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Abstract

Electro-reduction of CO2 (CO2RR) to high-value chemicals is important to environmental
and energy landscapes, with one of the challenges being direct and efficient acetate production.
Here we show a Cu(OH)2 derived Cu/CuOx catalyst achieving 87% Faradaic efficiency (FE) of
CO2RR to acetate in KOH electrolytes with borate additives under 58 atm CO2z(g). Dynamic
electrolytic speciation reveals high concentrations of dissolved CO2(ag) and low of proton donor
HCOs as the key to acetate. In-situ Raman spectroscopy suggests O-bound bidentate intermediate
*OC'O* formed on Cu(I) under high pressures as the acetate precursor. Introducing CO2(/) to the
interface between CO2(g) and electrolyte by melting CO2(s) further increases [CO2(aq)] and boosts
acetate partial current density to 86 mA/cm? with 71% FE. A Cu** cross-linked alginate coating
layer on cathode surface drastically enhances the durability of Cu/CuOx catalyst during 20 h

reaction, affording a potassium acetate yield of 30 mg-h'-cm™ directly from CO2RR.



Introduction

Closing the carbon cycle by CO2 capture and conversion to useful fuels and chemicals
through electro-reduction could help mitigate the challenging energy and environmental problems.
Among the various high-value long-chain (C2+) CO2RR products'?, production of ethylene has
been particularly successful on copper-based electrocatalysis®> in aqueous electrolytes and has
been guided by high-throughput catalyst screening algorithms®’. In contrast, acetate, another
important C2 industrial feedstock®, was mostly a minor product"*° with limited mechanistic
understandings®!3. Non-metal'®, precious metal'*!> and covalent organic framework (COF)'"
based catalysts, as well as novel bacteria based approaches!”'® have been used for acetate
production but usually with low partial current densities (Supplementary Table 1). In non-aqueous
electrolyte systems such as methanol, acetic acid was generated by the reaction between CO2"™
intermediate and the solvent'®?! but also with very limited yields (Supplementary Table 2).

Electro-reduction of CO (CORR) to acetate coupled with anodic electro-oxidation of water and

2 24,25

crossover ethanol’>?* reached 10° mA/cm? level acetate partial current densities
(Supplementary Table 3), but with < ~ 10% energy efficiencies for overall CO2-CO-acetate
conversion®*%, Currently, industrial acetate production is based on methanol carbonylation using
organometallic catalysts and halide-based promoters at high temperature and pressure
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conditions”"*°. Efficient electro-catalytic synthesis of acetate directly from CO:2 has been

appealing but formidable.

As a heterogeneous process, CO2RR is complex and depends not only on the catalyst but
also on electrolyte composition®’ and concentration of dissolved CO2(aq), the electro-active
species®®*!. We previously showed the importance of high > 45 atm COx(g) partial pressure to
increase dissolved CO2(aq) concentration to > 1 M level in a KHCOs3 electrolyte®?, leading to an
initially surprising result of CO2RR to nearly pure formate production (98.2% peak FE at 5.7
mA/cm? partial current density, and 55.0% FE at 34.1 mA/cm? peak partial current density) on a
copper-based catalyst®*. This was rationalized by that only at such high CO2(ag) concentrations

were abundant *OC"O* intermediate***> formed with favorable kinetics>®3’

on the coordinately
unsaturated Cu(I) sites (Cucus) through Cu-O linkages on Cu20 (111) facet*>3*8, opening the
pathway of *OC’O* protonation by electrolytic HCO3™ ions***° for the dominant production of

formate.



Here by applying 58 atm COz2(g) over electrolytes, we achieved efficient CO2RR with up
to 87.3% acetate FE and up to 86.3 mA/cm? partial current density on a Cu/CuOx catalyst,
obtaining acetate as the dominant CO2RR product at high partial current densities on copper-based
electrocatalysts in aqueous systems. Dynamic Fourier-transform infrared (FTIR) and Raman
spectroscopies together with electrochemical pH monitoring revealed high COz(agq) and low
proton donor (HCO3™ and H") concentrations in the electrolytes as key parameters for high acetate
selectivity over hydrogen evolution (HER) or other Ci and Cz products on catalyst surface. High-
pressure in-situ Raman spectroscopy suggested the O-bound bidentate intermediate *OC’'O* on
active Cu(]) sites as the precursor to acetate. By introducing a liquid COz layer over the electrolyte
to further increase CO2(aq) concentration, we obtained a high 71.7% acetate FE at 86.3 mA/cm?
partial current density. Also important was a novel alginate coating layer on the cathode, affording
drastic catalyst stabilization and efficient CO2RR-to-acetate production over 20 h for ~ 51.7%
acetate FE at 65.4 mA/cm? partial current density with a high potassium acetate yield of 30 mg-h-

Lem™2.

Results
CO:RR under high pressure conditions

We synthesized Cu(OH)2 nanowires on Cu foil by applying 5 Hz alternating square-wave
(SW) potentials of -0.75 and 0 V vs. saturated calomel electrode (SCE) in a basic KCl solution
(Supplementary Figure 1, see Methods for details). Cyclic voltammetry (CV) suggested the
formation of Cu(OH)2 on Cu foil by repeated oxidation at 0 V and mild reduction at -0.75 V*!
during SW treatment, with the foil color changing from red to light green (Figure 1a). Grazing
incidence X-ray diffraction (GIXRD) confirmed abundant Cu(OH)2 formation on Cu (Figure 1b),
and based on Scherrer equation*’, the crystalline domains in the material were < 20 nm
(Supplementary Figure 1, see Supplementary Methods for details). Scanning electron microscopy
(SEM) showed fiber-like structures on the foil after SW treatment (Figure 1c), and high-resolution
transmission electron microscopy (HRTEM) revealed that each fiber was comprised of parallel
bundles of ~ 10 - 40 nm wide nanowires (Figure 1d) with high porosity (Figure le). This
hierarchical and porous structure was attributed to CI and OH™ promoted Cu etching/corrosion**’

(Supplementary Figure 1), leading to a ~ 10.4 times higher electrochemical surface area (ECSA)



of this SW-Cu(OH)2/Cu electrode than the original Cu foil (Supplementary Figure 1, see Methods
for details).

Pairing SW-Cu(OH)2/Cu with Ni anode and Ag/AgCl reference electrode, we performed
CO2RR under 58 atm CO2(g) partial pressure in a high-pressure electrolyzer’® with Nafion
membrane separating the catholyte and anolyte (Figure 2a, see Methods for details). A basic 6 M
KOH solution was employed as the electrolyte with 0.8 M H3BO3 added to accelerate CO2(g)
dissolution***> (named as solution B with B standing for basic, initial pH = 14.3 tested by a home-

346 shown in

designed electrochemical pH measurement method based on Zn redox
Supplementary Figure 2, see Supplementary Methods for details). For 1 h CO2RR under a constant
reduction potential of -1.3 V vs. Ag/AgCl (-0.39 vs. reversible hydrogen electrode, RHE) initiated
after equilibrating the electrolyte under 58 atm CO2(g) for 1 h (Figure 2b), we observed a high
acetate FE of 87.3% at 5.1 mA/cm? partial current density (Figure 2¢). More negative potentials
led to decreases in acetate FE and increases in reduction current, resulting in a maximum acetate
partial current density of 39.2 mA/cm? at -1.7 V vs. Ag/AgCl (-0.91 V vs. RHE) with 52.5% FE
(Figure 2d and Supplementary Figure 3). This corresponded to a potassium acetate yield of 17.9

mg-h'.cm?, exceeding all previous copper-based CO2RR-to-acetate production (Supplementary

Table 1). In-situ Raman spectroscopy revealed that SW-Cu(OH)2/Cu was continuously reduced
to lower Cu valences with decreased Cu®" species over time at -0.91 V vs. RHE (1.4 V more
negative than Cu?* to Cu* reduction potential*’) under 58 atm (Supplementary Figure 3, see
Methods for details). Quantitative analysis based on X-ray photoelectron spectroscopy (XPS)
suggested Cu(I) and Cu(0) species dominated after the first 5 min of CO2RR (Supplementary
Figure 4, see Supplementary Methods for details). Since our reactions typically lasted 1 - 20 h >>
5 min, it was the Cu(OH): derived Cu(0)/Cu(l) sites on cathode surface acting as effective

electrocatalysts during high pressure CO2RR.

By investigating various electrolytes, we found that CO2RR in an acidic 1 M KCI + 0.03
M KHCOs solution under 58 atm COz2(g) (named as solution A with A standing for acidic, initial
pH = 4.6, see Methods for details) also afforded a high 61.1% acetate FE at -1.8 V vs. Ag/AgCl (-
1.46 V vs. RHE) with a considerable 25.8 mA/cm? partial current density (Supplementary Figure
3). For electrolyte A vs. B the pH (initially 4.6 vs. 14.3) and CO2(aq) concentration [1.27 vs. 0.48
M after 1 h equilibrating under 58 atm CO2(g) measured by micro-IR*, see Methods for details]



were quite different, yet CO2RR in both electrolytes afforded high acetate FEs. Clearly, electrolyte
pH or [CO2(ag)] was not the sole determining factor of acetate selectivity for CO2RR.

For 1 h CO2RR at -1.46 V vs. RHE under 58 atm, increasing KHCO3 in the 1 M KCI
electrolyte from 0 to 0.03 M significantly improved acetate FE from 24.5% to 61.1% and
suppressed HER FE from 42.5% to 9.4% (Supplementary Figure 3), accompanied by pH increase
from 3.1 to 4.6. However, further increasing bicarbonate to 0.1 M (pH = 6.7) in 1 M KCl resulted
in acetate FE dropping to 18.0% and formate FE jumping to 47.0% (Supplementary Figure 3).
More extreme was that in a pure 0.5 M KHCO3 solution, CO2RR with the same catalyst produced
dominantly formate instead of acetate, with 71.6% formate FE at -0.91 V vs. RHE and 53.2% at -
1.46 V vs. RHE respectively (Supplementary Figure 3), similar to our previous finding of dominant
formate productions using a Cu20(111)-rich catalyst in 0.5 M KHCO3 under 58 atm CO2(g)*>.
These results clearly showed a negative effect of higher HCOs™ concentration to CO2RR selectivity
towards acetate. A plausible explanation was that HCO3™ could act as efficient proton donors®*#°

to protonate *OC'O* intermediates, preventing C-C coupling and hijacking CO2RR to formate

production.

In electrolyte B (6 M KOH + 0.8 M H3BO3), the solution pH, CO2(ag), CO3*", and HCO3"
concentrations evolved over equilibrating time after applying 58 atm CO2(g) were monitored by
electrochemical pH measurement, micro-IR spectroscopy of CO2(ag) quantification®?, and home-
designed plasmon enhanced Raman spectroscopy of COs* and HCO: quantification*®*
(Supplementary Figure 5, see Methods for details). When the equilibrating time prior to starting
CO2RR increased from 1 to 2, 3, 5, and 10 h, we observed pH lowering accompanied by [COz2(aq)],
[CO3%], and [HCO37] increasing (bicarbonate increased from < 0.01 to 0.78 M, Fig. S13), and the
CO2RR acetate FE decreased from 52.5% to 8.3% while formate increased from 10.5% to 43.6%
for 1 h reactions at -0.91 V vs. RHE (Figure 3a and Supplementary Figure 6). Thus, similar to the

acidic electrolyte cases, CO2RR in basic electrolytes with higher [HCO3] also favored formate

over acetate.

We noticed that with catalyst states to be similar (Supplementary Figure 7), efficient
productions of acetate in drastically different electrolyte A and B shared a common characteristic
of high [CO2(aq)]/[HCO37] ratios >~ 10 (Supplementary Figure 6). The [CO2(aq)]/[HCOs37] ratio
appeared to be a useful indicator for CO2RR selectivity to acetate in mildly acidic to highly basic



electrolytes (pH =4.6 ~ 13.7, Figure 3b). When electrolyte pH was below ~ 3 in acidic electrolytes
(Supplementary Figure 3 and 6), H" could become the dominant proton donor over HCO3 ¥,
leading to substantial H2 evolution. We arrived at an important conclusion that a high ratio between
dissolved CO2(aq) and proton donor concentration was key to efficient C-C coupling for acetate

formation by CO2RR on Cu/CuOx electrocatalysts.

In electrolyte B under different CO2(g) partial pressures, for 1 h CO2RR performed at -0.91
V vs. RHE after 1 h equilibrating under 58, 45, 30 and 15 atm CO2(g), we observed decreasing
acetate FE from 52.5% to 15.9% and increasing ethanol FEs from 17.8% to 34.5% (Figure 3¢ and
Supplementary Figure 6), suggesting that for conditions of similarly high [CO2(aq)]/[HCO37] ratios
of 10% level (Supplementary Figure 6), CO2RR selectivity shifts from acetate to ethanol with
decreasing COz2(aq) concentration. A similar trend was also observed for 1 h CO2RR at -1.46 V
vs. RHE in acidic electrolyte A (Figure 3d and Supplementary Figure 6). Hence, in addition to the
positive correlation between acetate/formate FE ratio and [CO2(aq)]/[HCO3], we also observed a

positive correlation between acetate/ethanol FE ratio and [COz2(aq)] (Figure 3d).
Acetate formation via a bidentate *OC*O* pathway

To investigate the CO2RR mechanistic pathway to acetate on our Cu/CuOx catalyst, we
performed in-situ Raman spectroscopy of the species formed on cathode during CO2RR in a
custom-built high-pressure cell under 1, 15, 30, 45, and 58 atm respectively (Figure 4a, see
Methods for details) at -0.91 V vs. RHE in solution B. Focusing 532 nm laser on the electrocatalyst
surface, we observed obvious CO: vibration signals® at ~ 1291 and 1392 cm™! when the CO2(g)
pressure increasing above 30 atm (Figure 4b), due to increasing CO2(aq) (> 0.21 M, Figure 3c) on
the catalyst surface. Importantly, we observed obvious doublet peaks at ~ 1455 and 1478 cm’!
when CO2(g) pressure was over 45 atm at -0.91 V vs. RHE (Figure 4c). The doublet peaks
disappeared upon removing the reduction potential, accompanied by a significant increase in the
COz peaks (Figure 4d) due to halting of CO2(aq) consumption at the catalyst surface by CO2RR.
We assigned the doublet peaks to symmetric C-O stretching vibration v of the O-bound bidentate

intermediate’' 2

*OC'O* that can evolve into the acetate precursor o2a (Figure 4e).
Correspondingly, the O-C-O deformation vibration &°'* was also identified at ~ 721 cm™
(Supplementary Figure 3). We found that C-O stretching in acetate ion was indeed in the similar

~ 1300 - 1500 cm™! range, consistent with previous work>** (Supplementary Figure 7).



In our previous studies®>*, we have shown that a Cu20 (111)-rich catalyst enabled > 98%
COz2RR-to-formate FEs under 58 atm COaz(g), since the > 1 M high [COz(aq)] resulted in
competitive CO2 adsorption on Cu'cus sites (configuration a, Figure 4¢) over water [adsorption
energy = -61.9 vs. -54.0 kJ/mol on Cu20 (111)] to afford abundant *OC O* intermediate via Cu-
O linkages (configuration a1, Figure 4¢)*%, and the resulting *OC"O* could be rapidly protonated
to form formate (configuration oop, Figure 4¢)*>28. With the current SW-Cu(OH)2/Cu electrode in
0.5 M KHCO3 under 58 atm CO2(g), we again observed dominant formate FEs (Figure 5a and
Supplementary Figure 3). In contrast, switching from KHCO3 to solution A, solution B, and 0.25
M K2SO4 solution with much lower [HCO3] under the otherwise identical CO2RR conditions led
to dominant acetate production over formate (Figure 2¢, 5a, and Supplementary Figure 3). Since
the current catalyst was also comprised of mixed Cu(I)/Cu(0) species under CO2RR potentials
(Supplementary Figure 3, 4, and 7), the efficient acetate productions in solution A, solution B, and
K2S04 were attributed to *OC"O* formed on active Cu(]) sites coupling with a second one-carbon
species/intermediate under proton deficient conditions, resulting in C-C coupling for the formation
of acetate (Figure 4¢). The second one-carbon species/intermediate coupling with *OC*O* on Cu(I)
sites could be CO2 molecule'®!* or other *COxHy intermediates such as *CH3 and *CH=0 formed
on nearby active Cu(0) sites™!*'**2, Such C-C coupling outcompeted against *OC’O* protonation
for formate production under conditions of higher [CO2(aq)]/[HCOs7], resulting in higher
acetate/formate FE ratios (Figure 3b). At lowered pressures with reduced [CO2(aq)], the CO2RR
pathway to *OC'O* and acetate gave way to the Cu(0)-*CO pathways (Figure 4e), leading to
increased ethanol as the main product as observed experimentally (Figure 3¢, 3d, and

Supplementary Figure 6).

Previous studies mostly focused on acetate formation on copper-based catalysts by CO
electroreduction®>%, not by direct CO2RR. A popular CORR pathway involved absorbed *CO and
their dimerization to form the ketene intermediate *CH>=C=0'>?>¢, However, we observed
neither *CO (~ 280, 350, and 2100 cm™") nor *CH2=C=0 (~ 1960 cm™) signals®*>> in our in-situ
Raman spectroscopy under high pressures up to 58 atm, and no appreciable CO production was
observed in any of our electrolytes (acidic, basic or near neutral) used for high-pressure CO2RR.
The [HCOs']-dependent competition between formate and acetate production also lacked an
explanation by the ketene pathway. Further, in the acidic solution A (initial pH = 4.6) we also
observed high CO2RR-to-acetate FEs (Supplementary Figure 3), which was inconsistent with the



ketene pathway to acetate requiring high OH" availabilities®’. These argued against the tandem

pathway of CO2-CO-ketene-acetate during high pressure CO2RR.

The formation of ethanol or hydrocarbons in CO2RR involved C-C coupling of two
neighboring *COxHy intermediates on Cu(0) sites (configuration B2, Figure 4e) via various
pathways!*®>_ In electrolyte B, as [CO2(aq)] decreased from 0.48 M at 58 atm COx(g) partial
pressure to 0.12 M at 15 atm, we observed decreasing acetate FEs from 52.5% to 15.9% and
increasing ethanol FEs from 17.8% to 34.5% (Figure 3c and Supplementary Figure 6). The
adsorption of COz on active Cu(0) sites via Cu-C linkage (configuration f3, Figure 4e) shows lower
Gibbs free energy gains*®® than its adsorption on Cu(I) via Cu-O linkage (configuration a, Figure
4e), so that at low [COz2(aq)] conditions, configuration B energetically dominates over a. Thus,
during CO2RR under lower pressures, few *OC’O* were formed on Cu(]) sites for the carboxylate
pathways, giving methane, ethylene, or ethanol as the dominant product (Figure 5a, Supplementary
Figure 3 and 6) through protonation or dimerization of *COxHy on Cu(0) sites in proton-rich or
proton-deficient electrolytes, respectively. In contrast, for high pressure conditions with high
[CO2(aq)], configuration a increased to significant degrees to form abundant *OC'O*, affording
higher acetate selectivity over ethanol and hydrocarbons, and leading to acetate/ethanol FE ratio

positively correlating to [CO2(aq)] (Figure 3d).

Summarizing all the 1 h CO2RR results of SW-Cu(OH)2/Cu in various electrolytes
including KC1 + KHCO3, KOH + H3BO3, KHCOs3, and K2SO4 under 1 - 58 atm CO2(g) partial
pressures, we found that the dominant reduction product shifted from hydrocarbons to alcohols
and then to carboxylates when [CO2(aq)] increased from ~ 1072 to 10° M, while the C1 vs. C2
selectivity shifted to the Cz direction with higher CO2(ag) and lower HCO3™ concentrations (Figure
5b). The resulting two-dimensional map of CO2RR selectivity vs. [COz(agq)] and vs.
[CO2(aq)])/[HCO37] on Cu/CuOx catalyst (Figure 5b) corroborated the selectivity trends observed
by other researchers, such as CO2RR under higher CO: pressure shifting from producing ethylene
to ethanol®, from hydrocarbons to formic acid®?, and from methane to ethylene®. Also, lower
electrolyte HCO3™ concentration shifted CO2RR from producing methane to C-C coupling for
ethylene formation®® (Supplementary Table 4). Such a systematic pathway map could shed light
to disentangling the complex intercorrelated CO2RR mechanisms and facilitate further rational

design of electroreduction systems toward any desired product.



Optimized acetate production by introducing CO2(/) and alginate coating

In our sealed CO2RR system the maximum CO2(g) pressure is 58 atm at room temperature
due to phase equilibrium® (Figure 6a). By melting dry ice under 58 atm COx(g) in the sealed high-
pressure electrolyzer, we introduced a COx(/) layer over the aqueous electrolyte B, which was
visualized through the window of a high-pressure optical cell (Figure 6a and Supplementary Figure
7, see Methods for details). The measured [CO2(ag)] in electrolyte B under 58 atm CO2(g) + CO2(/)
was ~ 1.4 times higher than that under 58 atm COz2(g) at ~ 3 mm beneath the electrolyte interface
(Figure 6b, see Methods for details). We then conducted 1 h CO2RR at -1.7 V vs. Ag/AgCl in
solution B after 30 min equilibrating under 58 atm COz2(g) + COz(/), with SW-Cu(OH)2/Cu bent
to L-shape in order to parallel its end to the interface of CO2(/) and electrolyte interface
(Supplementary Figure 7, see Methods for details). With this cathodic configuration paired to a
high performance NiFe-HC anode for efficient long-term oxygen evolution reaction (OER) at high
currents**%°, we increased acetate FE from 52.5% under 58 atm COx(g) (Figure 2c) to 71.1% under
58 atm CO2(g) + COx(/), accompanied by a much higher partial current density of 86.3 mA/cm?
(Supplementary Figure 7). Note that CO2RR was done in aqueous electrolytes under CO2(g) +
CO2(/) at room temperature, which differed from CO2RR in supercritical conditions®"-%® for which >

31.1 °C were required (Figure 6a).

Lastly, we developed a sodium alginate (SA) coating layer on our cathode (to obtain SA-
SW-Cu(OH)2/Cu) capable of enhancing the cathode durability for efficient CO2RR to acetate
(Supplementary Figure 8, see Methods for details). Through the 20 h reduction at -1.7 V vs.
Ag/AgCl in solution B under 58 atm CO2(g) + COz2(/), the SA-SW-Cu(OH)2/Cu afforded 51.7%
acetate FE at a high 65.4 mA/cm? partial current density (Figure 6¢ and Supplementary Figure 8)
with a potassium acetate yield of 30 mg-h"'-cm™ from direct CO2RR. Comparing with SW-
Cu(OH)2/Cu without a SA coating, SA-SW-Cu(OH)2/Cu showed significantly prolonged CO2RR
efficiency to acetate over time, and the concentration of dissolved Cu?* species in catholyte largely
decreased with a much lighter blue color after 20 h (Supplementary Figure 8). As observed
previously*¢’, Cu?* species were generated from the Cu/CuOx cathode even at reduction potentials
due to trace oxygen in the system (possibly coming from anodic OER despite the introduction of
oxygen absorber in the electrolyzer, see Methods for details), which caused cathode corrosion over

long term CO2RR. This stability issue was circumvented with the SA coating layer since alginate

10



was well-known to cross-link by divalent ions like Cu** to form a gel-like network®®’ (Figure 6d),
slowing down copper dissolution and thus protecting the cathode degradation. Interestingly, we
observed pronounced K 2p signals in the XPS spectra of SA-SW-Cu(OH)2/Cu after long-term
CO2RR (Supplementary Figure 8), suggesting cation exchange of K* with the initial Na* ions in
the alginate layer. The thickness of this alginate layer was estimated to be <42 nm by XPS with
Ar ion sputtering. Quantitative analysis of the Cu 2p features and L3Ma sMa4 s auger peaks showed
obviously higher Cu oxidation states on the cathodes with alginate protection (Figure 6e and
Supplementary Figure 8), indicating a slowdown of Cu dissolution that stabilized the active sites

needed for efficient CO2RR-to-acetate conversion.
Conclusions

In summary, we opened a highly efficient electrochemical CO2RR-to-acetate production
pathway on a Cu(OH)2 derived Cu/CuOx catalyst under 58 atm CO2(g) and further under liquid
COz2(/). The concentrations of dissolved COz2(ag) and HCO3™ were revealed to be important
parameters for determining CO:2RR selectivity. In-situ Raman spectroscopy supported the
mechanism of *OC'O* on Cu(I) sites coupling with a second one-carbon species/intermediate to
form the acetate precursor. This high-pressure CO2RR system led to dominant acetate production
from CO2RR on copper-based electrocatalysts. The fundamental insight and high yield/efficiency

acetate production could facilitate further optimizations of CO2RR towards specific products.
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Methods

Preparation of SW-Cu(OH)2/Cu and SA-SW-Cu(OH),/Cu electrodes. Firstly, a constant
oxidation current of 5 mA/cm? was applied on a Cu foil (99.999%, 0.5 * 4 cm?, Thermo Fisher
Scientific) with graphite as the counter electrode in an electrolyte consisting of 0.375 M NaOH,
0.236 M Na2CO3, and 0.066 M NaxSi0Os. After 15 min of oxidation, the foil was transferred into
25% w/w H2SO4 and soaked for 2 hours to remove the surface oxidation layer, following by
washing with ultrapure water three times before usage. A typical square-wave redox cycling was
conducted in an H-type glass cell (Supplementary Figure 1) with two electrolyte zones separated
by a 180 um thick Nafion 117 membrane (Chemours, DuPont). The electrolyte contained 1 M
KOH or 0.5 M KCI + 1 M KOH, with a saturated calomel electrode (SCE) used as the reference
electrode and graphite rod used as the counter electrode. In order to prepare SW-Cu(OH)2/Cu, the
oxidation and reduction potentials were set to be 0 V and -0.75 V vs. SCE using a CH Instrument
760E electrochemical workstation, with an alternating frequency of 5 Hz and a total cycling time
of 0.5 hours (Supplementary Figure 1). As-prepared SW-Cu(OH)2/Cu electrode was rinsed by
ultrapure water and stored in vacuum before CO2RR. To prepare SA-SW-Cu(OH)2/Cu, 50 mg
alginic acid sodium salt (Sigma-Aldrich) was dissolved in to 10 mL 1:1 v/v ethanol + H20 solution,
and SW-Cu(OH)2/Cu was immersed in the fresh solution for 10 min. After immersion, the

electrode was rinsed by ultrapure water and dried in vacuum for the following steps.

Material characterizations. Synchrotron-based grazing incidence x-ray diffraction (GIXRD) was
performed on BL13A of Taiwan Light Source (TLS) at National Synchrotron Radiation Research
Center (NSRRC), Taiwan, with a monochromatic x-ray of wavelength 1.02174 A collimated to a
spot size of 500 * 500 um?, and 0/20 normal scan performed by eight-circle diffractometer.
Scanning electron microscopy (SEM) was performed on JEOL JSM6335 Field Emission Scanning
Electron Microscope operating at 20 kV. High-resolution transmission electron microscopy
(HRTEM) was performed on FEI Tecnai G2 F20 X-TWIN Transmission Electron Microscope
using a carbon coated Cu mesh grid for holding the nanowire samples collected by ultrasonicating
the SW-Cu(OH)2/Cu electrode. X-ray photoelectron spectroscopy (XPS) was performed on PHI
5000 VersaProbe system using micro-focus (25 W, 100 um), with Al Ko (1486.6 eV) as the
radiation source, and all the binding energy values were calibrated with Cl1s peak (284.6 eV). X-
ray diffraction (XRD) was performed on Rigaku Smart Lab 9 kW system at a scan speed of 2

12



degree/min from 5° to 100°. Inductively coupled plasma mass spectrometry (ICP-MS) was
performed on Thermo Scientific XSeries 2 ICPMS system. Raman spectroscopy was performed
on Horiba Jobin Yvon Raman Spectroscopy, with a plasmonic gold’® (pGOLD) substrate for signal
enhancement if necessary. Fourier transform infrared (FTIR) spectroscopy was performed on a
Nicolet iS50 FTIR Spectrometer. Ultraviolet-visible spectroscopy (UV-Vis) was performed on
Agilent Cary 60001 Spectrophotometer.

Electrochemical surface area (ECSA) measurement of as-prepared electrodes. ECSA
measurements of the as-prepared SW-Cu(OH)2/Cu and Cu foil electrodes were conducted in an H-
type glass cell with SCE as the reference electrode and graphite rod as the counter electrode. In a
0.5 M KHCO:s solution, a 20 mV potential window around the open circuit potential (OCP) of the
three-electrode system was used for cyclic voltammetry (CV) measurement at scan rates of 100,
250, 500, 750, and 1000 mV/s to obtain a series of parallelogram shaped CV profiles that revealed
the pure capacitance performance of the system without any reduction-oxidation reaction
(Supplementary Figure 1). The average difference between the charging and discharging current
densities 4j was correlated to the corresponding scan rate, resulting in linear regressions with high
determination coefficients R’ (Supplementary Figure 1). Thus, the ECSA ratio between two

working electrodes was derivable from their linear regression slopes.

Setup of the high-pressure electrolysis system. We previously reported a home-designed three-
electrode high-pressure electrolyzer®* with a polytetrafluoroethylene (PTFE) reactor in a stainless-
steel shell that allowed CO2RR under high pressure conditions (Figure 2a). The catholyte and
anolyte was separated by a Nafion 117 membrane, with oxygen absorber (Oxy-Sorb 300 cc packet)
introduced in the shared gas phase to remove O2 and prevent the competing oxygen reduction
reaction (ORR)’!. After reaction, the gaseous products were quantified by SRI MG#5 gas
chromatography (GC), and the liquid products were diluted by deuterium oxide (D20) and
quantified by Varian Inova 600 MHz nuclear magnetic resonance (NMR) spectroscopy under a

solvent suppression mode.

Three-electrode CO:RR measurements under high pressure CO:(g) and 1 atm COx(g)

bubbling conditions. Before testing the CO2RR performance of as-prepared electrodes, we

13



applied a constant current of 0.1 mA between two graphite rod electrodes for 12 h to remove
possible metal ions dissolved in electrolyte B, KHCO3, and K2SOs solutions. For electrolytes
containing KCI, Chelex 100 resins (Bio-Rad, regenerated with 1 M HCl and 1 M KOH) were used
to remove possible impurities. After purification, the electrolytes were kept under high pressure
conditions for 1 to 10 h to equilibrate with the gas phase. High pressure CO2RR was conducted
using KCl saturated Ag/AgCl electrode as reference electrode and Ni foam as anode in the high
pressure electrolyzer (Figure 2a) with a typical resistance of ~ 3 Q between the cathode and
reference, and constant reduction potentials applied for 1 h before sample collection. For
comparison, 1 atm CO2RR were conducted in an H-type glass cell under 30 sccm CO2(g) bubbling
with a 0.5 h equilibration time before the 1 h reactions. A typical resistance between the cathode
and reference was ~ 1 Q. The cathodic headspace of H cell was connected with GC for online
analysis of gaseous products. Unless otherwise mentioned, 0.5 M KHCO3 solution were used as

the anolyte for 1 atm and high pressure CO2RR conditions.

CO:RR product analysis. We quantified the gas products including hydrogen, carbon monoxide,
methane, and ethylene by GC. After high pressure reactions, the gas samples were collected in gas
sampling bags and injected into GC after calibrating by standard gas mixtures (1% w/w and 0.5%
w/w of hydrogen, oxygen, carbon monoxide, carbon dioxide, methane, ethane, ethylene, and
acetylene, in nitrogen). For common 1 atm CO2RR measurements, the cathodic headspace of H
cell was directly connected to GC with a flow rate of 30 sccm, and the online analysis of gas
component repeated every 20 min. For both high pressure and 1 atm CO2RR measurements, one-
dimensional '"H NMR spectroscopy was performed under water suppression mode for product
analysis after samples diluted by 10% v/v D20 and the inner reference dimethyl sulfoxide (DMSO).
Standard solutions of potassium formate, potassium acetate, ethanol, and n-propanol were

prepared for deriving NMR calibration curves.

Dynamic electrochemical measurements of solution pH under high pressures. In order to track
the pH evolution in electrolytes used for high pressure CO2RR, we developed an electrochemical
method based on the reduction-oxidation reactions of zinc***® (Supplementary Figure 2). A typical
electrochemical pH measurement was performed in the high pressure electrolyzer with a zinc foil

working electrode paired with a KCl saturated Ag/AgCl reference electrode and a Ni foam counter
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electrode. After a desired equilibrating time under specific CO2(g) partial pressures, CV profiles
were recorded at a 20 mV/s scan rate, and the onset interconversion potential @ between Zn(0)
and Zn(II) species was derived from the tangent lines of Zn(0) oxidation peaks and Zn(II) reduction
peaks on the CV profile (Supplementary Figure 2). Then the solution pH became derivable from
@ combining with concentration of an inorganic carbon species CO3* or HCO3 based on Nernst

equation. This electrochemical pH measurement is applicable to solutions with pH > 6.5.

High-pressure in-situ Raman spectroscopy. We set up a high pressure Raman spectroscopy
(Figure 4a) for the in-situ monitoring of SW-Cu(OH)2/Cu catalyst and surface intermediates during
CO2RR. A 10 mL PTFE cell was equipped with a Pt wire counter electrode and Ag/AgCl reference
electrode. The cell was set in a stainless steel shell that sustained high pressures up to 100 atm,
with a 3 mm sapphire window allowing optical measurements. For a typical high-pressure in-situ
Raman spectroscopy measurement, 0.3 * 0.3 cm?> SW-Cu(OH)2/Cu electrode was stick onto the
working electrode substrate by double sided copper tape, and solution B after 1 h equilibration
under corresponding pressures was injected into the cell. After sealing the stainless steel shell,
high pressures were applied from a CO: cylinder, then the reduction potential was applied from
the potentiostat. A typical resistance between the cathode and reference was ~ 5 Q2. Raman spectra
were obtained on Horiba Jobin Yvon Raman Spectrometer equipped with a PilotPC 500 Laser
Diode Controller, a Spectra-Physics Laser Exciter, and a Mitutoyo 50* M Plan APO NIR
Objective of a 2.0 cm long working distance enabling the focusing of 532 nm laser onto the

electrode surface.

Enhanced Raman spectroscopy for dynamic quantification of CO3* and HCO;" ions in the
electrolytes. Raman spectroscopy was previously employed to characterize the inorganic carbon
species HCO3™ and CO3% in solutions, but with limited sensitivities especially for the HCO3 ion*%°.
A nanostructured plasmonic gold (pGOLD) thin film’® on a borosilicate glass disc (customized by
Nirmidas Biotech, Inc.) to serve as the substrate for a plasmon enhanced Raman spectroscopy. The
pGOLD substrate showed isolated gold islands of 50 - 200 nm in size patching together on the
glass surface according to SEM, with gaps of 10 - 50 nm between the islands (Supplementary

Figure 5). The Raman spectra were obtained on Horiba Jobin Yvon Raman Spectrometer equipped

with a PilotPC 500 Laser Diode Controller, a Spectra-Physics Laser Exciter, and a Mitutoyo 50*
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M Plan APO NIR Objective of a 2.0 cm long working distance enabling the focusing of 532 nm
laser onto the pGOLD substrate.

Dropping HCl titrated 2 M K2CO3 (pH = 10.0) onto the pGOLD substrate for an enhanced
Raman measurement, we observed two prominent peaks at 1015 and 1065 cm™, corresponding to
the stretching of C-OH bond in HCO3™ and C-O bond in CO3* respectively’>”® (Supplementary
Figure 5). Compared to common Raman measurements on a polycrystalline gold foil substrate,
pGOLD afforded significantly larger peak areas of ~ 8 times for both the two species
(Supplementary Figure 5). However, this enhancement effect was orders of magnitude lower than
that for molecules absorbed on plasmonic substrates’, a rationale of which was that liquid phase
Raman spectra on the pGOLD substrate detected the entire volume of solution under the laser
focus, unlike typical surface enhanced Raman scattering (SERS) solely detecting the densely
packed molecules on the hot spots of a plasmonic substrate. In the laser focal volume of the
solution, enhancement of Raman scattering decays in power law of d''® where d refers to the

distance from Raman active species to the plasmonic surface’.

Calibration curves for CO3* and HCOs5™ quantification. To obtain Raman calibration curves
for quantifying HCO3s and COs3* ions in the solutions, we prepared 50 mL 2.0 M K2COs3 solution
and stepwise titrated it using diluted HCI, with the solution pH dynamically monitored by a pH
meter. At desired pH points, 50 uL. aqueous samples were transferred into our previously reported
optical cell*? (Supplementary Figure 5) equipped with a 3 mm thick quartz disc window pairing
with the pGOLD substrate, and the cell thickness was adjusted to be d = 103.0 um. Using the 532
nm laser, Raman measurements were recorded during solution pH decreasing from the original
13.3 to the final 8.0, with 30 scan cycles at a laser exposure time of 10 s at each point. The
integrated Raman peak areas of HCO3™ and CO3* were normalized by the corresponding peak
areas at pH = 10.0 to avoid laser power fluctuations and minimize other unexpected deviations.
Correlating the normalized peak areas with calculated CO3>" and HCO3" concentrations at different
pH values resulted in two calibration curves with high linearities (Supplementary Figure 5). This
pGOLD enhanced Raman spectroscopy detected down to ~ 10 mM for HCO3™ and ~ 1 mM for

CO3?* based on a standard deviation analysis of its sensitivity at 532 nm.
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Dynamic Raman quantification of CO3* and HCOj in electrolytes under high pressures.
With a 3 mm thick quartz disc window pairing to the pGOLD substrate in our previously reported
high pressure optical cell*?, the cell thickness was adjusted to 50 pum before 5 mL of fresh
electrolyte transferring to the solution reservoir connected with the optical cell (Supplementary
Figure 5). And with the reservoir screwed and sealed, valve V7 connected to CO: cylinder and V>
closed, 15 - 58 atm CO2(g) was applied to the headspace of the reservoir. After equilibrating for a
desired time, we opened V2 to sample the optical cell, and adjusted the 532 nm laser beam under
microscope mode to focus on the pGOLD substrate. Raman spectrum for each sample was
recorded over 10 - 30 scan cycles in 30 s. For switching to the next sample, we closed V> and
opened V3 to have the cell and channels flushed by the new liquid sample in reservoir, then closed
V3 and opened V2 to inject the new sample and recorded new spectra. Dilute HCI acidified 2 M
K2COs solution (pH = 10.0) was measured before each experiment and used as a standard solution
for peak normalization. CO3*" and HCO3 concentrations were then derived from their calibration

curves, respectively.

Dynamic micro-IR quantification of dissolved CO2(aq) in electrolytes under high pressures.
The concentration of dissolved COz(agq) in various electrolytes was measured by an in-situ micro-
IR technique that we previously reported?. The stainless steel cell frame was screwed tightly with
O-rings onto the windows to ensure good sealing under high pressures. The transmission FTIR
spectra were conducted on a Nicolet iS50 FTIR Spectrometer. After 1 - 2 mL fresh electrolyte
transferring into the sample reservoir connecting to the 0.5 - 6 pm thick optical cell equipped with
3 - 6 mm thick CaF2 windows, we kept valve V> opened, V3 closed, and V; connected to the CO2
cylinder, and applied 15 to 58 atm CO2(g) to the reservoir with a gas-liquid interphase area of ~
1.5 cm?. IR spectra were recorded after desired equilibrating time periods at a resolution of 0.96
cm’!. By integrating the obtained CO2(aq) IR absorption peak at 2343 cm™!, dissolved CO2(aq)

concentration was derivable from its molar extinction coefficient’?> ¢ = 1.74 * 10* M"'-cm™.

Preparation of NiFe-HC anode for efficient OER. For electrochemical synthesis of NiFe-HC
anode that we previously reported as an efficient OER catalyst**®°, a Ni-Fe alloy foam of Ni : Fe
=2 : 8 was used as the working electrode and coupled with a Pt mesh counter electrode. With an

80 °C oil bath, a 0.25 A/cm? constant oxidation current was applied onto the two electrodes for 16
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hin 0.1 M KHCOs solution. After the electrochemical oxidation, as-prepared NiFe-HC electrode

was rinsed by water and ready to be used as anode after drying in vacuum.

Three-electrode CO2RR measurements under high pressure COz(g) + COz(/). Previously we
obtained a reciprocal correlation between COaz(g) partial pressure and dissolved CO2(aq)
concentration in various solutions*?. The maximum COx(g) pressure is measured to be 58 atm at
23 °C (Figure 5a), limiting the further improvement of dissolved CO2(ag) concentration in the
electrolytes. We came up with a novel method to further increase CO2(aq) by introducing COx(s)
into the system. During a common 58 atm CO2RR process, we added 20 g dry ice into our high
pressure chamber in a container hanging above the electrolytes, and put the whole electrolyzer into
a 30 °C water bath. Then we immediately sealed the high pressure electrolyzer and applied 58 atm
COz2(g). We kept tracking the electrolyte temperature using a thermocouple during the dry ice
melting. The temperature typically recovered to ~ 23 °C within 30 min, upon which we removed
the water bath and started 1 to 20 h CO2RR. Since the addition of COx(s) into the high pressure
system afforded a liquid CO: layer on the aqueous electrolyte that could lead to concentration
gradients of dissolved COz(aq) in the electrolyte, we bent the SW-Cu(OH)2/Cu or SA-SW-
Cu(OH)2/Cu foil to L shape, making the foil parallel to the CO2(/) and electrolyte interface with
an immersion depth ~ 3 mm in the aqueous phase (Supplementary Figure 7). To reduce the circuit
resistance, 4 * 1 cm? carbon paper 29 AA (Fuel Cell Store) was clipped together with the L-shape
electrodes for a better conductivity. A typical resistance between the cathode and reference was ~
3 Q. A 50 um thick Nafion 212 membrane (Chemours, DuPont) and NiFe-HC anode were used in
these conditions. When the reactions were over, we released the pressure and opened the
electrolyzer as normal, and there was no dry ice remained.

In order to directly observe the CO2(/) layer on the electrolyte upon melting of CO2(s), we
equipped our high pressure optical cell with an extra dry ice reservoir controlled by valve Vs
(Supplementary Figure 7). With 3 mL fresh electrolyte transferring into the solution reservoir
connected to the 50 um thick optical cell equipped with 6 mm thick borosilicate glass windows,
we kept V7 and V> open while V3 and V4 closed. After 2 g CO2(s) adding to the dry ice reservoir,
58 atm CO2(g) was applied to the whole system through V7, then V4 was open and V; was closed.
The stainless steel dry ice reservoir contacted directly with air through a large area for heat transfer,

making COx(s) inside quickly melt and a thin ~ 3 mm COz2(/) quickly become observable in the
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optical window in 2 min (Figure 6a). By recording the IR absorption of surface solution B under
this 58 atm CO2(g) + CO2(/) condition after 0.5 h equilibrating, we noticed a ~ 1.4 times
increasement of CO2(ag) concentration ~ 3 mm beneath the interface compared with 1 h

equilibrating under 58 atm COz2(g) without COz(/) (Figure 6b).
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Figure Legends/Captions

Figure 1. Synthesis and characterization of SW-Cu(OH),/Cu. a, CV profile of pure Cu foil in
0.5 M KCI + 1 M KOH, scanning from 0.5 to -1.0 V vs. SCE at 1 mV/s. With the Cu(OH)2
oxidation peak occurring at -0.225 V and reduction peak occurring at -0.902 V, the 9000 cycles of
SW redox treatment between 0 and -0.75 V in 30 min led to Cu(OH)2 accumulation on Cu surface.
Images on the right showed the color change of Cu foil from red to light green after 0.5 h SW
treatment. b, GIXRD pattern of as-prepared SW-Cu(OH)2/Cu, revealing multiple Cu(OH): crystal
facets formed on the electrode surface during SW treatment. ¢, SEM image of as-prepared SW-
Cu(OH)2/Cu, showing abundant fiber-like structures on the electrode surface with lengths in
micron scale. d, HRTEM image of a single fiber on electrode surface, suggesting formation of the
fiber by parallel bundles of ~ 10 — 40 nm thin nanowires. e, Zoom-in image of a single nanowire
with crystal defects highlighted by dashed lines, indicating the high porosity of electrode after SW
treatment leading to an increasing surface area (Supplementary Figure 1).

Figure 2. CO:RR of SW-Cu(OH)2/Cu under 58 atm COz(g). a, A simplified schematic of high
pressure CO2RR electrolyzer. With catholyte and anolyte separated by a Nafion membrane, the
shared gas phase was kept at high CO2(g) partial pressures up to 58 atm to achieve high CO2(aq)
concentration. Oxygen absorber was employed to absorb Oz generated by OER on the anode. b,
Geometric current density profile of SW-Cu(OH)2/Cu during 1 h CO2RR in electrolyte B (6 M
KOH + 0.8 M H3BO3) at -1.7 V vs. Ag/AgCl under 58 atm. The electrolyte was equilibrating for
1 h before CO2RR. ¢, I h CO2RR of SW-Cu(OH)2/Cu in electrolyte Bat-1.3to-1.9 V vs. Ag/AgCl
under 58 atm, with 87.3% maximum acetate FE achieved at -1.3 V. At more negative reduction
potentials, acetate FE significantly decreased with increasing HER. Error bars were obtained from
three parallel experiments. Data were presented as mean values +/- SD. d, Partial current densities
of acetate and C2+ products for 1 h CO2RR of SW-Cu(OH)2/Cu at -1.3 to -1.9 V vs. Ag/AgCl
under 58 atm. Maximum acetate and C2+ partial current densities of 39.2 and 55.6 mA/cm? were
reached at -1.7 V, respectively. Error bars were obtained from three parallel experiments. Data
were presented as mean values +/- SD.

Figure 3. CO:RR selectivity between formate, acetate, and ethanol. a, For 1 h CO2RR at -0.91
V vs. RHE in solution B equilibrating after 1 to 10 h under 58 atm CO2(g), acetate FE and partial
current density decreased with decreasing [COz2(aq)]/[HCOs37] ratios at extending equilibration
times. In contrast, formate FE and partial current density increased with the decreasing
[CO2(aq)]/[HCOs7] ratios. Error bars were obtained from three parallel measurements. Data were
presented as mean values +/- SD. b, A positive correlation between acetate/formate FE ratio and
[CO2(aq)]/[HCOs7] ratio was observed in mild acidic to basic CO2RR conditions, indicating high
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[CO2(aq)])/[HCOs7] as a key to selective acetate production over formate. Dashed line was drawn
to guide the eye. Error bars were obtained from three parallel experiments. Data were presented as
mean values +/- SD. ¢, For 1 h CO2RR at -0.91 V vs. RHE in solution B equilibrating after 1 h
under 15 to 58 atm CO2(g), acetate FE and partial current density increased with increasing
[CO2(aq)] due to elevating CO2(g) partial pressure. In contrast, ethanol FE and partial current
density decreased with increasing [COz(aq)]. Error bars were obtained from three parallel
measurements. Data were presented as mean values +/- SD. d, A positive correlation between
acetate/ethanol FE ratio and [CO2(aq)] was observed in both solution A and B, indicating [COz2(aq)]
as a key to selective acetate production over ethanol at high [CO2(aq)]/[HCO3] conditions. Dashed
line was drawn to guide the eye. Error bars were obtained from three parallel experiments. Data

were presented as mean values +/- SD.

Figure 4. CO:RR mechanism on a Cu/CuQOx catalyst explored by in-situ Raman spectroscopy.
a, A top-view photo and side-view schematic of the high-pressure in-situ Raman spectroscopy. A
three-electrode electrochemical cell was equipped with a stainless steel shell with a sapphire
window, allowing in-situ Raman measurement during high-pressure CO2RR. b, High-pressure in-
situ Raman spectroscopy for CO2RR on SW-Cu(OH)2/Cu at -0.91 V vs. RHE in solution B under
elevating COz(g) partial pressures. With pressure increasing to 30 atm, pronounced CO:2 peaks at
~ 1291 and 1392 cm™! started to appear, suggesting the abundance of CO2(aq) at high pressures.
And with pressure increasing to 45 atm, doublet peaks started to be observed at ~ 1455 and 1478
cm’!, which were assigned to symmetric C-O stretching vibration v of the O-bound bidentate
intermediate *OC'O* (configuration a1). ¢, Zoom-in Raman spectrum of the C-O stretching
vibration under 58 atm. The peaks were fitted to Cauchy-Lorentz distributions with R* = 0.98. d,
Raman spectroscopy on the SW-Cu(OH)2/Cu electrode in solution B under 58 atm CO2(g) without
applying a reduction potential. When the -0.91 V vs. RHE was removed, the a1 v peaks vanished
and COz peaks significantly increased, suggesting the pause of CO2RR. e, A simplified schematic
of CO2RR mechanism in producing formate, acetate, ethanol, and hydrocarbons. On a mixed
Cu/CuOx catalyst surface, CO2 adsorption on active Cu(I) sites via Cu-O linkage resulted in
configuration o, and adsorption on active Cu(0) sites via Cu-C linkage resulted in configuration 3.
Electro-reduction of a resulted in *OC'O*, while electro-reduction of B resulted in *CO
(configuration P1). As the precursor of carboxylate group, o protonation resulted in the formation
of formate, and o1 coupling with a second one-carbon species/intermediate (such as CO2, *CH3,
and *CH=0) resulted eventually in the formation of acetate. Alternatively, electro-reduction and
protonation of Bi resulted in *COxHy on Cu(0) sites (configuration B2). Methane was formed by
the thorough electro-reduction and protonation of isolating 2, while ethylene and ethanol were
formed by C-C coupling of neighboring B2, followed by further electroreduction, protonation, and

inner molecular rearrangements.
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Figure 5. CO2RR selectivity trend on a Cu(I)/Cu(0) catalyst. a, 1 h CO2RR performance of
SW-Cu(OH)2/Cu in solution A, 0.25 M K2SO4, and 0.5 M KHCOs3 at -1.46 V vs. RHE under 1
atm CO2(g) bubbling condition and 58 atm high pressure condition, revealing the huge influence
of reaction condition to CO2RR selectivity. CO2RR started 0.5 h after CO2(g) applied because of
their much quicker equilibration than the basic electrolytes. Error bars were obtained from three
parallel experiments. Data were presented as mean values +/- SD. b, CO2RR selectivity of SW-
Cu(OH)2/Cu at various conditions. A reduction potential of -1.46 V vs. RHE was applied for mild
acidic and near neutral electrolytes (KCl + KHCO3, KHCO3, K2SOs4), and -0.91 V vs. RHE for
basic electrolytes KOH + H3BOs. With measured [CO2(aq)] increasing from ~ 1072 to 10° M level,
dominant CO2RR product (FE significantly higher than other products) shifted from hydrocarbons
to alcohol then to carboxylates. And with measured [CO2(aq)]/[HCOs37] ratio increasing from ~ 10
"'to 102 level, dominant CO2RR product shifted from Ci to Ca.

Figure 6. Boosting CO;RR performance by introducing CO»(/). a, CO2 phase diagram and
phase transition. CO2 gas-liquid equilibrium pressure at 23 °C was measured to be 58 atm. By
introducing dry ice under 58 atm COz2(g), a thin CO2(/) layer was observed between the electrolyte
B and gas phase upon COx(s) melting in the high pressure optical cell (Supplementary Figure 7).
b, Micro-IR measurement of [COz2(aq)] in solution B after 1 h equilibrating under 58 atm CO2(g)
without CO2(/) and 0.5 h equilibrating with COz(/). Integration of CO2(aq) absorption peak at 2343
cm! revealed ~ 1.4 times [CO2(aq)] increase in the electrolyte. ¢, 20 h CO2RR of L-shape SA-
SW-Cu(OH)2/Cu at -1.7 V vs. Ag/AgCl in solution B under 58 atm CO2(g) + CO2(/). As prepared
SW-Cu(OH)2/Cu was immersed in sodium alginate solution to coat an alginate layer on the surface
(see Methods for details). The cathode was bent to L shape in order to parallel its end to the
interface of COz(/) and aqueous catholyte. Paring with a NiFe-HC anode, 51.7% acetate FE was
achieved at 65.4 mA/cm? partial current density for 20 h CO2RR, with a 30 mg-h™!-cm™ potassium

acetate yield. Error bars were obtained from three parallel experiments. Data were presented as
mean values +/- SD. d, A schematic of alginate chains passively crosslinked by Cu®" species from
the catalyst surface. Cu?" ion interacted with GG blocks in the alginate chains, leading to an egg-
box configuration that linked the chains and formed a protection layer on the catalyst surface. e,
Quantitative analysis of Cu valence evolution on the catalyst surface. During CO2RR at-1.7 V vs.
Ag/AgCl in solution B, Cu species were continuously reduced to lower valences. And with the
catalyst coated by an alginate protection layer, the reduction of Cu was largely prolonged, enabling
the efficient production of acetate during 20 h long-term reaction.
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