchrotron Radiation Facility (ESRF) website
(http://www.esrf.eu/UsersAndScience/Experiments/ CRG/BM20/Software/Waveletsyt HAMA). The parameters were listed
as follow: R range = 1 to 4 A, k range = 0 to 13 A™%; k weight = 2 and Morlet function with k =10, 6 = 1
was used as the mother wavelet to provide the overall distribution.

Operando Raman spectroscopy measurements.

Operando Raman measurements were carried out on a Renishaw inVia Raman microscope equipped with
an objective (Leica, x50) under a 633 nm laser. The catalyst was electrochemically deposited on the GDL
whereas the backside and edges of the GDL were covered with epoxy to prevent the parasitic hydrogen
evolution reaction. The modified GDL with the catalyst was then used as a working electrode and installed
in a custom-designed operando Raman cell (Gaossunion, operando spectrum cell). The electrochemical
measurements were performed using a Solartron S1-1286 potentiostat. Ag/AgCl (KClI saturated) and Pt foil
were applied as reference and counter electrodes, respectively. The cell was then filled with a CO»-
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supersaturated 1.0 mol L™t CsHCOj3 solution and the electrolyte was refreshed for each applied potential to
keep the CO> supersaturation state. The laser power was kept below 1.5 mW to protect the sample from
laser damage and the probe size was estimated to be 1.9 um?. To ensure a low noise-to-signal ratio, spectra
were obtained from an average of 10 scans with an accumulation time of 10 seconds. Raman data was
analyzed using the Renishaw WIRE (version 5.2) software and the assignment of Raman signals is based

on cross-referenced literature.>®
Operando electrochemical FTIR measurements

Before catalyst loading, an Au film was deposited directly on the reflecting plane of the Si prism using a
chemical deposition method. First, the Si prism was polished with a slurry of 0.5 pm Al,O3 and sonicated
in acetone and deionized water, respectively. After polishing, the Si prism was soaked in a piranha solution
(3:1 volumetric ratio of 98% H>SO4 and H205) for 60 min to remove the organic contaminants. Following
cleaning, the reflecting plane of the Si prism was dried with a nitrogen gas flow and immersed in 40%
NHa4F solution for 150 s to create a hydrogen-terminated surface to improve the adhesion of the Au film.
Then the reflecting surface was immersed in a mixture of the Au plating solution (5.75 mM NaAuCls-2H,0
+0.025 M NH4CI + 0.075 M NazSOs + 0.025 M NazS203 + 0.026 M NaOH) and a 2 wt. % HF solution at
55 °C for 10 min. After the deposition, the Au film was rinsed with deionized water and dried by nitrogen

gas flow.

The operando electrochemical Fourier-transform infrared (FTIR) spectroscopy measurements were
performed using a thermoelectric IR spectrometer (Thermo Fisher 1S50) equipped with a liquid nitrogen-
cooled Mercury-Cadmium-Telluride (MCT-A) detector. A customized spectra-electrochemical cell was
assembled on top of the Si prism to carry out the operando measurement process. A silicon prism crystal
loaded with catalysts, a platinum plate, and Ag/AgCl (saturated KCI solution filling) was used as the
working electrode, counter electrode, and reference electrode, respectively. The CO2-supersaturated 1.0 M
CsHCO3 was used as the electrolyte and purged with a constant flow (10 sccm) throughout the test to enable
the balance of the reaction environment. The catalysts (200 mg) scraped from the GDL were dispersed in a
hybrid solution including 750 pL of deionized water, and 100 pL of Nafion (5 wt. %) to create the catalyst
ink. Then 100 pL of catalyst ink was cast onto the Au film modified Si prism reflecting surface. FTIR
spectra were obtained from an average of 32 scans with a resolution of 8 cm™, and the range of
wavenumbers of collected spectra was set from 1100 to 2400 cm™. The background spectrum was recorded
under the potential of open circuit voltage (OCV) conditions. The spectra under operando conditions were

obtained by applying single potential steps and collected after running 90 s.
Temperature-programmed desorption measurements.

Temperature-programmed desorption (TPD) measurements of CO / CO2 on the CuAg bimetallic material
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surface were conducted with an adsorption/desorption system. In a typical experiment, 120 mg of sample
was placed in a U-shaped quartz microreactor followed by pre-heating at 300 °C for 30 min under a He
stream (flow rate: 40 mL min™) to clean the surface of the sample and then cooled to 50 °C. The outlet of
the U-shaped quartz microreactor was connected to the gas chromatography (GC-2014, Shimadzu)
equipped with a thermal conductivity detector (TCD) through an automatic six-port valve. Afterwards, the
CO / CO2 stream was injected into the U-shaped quartz microreactor and purged for 60 min, followed by
flushing of the sample by the He stream until a stable baseline of GC was obtained. TPD measurements

were then conducted from 50 to 800 °C with a ramp rate of 10 °C min™,
CO2RR performance measured under the high-pressure electrolyzer configuration.

High-pressure CO2RR experiments were carried out in a custom-designed one-compartment two-cell high-
pressure electrolyzer (350 mL in total volume, Parr Instrument Company). Ag wire and Pt wire were applied
as reference and counter electrodes, respectively. The anode and cathode were separated by a Nafion-117
proton exchange membrane to avoid any potential cross-contamination or the oxidation of the reaction
products at the anode. The experiment was carried out in 150 mL of electrolyte, which was supersaturated
with COz under the targeted pressure before each of the electrolysis experiments with a CO2 flow rate of
100 standard cubic centimetres per minute (sccm). The pressurized vessel was left for 30 minutes to saturate
the solution before the measurements. We estimated the reading error for the pressure to be 10 % based on
the accuracy of the manometer. The Faradaic efficiency was determined by performing
chronoamperometric analyses for at least 60 minutes. A small-volume antechamber was connected to the
gas outlet of the vessel and was used to depressurize the gas outlet to atmosphere pressure before injecting
it into the GC. The resultant gas composition was then used to calculate the amount of gases generated in

the pressurized cell during the CO2RR.
Data availability

All data can be found in the public figshare repository (https://doi.org/10.6084/m9.figshare.22002014.v1)
or from the corresponding authors upon reasonable request.

Code availability

All code wused within the article can be found in the public figshare repository
(https://doi.org/10.6084/m9.figshare.22083551.v1) or from the corresponding authors upon reasonable

request.
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Fig. 1. Operando deposition and structure characterization of CuAg bimetallic catalysts. a, Adsorption
energies of the *CO; on different low-index facets of Cu and Ag. b, Schematic illustration of *CO
adsorption assisted alloy formation. High-resolution XPS spectra of ¢, Cu 2P and d, Ag 3d for the CO»-
CuAg catalyst compared with the standard monometallic sample (Cu foil and Ag powder). e, Cross-section
and f, top-viewed SEM images of CO>-10-CugsAge in-situ grown on the surface of gas diffusion layer in
COgz-supersaturated deposition solution. g, TEM image of CO,-10-CugsAgs catalyst. h, Aberration-
corrected HAADF-STEM image of CO2-10-CuesAgs, inset fast Fourier transform of the HRTEM image
showing superlattice reflections of (200) and (020) facets. i-l, HAADF-STEM and EDX-mapping images
of CO2-10-CugsAgs.

Fig. 2. Surface facet and coordination environment characterization of CuAg bimetallic catalysts. a-
b, 2D GIWAXS patterns of the CuAg bimetallic structures prepared in CO»-supersaturated (a) and Ar-
saturated (b) deposition solution, respectively. c-d, 2D Fourier-transformed operando EXAFS spectra of
the CuAg bimetallic catalysts prepared in CO2-supersaturated (c) and Ar-saturated (d) deposition solution,
respectively. Inset shows the calculated percentages associated with the different processes during co-
deposition. e, Fourier transformed Ag K-edge EXAFS spectra of the CuAg bimetallic catalyst and Ag-
based reference samples in R space. f-g, Ag K-edge WT-EXAFS contour spectra of the CuAg bimetallic
catalysts prepared in CO»-supersaturated (f) and Ar-saturated (g) deposition solution, respectively. The
wavelet transformed analysis of the EXAFS data was performed with HAMA Fortran package from the
European Synchrotron Radiation Facility (ERSF) website. Parameters used in these WT analyses were the
Morlet function, ¢ = 1, and k = 10.

Fig. 3. CO2RR performance in H-cell under atmospheric pressure CO2 supersaturated electrolyte. a,
Linear scan voltammetry curves of CO2-10-CugsAgs measured in 1.0 mol L™ CsHCOs for different CO
concentrations corresponding to argon- and CO»-saturated electrolyte compared with CO. supersaturated
electrolyte. Inset shows the calibration curve and the quantification of the CO> concentration in the liquid
electrolyte. b-c, Potential dependent CO;RR Faradaic efficiency on CO2-10-CugsAge for CO2
concentrations of 0.05 mol L and 0.3 mol L* corresponding to CO2-saturated and CO.-supersaturated
electrolyte, respectively. The inset shows the Ag content dependence of the C»+ product selectivity in a 0.05
mol L CO,-saturated electrolyte. d, ECSA normalized specific current density (j) for different products
formed on CO2-10-CugssAgs in a 0.3 mol L™t CO-supersaturated electrolyte. Error bars represent the

19/25



standard deviation of three independent measurements and the mean values (centre point) are presented

together with denoting the standard deviation (bar height).

Fig. 4. CO2RR activity maps and the stability measurement. a-d, 2D heatmaps of FEn2, FEc1, FEc2 and
FEcs on CO2-10-CugsAgs for different CO2 concentrations and potentials. e, Superposition of the different
maps showing the preferential zones for the hydrogen evolution, the C1 formation, the C1-C; coupling (C:
formation) and the C1-C> coupling (Cs formation). f, Long-term stability measurement for CO2-10-CugsAgs
in 0.3 mol L't COz-supersaturated 1.0 mol Lt CsHCOs electrolyte at a potential of -0.73 V vs. RHE. g,
Time-dependent operando Cu K-edge Fourier-transformed EXAFS spectra the CO2-10-CugsAgs catalyst
during the CO2RR in CO.-supersaturated electrolyte.

Fig. 5. Investigations of the CO: reduction reaction mechanism using ex-situ and operando
spectroscopy. a, 2D heatmap for the intensity of the *CO stretching modes on CO2-10-CugsAgs during
CO2RR for different CO> concentrations. The dark-grey dashed line indicates the distribution of FE2-propanol.
b, Potential-resolved Raman mapping of CO,-10-CugsAgs in CO,-supersaturated 1.0 mol L™? CsHCOs3
during CO2RR. ¢, Volcano relationship between the ratio of *COpridge t0 *COatop and the FE2-propanol With
the applied potentials for a [CO2] = 0.3 mol L. d, 3C-NMR spectra of the electrolyte aliquots after the
isotopic labelling experiments for 1.0 M CsHCOs ([CO2] = 3.0 mol L%). The blue and red curves correspond
to experiments with ethanol-D6 in D-O or H»O, respectively. e, Relationship between the integrated area
of the *CO and *OCH2CHjs signals measured using operando FTIR at different applied potentials under
[CO2] = 0.3 mol L. F, Relationship between the FEco (via *CO desorption), the FEetnanol (vVia *OCH2CH3
hydrogenation) and the FEz-propanol (Via C1-C2 coupling between *OCH>CHz and *CO) and the applied
potentials under [CO2] = 0.3 mol L™ Error bars represent the standard deviation of three independent
measurements and the mean values (centre point) are presented together with denoting the standard
deviation (bar height).

Fig. 6. Theoretical calculations of the C-C coupling and the formation of 2-propanol. a, Proposed
reaction pathways for the C1-C> coupling and the formation of Cs products. The formation energy of each
intermediate is given in brackets. The intermediates labelled in red correspond to the most favourable
thermodynamic pathway. b, The energy of the *OCH2CHz intermediate adsorbed on Cu (100) facet as a
function of Cu*-O and O-C bond distances. ¢, AEdiss as a function of the averaged distance between

intermediate *OCH>CHs and Ag atoms for various alloying contents of CuAg.
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Fig. 7. CO2RR performance in high-pressure electrolyzer under elevated CO2 concentration. a, 2D
heatmap for the FE2-propanol 0N CO2-10-CugsAgs With different CO> concentrations and applied potentials.
b, Evolution of the jiota and jo-propanol at -0.70 V vs. RHE from CO.-10-CugsAge with different CO>
concentrations in 1.0 mol L™t CSHCOs. Error bars represent the standard deviation of three independent
measurements and the mean values (centre point) are presented together with denoting the standard
deviation (bar height). ¢, Comparison of the performance metrics with the literature benchmarks for the
CO./CO-to-Cs conversion. d, Long-term stability measurement of CO2-10-CugsAgs at -0.70 V vs. RHE in
COz-supersaturated ([CO2] = 3.0 mol L%, 10 bar) 1.0 M CsHCOs. e, NMR spectra of the electrolyte centred
around the signals of 2-propanol for different reaction times. The presence of a septet signature at 4.13 ppm
is characteristic of 2-propanol. f, Total quantity and formation rate of 2-propanol over 200 hours using a
6.0 cm? electrode modified with CO,-10-CussAgs. The volume of the electrolyte was 150 mL.

Fig. 8. CO2RR stability measurement and quantity the formation rate of 2-propanol. a, Long-term
stability measurement of CO,-10-CugsAgs at -0.70 V vs. RHE in CO2-supersaturated ([CO2] = 3.0 mol L,
10 bar) 1.0 M CsHCOs. b, NMR spectra of the electrolyte centred around the signals of 2-propanol for
different reaction times. The presence of a septet signature at 4.13 ppm is characteristic of 2-propanol. c,
Total quantity and formation rate of 2-propanol over 200 hours using a 6.0 cm? electrode modified with
C0O2-10-CugsAgs. The volume of the electrolyte was 150 mL.

21/25



References:

10

11

12

13

14

Qiao, J. L., Liu, Y. Y., Hong, F. & Zhang, J. J. A review of catalysts for the electroreduction of
carbon dioxide to produce low-carbon fuels. Chem. Soc. Rev., 43, 631-675 (2014).

Wang, M. et al. CO; electrochemical catalytic reduction with a highly active cobalt phthalocyanine.
Nat. Commun., 10, 3602 (2019).

Wang, Z. Y., Li, Y. G., Boes, J.,, Wang, Y. & Sargent, E. H. CO> electrocatalyst design using graph
theory. Preprint at https://doi.org/10.21203/rs.3.rs-66715/v1, (2020).

Raaijman, S. J., Schellekens, M. P., Corbett, P. J. & Koper, M. T. M. High-pressure CO
electroreduction at silver produces ethanol and propanol. Angew. Chem. Int. Edit., 60, 21732-21736
(2021).

Xiao, H., Cheng, T. & Goddard I11, W. A. Atomistic mechanisms underlying selectivities in C, and
C. products from electrochemical reduction of CO on Cu (111). J. Am. Chem. Soc., 139, 130-136
(2017).

Peng, C. et al. Double sulfur vacancies by lithium tuning enhance CO: electroreduction to n-
propanol. Nat. Commun., 12, 1580 (2021).

Wang, X. et al. Efficient electrosynthesis of n-propanol from carbon monoxide using a Ag-Ru-Cu
catalyst. Nat. Energy, 7, 170-176 (2022).

Yang, P. P. et al. Protecting copper oxidation state via intermediate confinement for selective CO>
electroreduction to C»- fuels. J. Am. Chem. Soc., 142, 6400-6408 (2020).

Zhuang, T. T. et al. Copper nanocavities confine intermediates for efficient electrosynthesis of Cs
alcohol fuels from carbon monoxide. Nat. Catal., 1, 946-951 (2018).

Gunathunge, C. M., Ovalle, V. J., Li, Y. W., Janik, M. J. & Waegele, M. M. Existence of an
electrochemically inert CO population on Cu electrodes in alkaline pH. ACS Catal., 8, 7507-7516
(2018).

Chang, C. J. et al. Quantitatively unraveling the redox shuttle of spontaneous
oxidation/electroreduction of CuOx on silver nanowires using in situ X-ray absorption
spectroscopy. ACS Cent. Sci., 5, 1998-2009 (2019).

Vasileff, A., Xu, C. C., Jiao, Y., Zheng, Y. & Qiao, S. Z. Surface and interface engineering in
copper-based bimetallic materials for selective CO> electroreduction. Chem, 4, 1809-1831 (2018).

Ting, L. R. L. et al. Enhancing CO- electroreduction to ethanol on copper-silver composites by
opening an alternative catalytic pathway. ACS Catal., 10, 4059-4069 (2020).

Wang, Y. H. et al. Catalyst synthesis under CO: electroreduction favours faceting and promotes
renewable fuels electrosynthesis. Nat. Catal., 3, 98-106 (2020).

22125



15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

Ye, Y. F. et al. Dramatic differences in carbon dioxide adsorption and initial steps of reduction
between silver and copper. Nat. Commun., 10, 1875 (2019).

Yang, C. P. et al. Overcoming immiscibility toward bimetallic catalyst library. Sci. Adv., 6,
eaaz6844 (2020).

Lv, X. M. et al. Electron-deficient Cu sites on CusAg: catalyst promoting CO> electroreduction to
alcohols. Adv. Energy Mater., 10, 2001987 (2020).

Zhou, B. W. et al. Highly efficient binary copper-iron catalyst for photoelectrochemical carbon
dioxide reduction toward methane. Proc. Natl. Acad. Sci., 117, 1330-1338 (2020).

Liu, J. J., Zou, S. H., Xiao, L. P. & Fan, J. Well-dispersed bimetallic nanoparticles confined in
mesoporous metal oxides and their optimized catalytic activity for nitrobenzene hydrogenation.
Catal. Sci. Technol., 4, 441-446 (2014).

Gibbons, B. M. et al. In situ X-ray absorption spectroscopy disentangles the roles of copper and
silver in a bimetallic catalyst for the oxygen reduction reaction. Chem. Mat., 32, 1819-1827 (2020).
de Arquer, F. P. G. et al. CO; electrolysis to multicarbon products at activities greater than 1 A cm’
2, Science, 367, 661-666 (2020).

Lin, S. C. et al. Operando time-resolved X-ray absorption spectroscopy reveals the chemical nature
enabling highly selective CO; reduction. Nat. Commun., 11, 3525 (2020).

Gu, Z. X. et al. Efficient electrocatalytic CO2 reduction to C»+ alcohols at defect-site-rich Cu surface.
Joule, 5, 429-440 (2021).

Herzog, A. et al. Operando investigation of Ag-decorated Cu>O nanocube catalysts with enhanced
CO:; electroreduction toward liquid products. Angew. Chem. Int. Edit., 60, 7426-7435 (2021).

Qi, K. et al. Enhancing the CO»-to-CO conversion from 2D silver nanoprisms via superstructure
assembly. ACS Nano, 15, 7682-7693 (2021).

Li, J. C., Guo, J. Y. & Dai, H. J. Probing dissolved CO- (aq) in aqueous solutions for CO- electro-
reduction and  storage.  Preprint at  https://chemrxiv.Org/engage/chemrxiv/article-
details/620c620f877d068a620c623a210db620 (2022).

Dutta, A. et al. Activation of bimetallic AgCu foam electrocatalysts for ethanol formation from CO>
by selective Cu oxidation/reduction. Nano Energy, 68, 12 (2020).

Rayer, A. V. et al. Electrochemical carbon dioxide reduction to isopropanol using novel carbonized
copper metal organic framework derived electrodes. J. CO, Util., 39, 101159 (2020).

Munir, S., Varzeghani, A. R. & Kaya, S. Electrocatalytic reduction of CO> to produce higher
alcohols. Sustain. Energy Fuels, 2, 2532-2541 (2018).

Kim, D. Y., Kley, C. S,, Li, Y. F. & Yang, P. D. Copper nanoparticle ensembles for selective
electroreduction of CO> to C»-Cz products. Proc. Nat. Acad. Sci., 114, 10560-10565 (2017).

23125



31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

Jiang, K. et al. Metal ion cycling of Cu foil for selective C-C coupling in electrochemical CO;
reduction. Nat. Catal., 1, 111-119 (2018).

Zhuang, T. T. et al. Steering post-C-C coupling selectivity enables high efficiency electroreduction
of carbon dioxide to multi-carbon alcohols. Nat. Catal., 1, 421-428 (2018).

Ren, D., Fong, J. H. & Yeo, B. S. The effects of currents and potentials on the selectivities of copper
toward carbon dioxide electroreduction. Nat. Commun., 9, 925 (2018).

Liu, H., Liu, J. & Yang, B. Promotional role of a cation intermediate complex in C, formation from
electrochemical reduction of CO over Cu. ACS Catal., 11, 12336-12343 (2021).

Gabardo, C. M. et al. Continuous carbon dioxide electroreduction to concentrated multi-carbon
products using a membrane electrode assembly. Joule, 3, 2777-2791 (2019).

Burdyny, T. & Smith, W. A. CO: reduction on gas-diffusion electrodes and why catalytic
performance must be assessed at commercially-relevant conditions. Energy Environ. Sci., 12, 1442-
1453 (2019).

Chang, X. X., Malkani, A., Yang, X. & Xu, B. J. Mechanistic insights into electroreductive C-C
coupling between CO and acetaldehyde into multicarbon products. J. Am. Chem. Soc., 142, 2975-
2983 (2020).

Li, J. et al. Constraining CO coverage on copper promotes high-efficiency ethylene
electroproduction. Nat. Catal., 2, 1124-1131 (2019).

Blyholder, G. Molecular orbital view of chemisorbed carbon monoxide. J. Phys. Chem., 68, 2772-
2777 (1964).

Li, Y. G. C. et al. Binding site diversity promotes CO> electroreduction to ethanol. J. Am. Chem.
Soc., 141, 8584-8591 (2019).

Gao, J. et al. Selective C-C coupling in carbon dioxide electroreduction via efficient spillover of
intermediates as supported by operando raman spectroscopy. J. Am. Chem. Soc., 141, 18704-18714
(2019).

Li, F. W. et al. Molecular tuning of CO»-to-ethylene conversion. Nature, 577, 509-513 (2020).
Wang, X. et al. Gold-in-copper at low *CO coverage enables efficient electromethanation of CO..
Nat. Commun., 12, 3387 (2021).

Schah-Mohammedi, P. et al. Hydrogen/deuterium-isotope effects on NMR chemical shifts and
symmetry of homoconjugated hydrogen-bonded ions in polar solution. J. Am. Chem. Soc., 122,
12878-12879 (2000).

Yang, B. P. etal. Accelerating CO- electroreduction to multicarbon products via synergistic electric-
thermal field on copper nanoneedles. J. Am. Chem. Soc., 144, 3039-3049 (2022).

Cao, X. Y. et al. In situ characterization for boosting electrocatalytic carbon dioxide reduction.

24125



47

48

49

50

51

52

53

54

55

56

57

58

Small Methods, 5, 2100700 (2021).

Zheng, Y. et al. Understanding the roadmap for electrochemical reduction of CO> to multi-carbon
oxygenates and hydrocarbons on copper-based catalysts. J. Am. Chem. Soc., 141, 7646-7659 (2019).
Pablo-Garcia, S. et al. Mechanistic routes toward Cz products in copper-catalysed CO2
electroreduction. Catal. Sci. Technol., 12, 409-417 (2022).

Santatiwongchai, J., Faungnawakij, K. & Hirunsit, P. Comprehensive mechanism of CO;
electroreduction toward ethylene and ethanol: The solvent effect from explicit water-Cu(100)
interface models. ACS Catal., 11, 9688-9701 (2021).

Gabardo, C. M. et al. Combined high alkalinity and pressurization enable efficient CO>
electroreduction to CO. Energy Environ. Sci., 11, 2531-2539 (2018).

Vavra, J., Shen, T. H., Stoian, D., Tileli, V. & Buonsanti, R. Real-time monitoring reveals
dissolution/redeposition mechanism in copper nanocatalysts during the initial stages of the CO>
reduction reaction. Angew. Chem. Int. Ed., 60, 1347-1354 (2020).

Ramdin, M. et al. High pressure electrochemical reduction of CO2 to formic acid/formate: A
comparison between bipolar membranes and cation exchange membranes. Ind. Eng. Chem. Res.,
58, 1834-1847 (2019).

Edwards, J. P. et al. Efficient electrocatalytic conversion of carbon dioxide in a low-resistance
pressurized alkaline electrolyzer. Appl. Energy, 261, 114305 (2020).

Shaughnessy, C. I. et al. Intensified electrocatalytic CO2 conversion in pressure-tunable CO»-
expanded electrolytes. ChemSusChem, 12, 3761-3768 (2019).

Rahaman, M., Dutta, A., Zanetti, A. & Broekmann, P. Electrochemical reduction of CO: into
multicarbon alcohols on activated Cu mesh catalysts: an identical location (IL) study. ACS Catal.,
7, 7946-7956 (2017).

Li, J. et al. Copper adparticle enabled selective electrosynthesis of n-propanol. Nat. Commun., 9,
4614 (2018).

Qi, K. et al. Single-atom cobalt array bound to distorted 1T MoS; with ensemble effect for hydrogen
evolution catalysis. Nat. Commun., 10, 5231 (2019).

Akemann, W. & Otto, A. Vibrational-modes of CO adsorbed on disordered copper-films. J. Raman
Spectrosc., 22, 797-803 (1991).

25/25



