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Photoelectrochemical Devices

Hybrid CIGS-Cobalt Quaterpyridine Photocathode with Backside
Illumination: A New Paradigm for Solar Fuel Production

Hichem Ichou®, Léo Choubrac*, Garen Suna®, Debashrita Sarkar,
Paulo Jorge Marques Cordeiro Junior, Stéphane Diring, Fabien Pineau, Julien Bonin,
Nicolas Barreau,* Marc Robert,* and Fabrice Odobel*

( D)

Abstract: Chalcogenide-based thin-film solar cell optimized for rear illumination and used for CO, reduction is
presented. Central to this innovation is a thinner, Cu(In,Ga)S, chalcopyrite absorber coated with a robust metallic top
layer, which potentially surpasses the performance of conventional front-illuminated designs. Using cobalt quaterpyr-
idine molecular catalyst, photocurrent densities for CO, reduction exceeding 10 mA/cm?® at 0.0V vs. RHE under 1 Sun
illumination, and ca. 16 mA/cm?® at —0.25V vs. RHE were achieved in voltammetry experiments. Controlled potential
electrolysis showed catalytic activity over 20 h with selectivity for CO ranging from >92 % (first 4 hours) to 86 % at the
end of the experiment. This approach opens limitless possibilities for employing various reduction catalysts, extending
far beyond CO, reduction. It imposes minimal constraints on absorption properties, immobilization methods, and

\catalyst nature, setting the stage for high-performance, adaptable PEC devices. )

Artificial photosynthesis is both a strategic challenge and a
powerful opportunity for advancing sustainable develop-
ment, as it represents a crucial approach for achieving
carbon neutrality across the energy, industrial and trans-
portation sectors. In this context, the integration of efficient
and highly selective molecular catalysts on high performance
semiconducting photoelectrodes, leading to the development
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of hybrid solar photoelectrochemical cells (PECs), has
recently emerged as a promising and relevant approach for
artificial photosynthesis.l'! Despite the progress in this field,
there are still numerous obstacles to overcome to build up
efficient devices. On the one hand, inorganic semiconductors
(SCs) such as silicon, cadmium telluride, chalcopyrite Cu-
(In,Ga)(S,Se), (CIGSSe) and hybrid organic-inorganic per-
ovskites are highly efficient materials for photovoltaic
applications, effectively converting photons into electricity.?
However, they often exhibit limited stability over time
especially when in contact with aqueous environments.
Homogeneous molecular catalysts are ideal candidates to
achieve a high selectivity at low overpotentials® and their
reactivity can be both studied in details and finely-tuned.
Nevertheless, their recycling and achieving efficient charge
extraction after immobilization on photoelectrodes remain
challenging. In addition, the majority of photoelectrodes are
illuminated from the photoactive semiconductor side due to
the typical presence of an optically opaque metal layer on
the so-called rear contact.”! This presents a major constraint,
as all components topping the photoactive material —
including protective materials, buffer layers, and active
catalysts- must be transparent to sunlight. Of particular
concern is the strong light absorption of several efficient
molecular catalysts within the visible range, such as metal
porphyrins or metal phthalocyanines.”! An interesting sol-
ution to this problem has recently been proposed by Li and
co-workers.! It consists of drilling small holes in a strongly
absorbing catalytic layer deposited on a TiO,—protected
silicon photocathode to let the light reaching the silicon
layer upon front side illumination. A similar method has
been employed in transparent photovoltaics to fabricate see-
through photovoltaic solar cells.”) However, this strategy
does not allow the full exploitation of the SC photoactive

© 2024 The Author(s). Angewandte Chemie International Edition published by Wiley-VCH GmbH
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surface, as there is a trade-off between the transmittance of
the light to the photoactive layer and the overall efficiency
of the cell. Under 1 Sun illumination (AM 1.5G, 100 mW/
cm?), the photocathode developed by Li and co-workers
only delivered a photocurrent density of 1.5 mA/cm® at
—0.11V vs. RHE (-0.75V vs. SCE) for 2hours in
carbonate buffer at pH=6.8. Furthermore, a protective
layer is typically deposited on the SC surface to address the
common issue of photocorrosion. TiO, is the typical material
employed for this purpose. However, its suitability for
prolonged operational use remains far from being
satisfactory.” Therefore, preventing direct contact between
the electrolyte and the SC with a robust material would be a
significant improvement. CIGSSe semiconductors, with their
adjustable band gap and their high absorption coefficient,
are one of the leading technologies in photovoltaic solar
energy conversion, with efficiency reaching 23.6 %.”) Recent
developments also make it one of the most promising
choices for photoelectrochemical applications such as CO,
reduction, as recent efforts have shown promising Faradaic
efficiencies at low bias potentials.F*'"”! Nevertheless, these
results were achieved using a photocathode having the
standard structure of CIGSSe-based solar cell, namely with
an opaque back contact made of molybdenum. This
structure, dedicated to front side illumination, is not adapted
to backside illuminated PEC. Very importantly, and in
contrary to crystalline silicon which is the predominant SC
used in PEC devices,"! the conduction band (CB) of these
copper chalcogenides is very negative (between —0.8 V to
—2.0V vs. SCE depending on the composition)."? This
feature enables the activation of a wide array of catalysts,
thereby highlighting their extensive applicability across
various reduction reactions. In this vein, we have reported
the integration of a molecular catalyst on light-absorbing
photocathodes demonstrating the high potential of CIGS for
the development of solar-driven hybrid photoelectrodes for
CO, reduction.™ In one example, the encapsulation of a
cobalt phthalocyanine catalyst into a transparent and
conductive ZnO nanoporous front layer of a CIGSe solar
cell enables to reach a photocurrent around 7 mA/cm?* and
92 % selectivity for CO, reduction to CO albeit in organic
medium and at very negative potential bias (E,,,=—1.7V
vs. SCE).['%]

The present study investigates an innovative design
approach for creating new PEC systems. Specifically, by
harnessing backside illumination of the CIGS-based photo-
cathode, high CO,-to-CO PEC conversions were achieved,
overcoming the limitations associated with front side illumi-
nation (Figure 1). Notably, our approach bypasses the need
for transparency in upper layers, including catalysts, and
facilitates the separation of the photoelectrode from the
electrolyte upon using a conductive layer, even a fully
opaque material. The cornerstone of our strategy relies on
the use of a CIGS photocathode allowing backside illumina-
tion thanks to a transparent conductive oxide (TCO) as the
back-contact layer. This innovation paves the way for the
development of novel PEC devices free from optical
constraints on the upper layers. We have used Cobalt
quaterpyridine (CoQPy) as molecular catalyst since it is
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Figure 1. Schematic diagram of the hybrid CIGS photocathode featuring
backside illumination.

among the most selective and efficient non-noble element
electrocatalysts for CO, reduction.’™ For example, upon
immobilization on multi-walled carbon nanotubes
(MWCNTs), CoQPy achieved current density up to
19.9 mA/cm® at only 440 mV overpotential with 99 %
selectivity for CO in aqueous carbonate buffer.”! These
results were confirmed in further studies.!""

First, solar cells with the unprecedented structure,
compatible with so called backside illumination, were
prepared. They consist of 0.5 pym-thick CIGS deposited onto
commercially available glass/Indium Tin Oxide (ITO). De-
tails regarding the CIGS growth process can be found in
ref.l'”] After its completion, the surface of the CIGS layer is
completely covered with CdS-buffer, resistive ZnO and Ni/
AI/Ni metal stack (Figure 2). Note that compared to the
conventional configuration, a significantly thicker resistive
ZnO is used, but no ZnO:Al is applied since lateral carrier

Glass ITO

Figure 2. a) Cross-sectional scanning electron microscopy image of the
photovoltaic device used in fabricating the PEC; b) Top-view image of
the solar cell, highlighting the metallic top contacts. The bright region
represents a portion of the sample illuminated from the device's
backside; c) Schematic stack diagram of the complete PEC device
configuration, illustrating the electron flow to the catalyst, which
enhances CO, reduction.

© 2024 The Author(s). Angewandte Chemie International Edition published by Wiley-VCH GmbH
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transport is ensured by the topping metal layer. The
resulting device demonstrates outstanding efficiency, above
11 % (Figure S1, Table S1) under rear illumination. A full
description of devices preparation and their optoelectronic
characteristics are presented in ref.l': nonetheless, some of
the most important characteristics with respect to PEC
application are summarized in the Supplementary Material.
The band structure of CIGSSe/CdS/ZnO has been studied
several times,"” demonstrating that the conduction band
offset (CBO) at the CIGS/CdS interface should be slightly
positive (also called “spike-like”) to avoid recombination at
this location while the CdS/i-ZnO interface is not a source
of limitation. Given its V,. and band gap, the device
reported here experiences a 478 mV V —deficit. This value
is similar to state-of-the-art front illuminated CIGS/CdS
devices for which interface recombination at the CIGS/CdS
interface slightly reduces the V. but is not strong enough to
significantly limit the photocurrent.!'”'*! This has been
attributed to an insufficient CBO value (not positive
enough, or even slightly negative (“cliff-like”)). Using an
alternative, higher CB buffer layer material (such as Zn-
(0,9 or InS;:Na)?) could increase the CBO and thus
raise the V..

These devices are then transformed into PEC as follows.
The metal stack completing the solar cell, which shields the
semiconductor from electrolyte-induced corrosion and facil-
itates electron transport, is covered with a drop-casted ink
formulated from an ethanolic solution of MWCNTs. The
catalyst is finally adsorbed onto the MWCNTs by immersing
of the electrode into a CoQPy solution, followed by
thorough washing with ethanol and subsequent drying (Fig-
ure S2). The prepared photocathode underwent initial
characterization using scanning electron microscopy (SEM),
with cross-sectional images facilitating comprehensive visu-
alization of the component of each layer (Figure 2).

The highly porous MWCNTs layer, located on the top of
the metal layer, displayed a thickness of approximately
10 um (Figure S3). The catalytic properties of the photo-
electrodes were investigated in carbonate buffer (with either
Ar or CO, purging) by cyclic voltammetry (CV) under
continuous light irradiation, and then by chopped light linear
sweep voltammetry (LSV, Figure 3b). These results have
been repeated with minimum three independent photo-
electrodes and with two different experimentalists (Fig-
ure S4). The active catalyst loading was quantified by
assessing the peak current intensity (first reversible reduc-
tion wave of the cobalt complex) as a function of the scan
rate, yielding a value of 2+0.3 nmol/cm? (Figure S5). Under
CO,saturated carbonate buffer solution, the CIGS/Ni/Al/Ni/
CNT/CoQPy photoelectrode displays a very early onset
potential at about 0.45V vs. RHE, alongside a remarkable
catalytic photocurrent density (Figure 3a, blue) of 10 mA/
cm?® at 0.0 V vs. RHE and 16 mA/cm? at —0.25 V vs. RHE in
these short time scale experiments. Control experiments
with the same photocathode purged under Ar (Figure 3a) or
with a photoelectrode without catalyst (CIGS/Ni/AlVNi/
CNT, Figure 3a, top) exhibits negligible photocurrent, due
to proton reduction only (see below). These performances
are certainly the highest ever reported for solar-driven CO,
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Figure 3. CVs of CIGS/Ni/Al/Ni/CNT and CIGS/Ni/Al/Ni/CNT/CoQPy
under 1 Sun illumination (a). LSV chopped light of CIGS/Ni/Al/Ni/
CNT/CoQPy under 1 Sun illumination in the presence of argon (red
traces) and CO, (blue traces) (b). Conditions: 0.1 M KHCO;, pH 6.8,
Ref.: SCE, CE: Pt mesh. Solar simulator: 100 mW/cm? AM 1.5G,
irradiated surface 0.23 cm’. Scan rate: 30 mV/s for CV and 5 mV/s for
LSV.

reduction in aqueous medium with a molecular catalyst, as it
displays an apparent positive overpotential of 130 mV
relative to the thermodynamic potential of the CO,—to-CO
reduction, and a current improvement of more than an order
of magnitude as compared to previously published data
(Table S2). Compared to dark electrocatalysis using the
same CoQPy catalyst deposited on a fluorine-doped tin
oxide (FTO) substrate (FTO/CNT/CoQPy), that shows an
onset potential of ca. —0.5V vs. RHE, a potential gain of
800 mV is obtained due to solar energy input (Figure S6).
This result closely aligns with the photovoltage generated by
the photovoltaic cell (V,. =~ 800 mV), demonstrating the
efficiency of CIGS-based photocathodes and relevance of
this novel configuration. Among additional advantages, this
configuration facilitates the full utilization of the SC photo-
potential, since the onset potential is not far from the
valence band of CIGS (ca. —0.65 V vs. RHE).['™?

Control potential electrolysis (CPE) measurements
under 1 Sun irradiation were then conducted for 1h to
determine the selectivity, the Faradaic efficiency (FE), the
turnover number (TON) and the turnover frequency (TOF)
for CO production (Figure 4). At an applied potential of

© 2024 The Author(s). Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Figure 4. One-hour CPE experiments with CIGS/NiAINi/CNT/CoQPy
under CO, (black); CIGS/NiAINi/CNT/CoQPy under argon (blue) and
CIGS/NiAINi/CNT under CO, (green) Red trace is charge for CIGS/
NiAINi/CNT/CoQPy under CO,. E,,,=—0.05V vs. RHE. 0.1 M KHCO;,
pH 6.8, RE: SCE. Pt mesh. Solar simulator 100 m\W/cm? AM 1.5 and a
UV 400 nm filter. The surface area of the electrode was 0.23 cm’. The
apparent spike in the middle of the experiment is due to short time
interruption of light irradiation (few seconds).

—0.05V vs. RHE, a current density of ca. 6 mA/cm® was
initially obtained in the first 15 min (smaller than in shorter
time scale CV), the selectivity for CO was 90 % (remaining
10% corresponded to H, formation), with a total FE of
99 %, a TON(CO) in the range of 80,000, and an averaged
catalytic rate (TOF(CO)) of ca. 23 s ' (Figure 4). Over one
hour of operation, an average partial current density for CO
production joo=4.5 mA/cm?® was thus obtained. These high
metrics compare well with electrocatalysis at dark electrode
and negative potential," indicating that the catalysis of the
photocathode is not limited by the solar cell component of

Table 1: Performances of one-hour CPE experiments with CIGS/Ni/Al/Ni/CNT/ photoeletrode, with and without CoQPy. E
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the system. Control experiments conducted with the CIGS/
Ni/AI/NI/CNT photocathode, both in the absence of the
CoQPy catalyst under a CO, atmosphere and in the
presence of the catalyst but under Ar atmosphere, resulted
solely in hydrogen production (Table 1). This underscores
the necessity of both CO, and the catalyst for CO
production. Furthermore, the impact of light intensity was
assessed by measuring the photocurrent density between 0.3
and 1 Sun at —0.05V vs. RHE. Notably, a linear correlation
was observed, showing that the photocurrent is not limited
by catalysis rate (Figure S7). Thus, the efficiency of the
system should remain unaffected by fluctuations in the
photon flux, presenting a notable advantage, particularly
considering the natural variability of sunlight irradiation
during daytime and weather conditions. Photoelectrode
stability was further investigated by an extensive 20 hours
CPE conducted at an applied potential of 0.0V vs. RHE
(Figure S8, Table 2). Remarkably, the selectivity for CO was
ca. 92 % in the first four hours and remained as high as 86 %
after 20 h of operation with a TON reaching a value of ca.
1.6.10°, while the joo and the catalytic rate for CO
production (TOF) experienced progressive lowering over
time. From values of 5.6 mA/cm? and 10.5s™! after half an
hour time of photoelectrolysis, respectively, these two
metrics decreased to 0.95 mA/cm? and 2.2 s7! after 20 h, still
with a high selectivity toward CO, H, remaining a minor by-
product (Table 2).

Upon applying a positive bias potential (E= +0.25V vs.
RHE), the current only decreased by ca. 30 % after 14 h of
photoelectrocatalysis (Figure S9). CPE experiments were
carried out in a continuous flow of CO,, with no observed
differences compared to experiments conducted in a
standard CO, atmosphere. Therefore, the decrease in either
current over time or selectivity over time cannot be
attributed to limited availability of CO,. From previous

—0.05V vs. RHE.

app —

0.1 M KHCO;, pH 6.8, RE: SCE. CE: Pt mesh. Solar simulator 100 mW/cm?, AM 1.5G and a UV 400 nm cutoff filter. Irradiated surface area of the

illuminated electrode: 0.23 cm?.

Photoelectrode n(CO) n(H,) FEror
(umol)  (umol) (%)
CIGS/Ni/Al/Ni/CNT_CO, 0 6.65+0.74 99+26
CIGS/Ni/Al/Ni/CNT/CoQPy_Argon 0 3.96+0.38 99+1.7
CIGS/Ni/Al/Ni/CNT/ CoQPy_CO, 181414 194015 99435

Selectivity CO/H, Catalyst loading TON TOF

(%) (nmol/cm?) (CO) (Co,s™)
0/100 - 0 0

0/100 0.95+0.4 0 0
90+0.5/10+0.5 1.16+0.4 827304+2950 23+0.8

Table 2: Performances of 20 hours CPE experiments with CIGS/Ni/Al/Ni/CNT/CoQPy. E,,,=0V vs. RHE. 0.1 M KHCO;, pH =6.8, RE: SCE. CE: Pt
mesh. Solar simulator 100 mW/cm?, AM 1.5G and a UV 400 nm cutoff filter. Catalyst loading: 2.34-0.36 nmol/cm?. Irradiated surface area of the

illuminated electrode: 0.23 cm?.

Time n(CO) n(H,) Q jco Selectivity TONco TOFo
(umol) (umol) © (mA/cm?)  COJH, (s7)
(%)

0.5h 9.7+0.18 1.9+0.15 2.12+0.76 5.1+0.4 92+3.5/8+3.5 18 400+120 10.54+0.1
Th 14.72+0.29 1.324+0.14 4.14+0.47 4.7+.0.7 92+3.5/8+3.5 27 7804250 6.3+0.1
2h 31.43+0.86 2.07+0.46 7.37+0.93 3.9+0.7 94+3.0/6+3.0 59300+1630 8.24+0.45
4h 48.3+9.4 4.19+£0.5 12.04+1.82 1.9+0.2 92+3.5/8+3.5 91210+ 8230 43+23
18 h 77.58+3.1 11.81+£0.86 26.684+1.99 1.0+0.1 87+£1.0/13+1.0 146 390 £+5 800 2.3+1
20h 843+3.6 14.14+1.1 28.41+£2.05 0.95+0.1 86+£1.0/14+1.0 159 150+ 3350 22+1
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electrochemical studies,™ degradation of the catalyst can be
ruled out as a major factor. The device stability may thus be
contingent on the Ni/AlI/Ni/CNT interface stability, and
further improvements, such as the incorporation of an
additional carbon layer, will be the subject of future
investigations aimed at extending long-term durability.
Furthermore, we have observed that the degradation of
performance is also correlated with the applied external
potential. Specifically, when the potential shifts from OV vs.
RHE to 0.25V vs. RHE, the stability is markedly enhanced
(see Figures S8 and S9).

This study revealed the exceptional potential of back-
side-illuminated CIGS photoelectrodes for PEC applica-
tions. By designing and fabricating an innovative CIGS/Ni/
Al/Ni/CNT/CoQPy photocathode, unprecedented photocur-
rent densities were achieved, reaching 16 mA/cm?* at —0.25V
vs. RHE under one-sun back-side illumination in voltamme-
try experiments. Remarkably, the solar cell‘s photovoltage
and photocurrent were almost fully converted when operat-
ing the photoelectrode under catalytic CO, reduction
conditions. Additionally, the device demonstrated promising
stability in long-term experiments. These outstanding PEC
performances make this new configuration the most efficient
hybrid molecular system immobilized on a photocathode for
CO,-t0-CO reduction reported to date. Most importantly,
this work serves as a pivotal proof of concept for advancing
more efficient and stable CIGS-based photocathodes. The
versatility of our approach offers boundless opportunities
for utilizing diverse reduction catalysts, extending beyond
CO, reduction catalysis, with minimal constraints regarding
absorption properties, immobilization mode (covalent or
supramolecular interaction), and the nature (molecular,
inorganic, COF, or MOF) of the catalyst.

Supporting Information

Experimental procedures, SEM images, photovoltaic per-
formance data, additional electro- and photo-chemical
measurements. The authors have cited additional references
within the Supporting Information (Ref.
[21,22,23,24,25,26,27,28)]).
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An efficient and selective solar-driven
conversion of CO, to CO has been
achieved using a Cu(In,Ga)S, chalcopyr-
ite-based photocathode, coated with a
cobalt molecular catalyst and operated
under backside illumination. This inno-
vative design addresses the challenges
associated with the absorption proper-
ties of the catalyst and the protection
layer, paving the way for high-perform-
ance and versatile photoelectrochemical
(PEC) devices.
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