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Abstract
The synthesis of high energy-density liquid fuels from CO, and H>O powered by sunlight has the

potential to create a circular economy. Despite the progress in producing simple gaseous
products, the assembly of unassisted photoelectrochemical devices for liquid multicarbon
production remains a major challenge. Here, we assembled a standalone artificial leaf device by
integrating an oxide-derived CugsPds electrocatalyst with perovskite-BiVO4 tandem light absorbers
that couple CO: reduction with water oxidation. The wired CugsPds|perovskite-BiVO4 device
provides a faradaic efficiency of ~7.5% for multicarbon alcohols (~1:1 ethanol and n-propanol),
whereas the standalone artificial leaf produces ~1 umol cm™ alcohols after 20 h unassisted
operation under AM1.5G irradiation with a rate of ~50 ymol h™" gcuwed™'. This study demonstrates
the production of multicarbon liquid fuels from CO- over an artificial leaf and therefore brings us a

step closer in using sunlight to generate value-added complex products.



Introduction

Approaches for the sunlight-driven conversion of the greenhouse gas CO- into fuels are often
animated by a bio-inspired process known as ‘artificial photosynthesis’, where solar energy is
stored in the products as chemical energy.’? High energy density oxygenates such as multicarbon
alcohols are particularly attractive products as they can be easily stored, transported and directly
used as liquid fuels.®* Although the electrochemical conversion of CO, to multicarbon alcohols is
being explored,®® direct solar-driven alcohol production from aqueous CO2 over an artificial leaf

has yet to be demonstrated to sustainably produce multicarbon liquid fuels.

Lead halide perovskites have been established in recent years among the most promising light
absorbers in photovoltaic electricity generation,®'2 and in solar-driven catalytic processes.”*' The
perovskite light absorbers can either be used in an indirect configuration to provide bias voltage

618 or for direct solar-to-chemical

in photovoltaics coupled to electrolysis (PV + EC) systems,
conversion immersed in solution when encapsulated and coupled to a catalyst in an integrated
photoelectrochemical (PEC) device.'?' The combination of a perovskite-based photocathode and
a water-oxidizing BiVO4 photoanode was previously employed as a tandem platform for the
reduction of CO; to syngas (gas mixture containing CO and H>) or selective CO formation with a
molecular or metal alloy catalyst, respectively.?>?* However, C-C bond formation to generate
multicarbons has not yet been achieved with these tandem devices under bias-free conditions.
Multicarbon hydrocarbons and oxygenates have been generated with moderate efficiency using
indirect PV + EC systems, where commercially available solar cells were externally employed to

24,25

generate sufficient voltage for product formation, or using a Si-based photocathode under

additional electrical bias.?®

Formation of significant multicarbon products from CO. and H2O over conventional Cu catalysts
requires large overpotentials (<-0.8 V vs. RHE).?" Existing tandem PEC devices therefore do
not provide sufficient bias for unassisted multicarbon generation and limit product formation only

to C1 products.?*%2° Hence, there remains a challenge to assemble an integrated standalone
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PEC platform that allows for unassisted production of multicarbon (C».) fuels from CO- and water
using sunlight. To overcome this challenge, substantial improvements on both catalyst and light

absorber sides are required.

In this study, a bimetallic CugsPds electrocatalyst has been employed that can produce multicarbon
alcohols from CO; at low overpotentials. The perovskite architecture has been modified with an
additional poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine] (PTAA) hole transport layer to improve
the open-circuit voltage (Vo) to increase the available bias for catalysis. The CugsPds catalyst has
been successfully integrated in a bias-free, wired perovskite-BiVO, tandem PEC device as well
as a standalone artificial leaf configuration for unassisted multicarbon alcohol production from

aqueous CO; powered by simulated sunlight.

Preparation and characterization of the bimetallic catalyst.

Cu is the only known metal that can form multicarbon products from CO. electroreduction, but
requires relatively large overpotentials and suffers from low product selectivity.**3' The product
selectivity can be tuned by doping a second metal to copper and generally a CO forming metal
(such as Ag, Pd) can improve the multicarbon product efficiency during CO2 reduction.3?3¢
Following a reported protocol,* we have therefore prepared an oxide-derived CuxPd, material for
multicarbon alcohol production from CO. and H,O at low overpotentials to improve energy
efficiency and enable bias-free operation with our standalone artificial leaf configuration (Fig. 1a).
A template assisted electrodeposition method was employed to form a dendritic macroporous
structure of the bimetallic CuxPd, catalyst (Supplementary Fig. 1). To promote multicarbon
production at low overpotentials, the as-prepared CuxPd, material was then further activated by a
three-step activation process. At first, the material was anodized in a basic ethylene glycol-water
mixture to form a rough oxide layer. Then, the anodized material was further annealed in air to
extend the bulk oxide phase. Finally, the thick oxide layer was electrochemically reduced to form

oxide-derived bimetallic material (Supplementary Fig. 1), which is the active catalyst system in

this study (see Methods section for details).



The metal composition of the activated bimetallic catalyst was determined by inductively coupled
plasma optical emission spectrometry (ICP-OES) analysis showing a Cu : Pd ratio of 94 : 6
(Supplementary Fig. 2). ICP-OES results also show that the elemental distribution of the CugsPds
catalyst is almost unchanged after the activation. Scanning electron microscopy (SEM) analysis
reveals the macroporous structure of the as-prepared catalyst, and the macroporous morphology
remains unchanged after activation (Supplementary Fig. 3). The average surface pore size of the
catalyst is ~30+4 ym. Cross-sectional SEM analysis reveals a catalyst layer thickness of ~85t5
um (Supplementary Fig. 4). Transmission electron microscopy (TEM) analysis reveals that the
pore side walls consist of dendritic structures (Supplementary Fig. 5). The scanning transmission
electron microscopy — energy dispersive X-ray spectroscopy (STEM-EDX) mapping of the
activated CugsPds catalyst shows a phase separation where a Cu-rich phase (CugsPd1) and a Pd-
rich phase (CussPdis) are present on the dendrites (Fig. 1b, Supplementary Fig. 6). Phase-
separation is introduced by the activation process as the as-prepared catalyst shows a
homogeneous distribution of Cu and Pd on the surface with a 94 : 6 metal ratio (Supplementary

Fig. 6).

TEM analysis further reveals the presence of nanocrystals on the dendritic surface of the activated
catalyst that provide a high electrochemically active surface area (Fig. 1c, Supplementary Fig. 7).
High-resolution TEM (HR-TEM) analysis provides the fringe patterns showing the presence of the
Cu(200) and CuPd(200) planes on the surface (Fig. 1d). The selected area electron diffraction
(SAED) pattern of the activated CuqsPds system shows a polycrystalline face centered cubic (fcc)
lattice system (inset Fig. 1d). XRD analysis of the as-prepared CuqsPds catalyst shows CuPd alloy
peaks (Supplementary Fig. 8) and phase separation after activation is confirmed by the presence
of separate Cu-rich and Pd-rich phases (Fig. 1e, the C peak at 26 ~55° comes from the graphite
foil substrate). X-ray photoelectron (XPS) spectroscopy shows only the presence of Cu (Cu2ps,
Cu2ps2 peaks) and Pd (Pd3ds2, Pd3ds, peaks) on the surface of the material with no other heavy

metal (e.g., Pt) contamination (Fig. 1f,g and Supplementary Fig. 9). It is noted that Cu(0) and Cu(l)
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species for the Cu2p peaks appear at similar binding energy and are thus difficult to distinguish
by XPS. A Cu(l) species can be formed by aerial surface oxidation but would instantaneously be

reduced back to the metallic phase under CO; reduction conditions.
Electrocatalytic CO; reduction.

The activated CuqsPds catalyst was electrochemically studied in CO»-saturated aqueous 0.5 M
KHCO:s buffer electrolyte (pH 7.2) at room temperature using a two-compartment cell, where the
cathode and anode compartments were separated by a proton exchange membrane (Nafion'").
A three-electrode set-up was employed where the activated CugsPds catalyst was used as a
working electrode, a Pt mesh as a counter electrode, and a Ag/AgCI electrode (saturated NaCl)
as a reference electrode. Cyclic voltammetry (CV) analysis provides an indication of the low
overpotential activity of activated CugsPds material (Supplementary Fig. 10). Controlled potential
electrolysis (CPE) was carried out for 4 h to show the potential dependent product distribution over
the oxide-derived phase separated CugqsPds catalyst in a potential window from —-0.47 V to -0.74
V vs. RHE (Fig. 2a). Multicarbon alcohol formation gradually increases when applying a more
negative potential; starting at —0.47 V vs. RHE with a faradaic efficiency (FE) of (7.0+1.0)%, and
reached a maximum FE of (15.2+3.1)% at —0.63 V vs. RHE (Fig. 2b). The alcohol consisted of
ethanol and n-propanol with a propanol to ethanol ratio of ~2:1 at -0.63 V vs. RHE. The total
amount of alcohol also gradually increased with applied potential with 6.11.5 ymol cm™ n-

propanol and 4.91+0.93 pmol cm™ ethanol being produced at -0.63 V vs. RHE (Fig. 2c).

Activation is essential for the performance of the bimetallic catalyst (Supplementary Fig. 11): At
-0.53 V vs. RHE, the as-prepared CugPds alloy catalyst showed (0.41£0.1)% total alcohol FE,
whereas the activated, phase-separated catalyst formed (10.1+1.3)% multicarbon alcohols.
Furthermore, the typical active potential range for multicarbon alcohol formation on a copper
surface is —0.85 V to -1.1 V vs. RHE,%?"3% whereas the phase-separated bimetallic catalyst

already displayed maximum alcohol efficacy at -0.63 V vs. RHE. Therefore, the activated
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bimetallic system works efficiently at ~250 mV more positive potential and is thus more suitable
for unassisted PEC devices. The effect of element composition in the bimetallic catalyst was
studied in CPE experiments at -0.53 V vs. RHE with activated Cu, CuesPds, and CusgsPd13
catalysts. Maximum efficiency was obtained on activated CugsPds catalyst where ~10.1 % alcohols
were formed (Fig. 2d). Both oxide-derived pure Cu and higher Pd content catalyst Cus7Pd13 show
a low yield towards alcohol formation from aqueous CO; due to the lack of required surface
composition (homogeneously distributed Cu-rich and Pd-rich phases, Supplementary Fig. 12),
indicating oxide-derived CussPds as the optimum material. '*C isotopic labeling experiments were
carried out performing CPE at an applied potential of -0.53 V vs. RHE for 12 h and 'H nuclear
magnetic resonance ("H NMR) analysis confirmed that the products were formed solely from CO,
as the expected peak splitting (Jc.1 coupling) was observed under a *CO, atmosphere (Fig. 2e,
f). The bicarbonate electrolyte (pH 7.3) for the isotopic labeling experiments was prepared by

saturating '?CO;, or *CO; into 0.5 M 99.999% KOH solution.
DFT and operando Raman spectroscopy studies.

The formation of multicarbon alcohols on the activated CugsPds catalyst likely occurs through a
synergistic process involving both the Cu-rich and the Pd-rich phases. The mechanism of
multicarbon product formation on the phase separated CugqsPds catalyst can be explained by *CO
and *H spillover (* represents an adsorption site) from the Pd-rich to the Cu-rich phase, where C-
C coupling is followed by hydrogenation.***” Pd is known as a CO forming catalyst in
electrochemical CO; reduction and the high abundance of *CO on the Pd-rich phase® accelerates
*CO dimerization through spillover to *CO at the Cu-rich phase to form multicarbon products. After
dimerization, the C, intermediate is reduced (via hydrogenation) to form ethanol as a product, or
another *CO can be added to the C; intermediate forming a Cs oxygenate intermediate which is
then reduced to n-propanol.®*#° Fig. 3a shows a schematic representation of the multicarbon

forming mechanism on the phase separated bimetallic catalyst.



The preferential formation of multicarbon alcohols was further elaborated by DFT calculations (Fig.
3b), investigating the adsorption energy of *CO with respect to Pd incorporated into the Cu moiety.
Incorporating Pd onto the surface of the (100) facet of copper (Cu(100)) leads to increased
adsorption energies for *CO indifferent of the *CO coverage (Supplementary Fig. 13-15,
Supplementary Table 1,2). For example, pure Cu gives an adsorption energy of CO (considering
4 *CO species) of —226 kJ mol™" and gives more negative values with increasing Pd content. On
the (100) facet of CuesPd3, adsorption of 4 CO molecules gives an adsorption energy of -251 kJ
mol~" and further increasing the Pd content decreases the CO adsorption energy to —354 kJ mol™
on the (100) facet of CuzsPd2s (Fig. 3b). The preferential *CO adsorption with increasing Pd content
is consistent with the increased surface *CO concentration that would lead to a preference for Cy.
product formation through the rate determining OC*-*CO coupling step.?” Similar trends in CO*
adsorption energies were also observed for the (111) and stepped (211) facets upon Pd
incorporation into the Cu phase (Supplementary Fig. 16,17, Supplementary Table 3,4). It should
be noted that for a pure Pd phase, the CO* adsorption energy further decreases compared to Cu
or CuxPdy (Supplementary Table 1-3), where CO* is most likely bound too strongly and thereby
acts as a poison for the Pd surface leading to diminished activity. Therefore the bimetallic
electrocatalyst represents a more optimal CO* binding strength compared to the individual pure

metals.*!

To further confirm the formation and stabilization of adsorbed *CO on the bimetallic surface, we
performed operando Raman spectroscopy using the activated CuqsPds catalyst at different applied
potentials (Fig. 3c). The weak Cu.O peaks (formed by aerial surface oxidation) at 521 and 624
cm™" are observed at the open circuit potential (OCP) and disappear when applying a potential. %
This observation supports that the active catalyst material is metallic without subsurface oxygen
under the experimental cathodic conditions. The operando Raman spectra show expected
features: Cu-C stretching at 350 cm™, bicarbonate adsorption at around 1080 cm™', HCOO*

adsorption at 1500 cm™, and *C=0 stretching around 2050 cm™'.** A key observation regarding
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the *CO adsorption on the activated CugsPds is the presence of *C=0 stretching at 0 V vs. RHE.
This finding indicates that the catalyst is active towards CO; reduction at very low overpotentials
and a comparison with pure activated Cu shows the appearance of weak *C=0 stretching from
-0.1 V vs. RHE (Supplementary Fig. 18).** The stabilized adsorbed *CO species facilitates the
dimerization process and therefore the formation of multicarbon products on the bimetallic catalyst
surface. A shift in the wavenumber was observed when *C=0 stretching was compared under
3C0O, and '>CO, atmosphere, which further supports the origin of the adsorbed intermediate is
gaseous CO: (Supplementary Fig. 19). The *CO region shows a broad distribution of energies

which can be explained by adsorption on different active sites?**4

and by the sensitivity of
adsorption energy on Pd content, as discussed above. This strong *CO adsorption at low
potentials thus confirms the multicarbon formation activity of the phase separated CugsPds

catalyst.
Unassisted solar multicarbon alcohol production.

An artificial leaf device assembly was finally constructed for solar multicarbon alcohol generation
from aqueous CO: using simulated solar irradiation. Cesium formamidinium methylammonium
(CsFAMA) triple cation mixed halide perovskite inverse structure devices were interfaced with the
activated CugsPds catalyst using a conductive graphite epoxy (GE) paste to obtain the
photocathodes.'®?22 An additional PTAA hole transport layer' was introduced during the solar
cell fabrication (Supplementary Fig. 20) to improve the open-circuit voltage (Vo) compared to
previously reported photoelectrodes (see Methods; photovoltaic histograms and J-V curves are
given in Supplementary Fig. 21-22)."® The graphite epoxy encapsulant provided improved long-
term stability in aqueous medium, and allowed us to integrate the catalyst directly to the perovskite
layer to fabricate the perovskitelCugsPds photocathode. The photocathode was characterized by
CV and CPE, where the experiments were carried out in a CO; saturated 0.5 M aqueous KHCO3

solution (pH 7.2) under 1 sun solar irradiation (AM1.5G, 100 mW cm™). A potential of +0.58 V vs.



RHE was applied on the photocathode during CPE studies as this is the overlap potential of the
photocathode and the BiVO4 photoanode in a tandem assembly (Supplementary Fig. 23) and thus
provides similar conditions as under unassisted tandem operation. After 6 h of the PEC
experiment, a faradaic efficiency of (6.4+0.9)% multicarbon alcohol was obtained with an almost

~1:1 ethanol and n-propanol ratio (Supplementary Fig. 24).

To achieve solar-driven unassisted multicarbon alcohol production coupled to water oxidation,
tandem devices were assembled by connecting an Oz-evolving BiVO4 photoanode (~1£0.1 ym
thick, containing immobilized TiCo as an earth abundant, transparent, inexpensive, and efficient
water oxidation catalyst, Supplementary Fig. 25, 26) to the CO,-reducing perovskite|CuqsPds
photocathode and illuminating with AM1.5G irradiation.??? The artificial leaves were prepared in
two ways, (i) a wired tandem device where both the photocathode and photoanode were
connected to Cu wires and the photocurrent transient could be measured with a potentiostat (Fig.
4a,b and Supplementary Fig. 27), and (ii) a standalone artificial leaf where the photoanode and
photocathode were directly connected by a conductive copper tape ( Fig. 4f,g and Supplementary
Fig. 28). A CO; saturated aqueous 0.5 M KHCO3 solution (pH 7.2) was used for the bias-free
experiments as this reaction medium acts as an efficient buffer for both CO, conversion and O,
evolution reactions and the BiVO4 photoanode shows optimal operation and stability at neutral
pH.??*® The photocathode-photoanode overlap potential of +0.58 V vs. RHE (Supplementary Fig.
23) and a bias voltage provided by the perovskite solar cell of 1.09+0.01 V (Supplementary Fig.
21) should result in approximately —0.5 V vs. RHE for the activated CugPds catalyst under
unassisted conditions. This potential falls within the optimal potential range (-0.47 V to -0.74 V

vs. RHE, Fig. 2a, b) for the multicarbon alcohol production.

The CV of the tandem device revealed an onset at —0.4 V vs. RHE and a current density of ~300
WA cm™ was observed at zero applied bias (Fig. 4c). PEC experiments under 20 h chopped

irradiation (50 min on, 10 min off) were carried out with the wired tandem device under no applied
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bias and a stable photocurrent was obtained to give 280+30 pA cm™ (Fig. 4d). A higher
photocurrent density (~1.7 mA cm™) was initially obtained due to surface oxide reduction (inset,
Fig. 4d) and after ~10 min the photocurrent reached the steady state value. The FE of multicarbon
alcohol reached a value of (7.5£1.4)% after 20 h of PEC operation under 1 sun irradiation (Fig.
4e) where the individual FE of ethanol and n-propanol was (4.1£0.6)% and (3.410.8)%,
respectively. The calculated solar-to-alcohol efficiency was 0.025 % (Supplementary Table 5).
Traces of C, hydrocarbons (ethylene and ethane; total FE = ~0.3%) were also produced along
with Hz (77.6+1.6)%, CO (3.241.2)%, and HCOO™ (2.410.6)% formation. The FE of photoanodic
02 was (79.2+9.5)%, and this comparatively low FEo2 value could be attributed to the trapped O-
bubbles and possibility of O reduction at the photocathode. PEC experiment with the tandem
device under 20 h continuous light irradiation (no applied bias) provided similar product distribution

as in the case of chopped light irradiation (Supplementary Fig. 29).

Standalone artificial leaves operated under 1 sun irradiation and the progress of the experiment
was monitored by photoanodic O, quantification (Supplementary Movie 1). Fig. 4h shows a
gradual increment of O with time indicating that the leaf is functioning under light irradiation and
around 26.9+4.3 ymol cm™ O, was obtained after 20 h irradiation. The amount of produced Co,
Cs alcohols reached approximately 1 pmol cm™ (0.58+0.08 umol cm™ of ethanol and 0.40+0.03
umol cm™ of n-propanol) after 20 h of operation (Fig. 4i). Under 1 sun irradiation, the rate of alcohol
production amounted to ~50 pmol h™ gcura™". The time-dependent product distribution from the
photocathode part shows a gradual increase of liquid multicarbon alcohol with time
(Supplementary Fig. 30) that indicates the standalone artificial leaf performs steadily for a long
time without degradation. The number of charges associated to form different products at
photoanode and photocathode were calculated from the amounts of products and an even charge

balance (Fig. 4j) between the photocathode and the photoanode has been obtained.
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The product formation rate and solar-to-fuel efficiency of the artificial leaf device can be further
improved by optimizing the perovskite and BiVO;, light absorbers to get better overlap potentials,
developing efficient catalyst systems that can suppress the hydrogen evolution reaction and
produce multicarbon alcohols more selectively, using a less energy demanding oxidation process

46,47

(such as plastic or biomass oxidation), or employing a gas diffusion photocathode (GDP)

assembly under continuous flow reaction conditions.*?

Post catalysis characterization of the activated bimetallic catalyst revealed only minor chemical
and morphological changes after the unassisted PEC experiments. Post-experiment SEM and
TEM analysis shows that some agglomeration occurred on the dendritic nanostructures
(Supplementary Fig. 3,5), whereas post experiment STEM-EDX mapping showed presence of
separated Cu-rich and Pd-rich phases (Supplementary Fig. 6) with almost unchanged
compositions. The overall metal composition was intact as the post-experiment ICP-OES study
provided a Cu and Pd ratio close to 94:6 (Supplementary Fig. 2). Post-experiment XPS analysis
shows the presence of Pd and Cu on the surface without any contaminations (Supplementary Fig.
9). These analyses support a robust activated CuPd material performing solar-driven multicarbon

alcohol production from aqueous CO; for extended periods of time.
Conclusions

We demonstrate a standalone artificial leaf device that produces multicarbon alcohols from
aqueous CO2 under 1 sun irradiation. An activated CugsPds bimetallic material is interfaced with a
bias-free perovskite|BiVO,4 tandem device for solar-driven multicarbon (C:3) product formation.
The phase-separated bimetallic material is highly electrocatalytically active towards multicarbon
generation at a low overpotential regime. DFT calculations reveal that the presence of Pd in the
Cu moiety improves the *CO adsorption and stabilization whereas operando Raman study shows
strong *CO adsorption peak even at 0 V vs. RHE indicating the activated catalyst is suitable for
multicarbon alcohol production at very low overpotentials. The wired CugsPds|perovskite-BiVO4
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tandem device shows an excellent steady state photocurrent of 280+30 YA cm™ and produces
7.5% multicarbon alcohols under 1 sun irradiation, whereas the standalone artificial leaf produces
~1 umol cm™ multicarbon alcohols after 20 h of operation with a production rate of ~50 ymol h™’
geurd ". This proof-of-concept can be applied to form different long chain complex fuels and

chemicals by developing novel artificial leaf systems.

Methods

Materials and Chemicals. Copper foil (99.9%), graphite foil (99.9%), and platinum foil (99.99%)
were purchased from Alfa Aesar; orthophosphoric acid (68%) was purchased from Fluka.
Copper(ll) sulfate pentahydrate (CuSO45H.0, 99.995%), sodium tetrachloropalladate
(Naz[PdCl4], 98%), and suprapur sulfuric acid (H2SO4, 96%) were purchased from Merck. Ethylene
glycol (99%), sodium fluoride (NaF, 99.99%) and sodium hydroxide (NaOH, 99.999%) were
purchased from Merck. Polytetrafluoroethylene (PTFE) tape was purchased from Arctic Buffalo.
Conductive fluorine-doped tin oxide (FTO) glass substrate (~7Q sq™"), anhydrous N,N-dimethyl
formamide (DMF, 99.8%), nickel nitrate hexahydrate (Ni(NOs)2:6H20, 298.5%), polyethylenimine
(PEIE, 80% ethoxylated solution, 35-40 wt% in H.O, average M. 70,000), 2,3,5,6-Tetrafluoro-
7,7,8,8-tetracyanoquinodimethane (FATCNQ, 97%) H20: solution (30%), poly(triarylamine)
(PTAA), and graphite powder were purchased from Sigma Aldrich. 1-methyl-2-pyrrolidone (NMP,
99.5%, extra dry over molecular sieves), ethylene glycol (99.8%, anhydrous), chloroform (99.9%,
extra dry over molecular sieves), Zn dust (98+%), and chlorobenzene (=299.5%, extra dry over
molecular sieves), were bought from ACROS. Perovskite precursors lead iodide (Pblz, 99.99%,),
and lead bromide (PbBrz, 99.99%) were purchased from TCI. Ethylenediamine (absolute,
>299.5%), and hydrochloric acid (reagent grade) were purchased from Fluka. Formamidinium
iodide and methylammonium bromide were purchased from Dyesol and dimethyl sulfoxide
(DMSO, ACS reagent, 299.9% and 99+%) from Alfa Aesar. Analytical reagent grade chloroform,
Nal (laboratory reagent grade) and acetonitrile (HPLC grade) were purchased from Fischer
Scientific. [6,6]-phenyl C61 butyric acid methyl ester (PCBM, 99%) was bought from Solenne BV
and isopropyl alcohol (2-propanol, 299.5%) from Honeywell. Bismuth nitrate pentahydrate
(Bi(NO3)3-5H20, 98%) was purchased from Sigma Aldrich, vanadyl acetylacetonate (Vo(acac),,
>97.0%) was purchased from Fluka and sodium hydroxide (NaOH, analytical reagent grade) was
purchased from Fischer Scientific. ACS reagent grade KHCOs3 (299.7%) was bought from Sigma
Aldrich. CO, (CP grade, 99.995%) was received from BOC and ®*CO, (99.0 atom% '*C) was
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purchased from Sigma Aldrich. Methyl viologen dichloride (MVCI;), and sodium sulfate Na;SO4
(99.9%) were purchased from Sigma Aldrich.

MilliQ® water (4 ppb of total organic carbon content, 18.2 MQ cm) was used to prepare the

electrolytes. All chemicals were used as purchased without further purification.

Synthesis of the catalyst. The Cu,Pd, alloy catalysts were synthesized via a dynamic hydrogen
bubble template assisted electrodeposition method following previously reported protocols.?33¢
The bimetallic alloy material was electrodeposited on a Cu foil substrate. Prior to electrodeposition,
the substrates were electropolished in 50% ortho-phosphoric acid by applying +2.0 V against a
graphite foil counter electrode for 90 s to remove any contamination from the Cu foil surface. The

active area of the substrate was fixed by masking the excess substrate area by inert PTFE tape.

The electrodeposition was performed in a glass beaker containing copper sulfate and sodium
tetrachloropalladate precursor salts (0.05 M total concertation of salts) in 1.5 M sulfuric acid
solution.*® Different compositions of the bimetallic material were achieved by changing the
precursor salt ratio in the deposition bath. A three-electrode set-up was used for electrodeposition
of the bimetallic CusPd, materials, where the electropolished Cu foil substrate was used as a
working electrode, a Pt foil (2.5 x 2.5 cm) as the counter electrode and a leakless Ag/AgCI
(saturated NaCl, BASi) electrode as the reference electrode. A current density of j = -=3.0 A cm™
was applied for 40 s for the galvanostatic electrodeposition process where vigorous Hz bubbles
were produced on the working electrode and acted as a template to form macroporous foam
structure of the material. After preparation, the catalysts were dipped in milli Q water for 150 s and

dried under gentle N, stream at room temperature.

Activation of the catalyst. After preparation, the as-prepared materials were activated to obtain
the phase-separated oxide-derived catalyst to produce multicarbon alcohols. A step-by-step multi
activation procedure was used. At first, an oxide layer was formed by electrochemical anodization
where +10 V was applied against a Pt foil cathode (2 cm x 2 cm) for 120 s. The electrolyte for
anodization contained 0.15 M NaOH and 0.08 M NaF in a mixture of ethylene glycol and water
(3:1 v/v ratio, pH 12).%° After anodization, the catalyst was then kept in MilliQ® water for 20 min
with occasional shaking to remove any hydroxide (pale blue) precipitate and then dried overnight
at room temperature in air. Then, the bimetallic catalyst was further annealed at 200 °C in air for
3 h to form a thick oxide layer. Finally, the oxide layer was electrochemically reduced to metallic
phase by applying —0.6 V vs. RHE for 30 min in a CO, saturated 0.5 M KHCOs electrolyte (pH
7.2). Reduction of the thick oxide layer forms dense nanocrystals on the dendrites with high

electrochemically active surface area. The oxide-derived catalyst was then rinsed with Milli-Q®
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water and dried under Nz. A surface oxide layer formed again due to aerial oxidation when the
activated catalyst was exposed in air during the artificial leaf assembly. However, the oxide layer
was quickly reduced back to metallic phase under the experimental conditions (see Fig. 4d). The

catalyst loading was determined by gravimetric analysis.

Deposition of inverse structure perovskite film. Inverse structure triple cation mixed halide
perovskite photovoltaic cells were prepared following a previously reported method." At first, the
active area (~0.5 cm x 0.5 cm) on the FTO substrate was fixed by etching away excess FTO with
Zn dust and HCI. A NiOy hole transport layer (HTL) was deposited on the FTO-coated glass by
spin coating a 1.0 M Ni(NOz3).-6H20, 1.0 M ethylenediamine solution in ethylene glycol followed
by a thermal annealing step at 573 K. A second HTL PTAA doped with F4ATCNQ, was then spin
coated on top of NiOx under N2 atmosphere. A cesium formamidinium methylammonium
(CsFAMA) perovskite precursor solution was prepared following a stepwise method. A
FAMA. 22Pb1 3213 2Bro 66 solution (total 1000 pL) was made with 510 pyL of DMF, 340 uL of DMSO
and 150 uL of NMP and then 48 yL of 1.5 M Csl in DMSO were added. The perovskite solution
was next deposited onto the PTAA layer by spin coating in two steps; first 10 s at 1000 rpm speed
and then 35 s at 6000 rpm speed using chloroform as the antisolvent added ~7 s before the end
of spin coating. The perovskite layer was then annealed at 373 K for 30 min forming a dark film
on top of the FTO substrate. Afterward, a thin [6,6]-phenyl C61 butyric acid methyl ester (PCBM)
electron transport layer (ETL) was deposited on top of the perovskite layer by spin coating 35 mg
mL~" PCBM solution in chlorobenzene for 45 s at 3000 rpm. To prevent interfacial degradation, A
PEIE film was further deposited on the PCBM layer by spin coating 3.87 yL mL~' PEIE solution in
IPA at 3000 rpm for 30 s. A 100 nm silver layer was deposited by metal evaporation as an electrical
contact. All the perovskite photovoltaic cells used in this study had active areas between 0.20 to
0.25 cm?.

Preparation of the BiVO4ITiCo photoanode. A reported procedure was followed to prepare the
BiVO, photoanodes.* First, electrodeposition of a BiOl film was carried out onto an FTO-coated
glass substrate (with an active area ~0.5 x 0.5 cm?) from a precursor solution containing 20 mL of
an aqueous Bi(NOs)s-5H20 (0.02 M), Nal (0.4 M) solution, and a 0.3 M benzoquinone solution in
ethanol (9 mL). The potentiostatic electrodeposition was carried out by applying two different bias
regimes; (i) —0.3 V vs Ag/AgCl for 5 s and then (ii) =0.1 V vs Ag/AgCl for 180 s. Then, 40 uL cm™
of a vanadium precursor solution (0.4 M VO(acac),, acac = acetyl acetonate) was drop-casted
onto the electrodeposited BiOl, followed by annealing at 723 K for 1 h to form the BiVO,
photoanodes. The BiVO4 samples were washed with aqueous NaOH (0.2 M) to dissolve excess

V,0s from the surface. Finally, an amorphous water oxidation catalyst layer was deposited on the
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BiVO, surface by spin coating 20 uL cm™ of a [TisO(OEt)15(CoCl)] precursor solution (4.8 mg mL~

', in dry toluene) at 2000 rpm for 10 s under air to form the active BiVO4ITiCo photoanode.'®?3

Preparation of perovskitelCugssPds photocathodes. A conductive epoxy paste was used to
interface the catalyst with the perovskite photoabsorber. The paste was prepared by
homogeneously mixing graphite powder with Araldite standard 2 component epoxy (3:4 mass
ratio).'®?® The activated Cug4Pds catalyst was integrated to the device with the help of a thin layer
of the conductive paste and then the device was kept overnight in air for drying. Finally, for
electrical contact, a wire was connected to the FTO glass with conductive Ag paste and the device

edges were thoroughly encapsulated by an Araldite 5-Minute Rapid epoxy layer.

Assembly of the wired tandem device. The excess area of the BiVO4 photoanode was also
encapsulated by the Araldite 5-Minute Rapid epoxy layer after attaching a connecting wire. For a
wired tandem assembly, the perovskitelCugsPds photocathode and the BiVO4 photoanode were
attached back-to-back by rapid epoxy glue.?® The inactive area of the BiVOs-TiCo photoanode

was covered by black tape to avoid direct perovskite irradiation through the bare glass substrate.

Assembly of the artificial leaf. A stepwise assembly process is required to make the standalone
artificial leaf device. At first, the edges of the perovskite|CugsPds photocathode and the BiVOs-
TiCo photoanode were encapsulated. Then these two devices were attached to each other by
epoxy. A conductive Cu tape was used to connect the photocathode and the photoanode and then
all the edges of the integrated device were encapsulated by the rapid epoxy and kept overnight
for drying.?? The device was attached to a metal rod using Parafilm® for physical support during

operation. The inactive area of the photoanode was also covered by a black tape.

(P)EC measurements and product analysis. A certified Newport 1916-R optical power meter
was used to calibrate a Newport Oriel 67005 solar light simulator with Air Mass 1.5 Global (AM
1.5G) solar filters to 100 mW cm™ (1 Sun) prior to each PEC experiment. All electrochemical and
PEC experiments were conducted with a PalmSens Multi EmStat** and Ivium CompactStat
potentiostats. The reaction medium for EC and PEC experiments was an aqueous 0.5 M KHCO3
buffer solution, which was purged for at least 30 min prior to the experiments with gaseous COx,
containing 2% CHs as an internal standard to monitor any gas leakage in our (P)EC reactors. Both
EC and PEC experiments under pure CO. and CO; with 2% CHj, indicate no influence of CH4 on
the catalytic processes (Supplementary Fig. 31), therefore it can be considered as an inert internal
standard. A three-electrode set up consisting of a Ag/AgCl (sat. NaCl) (BasiMW-2030) reference,
a platinum mesh counter, and a CuxPd, or a perovskitelCuxPd, working electrode was used in a

two-compartment gas tight cell for the electrochemical and PEC measurements. PEC
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measurements were performed under chopped light irradiation (50 min on, 10 min off). All the

experiments were carried out at room temperature. A Nafion'"" (

Fuel Cell Stores) proton exchange
membrane was used to separate the cathode and anode compartments. All potentials measured
with respect to the Ag/AgCl reference were converted to the reversible hydrogen scale using the
equation:

E (V vs. RHE) = E (V vs. Ag/AgCI) + 0.059 V x pH + 0.197 V at 298 K.

The bias-free PEC experiments were carried out using a wired tandem device or a standalone
artificial leaf assembled in a back-to-back configuration, in a one compartment cell using CO,
saturated aqueous 0.5 M KHCOs (pH 7.2) at room temperature. The photoanodic O, evolution
was monitored by a NeoFox-GT and Fospor-R fluorescence oxygen sensor probe from Ocean
Optics. CO and Hz from the perovskitelCuqsPds photocathode were quantified by manual injection
from the headspace of the PEC cell into a Shimadzu GC-2010 Plus gas chromatograph. C»-Cs
hydrocarbons from the headspace and C2-Cs alcohols from the electrolyte were quantified using
an Agilent 7890A gas chromatograph equipped with a flame ionization detector (FID) and a
thermal conductivity detector (TCD). A combination of a PLOT-MS 5A Molsieve column and a
PLOT Q column was used for hydrocarbon separation and a HP5 column was used for alcohol
separation. Two separate injectors were used for gaseous and liquid injection. A glass wool
containing pre-column before the HP5 column prevented the electrolyte salt (KHCO3) to enter in
the column. The pre-column was replaced time to time with a new one to avoid any obstacles in
the gas flow due to salt accumulation. The temperature of the liquid injector was kept at 210 °C to
instantly transfer the liquid aliquot into the gas phase. In addition, the HP5 (alcohol separating
column) was opened time to time and re-plumbed carefully after cutting an initial portion to avoid
contamination from salts and dust. After experiment, the electrolyte solution was also analyzed by
ion exchange chromatography (Metrohm 882 IC Plus) to quantify formate. The liquid aliquot after
the isotopic labelling experiments was analyzed by '"H NMR spectroscopy (Bruker 500 MHz, using
D.0 solvent) to distinguish between unlabeled '2C and labelled "*C products. The reaction medium
for the isotopic labelling experiment was prepared by purging *CO, (99 atom%) into ultrapure 0.5
M KOH (99.999%) solution. Some natural abundance (~1%) of ?CO; in the "*CO; cylinder results

the appearance of small peaks of corresponding '°C products in the '"H NMR analysis.

Operando Raman spectroscopy. Measurements were recorded on a Renishaw Invia
microscope coupled to a 785 nm laser with typical power of 0.42 mW through a 20x objective, with
30s typical integration time. A specially designed three-electrode cell with a platinum mesh (Alfa
Aesar) counter electrode, a Ag/AgCI (3.0 M KCI, eDAQ ET072, Green Leaf Scientific) reference

electrode, and an activated CuxPd, working electrode has been used. '?'3CO, saturated 0.5 M
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aqueous KH'?'*CO; solutions (pH 7.2) were used and the experiments were carried out at room
temperature. The cell is closed by a 25 mm x 25 mm x 0.2 mm glass cover slip. Electrochemical

measurements were recorded at room temperature on an Autolab PGSTAT204 (Metrohm).

Computational details. All density functional theory (DFT) calculations were performed on the
Quantum Espresso 6.4 code using the projector augmented wave method and pseudopotentials
with plane wave and density cutoffs of 40 Ry and 200 Ry, respectively with a Fermi-level smearing
of 0.01 Ry using the revised PBE exchange functional. The optimizations converged if the forces
were below 0.001 Ry Bohr™'. Cu slab models were constructed from optimized bulk Cu (lattice
constant 3.65 A) using a 11 x 11 x 11 Monkhorst-Pack k-point grids. A bulk CusPds FCC metal
alloy was constructed and optimized using a 11 x 11 x 11 Monkhorst-Pack k-point grids to

generate the CuzsPdzs slab models.

Cu(111) and Cu(100) slabs consisted of four layers with 9 and 8 Cu atoms, respectively per layer
with the bottom two layers kept frozen and a 4 x 4 x 1 Monkhorst-Pack k-point grids. Cu(211)
slabs were constructed in a 3x4 cell with 32 Cu atoms and four copper layers along the Cu(111)
direction with the bottom layer (12 Cu atoms) kept frozen and a 4 x 4 x 1 Monkhorst-Pack k-point
grids. A larger Cu(211) slab model was constructed with a 6x4 cell with 64 Cu atoms to benchmark
the effect of the slab size on the CO adsorption energies on Cu(211). The slab models along the

(111), (100) and (211) facets for Cu7sPd2s were constructed the same way.

For CugsPds, one surface Cu atom was replaced by one Pd atom on the Cu(111) and Cu(100)
slabs. In case of Cu(211), two models were constructed were either one copper at the top layer

or the second top layer were replaced by one palladium atom.

Material Characterization. A TESCAN MIRA3 FEG-SEM instrument equipped with an Oxford
Instruments Aztec Energy X-maxN 80 EDX system was used for the SEM, HR-SEM and EDX
analyses. The TEM measurements, STEM mappings, and high-resolution point EDX analyses
were carried out by a Thermo Scientific Talos F200X G2 TEM (FEI, operating voltage 200kV,
carbon coated Ni grids were used for sample preparation). XPS analyses were performed at the
Maxwell Center (University of Cambridge) with a near ambient pressure (NAP) X-ray
photoemission spectroscopy system which uses a SPECS XR 50 MF X-ray Source, uy-FOCUS
600 X-ray monochromator and differentially pumped PHOIBOS 150 1D-DLD NAP analyzer. Data
analyses were carried out using CasaXPS software. A Gaussian/Lorentzian line-shape was used
for fitting. The fit details for the activated CugsPds catalyst (Fig. 1f,g and Supplementary Fig. 9b,c)
are: Cu2ps» peak position 931.66 eV with area% 71.4, Cu2p1» peak position 951.5 eV with area%

28.6, Pd3ds, peak position 334.57 eV with area% 60.3, and Pd3ds. peak position 339.89 eV with
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area% 39.7. The fit details for post-experiment activated CugsPds catalyst (Supplementary Fig.
9e,f) are: Cu2ps;» peak position 931.7 eV with area% 71.7, Cu2p1,2 peak position 951.53 eV with
area% 28.3, Pd3ds, peak position 334.52 eV with area% 60.8, and Pd3ds; peak position 339.85
eV with area% 39.2. PXRD measurements were performed by a Panalytical X'Pert Pro (K alpha
Cu radiation) diffractometer using 1° min~' scan rate. ICP-OES measurements were performed
using a Thermo Scientific iCAP 7400 ICP-OES DUO spectrometer.

Data availability

The raw data supporting the findings of this study are available from the University of Cambridge
data repository: https://doi.org/10.17863/CAM.95679
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Fig. 1 | Artificial leaf overview and physical characterization of the bimetallic catalyst. a,
Schematic representation of a standalone BiVOs-perovskite|CugsPds artificial leaf. The oxide-
derived CugPds catalyst was characterized by b, STEM-EDX mapping, ¢, d, high-resolution TEM,
e, powder XRD analysis (area under the red circle was zoomed and shown in inset), and f,g, XPS
analysis (shows Cu and Pd regions, respectively).
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Fig. 2 | Electrochemical analysis of activated Cu.Pd, catalysts. a, Faradaic efficiency of C+-
Cs gaseous and liquid products from the potential dependent CO; electrolysis experiments over
the activated CuqsPds catalyst. b, Faradaic efficiency, and ¢, corresponding amounts of individual
alcohol product from controlled potential electrolysis experiments. d, Composition dependent
activity of different activated CuxPd, systems. CO. saturated 0.5 M KHCO3 (pH 7.2) was used as
electrolyte and the experiments were performed for 4 h. Isotopic labelling experiments were
carried out at —=0.53 V vs. RHE for 12 h using *CO. and "*CO; saturated 0.5 M KOH electrolyte
(pH 7.3) to demonstrate that the e, multicarbon alcohols, and f, formate were produced from CO
by "H NMR spectroscopy. Due to some natural abundance of 2CO; in the "*CO; cylinder, small
peaks corresponding to '>C products appear in the spectra (denoted by the asterisks in e and f).
All experiments were carried out at room temperature. The mean values were estimated from
three independent (n = 3) measurements where the error bars represent the standard deviation.
The data are presented as mean values * standard deviation.
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Fig. 3 | Mechanistic analysis of multicarbon production over activated CuqsPds catalyst at
low overpotentials. a, Proposed mechanism of multicarbon alcohol formation over a phase
separated CuPd system (based on previous literature, ref. 36 and 40). b, DFT study shows
preferred *CO adsorption on a CuPd system compared to pure metallic Cu. ¢, Operando Raman
spectroscopy study with activated CugsPds catalyst shows strong *CO adsorption at very low
overpotentials which explains the catalyst’s multicarbon generating activity. The potential values
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Fig. 4 | Unassisted multicarbon alcohol production using wired tandem BiVO;,-
perovskite|CussPds PEC devices and standalone artificial leaves. a, b, photographs of the
wired tandem device showing the BiVO, side and the catalyst side, respectively (scale bar: 5 mm);
¢, CV scans with the wired tandem device under chopped, continuous, and no simulated solar
light illumination (AM1.5G, 100mW cm™, scan rate: 10 mVs™') where the green vertical line
indicates the photocurrent density under no applied bias conditions; d, representative transient for
a 20 h bias-free CO, photoelectrolysis where the inset shows the high initial photocurrent due to
surface oxide reduction; e, faradaic efficiency of products from 20 h unassisted CO;
photoelectrolysis. f,g, Photographs of the standalone artificial leaf showing the BiVO, side and the
catalyst side, respectively (scale bar: 5 mm); h, photoanodic O quantification from the standalone
artificial leaf; i, amounts of products formed at the photocathode from the standalone device after
20 h of light irradiation (1 sun, AM1.5G); j, charge balance calculated from the products detected
at the photocathode and photoanode sides of the standalone device after 20 h of operation. Figure
legend Hyd. in panel e and i denotes the total C, hydrocarbon. The experiments were carried out
at room temperature using CO; saturated aqueous 0.5 M KHCOs (pH 7.2). The mean values were
estimated from three independent (n = 3) measurements where the error bars represent the
standard deviation. The data are presented as mean values + standard deviation.
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