Si Photocathode with Ag-Supported Dendritic Cu Catalyst for CO2 Reduction
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Si photocathodes integrated with Ag-supported dendritic Cu catalysts are used to perform light-driven reduction of CO, to C, and Cs products in aqueous solution.
A back illumination geometry with an n-type Si absorber was used to permit the use of absorbing metallic catalysts. Selective carrier collection was accomplished
by a p* implantation on the illumination side and an n* implantation followed by atomic layer deposition of TiO, on the electrolyte site. The Ag-supported
dendritic Cu CO; reduction catalyst was formed by evaporation of Ag followed by high-rate electrodeposition of Cu to form a high surface area structure. Under
simulated 1-sun illumination in 0.1 M CsHCO; saturated with CO,, the photovoltage generated by the Si (~600 mV) enables C, and Cs products to be produced
at -0.4 vs RHE. Texturing of both sides of the Si increases the light-limited current density, due to reduced reflection on the illumination side, and also deceases
the onset potential. Under simulated diurnal illumination conditions photocathodes maintain over 60% faradaic efficiency to hydrocarbon and oxygenate products
(mainly ethylene, ethanol, propanol) for several days. After 10 days of testing, contamination from the counter electrode is observed, which causes an increase
in hydrogen production. This effect is mitigated by a regeneration procedure which restores the original catalyst selectivity. A tandem, self-powered CO,
reduction device was formed by coupling a Si photocathode with two series-connected semitransparent CHsNH3Pbl; perovskite solar cells, achieving an
efficiency for the conversion of sunlight to hydrocarbons and oxygenates of 1.5% (3.5% for all products).

Introduction

An environmentally sustainable future will require significant changes in all aspects of energy conversion.? Developing an
alternative to unsustainable fossil fuel extraction and combustion is a critical priority to slow down and eventually stabilize the rise
of COz2 levels in the atmosphere and in the oceans.® A number of technical approaches have been proposed to use renewable energy
sources to convert COz to useful chemicals and/or fuels, including thermochemical, high temperature electrochemical, thermolysis
electrochemical and photoelectrochemical (PEC) methods.* Of these, systems which replicate the functions of photosynthesis,®¢
which synthetically converts CO2 to more reduced forms (Photosystem I and Calvin cycle) and oxidize water to oxygen (Photosystem
I1), are both intellectually and technologically interesting.”°

There is an analogy between the Z-scheme configuration of photosystems | and Il and a tandem solar cell, as both generate
chemical potential differences in their sub-components that add together to produce electricity or drive a chemical reaction. In the
case of photosynthesis, the generated chemical potential difference enables the requisite carbon dioxide reduction and oxygen
evolution reactions (CO2R and OER, respectively) to occur.’® Indeed, this concept has been utilized in solar-driven electrochemical
water splitting devices which produce hydrogen as the reduction product.>12 A commonly-used motif in these types of devices is
the use of high and low band gap absorbers to maximize the attainable voltage.? Either or both of the absorbers can be in contact
with the electrolyte, forming a photocathode in the case of the reduction reaction and a photoanode in the case of oxidation. 131415

Solar-driven electrochemical CO2R has the potential to efficiently and selectively drive the production of energy dense
hydrocarbons and provide an alternative to fossil fuels that can exploit existing infrastructures, thus becoming more appealing than
the similar approach used for hydrogen production. Also, it is notable that for systems driven by CO:2 dissolved in an aqueous
electrolyte, the mass transfer limited current density, which on the order of a few 10’s of mA ¢cm2,'® are a good match to the current
densities provided by solar cells under 1 sun illumination.'” For this reason, photocathodes which drive CO2R reactions directly
would be expected to perform well in this light limited photocurrent regime.



Although far fewer in number compared to water splitting, there have been a number of recent demonstrations of solar-powered
CO2R, some of which have reported overall energy conversion efficiencies above 1%.18-26 Notably, most of these demonstrations
employ photovoltaic elements which are isolated from the electrochemistry; exceptions are studies which use an illuminated
photoanode to drive the water oxidation reaction (OER) with a dark cathode employed for CO2R.2%2! Urbain et al. reported a COz
reduction prototype reactor containing a Si photoanode coupled to Ni foam as an OER catalyst and a Cu foam with Zn flakes as the
cathode with a solar to syngas conversion efficiency of 4.3%.25 Significantly, Asadi et al. combined a 3 junction amorphous Si solar
cell with a WSe2 COzR catalyst to make an artificial leaf, achieving an overall 4.6% conversion efficiency to all products and a 20%
FE for CO.% In the solar thermal study of Marxer et al., a 4 kW solar reactor was coupled to a porous ceria catalyst to achieve a
solar to CO conversion efficiency of 5.25%.2

Thus, a photocathode which can drive the CO:2 reduction reaction is desirable for increasing the design space of COzR devices
in general and also enabling the fabrication of integrated devices.*! However, there relatively few reports of photoelectrochemical
reduction of COz using semiconducting photoelectrodes.?® -3 Halman reported in 1978 the formation of formic acid, formaldehyde,
and methanol by p-GaP photoanodes,?? although later work by Sears and Morrison associated some of the observed products with
corrosion processes.® There are intriguing reports of methanol formation from 111-V photocathodes,®*-3¢ but the mechanism by
which this product forms has not been clarified.3”-4° Also notable are studies which interface molecular catalysts to p-Si to produce
2-electron reduction products such as CO.#142 An example of this type of study is the work of Song and co-workers in which a Si
photocathode with a nanoporous Au thin film produced CO with 96% faradaic efficiency (FE).* Graphene has also been used as a
co-catalyst for selective conversion of CO2 to CO using p-Si nanowire photocathodes.**

Natural photosynthesis produces Cs and C4 sugars.*® The question thus arises whether a light-driven artificial system can make
C-C coupled products with equivalent or, ideally, greater efficiency. From the point of view of economic value and commercial
market size, C2+ hydrocarbons and oxygenates are desirable due to their high energy densities and compatibility with the established
petroleum processing infrastructure.**8 In electrocatalytic investigations of CO2 reduction, heterogeneous catalysts, specifically Cu
and bimettalic alloys containing Cu, are employed to produce C-C coupled products as they can generate Cz and even Cs products.*’~
51 While there are exceptions, when heterogeneous CO2 reduction catalysts are coupled to photocathodes, a product distribution
similar to that of the electrocatalyst operated by itself is produced, albeit with a cathodically shifted onset potential due to the
photovoltage.5? However, there are only a few reports of the formation of C-C coupled products using CO2R photocathodes. As one
example, Nakato and co-workers employed p-Si interfaced with Cu nanoparticles to produce a C2 (ethylene) and C1 (CO, methane)
products although a full faradaic efficiency analysis was not performed.53

The challenge of performing photocathodic conversion of CO2z to Cz and Cs products (e.g. ethylene, ethanol, propanol) forms
the motivation for this study. The architecture we employed is shown schematically in Fig. 1. In contrast to prior Si photocathode
studies we chose n-type silicon as the absorber, using charge selective contacts to control the device polarity.>*5¢ Selective hole
collection was achieved by a p* implanted layer on the illumination face, along with texturing to reduce the reflectivity and maximize
the number of absorbed photons.

Fig. 1. Schematic of textured Si photocathode. The illuminated face has a p* layer for selective collection of holes from the n-Si absorber. TiO: is used to selectively
collect electrons and passivate the textured surface. An Ag-supported dendritic Cu catalyst is used to drive CO2 reduction to C2/Cs products.

The choice of materials on the side of the photocathode which will contact the electrolyte requires significant care. An n*
implanted layer was used to create a selective electron contact, and a textured surface was employed to increase the surface area
available for catalysis. A thin (10 nm) layer of TiO2 was used to perform 3 functions: (1) passivate the surface, (2) transport electrons
to the catalyst, and (3) prevent in-diffusion of Cu from the catalyst into the Si. Finally, we employed an electrochemically deposited
high surface area Ag-supported dendritic Cu catalyst which we have previously shown to produce C2 products (hydrocarbons and
oxygenates) over a wide range of voltage and current density operating conditions.?®> A number of studies have shown that high



surface area, dendritic catalysts, can support relatively high current densities for CO2R.57-6° For example, Urbain et al reported that
Ag dendrites formed on Cu foam have high activity (>27 mA cm-2) and selectivity (85-96%) for CO formation.5”

Here, we will show that an integrated photocathode can achieve overall COzR with faradaic efficiencies (FEs) of over 80%, with
faradaic efficiencies (FEs) to C>—Cs products as high as 70%. Notably, we developed a method to regenerate the catalytic surface
and demonstrated continuous operation over 20 diurnal illumination cycles. The back illuminated geometry is well suited for
integration with a higher band gap absorber situated optically and electrically in series. Using this design, we demonstrated
integrated, unbiased CO: reduction using two semi-transparent halide perovskite solar cells coupled to the photocathode, achieving
a 1-sun overall solar to chemical energy conversion efficiency of 3.5% (1.5% to hydrocarbons and oxygenates).

Results and Discussion
Si photocathode for CO: reduction

Figure 2 shows the electrocatalytic interface comprised of the textured Si and Ag-supported dendritic Cu CO2R catalyst (see ESI for
fabrication details). It can be seen that the electrochemical deposition method we employed favours nucleation at the tips of the
texture pyramids, Fig. 2a, creating a “nano-cactus” morphology formed by Cu dendrites ~100 nm in length (also see Figs. S7a-c,
ESI). Figure 2b shows that the catalyst completely covers the textured Si. We found that complete coverage of the pyramids was
essential to sustain the CO2 reduction process. In cases of less complete coverage, hydrogen production became dominant over time,
which would be expected if exposed TiO2 were reduced to Ti metal, which is known to be a catalyst for the hydrogen evolution
reaction (HER).*” Au-supported dendritic Cu catalysts were also fabricated by a similar process; they also have a high-branched
morphology, Figs. S7d-e, S8 in ESI. XRD and XPS analyses were used to show that Cu partially covers the support metal and that
both metals are exposed at the surface (Figs. S9 and S10).
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Fig. 2. Structure of Si photocathode with Ag-supported dendritic Cu catalyst. a, Cross-sectional SEM image of text
in plan view.

- Y

ured Si photocathode integrated catalyst. b, EDX elemental mapping

Photoelectrochemical (PEC) measurements were carried out in 0.1 M CsHCOs electrolyte (pH = 6.8), under simulated sunlight
illumination at AM 1.5G 100 mW cm2 from a 150 W Xenon lamp (see ESI for details). We and others have previously shown that
use of the Cs* cation, as opposed to the more typically used K*, encourages formation of C2+ products on Cu-based catalysts.5?61.62
A three-electrode electrochemical configuration was used (Fig. 3a and Fig. S2), using a Si photocathode as the working electrode,



an Ag/AgCl reference electrode, and an 1rO2 counter electrode; both electrodes had an active area of 1 cm2. An anion conduction
membrane was used to separate the cathode and anode chambers of the cell.

Figure 3b compares the linear sweep voltammograms for textured and planar photocathodes with the Ag-supported dendritic Cu
catalyst. Data from a dark planar cathode (n* wafer with the same catalyst but without the hole-selective p* back contact, see ESI
Fig. S1 for implantation profiles) are also shown. Neither photocathode generates cathodic current in the dark, as expected from the
presence of the hole-selective back contact which blocks electrons in the absence of light. The dark control displays a current onset
at about -0.75 V vs. RHE, which is similar to what we have observed previously for these types of Ag-supported dendritic Cu
catalysts by themselves.?® For both photocathodes, there is a cathodic shift of the onset potential due to the photovoltage from the
Si, and the expected light-limited current density is observed at larger cathodic potentials. The textured photocathode has both a less
cathodic onset potential and a higher current density at all potentials compared to the planar control, which we attribute to superior
light capture on the illumination side and to effective selective charge collection and suppression of surface recombination at both
interfaces. From the shift of the J-V curve of the planar photocathode compared to the dark control, a photovoltage of 550-650 mV
is inferred (see ESI for calculation details and Fig. S14). These values are comparable to those achieved with implanted contacts in
other PEC applications.3%4 Similar JV data for photocathodes with AuCu catalysts are shown in Fig. S12, ESI.

b
) s

a [ AM 1.5G

5 -10 0.1 M CsHCOQ,

< L

E

z -15

7] L

c

S5 -20

= P A CuAg on planar Si

2 -4 A A A CuAg on textured Si

3 CuAg on planar Si

CuAg on textured Si
Rl UPUIPUT i n+ Si with catalyst
-35 " 1 " 1 " Il L 1 "
2.0 -1.5 -1.0 -0.5 0.0 05

Voltage vs RHE (V)

[¢]
o

CuAg on textured Si CuAg on planar Si

100 I C, Liquids 100 |
< B 1 Propanol . - - - -
<80 [ Ethanol = 80 | S—
& I Allyl alcohol % e
o I Propicnaldehyde <
‘5 60 Formate ‘G 60
% Il Ethane =
o B Ethylene o
T 40 B Vethane T 40
> Il Carbon monoxide g
E 20 I Hydrogen rpy i

0 0
-0.4 -06 -0.8 -1.0 -04 -0.6 -0.8 -1.0
Voltage vs RHE (V) Voltage vs RHE (V)

Fig. 3. a. Schematic of the membrane-separated PEC cell. b. Photocurrent-potential curve of Si photocathodes in three electrode configuration and under dark and simulated 1 Sun
(AM 1.5G, 100 mW cm?) illumination. The grey dotted line shows data from the dark cathode (Ag-supported dendritic Cu on n+/ n-Si), while the solid grey double sided arrow shows
the generated photovoltage (~600 mV) for the planar photocathode. c. Faradaic efficiency of textured Si photocathode with Ag-supported dendritic Cu. d. Faradaic efficiency of CuAg
deposited planar Si photocathode with Ag-supported dendritic Cu. Ca+ liquids in Fig. 3c and Fig. 3d refer to acetate, acetaldehyde, glyoxal, glycolaldehyde, ethylene glycol and

hydroxyacetone. The electrolyte in all cases was in 0.1 M CsHCOs, pH 6.8. Error bars show the standard deviation from repeated experiments. See ESI Figs. S5 and S6 for examples
of raw data used to generate the FE plots.

Figures 3c and 3d show the product distribution for the illuminated planar and textured photocathodes with the Ag-supported
dendritic Cu catalyst at voltages between -0.4 and -1.0 V vs. RHE. At a given voltage the product distribution for
photocathodes is similar and both show a trend of decreasing H2 production (i.e. increasing selectivity to CO2 reduction) as the
potential increases. Similar CO2R product distributions were observed when testing the Si photocathode with an Au-supported
dendritic Cu catalyst (Fig. S13, ESI). Interestingly, even though the geometric current density for the textured photocathode is very
high (=30 mA cm?) at the maximum power point, -1.0 V vs. RHE, we did not observe evidence of CO: depletion due to mass
transfer limitations at the catalyst surface, which would have resulted in an increased rate of H2 production. We attribute the ability



to operate at high current densities, on the order of the light limited current density for a Si absorber, to the high surface area of the
integrated catalyst (electrochemically active surface area of the Ag-supported dendritic catalysts is about an order of magnitude
larger than evaporated Cu deposited on planar Si, see Fig. S11 and ESI for details). Electrochemical impedance spectroscopy (EIS)
analyses were also carried out to evaluate the charge transfer behaviour from planar and textured photocathodes (See ESI and Figs.
S3 and S4).

At all potentials in Fig. 3c and 3d, CO2zR is the dominant reaction, with the FE for the competing hydrogen evolution reaction
(HER) decreasing with increasing cathodic bias; at -1.0 V vs. RHE the FE for HER is very low: only 16% and 18% for the planar
and textured photocathodes, respectively. Within the CO2zR products, ethylene is dominant at all potentials, and ethanol has the
highest FE among the oxygenates, followed by 1-propanol. The planar and textured Si photocathodes show similar selectivity (79%
+ 6% and 78% + 5%) for hydrocarbons and oxygenates at -1.0 VV vs RHE. These values are substantially higher than those achieved
by previously reported Si photocathodes at under similar conditions,®® which we attribute to the large loading of the catalyst and the
back illumination geometry.

To determine whether there are any major differences in the product distribution under dark and light driven conditions, we
selected potentials, which produce similar current densities, and thus similar local CO2 concentration and pH, for the two cases. For
a current of 10 mA cm-?, examination of Fig. 3b shows that a bias of -1.1 V vs RHE is required for the dark cathode and -0.55 V vs
RHE for the planar Si photocathode respectively. Evaluation of the product distribution under these conditions did not reveal any
significant differences, as we expected for our design (Fig. S15, ESI). To evaluate the specific role of Ag support, we fabricated Cu-
supported dendritic Cu catalysts of similar morphology on planar n*-Si; these had comparatively lower selectivity to C-C coupled
products and to CO2R in general (see ESI and Figs. S28 and S29 for details.)

Evaluation and Management of Stability

Solar to chemical energy conversion schemes must operate stably for years to be environmentally and economically viable.56-%8 This
is particularly important for integrated devices, as failure of any one of the components would require remanufacturing of the entire
device. We simulated diurnal cycling by operating textured photocathodes at -0.4 V vs RHE and under 1-sun conditions for 10 hours
followed by 14 hours off. After each day of testing, the electrolyte was replaced and an analysis of the liquid products was performed
(gas products were measured every 15 minutes during illuminated operation). The pH of the electrolyte was measured to evaluate
the dissolved CO: concentration, which remained close to the expected saturation value (see ESI for details and Fig. S27). Figures
4a and b show the results of 10 days of testing of a Si photocathode. The current density was relatively constant in the range of ~8-
10 mA cm?, with a small increase in the first 8 days, followed by a decrease (Fig. S16). However, after 2 days, the FE for Ha
production, initially only 20%, began to increase, reaching nearly 60% after 10 days. The FEs for the major CO2R

products — ethylene, ethanol, and propanol — decreased, particularly near the end of the test period, while the FE for CO was found
to rise. We note that under these test conditions, the measured total FE for all products can be less than 100%, which is attributed
to the evaporation of some liquid products over the 10-hour test period due to the continuous purging of the cell with CO..
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Fig. 4. Stability measurement of a textured silicon photocathode with an integrated Ag-supported dendritic Ag catalyst at -0.4 V vs RHE in 0.1 M CsHCOs electrolyte solution under
simulated 1-sun illumination. Simulated diurnal cycling was performed with 10 hrs light on and 14 hrs light off. The electrolyte was changed after each daily measurement of the liquid
products. a. Daily average photocurrent over 10 days of the Si photocathode before regeneration of the catalyst. Current density data points were averaged over a day; the vertical line
indicates the maximum and minimum current density on that day. b. CO2R product distribution with time. c. Daily average/high/low photocurrent of the Si photocathode after Cu
catalyst regeneration. d. CO2R product distribution with time of the regenerated photocathode.

The origin of the decrease in the CO2R selectivity during sustained operation was investigated. Examination of the catalyst after
10 days of operation by SEM revealed no apparent changes in its morphology (Fig. S17, ESI). However, XPS analysis of the
photocathode surface revealed the presence of Ir (Fig. S18c, ESI), to which we attribute the increasing H: selectivity. This type of
cathode contamination by metals from the counter electrode has been observed previously in CO: electrolysis cells and appears to
be only partially mitigated by the use of an anion conducting membrane.?* Replacing the IrO2 counter electrode with Pt exacerbated
the contamination effect with Hz production becoming dominant after only 2 days (Fig. S19c, ESI, shows XPS observation of Pt on
the photocathode). Use of CoPi as a counter electrode increased the required cell voltage by 1 V, but appeared to mitigate somewhat
cathode contamination (Figs. S25 and S26, ESI). This material could be an alternative, less costly, anode if the overpotential could
be reduced to values comparable to IrO-.

To mitigate contamination from the counter electrode, we developed a catalyst regeneration scheme, which consists of careful
mechanical removal of some of the copper from the photocathode surface and redeposition of fresh dendritic Cu using our
electrochemical process (See ESI for photocathode regeneration process and Fig. S20). A similar regeneration strategy was used
previously to extend the lifetime of a Si photoanode used for water oxidation.®* Figures 4c and d summarize the results of an
additional 10 days of testing of a regenerated photocathode. Comparing the FEs for Day 10 and Day 11 (Figs. 4b and 4d), it is clear
that the regeneration process restores the selectivity for CO2 reduction, with the selectivity of the competing hydrogen evolution
reaction being reduced from 60% to 30%.

Compared to Day 1, the current density immediately after regeneration (Day 11) was slightly lower, and the FEs for H2 (30% v
22%) and CO (12% v8%) were higher. Examination of the morphology of the regenerated catalyst finds the Cu redeposition tends
to nucleation and grow on existing dendrites as opposed to on the underlying Ag (Fig. S21, ESI), leading to more Ag sites exposed
to the electrolyte, which is consistent with the increased FE to CO. Notably, the regenerated photocathode maintains selectivity to
COzR longer than the originally fabricated one. Both the current density and the FE for H2 increase with time, both of which could
be attributed to cross-contamination from the counter electrode, but the rate of increase of the FE for H2 production is slower,
reaching only 40% on Day 20. The slower loss of selectivity can be attributed to the higher loading of Cu on the regenerated catalyst,
so that contaminants occupy a smaller fraction of the overall surface area.



Self-powered COz reduction device

A self-powered CO2R device must provide the thermodynamic potential for the desired reduction reaction at the cathode and for
water oxidation at the anode, plus overpotentials and voltage losses in the cell. The thermodynamic potential for CO2R is 1.1-1.3 V
depending on the product, the overpotential for C2+ product formation is ca. 1.0 V, the overpotential for water oxidation is ca. 0.4 V
at the current densities we employ,?® and the cell losses are estimated at 0.2 V. Adding these values leads to target voltage of 2.7 V.
As the Si photocathode can provide up to 0.6 V, additional driving elements must provide at least 2.1 V. This analysis leads to our
choice of two semi-transparent halide perovskite solar cells, as this class of cells has both a tunable band gap in the range of 1.6-2.0
eV and arelatively high open circuit voltage compared to other materials with similar band gaps (Fig. S23). To couple the perovskite
solar cells optically in series with the Si photocathode, they must be semi-transparent, transmitting light below their band gaps to
the Si. Historically, it has been difficult to make semi-transparent halide perovskite solar cells with similar performance to opaque
cells due to cell damage occurring during the fabrication of the transparent contact. Here, we used a very low energy sputtering
process to form this contact, which resulted in cells of acceptable performance for this application (see ESI for cell fabrication
details).

To form a self-powered CO: reduction device, two semi-transparent halide perovskite (CHsNH3PBI3) solar cells were connected
electrically in series with the PEC cell, using a geometry similar to one employed previously for water splitting.%®7° The cells have
a band gap of 1.58 eV and 1-sun performance parameters as follows: short circuit current (Jsc) = 14.5 mA cm2, open circuit voltage
(Moc) = 1.06 V, fill factor (FF) = 0.55, and an overall power conversion efficiency (PCE) =8.4%. Figure 5a depicts the device
geometry with two semi-transparent cells masked to expose 0.5 cm? used as top absorbers and a Si photocathode with an active area
of 1 cm? was used as the bottom absorber (see also photo, Fig. S22, ESI).

As shown in Fig. 5b, the two series-connected semitransparent solar cells (0.5 cm? each) provide a Voc of 2.1 V and a short circuit
current (Isc) of 5.8 mA under 1-sun (AM 1.5G, 100 mW cm-2) illumination, with the voltage meeting the minimum criterion discussed
above. A range of electrolyte concentration (0.1 — 0.5 M CsHCO3s) was used to investigate the role of resistance losses in the
electrochemical cell. Two-electrode measurements of the Si photocathode itself and shaded by the perovskite solar cells are also
shown in Figs. S24 and 5b. At a given voltage, the current in the photoelectrochemical cell increases with increasing electrolyte
concentration, as would be expected due to the increased ion conductivity The operating current (lop) of the tandem device
(perovskite/Si photocathode) is determined by the crossing point of the absolute photocurrent of Si photocathode and series-
connected perovskite solar cells, Fig. 5b. The operating currents were 2.1 t0 2.9 mA at 1.95to 1.86 V and in 0.1 to 0.5 M CsHCO3
electrolyte concentrations, respectively.

The solar to chemical conversion performance of the tandem system was monitored by measuring the evolution of CO2R products
without external bias under constant 1-sun illumination for 1.75 hr (Fig. 5c). The FE for Hz2 was relatively unaffected by the
electrolyte concentration while the FE for ethylene increased and the FE for the C1 products CO and formate decreased. The solar-
to-chemical conversion (STC) efficiency was calculated by the equation:

Iop X E{ X FE; 1)

Pin
where, lop is operating current, E% is the thermodynamic potential of the respective product, FEi is the Faradaic efficiency of the
individual product and Pin is input power. There are more than 12 products generated and thus the total solar to chemical conversion
(nstc) efficiency is sum of all these individual conversion efficiencies (nstci). The STC conversion efficiency of the tandem device
was calculated based on the operating current and the selectivity of generated products.

n.. .
STCi= Y,
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Figure 5. Solar-driven COzR measurements performed in a two-electrode configuration with a Si photocathode and an IrO2 nanotube anode in tandem with two series-connected semi-
transparent perovskite solar cells. a, Schematic of solar CO2 reduction PV-PEC system. b, Measured current of top photoabsorbers (perovskite solar cells) and bottom photo absorber
(Si photocathode) in various electrolyte conditions (0.1 — 0.5 M CsHCOz) and under 1-sun illumination. Light reaching the Si photocathode is filtered via the top absorber;PEC
measurements were performed in 2-electrode configuration. Intersection of these current shows the operating point of the device. ¢, CO2 R product distribution of PV-PEC tandem
device in 0.1 to 0.5 M CsHCOs and under 1-sun illumination. d, Solar-to-chemical conversion efficiency of PV-PEC device as a function of electrolyte concentration.

The solar to chemical conversion efficiency for all products increases with electrolyte concentration, going from 2.5% at 0.1 M to
3.5% at 0.5 M, Fig 5d. The efficiency for producing hydrocarbons and oxygenates also increases, going from 0.9% to 1.5% over the
same range of electrolyte concentration. It could be expected that higher electrolyte concentration might yield even higher solar
conversion efficiencies. However we found in our prior study which used a similar Ag-supported dendritic Cu CO2R catalyst that
electrolyte concentrations higher than 0.5 M decrease the C2+ product selectivity.?

Prospects for scale-up

The geometry we employed for the proof of principle self-powered CO2R device, with the photovoltaic components beside the Si
photocathode would require redesign to be scalable. However, we observe that there are precedents from stand-alone water splitting
demonstrations showing that lateral interconnections and integration methods of the type we would need for scaling our design are
technically feasible.”>72 Also, Si-based water-splitting devices have been demonstrated at large scale (e.g. 64 cm? by Becker et al.”®)
and can be tiled into functional modules as shown by Turan et al.” The processes we used to prepare the photocathodes (texturing,
ion implantation, ALD, metal evaporation) either were performed at the full wafer scale or could be done with existing commer cial
tools. The electrodeposition process used to deposit the Cu COzR catalyst also could be done on full Si wafers. Thus, we do not
foresee any issues in producing Si photocathodes at the size of commercial PV cells, 6”%x6”.

The cell design including the anion conducting membrane is conceptually similar to commercial fuel cells. IrO2 and Pt, which
we used as anode materials, are scarce and expensive and thus not favourable for large-scale application, so alternatives need to be
found. In addition to the CoPi anode we investigated here,”®> manganese based ternary oxides and perovskites perform OER at neutral
pH but require higher overpotentials than the Pt and 1rO2.7%77 Thus, a less expensive anode material with similar or better OER
performance compared to IrO2 would be desirable for scale-up.

Finally, regarding the perovskite solar cells, there are intense efforts ongoing world-wide to scale up this technology, which has
inherent cost advantages compared to Si. In particular, there are a number of recent demonstrations of large area (10-100 cm?)



perovskite solar cells which could be used in tandem with Si-wafer-based CO2R photocathodes in geometries similar to what we
have demonstrated here.”®8

Conclusions

A back-illuminated n-type Si photoabsorber coupled with an Ag-supported dendritic Cu catalyst forms an effective photocathode
for the photoelectrochemical CO2 reduction in aqueous solution. Directional charge transport is enforced with charge-selective
contacts while texturing of the Si increases light capture on the illumination side and increases the area available for electrocatalysts
on the electrolyte side. Integration of an Ag supported dendritic Cu catalyst enables production of C2 and Cs products such as
ethylene, ethanol, and 1-propanol. A catalyst regeneration method is demonstrated which mitigates contamination of the
photocathode by metals from the anode, which occurs during multi-day operation. A strategy for coupling efficient PV to a Si
photocathode is used for stand alone, “no bias,” solar-driven CO: reduction, and a maximum total solar-to-chemical conversion
efficiency of 3.5% to all products and 1.5% to hydrocarbons and oxygenates is reported. The modular nature of our approach allows
for further improvements in solar-to-chemical conversion efficiency, which could be achieved by better power matching between
the solar cells and the Si photocathode and improvements in the selectivity of the catalysts.
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