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Broader context DOI: 10.1039/DAEE05780F
Syngas, a mixture of H, and CO, is a key industrial intermediate in the production of liquid fuels
through the Fischer-Tropsch process. Hence, solar-driven CO,-to-syngas conversion is a key strategic
goal towards securing a sustainable carbon economy. This is reflected through support from
policymakers including the U.S. Department of Energy or European Commission. To this end, the €5
million EIC Horizon Prize “Fuel from the Sun” was launched in 2017 to incentivise research on direct
light-driven fuel production beyond water splitting, and accelerate the translation of these
technologies from laboratory prototypes towards real-world applications. This report describes the
insights gained by a University of Cambridge team throughout the competition, from advances in
device and catalyst design for unassisted syngas synthesis, to the practical engineering challenges

encountered during outdoor testing of a 0.35 m? solar fuel reactor.
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Abstract

Metal halide perovskite-based artificial leaves have emerged in recent years as a promising design towards direct solar
fuel synthesis. However, the complexity of these layered devices and reliance on solution-based techniques hinders the
scalability and performance of existing prototypes. Here, we utilise vacuum processing of the perovskite light absorbers,
as an industrially compatible method to produce large-scale devices. Accordingly, we fabricate fully evaporated 10 cm?
PV devices sustaining a 1V photovoltage, which allow perovskite-BiVO, tandem photoelectrochemical devices with a
selective Cuglng alloy catalyst to sustain unassisted water and CO, splitting over 36 hours. To demonstrate the
modularity of this design, we designed a 0.7x0.5 m? “artificial tree” reactor containing a 10x10 array of artificial leaves,
which was benchmarked during the 3-days final outdoor demonstration of the EIC Horizon Prize “Fuel from the Sun”, a’.
the Joint Research Center of the European Commission in Ispra, Italy. Such real-world tests reveal key insights inte
practical operation that are not encountered during standardised laboratory experiments, but are crucial for upscaling

of emerging solar fuel technologies.

Broader context

Syngas, a mixture of H, and CO, is a key industrial intermediate in the production of liquid fuels through the Fischer-
Tropsch process. Hence, solar-driven CO,-to-syngas conversion is a key strategic goal towards securing a sustainable
carbon economy. This is reflected through support from policymakers including the U.S. Department of Energy or
European Commission. To this end, the €5 million EIC Horizon Prize “Fuel from the Sun” was launched in 2017 to
incentivise research on direct light-driven fuel production beyond water splitting, and accelerate the translation of these
technologies from laboratory prototypes towards real-world applications. This report describes the insights gained by a
University of Cambridge team throughout the competition, from advances in device and catalyst design for unassisted
syngas synthesis, to the practical engineering challenges encountered during outdoor testing of a 0.35 m? solar fuel

reactor.
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Introduction

Metal halide perovskite semiconductors have emerged as excellent materials for light harvesting appli¢aticas, Wwith
photovoltaic (PV) energy conversion efficiencies of lab-based cells increasing rapidly from 3.8% in 2009' to 26.7%
today.?® Single and multijunction perovskite PV modules can exhibit a very small energy payback time of 0.09 years and
a greenhouse gas emission factor as low as 13.4 g CO; equivalent per kWh, which compare favourably to other
technologies including market-leading silicon cells.* Perovskite-based technologies can therefore play a key part in
achieving society’s decarbonisation goals.

Accordingly, these materials have attracted similar interest from the solar fuels community,> with PV-electrolysers,®’
photoelectrochemical (PEC) systems® and nanoparticle photocatalysts®>*° developed for proton*2% and CO, reduction,?

28 0, evolution,t1316192937 NH; production,®® organic transformations*3

or waste/pollutant degradation and
valorisation.}?3%%44> Among those, compact artificial leaves have emerged as promising alternatives for unassisted water
splitting and CO; conversion, as they bridge the gap between the performance of bulky PV-electrolysis systems and the
separation and recovery challenges of photocatalytic powder suspensions.*® Despite the rich product scope, most
prototypes are only reported on a <1 cm? scale, as such layered devices rely on multiple deposition techniques involving
solution processing and annealing steps. These deposition methods lead to inhomogeneities on areas beyond a few cm?,
which can induce pinholes affecting the dark current and photocurrent.*®*” These film defects increase the likelihood of
device shorting and device degradation under operation.

Thermal evaporation can provide key advantages for perovskite PV fabrication over solution methods, as solvent-free
steps avoid potentially hazardous and expensive solvents (e.g., dimethylformamide), which can degrade underlying
layers during processing. *®4° Moreover, vacuum processing ensures a homogeneous large-area deposition on a broat!
variety of conductive substrates with active areas spanning from <10 mm? multiple pixel devices to >10x10 cm? PV
modules, which is key for both single and multijunction applications.*®*°

Here, we utilise vacuum deposition as a scalable technique for the fabrication of 10 cm? artificial leaves (Fig. 1). Fully
evaporated perovskite PV devices can be interfaced to selective Pt and Cuszlng electrocatalysts for H, evolution or CO;
reduction, enabling unassisted water and CO; splitting in a tandem configuration with a BiVOs photoanode for O,
evolution. The vacuum deposition allows us to fabricate >100 individual artificial leaves, which are used to demonstrate
the modularity of PEC artificial leaves under outdoor operation. To this end, we develop a series of small- to large-scale

PEC reactors approaching a m? size, which reveal practical insights into the effect of atmospheric conditions

(temperature, pressure) and light intensity during real-world outdoor tests.
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Fig. 1. Vacuum deposition of 10 cm? perovskite solar cells for PEC artificial leaves. (a) Architecture of a perovskite-BiVO,
artificial leaf embedding a fully evaporated PV device. (b) Reverse scan J-V curves of a representative large-area device
under 1 sun (orange, AM1.5) illumination and no irradiation (blue). Left inset: photograph of the PV device with a 4.3x2.2
cm? active area. Right inset: schematic depiction of the multiple-source evaporation chamber.

Results and discussion

Perovskite PV device fabrication

Devices with an ITO|spiro-TTB | perovskite | Ceo| BCP| Cu architecture were fully evaporated to ensure film uniformity
and compatibility with multiple layers in the stack (Fig. 1, Fig. S1, ESIT). A FAq7Cso3Pb(lo9Bro1)s perovskite layer with a
1.62 eV band gap was deposited by co-evaporation from three Pbl,, CsBr and FAI sources (FA: formamidinium).&4
2,2',7,7'-Tetra(N,N-di-p-tolyl)amino-9,9-spirobifluorene (spiro-TTB) and Ceo|BCP charge transport layers ensurec
effective separation of holes and electrons, respectively. We note that we could not achieve sufficient uniformity ol
layers over large area with leading solution-processed hole transport layers such as phosphonic-based self-assemblec
monolayers,*® specifically motivating the choice of evaporated spiro-TTB.>! The deposition of a crystalline perovskite
film onto ITO|spiro-TTB was confirmed by X-ray diffraction (XRD) (Fig. S2, ESIT). Device performance was first optimized
on 8-pixel devices with individual active areas of 0.12 cm?, which were deposited onto 2.54x2.54 cm? ITO substrates.
These displayed an average open-circuit voltage (Voc) of 0.97+0.05V, short circuit current density (Jsc)
of -18.8+2.8 mA cm™, a fill factor (FF) of 58.4+8.1% and PV cell efficiency (PCE) of 10.8+2.6% (see Figs. $S3,54, ESI*, for
representative JV curves and histograms).

Custom-made masks enabled the simultaneous fabrication of up to four devices with a 4.3x2.2 cm? photoactive area
onto 5x3 cm? ITO substrates (Fig. S1, ESIt). A representative 10 cm? device sustained an open-circuit voltage (Voc) o1
1.04 V and a moderately high short circuit current density (Jsc¢) of -17.2 mA cm™, similar to those of smaller 8-pixel
devices. A significantly lower fill factor (FF) of 28.7% could be traced back to the sheet resistance of conductive ITO glass
(15 Q sq.}), which is known to induce resistive losses over larger areas, especially at absolute currents beyond 100 mA.
This, combined with parasitic contact effects and dark currents, results in a linear, ohmic photocurrent behaviour witl
applied voltage.”"**%3 Still, the device attained a PV cell efficiency (PCE) of 5.3% (Fig. 1b), representing a four-fold

improvement over the efficiency of our solution-processed devices.*’
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Cuo:ln; alloy catalyst development

In parallel with PV fabrication, a dendritic Cuxln, electrocatalyst was synthesized f°"°W‘”Dgo|?1§_%§'9'?‘§%§*§2§§§§ted
galvanostatic electrodeposition method.>* A reported procedure was adapted for catalyst deposition on 10 cm? Cu
foils,>* whereas the alloy composition was adjusted to favour long-term CO, reduction (see Methods, Fig. S5, ESIT).
Scanning electron microscopy (SEM) and high-angle annular dark field (HAADF) images revealed a hierarchical catalyst
morphology, with nanoporous dendrites forming macropores with a 33 +3.3 um pore size, whereas scanning
transmission electron microscopy (STEM) elemental mapping confirmed the homogeneous distribution of Cu and In on
the dendrite surface (Fig. 2¢,d, Fig. S6, ESIT). Energy-dispersive X-ray (EDX) spectroscopy indicated an alloy composition
of 92 wt% Cu and 8 wt% In (Cuszlng), whereas XRD confirmed the presence of Culn alloy phases, along with some residua!

Cu and Cu,0 phases. Accordingly, the 10 cm? catalyst preserved the morphology and elemental distribution of previously

reported 0.84 cm? Cugslng samples.®*
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Fig. 2. Characterisation of the 10 cm? CugIng catalyst. (a,b) Long-term electrochemical CO; reduction test. (a) Currenc
trace during a 36 h CPE experiment at -0.4 V vs. RHE. Inset shows a higher cathodic current density at the beginning of
the experiment due to electrochemical reduction of the surface oxide layer that originated due to aerial oxidation. The
oxide reduction process was completed within 3 min as the transient reached a steady state. (b) Amounts and FYs of gas
products from electrolysis. CPE is performed in 0.5 M KHCOs, under CO,, pH 7.4. (c) SEM image of the porous Cus;Insg
catalyst. (d) STEM mapping supports the bimetallic nature of the catalyst dendrites.

A long-term controlled potential electrolysis (CPE) experiment was carried out at -0.4 V against the reversible
hydrogen electrode (RHE) for 36 h, resembling the daytime operation of a PEC device during a 3-day test (Fig. 2a,b). The
experiment was performed in a 3-electrode, one-compartment setup with a 10 cm? Cug,Ing catalyst, a Ag/AgCl referencc
and graphite foil counter electrode. A steady current density of -0.36 + 0.03 mA cm™ was sustained during CPE (Fig. 2a).
A higher cathodic current was observed over the first ~¥3 min due to electrochemical reduction of the residual surface
oxides (see inset of Fig. 2a). 164.4 umol cm™ CO and 80.9 umol cm™ H, were obtained over the 36 h CPE test, amounting
to faradaic yields (FYs) of 68.4 % and 33.7 % for CO and H,, respectively. A steady CO production was observed with
time, whereas the H; evolution rate increased after the first 15 h. This can be traced back to an in-situ reorganisation of
the alloy phases, which is known to expose the Cu phase leading to higher H, evolution activity at the appliea

electrochemical conditions.>* A cyclic voltammetry (CV) scan performed after long-term CPE indicated an early onset
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potential at around -0.3 V vs. RHE for aqueous CO, reduction (Fig. S7, ESIT), which suited our standalone artificial leaves
for unassisted syngas (CO+H,) production. View Article Online
DOI: 10.1039/D4EEO5780E
Perovskite-BiVO, artificial leaves
The perovskite PV devices were next interfaced to Pt or Cuslng catalysts for proton or CO;, reduction using graphite

).>®> The resulting photocathodes (abbreviated

epoxy (GE) paste, which acted as a conductive encapsulant (see Methods
PVK|GE| Pt or PVK|GE| CuszInsg) displayed early onset potentials of 1.0 and 0.8 V vs. RHE, respectively, resulting in a good
overlap with CV curves of BiVO,4 photoanodes (Fig. 3a, Fig. S8b, ESIT). Photocurrents under 1 sun irradiation remained
similar when light was filtered through BiVOs4, which confirms the limiting effect of sheet resistance on perovskite
photocathodes. Dark currents of PVK|GE|Cuszlng photocathodes (Fig. 3a) could be traced back to a combination ot
surface Cu reoxidation at positive applied potentials, current leakage through the PV device and transient capacitive
effects of the porous catalyst, which were diminished in case of planar PVK|GE|Pt electrodes (Fig. S8b, ESIT). Furthet

controls indicated that only negligible photocurrents below -5 pA cm™ are observed in the absence of a catalyst, i.e., GE

has no intrinsic catalytic activity (Fig. S8a, ESIT).
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Fig. 3. Performance of a 10 cm? BiVO, - PVK | GE | Cus,Ing artificial leaf coupling unassisted aqueous syngas production to
0, evolution. (a) CVs of individual perovskite and BiVO,4 photoelectrodes. The sign of photocathode traces is reversed to
illustrate photocurrent overlap. (b) CPE trace recorded at OV applied bias under 1 sun irradiation (AM1.5G,
100 mW cm™), in a 0.5 M KHCOs solution, pH 7.4, under CO,. Light was chopped in 50 min on, 10 min off cycles to aid
benchmarking against reported systems. (c) Corresponding faradaic yields and product amounts as a function of time.
(d,e) Photographs of the 10 cm? tandem device during operation in a custom-built PEC reactor.

The perovskite photocathodes were attached to BiVO4 photoanodes in a back-to-back, tandem configuration (Fig. 1a,
Fig. S9, ESIt). The PEC performance of these 10 cm? artificial leaves was tested in a 2-electrode, one-compartment setup,
using a custom-built Perspex (acrylic glass) reactor with an inner volume of 8x8x4 cm? (Fig. 3, Fig. 510, ESIt).

A BiVO, - PVK|GE| Pt PEC tandem could attain a reproducible onset voltage of -0.8 V and photocurrents of ~0.6 mA
cm2at 0 V applied bias, displaying a minimal photocurrent decay and no visible photocathode degradation duringa 10 h
indoor stability test (Figs. $8,511,512, Movie S1, ESIT). The H, FY amounted to 99.2% after 10 h, corresponding to a 0.69%
solar-to-fuel conversion efficiency (STF). Accordingly, the evaporated perovskite device structure and hydrophobic

graphite paste coating resulted in a threefold improvement in performance and stability over our previously reported
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10 cm? perovskite-BiVO, devices for overall water splitting, which could only sustain photocurrents of 0.2 mAcm2at0V
applied bias, with an onset voltage of -0.5 V and complete photocurrent degradation within 3 h'4|;o\; 10.10;/57%2??55%%;

10 cm? BiVO, - PVK| GE | CugzIng tandems were also benchmarked under 1 sun illumination for 36 h, comparable to
daylight availability over a 3-day outdoor test (Fig. 3, Figs. S13,514, Movie S1, ESIT). CV scans of tandem devices displayea
an onset voltage of -0.5V, indicating that artificial leaves can operate in the absence of external bias (Fig. $13,514a,
ESIT). Accordingly, a PEC tandem sustained a steady-state photocurrent density of around 0.1 mA cm during long-term
CPE at 0V applied bias (Fig. 3b, Fig. S13, ESIT), representing a tenfold increase in stability over earlier, Field’s metal
encapsulated devices.*’ The artificial leaf produced 88.6 pmol CO and 373.1 umol H, over 36 h (see amounts normalised
per area in Fig. 3c), corresponding to faradaic yields of 17.7% (CO) and 59.3% (H:), with a CO:H, ratio of 0.24:1
Accordingly, the 10 cm? device attained STF values of 0.098% (H.) and 0.032% (CO), which compare favourably to small-

235456 \ith active areas <1 cm? (Table S1, ESIT). This performance was reproducible, with a second

scale artificial leaves
prototype yielding 79.6 umol CO and 215.6 umol H; over 36 h, with FYs of 22.3% (CO) and 60.3% (H.), a CO:H, ratio o1

0.37:1, and STF values of 0.062% (H,) and 0.025% (CO) (Fig. S14b,c, ESIT).

Scalability towards a m? scale

One intrinsic advantage of standalone PEC artificial leaves is their modularity. Since each unit can operate
independently from each other, multiple smaller leaves can outperform a larger device of the same area, without
suffering from resistive losses or mass transport effects.>® Moreover, the degradation of one smaller device (e.g., from
moisture infiltration, or light-induced interfacial degradation) does not affect the performance of the entire device array,
as in the case of a single larger-area device.**® This gives PEC artificial leaves another advantage over PV modules.
where the shorting of one PV cell can affect the performance of the entire assembly, necessitating expensive solutions
such as by-pass diodes.

To test this design principle on a larger scale, we developed modular PEC reactors approaching a m? scale for the EIC
Horizon Prize “Fuel from the Sun: Artificial Photosynthesis” from the European Commission (Fig. 4, Figs. S15,516,
Discussion S1, ESIT).>® To this end, >100 BiVO, - PVK|GE|Cusylng artificial leaves were assembled over a period of 2
months by a team of 5 postgraduate students and postdoctoral researchers, while a 0.7x0.5 (0.35) m? “artificial tree”
reactor was constructed by the Mechanical Workshop (Yusuf Hamied Department of Chemistry, University of
Cambridge), to house a 10x10 array of 10 cm? PEC devices (Fig. 4a,d, Fig. S17, ESIt). The large reactor was engineered
pursuing versatility, low cost and ease of fabrication, making this design appliable to a wide scope or
photo(electro)catalytic systems within the broader artificial photosynthesis community. Accordingly, the reactor was
assembled from UV-vis-transparent Perspex panels, which were processed using an automated laser cutter machine.
The latter allowed the rapid patterning of sample holder frames, which can be swapped for devices of different sizes,
without needing adjustments to the main reactor body (Fig. 4a). Based on multi-physics modelling and simulation

60,61

studies, small openings were allowed in these sample holders, to permit syngas collection in the headspace and

avoid pH gradient build-up between the cathodic and anodic sides of the reactor (Fig. 4d).
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Fig. 4. Outdoor testing of modular PEC reactors. (a) 3D design of the 0.7x0.5 m? Perspex reactor. (b) Product amounts
obtained during 2.5- and 3-day tests with the medium- and large-scale reactors, respectively. (c) Medium (3x2 array)
reactor with a Fresnel lens, at the start of the 2.5-day test (11:00, 21t June 2022 - Maxwell Centre Cambridge, Unitec
Kingdom). (d) Large-scale reactor with a 10x10 array of 10 cm? artificial leaves. (e) Testing pad at the start of the 3-day
outdoor test (09:00, 4™ July 2022 - JRC Ispra, Italy). Left: medium-scale reactor with Fresnel lens, connected to 2.5 L gas
and liquid collection tanks. Middle: small-scale reactor connected to a gas sampling bag. Right: large-scale reactor
connected to gas (25 L) and liquid (20 L) collection tanks. Tests were performed under solar irradiation, at ambient
temperature, in a CO,-purged 0.5 M KHCOs solution. (f) Weather conditions during the 3-day outdoor test. A
thunderstorm yielded a quarter of the yearly precipitations in Ispra over the first day.

A medium-scale test was first performed on the rooftop of the Maxwell Centre in Cambridge, to assess the design of
our overall PEC platform (including gas collection and light concentration modules) under real-world operating
conditions (Fig. 4b,c, Fig. S18, ESIT). To this end, a 16x16 cm? reactor*® was fitted with a custom-made 3D-printed sample
holder accommodating a 3x2 array of 10 cm? artificial leaves. In this setup, the reactor was connected to a 2.5 L external
gas tank via tubing, which was fitted with on-off and one-way valves. The gas tank was filled with 1 M KOH solution, and
connected to a second empty 2.5 L tank to collect spill-over KOH solution, which was meant to prevent overpressure in
the PEC reactor. Accordingly, the excess product and CO, mixture would flow into the gas tank, where CO, would be
captured in form of carbonate, leaving syngas and O, to displace the KOH solution (Fig. S19, Movie S2, ESIT). The
synthesis of concentrated syngas was essential to obtain a combustible, non-diluted gaseous fuel — a key evaluatior.
criterium of the Horizon competition (Discussion S1, ESIT).

The outdoor test in Cambridge began at noon on 21 June 2022 with clear sky (Fig. 4c). A 39.5x39.5 cm? static Fresnel
lens was dismounted within the first hour and not used thereafter in this test, as a drift of the focal point caused sample
shadowing, which emphasizes the importance of light tracking for solar concentration. Due to leakage of KOH from the
gas tank, the on-off valve was also switched off after 2 hours. Nevertheless, 1.22 pmol cm™ of CO and 0.41 umol cm? H,

were retained in the PEC reactor headspace after ~24 h. In contrast, 2.32 umol cm™ of CO and 5.19 pmol cm™ of H, were


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ee05780e

Page 9 of 18 Energy & Environmental Science

Open Access Article. Published on 13 January 2025. Downloaded on 1/27/2025 4:17:32 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(ec)

detected after ~60 h (i.e., by the end of 23™ June 2022, Fig. 4b). This gradual decrease in the CO:H, ratio was in line with
the catalyst behaviour during earlier laboratory experiments (Fig. 2). View Article Online
DOI: 10.1039/D4EEO5780E

A full-scale test of our different setups was assembled a week later on the 5x5 m? testing pad provided as one of

three teams>*%63

shortlisted for the EIC Horizon Prize final (Joint Research Center of the European Commission, Ispra,
Italy, Fig. 4e). Accordingly, the single-sample reactor was connected to a gas bag for product collection, while the
medium (3x2 array) and large (10x10 array) reactors were connected to 1 M KOH-filled gas tanks, as described earlier
(Fig. S20, ESIt). The reactors were filled with 0.5 M KHCO; and purged with pure CO, for over 30 min on the day of the
competition start.

While in theory this design would effectively achieve product separation from the gas mixture, in practice the systemr
was affected by atmospheric conditions, which are not routinely considered under standardised laboratory or even
controlled outdoor conditions, as well as leakage through the valves. Accordingly, overcast weather including a
thunderstorm on the first day of the competition (4" July 2022) resulted in a severely decreased light flux (Fig. 4f, Fig.
S21, ESIT). Most photogenerated charges were likely employed to reduce the surface Cu oxide, instead of producing
syngas, meaning that no overpressure was produced in the reactors throughout the day. Therefore, underpressure
caused by the temperature drop during the night and the failure of the one-way valves led to KOH being drawn from
the gas tank into the main reactors. The basic pH led to a further depletion of CO, and hence underpressure (see inwards-
curved reactor window in Fig. S22e, ESIT), which could only partly be compensated by further CO, purging.

More importantly, the basic pH solution resulted in a dissolution of the BiVO, photoanodes, which are only stable
under near-neutral pH. This gradual process is accelerated under operation, when charges pass through the irradiated
electrodes.?® This exposed the underlying perovskite light absorbers, indicating degraded devices (metallic Cu reflection:
among healthy devices (dark layers) (Fig. S22, ESIT). As a result, only 0.64 vol% CO and 0.80 vol% H, were detected in
the large reactor headspace (0.43 vol% CO and 0.58 vol% H, in the respective gas tank), as certified by the official test
report of the competition (Data S1). This corresponds to absolute product amounts of 2.39 pmol cm? of CO and
1.91 pmol cm™ of H; in the reactor headspace, comparable to those of the earlier rooftop test (Fig. 4b). Despite purging,
CO; content was only 1.61 vol%, whereas N3, O, and Ar amounted to 97 vol% of the headspace composition (Data S1).
This indicates air infiltration due to underpressure in the reactor, which may have also led to the competing O, reduction
reaction. For comparison, the 10x10 array reactor was expected to produce 8.9 mmol CO and 37.3 umol H;
(corresponding to around 220 mL CO and 910 mL H;) during the 3-day outdoor test, as extrapolated from laboratory
tests of individual artificial leaves (Fig. 3). While these results indicate that further system engineering is necessary, they
also provide some general guidelines for PEC reactor design (Text Box 1). In practice, leakage can be suppressed using

industrial-grade reactors, connectors and tubing,®?

whereas flow systems and gas separating membranes can be
implemented for product collection.®* However, these components increase system complexity and require external
electricity inputs, which contribute towards the overall energy balance of the process.

Ultimately, the Horizon Prize provided a timely opportunity to compare alternative artificial photosynthesi;
technologies at different stages of development, from SrTiOs photocatalytic sheets®? and tandem silicon-perovskite PV-

electrolysers®® feeding solar hydrogen to thermo/biocatalytic reactors for methane production, to our integrated
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artificial leaf panels for direct CO,-to-syngas conversion. Such initiatives will further incentivise efforts to transition these

technologies from laboratory prototypes towards real-world applications. View Article Online
DOI: 10.1039/D4EEO5780E

Text Box 1. Practical aspects in the design of PEC systems.

e Reactor engineering must match the simplicity of the device design. Yet, solar tracking remains essential fo'i
concentrated light applications.

e Thorough medium-scale prototyping, characterisation and troubleshooting (TRL 3-5) is necessary before assembling
large-scale systems (TRL 6 and beyond).5>:¢

e Benchmarking must include or simulate atmospheric conditions including temperature and pressure changes, lack of
sufficient sunlight and diurnal cycle, or component malfunction.

]
(
i
1
(
1
|
e Manual sample fabrication®” and storage are challenging for systems meant to operate for several days. :
1

Conclusions

Our results demonstrate that thermal evaporation can contribute significantly towards solvent-free, scalable and
reproducible manufacturing of perovskite-based artificial leaves. Accordingly, 10 cm? perovskite-BiVO4 tandem PEC
devices could demonstrate syngas production coupled to O, evolution over 36 h, whereas water splitting tandems
surpassed both efficiency and stability of previously reported solution-processed devices. Moreover, vacuum deposition
enabled us to test the modularity of artificial leaves towards a 1 m? scale under harsh outdoor environments. While
further progress is required on the reactor engineering side, such deposition techniques are suitable for the adoption of
perovskite light absorbers in production chains and multijunction device applications, which are less compatible with

solution methods.

Methods

Materials. FAl (GreatCell Solar), Pbl, (TCI, >98%), CsBr (Sigma), Ceo (Creaphys), BCP (Ossila), Bi(NOs)s - 5H,0 (98%, Sigma-
Aldrich), Nal (299%, laboratory reagent grade, Fischer), p-benzoquinone (298%, Sigma-Aldrich), ethanol (absolute,
VWR), vanadyl acetylacetonate (VO(acac),; 98.0%, Sigma-Aldrich), graphite (powder, <20mm, synthetic, Sigma-Aldrich),
Hs;BOs (BioReagent, 299.5%, Sigma-Aldrich), K;SO4 (299%, ACS reagent, Sigma-Aldrich), CuSO4-5H,0 (99.995%, Sigma-
Aldrich), Inz(S04)s-xH,0 (99.99%, Sigma-Aldrich), H,SO4 (Suprapur 96%, Sigma-Aldrich), Cu foil (99.9%, Alfa Aesar), and

KHCOs (299.5%, BioUltra, Sigma-Aldrich) were used without further purification.

Vacuum-processed perovskite PV devices. ITO coated glass substrates (15 Q sq.?, Kintech) were employed for small-
scale device fabrication (0.12 cm? active area) and 9.46 cm? devices. The substrates were cleaned with soap, deionizea
water, acetone and isopropanol in a sonication bath for 15 min at each step. Then, clean substrates were treated by UV-
Ozone for 15 min, and transferred to a CreaPhys organic evaporator inside an MBraun N, glovebox (O, and H,O levels
below 0.5 ppm). A spiro-TTB hole extraction layer (25 nm for small-scale and 60 nm for 9.46cm? device) was evaporated
on the conductive substrates, followed by mixed cation lead mixed halide perovskite deposition. The substrates ar:
transferred to a CreaPhys PEROvap evaporator inside an MBraun N, glovebox (O, and H,0 levels below 0.5 ppm), where
the perovskite deposition is conducted. The chamber was pumped down to a pressure of 1-3x10° mbar for the

deposition. We employed a specifically designed cooling system that maintains the evaporator walls, source shutters
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and shields at -20 °C throughout the entire process. This functionality minimises re-evaporation of the precursors and
cross-contamination between sources, ensuring fine control over the evaporation rates and high Iggmg(ljouz/glgilgg\gggﬂgéthis
end, FAI, Pbl, and CsBr were filled into three different crucibles, using fresh FAl and Pbl, powders for every deposition.
The tooling factor of each chemical was calibrated by checking the film thicknesses by profilometry inside the N,-fillea
glovebox (DEKTAK XT profilometer). Three quartz crystal microbalances (QCMs) mounted on top of the vapor sources
allowed us to monitor the deposition rate of each source and control the composition. The substrate temperature was
maintained at around 18 °C. The distance between evaporator sources and substrate holder is around 35 cm.*® The
perovskite films were post-annealed at 120 °C for 20 min. After cooling down to room temperature, 25 nm of Cg and
8 nm of BCP were sequentially evaporated on the perovskite film for small-scale devices, whereas 40 nm of Cgo and

15 nm of BCP were deposited on 9.46 cm? samples. A 100 nm layer of Cu was lastly evaporated in the same perovskite

deposition system.

Synthesis of the CO, reduction catalyst. The Cug;Insg alloy catalyst was synthesised on 2.3x6 cm? Cu foil substrates via a
template-assisted electrodeposition method following previously reported protocols.>*®8 Prior to electrodeposition, the
Cu foil substrates were electropolished in 50% ortho-phosphoric acid by applying 2.0 V for 120 s, rinsed in Milli-Q water
and dried under air. The active area for electrodeposition (2.3x4.3 cm?) was set by masking the substrate with Kaptor
tape, which is inert and stable under acidic medium. The bimetallic catalyst electrodeposition was conducted in a clean
glass beaker containing copper sulfate and indium sulfate precursor salts (total 0.05 M) in 1.5 M sulfuric acid solution
(pH ~0.5). A 3-electrode set-up was used with the electropolished Cu foil as working electrode, a Ag/AgCl (double
junction, saturated NaCl, Metrohm, Switzerland) electrode as reference, and another 42 cm? Cu foil as counter electrode
(Fig. S5, ESIT). For the galvanostatic deposition process, a current density of j = -0.45 A cm™ was applied for 100 s to
prepare the large-scale catalyst. After electrodeposition, the catalyst was cleaned by dipping into Milli-Q water for 120

s and dried under N, stream at room temperature.

BiVO.ITiCo photoanodes. 10 cm? BiVO, electrodes were prepared by adapting previously reported methods.*¢*

Unpatterned 3x5 cm? FTO substrates were first cleaned in Piranha solution. An electrodeposition solution was prepared
by adding 200 mL of a 0.02 M Bi(NOs);:5H,0, 0.4 M Nal aqueous solution to 90 mL of a 0.3 M benzoquinone solution in
ethanol. BiOl was electrodeposited onto FTO substrates by applying -0.3 V vs. Ag/AgCl for 5 s and -0.1 V vs. Ag/AgCl for
180 s, with graphite foil as the counter electrode. To allow rapid electrode fabrication, FTO substrates were directly
clamped to the working electrode and fully immersed in the electrodeposition solution, resulting in a near-compete BiO|
coverage. 40 uL. cm? of a 0.4 M VO(acac), (acac: acetylacetonate) solution was dropcast onto BiOl samples and annealec
at 723 K for 1 h with a 1 K min® ramp rate. The resulting electrodes were stirred in 0.2 M NaOH solution for 0.5-2 h to
wash away excess V,0s from the BiVO, film. A TiCoOy (TiCo) O, evolution catalyst was deposited on BiVO4 by spin coating
10 pL cm? of a 4.8 mg mL™! [Ti4O(OEt)15(CoCl)] solution in toluene at 2000 rpm for 10 s under air. A 0.5x5 cm? stripe of
BiVO, was scratched away using a razor blade, to expose the underlying FTO for photoanode wiring. The photoactive
area of ~10 cm? was set by masking the BiVO, near the electrode edges with Araldite 5-Minute Rapid two component

epoxy, which also insulated the electrical contact.

10
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Perovskite-BiVO, artificial leaves. Perovskite photocathodes were first encapsulated using a conductive GE paste, which
provides increased moisture protection and enables a direct catalyst adhesion without additiogg‘I: B}i.?(%%@g?sgggste
was prepared by mixing graphite powder with Araldite Standard two component epoxy in a 3:4 mass ratio. The GE paste
was evenly spread over the Cu contact layer of the PV device, before attaching the Cuszlng metal foil electrocatalyst. The
GE was allowed to settle for 24 hours, before sealing the edges and the exposed wiring with Araldite 5-Minute Rapid
two component epoxy.>>® Alternatively, a 5 nm thin Pt film was sputtered onto hardened, exposed graphite epoxy as
H, evolution catalyst. The same Araldite Rapid epoxy was used to attach the perovskite and BiVO,4 photoelectrodes in a
back-to-back, tandem PEC configuration. Perovskite-BiVO, artificial leaves (as those shown in Fig. 3) were connected to
potentiostats using PVC insulated wires (Alpha Wire 3050 WHO001). In case of standalone devices for outdoor tests, both

photoelectrodes were directly connected using a thin strip of 3M conductive Cu tape. Its edges were coated with RS PRO

Ag conductive paste to improve electrical contact with ITO or FTO, respectively.

Photovoltaic characterization. We performed current density-voltage (J-V) curve measurements of 9.46 cm? devices
with illumination from a Xe lamp (Abet Sun 2000 Solar Simulator, AAB class) with 1 sun intensity (100 mW cm2, AM
1.5@G), calibrated with a reference Si diode. The device performance was recorded with a Keithley 2636A source meter,
controlled by a LabVIEW program. The J-V curve is obtained by scanning from 1.2 to -0.1 V (reverse scan) and from -0.%
to 1.2 V (forward scan) with a step size of 20 mV and a delay time of 100 ms. J-V curves of small-scale devices were
measured in air using a custom-built Cicci setup, with a forward/reverse scan rate of 200 mV s™. All solar cells were
measured under the standard 1 sun AM 1.5G spectrum using a Sunbrick Base-UV large area AAA LED solar simulator
(G2V), with a spectral mismatch of <5%. The system was calibrated separately using both a silicon KG5 filter reference
cell (RERA Solutions, model number: RK5N3199) and an Avantes (AvaSpec-ULS2048CL-EVO-FCPC) spectroradiometer.
Computer numerical controlled (CNC) metal masks with a circular aperture area of 0.118 cm? were used. Devices were
mounted in a custom designed holder (Cicci) with a thermoelectric cell base to maintain the temperature at 25 °C during

measurements.

Photoelectrochemical characterization. A LOT-QD LS0816-H large-area solar simulator was calibrated to 1 sun (100 mW
cm2) using a certified Newport 843-R optical power meter. PEC experiments were conducted using lvium CompactStat
and Biologic VSP potentiostats, without stirring, at room temperature, in custom-made Perspex (polymethy!
methacrylate) reactors designed in SolidWorks. Tests were conducted in 0.1 M H3BOs, 0.1 M K;SO4, under N, (adjusted
to pH 8.5) for water splitting, and in 0.5 M KHCOs, under CO, (pH 7.4) for CO, reduction. 3-electrode experiments wer¢
performed with a Ag/AgCl/NaCl(sat) (Basi MW-2030) reference and Pt mesh counter electrode, whereas potentials were
converted to the RHE scale following the equation: E (V vs. RHE) = E (V vs. Ag/AgCl) + 0.059 V x pH + 0.197 V (at 298 K).
All CV scans were recorded at a 10 mV s* scan rate unless otherwise mentioned. The edges of BiVO, photoanodes were
only covered by black tape during laboratory benchmarking to prevent diffuse irradiation from reaching the perovskite
light absorber. CO and H, amounts were quantified using a Shimadzu GC-2010 Plus gas chromatograph by manual
sampling from the reactor headspace. Product amounts obtained in laboratory experiments were corrected for leakage

|,56

using a previously reported model,”® whereas dissolved gases were accounted for using Henry’s law.*” No leakage

11
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correction could be applied to outdoor experiments due to the small number of data points and external factors (variable

light irradiation and atmospheric conditions, solution and gas leakage). View Article Online
DOI: 10.1039/D4EE05780E

Materials characterization. A Bruker D8 ADVANCE system with a Cu focus X-ray tube (Ka: 1.54 A) and 40 kV operation
voltage was used to obtain XRD patterns. During the measurement, the samples were kept in air. The scan range for 26
was from 5° to 55° with a step size of 0.01° and a dwell time of 0.15 s per step. SEM and EDX analysis were performed
using a TESCAN MIRA3 field emission gun-scanning electron microscope equipped with an Oxford Instruments Aztec
Energy X-maxN 80 EDX system. A Thermo Scientific Talos F200X G2 TEM (operating voltage 200 kV) was used for HAADF-
STEM images and EDX maps. 300-mesh Ni grids with holey carbon film were used for TEM sample preparation. Powder
XRD (PXRD) spectra of the catalyst were recorded by a Panalytical X'Pert Pro (K-a Cu radiation) diffractometer using a

1° min~! scan rate.

Data availability

The raw data that support the findings of this study are available from the University of Cambridge data repository, [DOI

to be inserted here].
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