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ABSTRACT

Using a fast and simple one-step electrochemical method, we developed transparent and
conductive ZnO nanoporous layers encapsulating molecular catalysts, showcasing dual
functionality as a window layer for thin-film solar cells and a catalytic layer for solar-to-fuel
conversion. As a proof of concept, tetra-ammonium substituted Co phthalocyanine (CoPcTA)
was encapsulated into the window layer of high-efficiency Cu(In,Ga)Se> (CIGS) solar cells
demonstrating photoelectrochemical (PEC) reduction of COz into CO with a selectivity of 93%
and current densities up to ca. 7 mA cm? at —1.7 V vs SCE under 1 sun irradiation, which
corresponds to a turnover number (TON) above 100,000 and a turnover frequency (TOF) of 10
st after 3h. The simplicity and versatility of this approach make the nanoporous catalytic ZnO
layer not only easily adaptable to different high-efficiency solar cells but also pave the way for

flexible testing of diverse molecular catalysts for CO> conversion into diverse, valuable fuels.

Keywords: Photoelectrochemical (PEC), carbon dioxide reduction, transparent conductive

electrodes, molecular catalysts, solar cells, nanostructured materials
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Photovoltaics (PV) is currently one of the fastest-growing renewable industries. In this context,
driving catalytic chemical reactions from PV using photoelectrochemical (PEC) approaches
offers a sustainable mean of synthesizing chemicals and fuels while enabling the storage of
intermittent solar energy. Efficient PV and solar-to-fuel technologies rely on semiconducting
materials capable of converting sunlight into either direct current electricity or chemicals. In
both cases, efficiency depends on the ability of the material to absorb light and generate charge
carriers. The absorbers used for photovoltaic applications are excellent candidates as
photoelectrodes, presenting high photocurrent due to their ability to absorb the major part of
the visible light. However, these materials alone often lack sufficient energy to trigger the CO>
reduction reaction (CO2RR) and require high bias voltages or coupling with other materials.

In photovoltaics, the mechanism for charge carrier separation, based on pn-junction, generally
outperforms the solid-liquid analog in terms of charge separation and electron transport.

In electrochemical CO2RR, efficient catalysts are needed to facilitate multiple electron and
proton transfers, achieving high current densities and selectivity. Molecular catalysis is very
promising as atom-efficient catalysts with high intrinsic activities and tunable active sites are
used.? Such catalysts, with easily identifiable and tunable active sites, offer a variety of options
for controlling the activity and product selectivity.!

Encapsulating molecular catalysts directly within the window layers of PV solar cells, rather
than grafting them onto additional layers like TiO2>2 is an appealing approach. This eliminates
the need for chemical modifications of catalysts and complex deposition processes, and
simplifies manufacturing. The development of a transparent and conducting layer integrating
efficient catalysts as a window layer on different PV solar cells holds numerous advantages,
including enhanced performance, higher efficiency for charge transport to catalytic sites, as



well as better stability due to lower catalyst leaching, leading to the development of better-
performing photocathode.

Most standard solar cells end-up at their front side by a transparent and conducting layer, such
as ZnO:Al, In203:Sn (ITO) or SnO2:F (FTO), called window layer.®? This paper discusses the
development of a transparent and conductive nanoporous ZnO layer encapsulating a molecular
catalyst for use as a front contact layer in Cu(In,Ga)Se. (CIGS) solar cells. CIGS is a promising
PV thin film technology known for its high efficiency, stability, and low manufacturing cost.
CIGS-based solar cells have achieved a record efficiency of 23.6%." Because of its direct
bandgap and high absorption coefficient (o.= 10" - 102 m™ in the visible region, Figure S1), the
CIGS alloy is a high-performance absorber material where only 1 to 2 um are required to absorb
the maximum number of photons. In these solar cells, p-type polycrystalline CIGS is deposited
on a soda lime glass covered with molybdenum (Mo), forming a heterojunction with a CdS
layer and an i/n-ZnO:Al front contact (Figure S2).

The nanoporous ZnO layer serves multiple functions, acting as a front contact and protective
layer for the solar cell and adding catalytic activity to the CIGS photoelectrode for solar-to-fuel
conversion. ZnO is chosen for its unique advantages, such as being easily prepared in high
quality and in various structures and shapes'*~*” using solution routes like electrodeposition.189
The solution environment promotes self-assembly structures, and the nanostructured
architecture of ZnO facilitates the movement of electrons and holes due to quantum
confinement.

In the optimization process, a standard CIGS cell absorber with a bandgap of 1.2 eV was used
in a standard configuration of glass/Mo/CIGS/CdS/i-ZnO/ZnO:Al. A water-soluble
tetracationic Co phthalocyanine complex, (Figure S3) was encapsulated into the nanoporous
ZnO layer during its photo-electrodeposition on the ZnO:Al window layer of the CIGS solar
cells. The thickness of the ZnO|CoPcTA nanoporous (ZnO|CoPcTA NP) layer and the
concentration of the catalyst could be controlled by adjusting the transferred charge during the
ZnO growth process as observed on Figure 1a.%° Increasing the charge from 0 to 4 C cm™2results
in a relatively linear increase in ZnO|CoPcTA NP thickness up to 1200 nm. SEM cross-section
images of Mo/CIGS/CdS/i-Zn0O/Zn0O:Al/ZnO|CoPcTA NP cells (Figures 1b-c) reveal that the
top nanoporous layer presents a fibrous internal nanostructure aligned in the direction of film
growth, which is consistent with similar ZnO/organic layers developed in the literature.'®?! The
top view SEM images confirm the change in morphology, with the ZnO|CoPcTA NP window
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Figure 1 (a) ZnO|CoPcTA NP layer thickness (as determined from SEM images, red triangles)
and CoPcTA concentration (in nmol cm?, quantified by ICP analysis, black squares) as a
function of the total charge transferred during the electrodeposition (in C.cm™). (b, c) Cross
section SEM images of the modified Mo/CIGS/CdS/i-ZnO/ZnO:Al electrodes upon adding
ZnO|CoPcTA NP layers of 500 and 1100 nm respectively. (d, e) Top view SEM images of the
Mo/CIGS/CdS/i-ZnO/Zn0O:Al electrodes before and after addition of the ZnO|CoPcTA NP
layer respectively.

layer exhibiting a sponge-like porous surface compared to the dense sputtered ZnO thin film
(Figure 1d-e). Inductively coupled plasma optical emission spectrometry (ICP—OES) on
ZnO|CoPcTA NP samples confirmed the incorporation of the molecular catalyst into the
electrodeposited layers. Measurements show that the concentration of the CoPcTA molecule in
the layers is linearly correlated to the film thickness and the catalyst concentration remains in
the order of a nanomol per square centimeter (from 0.5 to 3.6 nmol cm™, Figure 1a).

The ZnO|CoPcTA NP layers were subjected to detailed analysis using X-ray Photoelectron
Spectroscopy (XPS, Figure S4), Energy Dispersive X-ray Spectroscopy (EDX, Figure S5),
Fourier Transform Infrared Spectroscopy (FTIR, Figure S6) and Atomic Force Microscopy
(AFM, Figure S9). They confirmed that the CoPcTA catalyst is effectively incorporated and
uniformly dispersed within the ZnO layer, without any observed aggregation of cobalt.
Comparisons between the X-ray diffraction patterns of the sputtered-ZnO:Al substrate and the
ZnO|CoPcTA NP layer (Figure S7) revealed that both layers exhibit a well-crystallized ZnO



wurtzite type structure. The highly preferred orientation along the (002) direction confirms the

internal crystalline quality of the layer which can favor electron transport properties.
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Figure 2 External Quantum efficiency (EQE) of CIGS solar cells covered with ZnO|CoPcTA

NP layers with thicknesses from 0 to 1000 nm compared with the absorption spectra of 50 uM
of CoPcTA molecule in aqueous solution.

The impact of hybrid nanoporous layers on the performance of CIGS solar cells was evaluated
through J-V measurements under 1 sun illumination (100 mW cm AM 1.5G). The thickness
of the ZnO|CoPcTA NP layer ranges from 0 to 1000 nm. The efficiency, fill factor (FF), open
circuit voltage (Voc), and short circuit current density (Jsc) of the solar cells were compared to
a non-modified CIGS solar cell (Table 1). Increasing the thickness of the ZnO|CoPcTA NP
layers up to 1000 nm primarily affects the Jsc and FF of the cells. Jsc decreases from 33.9 mA
cm2to 27.2 mA cm, and FF from 75% to 67%, resulting in a slight decrease in Voc from 698
mV to 633 mV. Consequently, the efficiency of the modified CIGS cells diminishes from 17.8%
to 9.0% for ZnO|CoPcTA NP layer thicknesses up to 1000 nm. The diminution in FF can be
attributed to the introduction of a new layer, which creates additional interfaces, leading to
losses in electron transport and recombination facilitation. The lower Jsc may be due to lower
transmission of the ZnO|CoPcTA NP layers compared to standard ZnO:Al layers in the visible
wavelength range. However, even with a 1000 nm thick nanoporous layer, current densities of

up to 27 mA cm can still be achieved. The external quantum efficiency (EQE) measurements



(Figure 2) showed a decrease in the EQE curves, particularly in the wavelength region between
550 nm and 850 nm, as the thickness of the ZnO|CoPcTA NP layers increased. This corresponds
to the absorbance region of the CoPcTA molecule, explaining the reduction in the number of

electrons produced in that wavelength region.

Table 1 J-V parameters of the modified CIGS cells.

Jsc Voc
Sample " FF (%) 1 (%)
(mA cm ) (mV)
CIGS cell 339 698 75 17.8
CIGS cell+ ZnO|CoPcTA NP 350 nm 314 685 71 15.8
CIGS cell+ ZnO|CoPcTA NP 600 nm 29.3 663 67 12.1
CIGS cell+ ZnO|CoPcTA NP 1000 nm 27.2 633 67 9.0

To enable solar-to-fuel applications, the hybrid layer added to the CIGS device needs to be thin
enough to allow light transmission while containing an adequate catalyst amount for catalytic
activity. After conducting several tests, a ZnO|CoPcTA NP layer with a thickness of 350 nm
was selected for subsequent experiments, so as to favor high photovoltaic efficiency for PEC-

COg2 reduction while minimizing current losses.

To investigate the COz reduction activity of the modified CIGS device under PEC conditions,
linear sweep voltammetry (LSV) experiments were performed under chopped AM 1.5G
illumination in a 0.1 M TBAPFs acetonitrile solution with 1% and 2% water as a proton source,
saturated with either Ar or CO2 (Figure 3a). The addition of a proton source was found to
enhance the catalytic performance of the ZnO|CoPcTA NP layers,?® most likely by accelerating

CO; protonation and C-O bond cleavage?>*2 along with the overall reaction:
COz+H,0 + 26— CO+20H  (eq. 1)

On Figure 3a, upon saturating the solution with Argon, a small cathodic current is observed,
attributed to the hydrogen evolution reaction, reaching around -2.4 mA cm2 at -2.1 V vs. SCE.
Upon CO; saturation, a current density of ca. -12.5 mA cm was measured at -2.1 V vs. SCE,

with a photogenerated current difference (jon) of up to 7 mA cm between dark and illuminated



current. Increasing the water concentration to 2% significantly enhanced the current density,
reaching a maximum value of approximately -16.2 mA cm? at -2.1 V vs. SCE, with a
photogenerated current of around -9.3 mA cm™. Further increasing the water concentration did
not have a significant effect on the current density but promoted a higher production of
hydrogen and faster degradation of the photoelectrode. The maximum current density achieved
(-16.2 mA cm2at-2.1V vs. SCE) is higher than previously reported results in organic solvents?2
but lower than the expected performance based on the CIGS solar cell characteristics (Jsc ~ 31
mA cm?) reported in Table 1. This lower photocurrent may be attributed to carrier
recombination at different stages of the process.

In Figure 3b, the LSV of a CIGS solar cell (Mo/CIGS/CdS/i-ZnO/ZnO:Al) and a modified
CIGS electrode with an additional ZnO|CoPcTA NP layer are compared in the dark and under
illumination (100 mW cm2). The modified CIGS electrode reached a current density of -8.3
mA cm at -1.8 V, compared to the non-modified CIGS cell reaching -1.0 mA cm at the same
potential. This demonstrates the improved catalytic performance upon ZnO|CoPcTA NP layer
incorporation. On the same curve, the illuminated Mo/CIGS/CdS/i-ZnO/ZnO:Al/ZnO|CoPcTA
electrode achieved a current density of -0.5 mA.cmat a slightly negative potential of -0.95 V
vs. SCE. However, in the dark, the same current density required a high overpotential of -1.47
V vs. SCE. Upon illumination, the Mo/CIGS/CdS/i-ZnO/ZnO:Al/ZnO|CoPcTA NP cathode
presents a photovoltage of ca. 0.5 V, this value being slightly lower to the Voc delivered by the
CIGS solar cell (Table 1). Although a fraction of the incident light is absorbed by the
ZnO|CoPcTA NP top layer of the solar cell, the majority of photons penetrate through and
successfully reach the CIGS/CdS pn-junction. These photons generate electrons that are then
transported to the catalytic centers of the hybrid layer. The higher photocurrents observed in
Mo/CIGS/CdS/i-Zn0/Zn0:Al/ZnO|CoPcTA NP electrodes compared with standard CIGS
solar cells demonstrate the improved catalytic performance of the system thanks to the

incorporation of a layer of ZnO hybrid molecular catalyst on top of the CIGS solar cells.
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Figure 3 (a) Linear sweep voltammograms under chopped illumination (100 mW cm) of a
Mo/CIGS/CdS/i-Zn0/Zn0O:Al + ZnO|CoPcTA NP (350 nm) photoelectrode under Ar or CO>
saturated 0.1 M TBAPFg acetonitrile solution, with water concentration ranging from 1 to 2%.
The scan rate was 100 mV s?. (b) Linear sweep voltammograms of a Mo/CIGS/CdS/i-
Zn0/ZnO:Al photoelectrode compared to a Mo/CIGS/CdS/i-ZnO/ZnO:Al + ZnO|CoPcTA NP
(350 nm) photoelectrode in the dark and upon illumination (100 mW cm) in CO; saturated 0.1
M TBAPFs and 2% H,O acetonitrile solution. Scan rate 100 mV s. (c) Current density as a
function of the light power, measured at -2.1, -1.8 and -1.5 V vs. SCE respectively. Inset:

Potential applied to reach a current density of 3.0 mA cm™ as a function of the incident flux

(log @o).



To understand the relationship between photon flux, photocurrent, and photovoltage, we
studied the impact of light power on photocurrent in the modified CIGS electrodes of the PEC
CO2 reduction system. Figure 3c displays the current density variation as light power ranges
from 0 to 150 mW cm2. In solar cells, photocurrent (Jiot) is directly proportional to the absorbed
photon flow (®o): Jtot = qdo. Thus, the current density increases linearly with higher light
power intensity. Additionally, Figure 3c inset demonstrates that for a current density of -3 mA
cm, the potential is logarithmically proportional to the incident flux (D). This is the expected
behavior of a solar cell under normal conditions, indicating that the modified device with the
ZnO|CoPcTA NP layer maintains a strong photovoltaic response even after the light-assisted
electrodeposition process. The linearity suggests that the electro-catalysis process is not limited
by CO> or proton diffusion but rather by the absorbed photons converted into electron-hole
pairs. Upon increasing the light power up to 150 mW cm, current densities up to 22.7 mA cm’
2 -11.2 mA cm?and -4.5 mA cm? at -2.1, -1.8 and -1.5 V vs SCE were respectively obtained.

Light absorption Charge sep: 1 & diffusion Catalytic reaction
gy — —
E —— |

p-type " F > ﬁkty;;E\,

\.

Figure 4 Schematic representation of a Mo/CIGS/CdS/i-ZnO/ZnO:Al photoelectrode covered
with a ZnO|CoPcTA NP layer.




The mechanism for CO reduction over CIGS solar cells can be summarized as follows (Figure
4). When illuminated, incoming photons generate electron-hole pairs within the CIGS
absorbers. The pn-junction between CIGS and CdS facilitates the separation and collection of
these charges. The electric field across the pn-junction directs electrons from the p-type
absorber to the n-type buffer layer and further transports them through the highly conducting
ZnO:Al window layer. These electrons eventually reach the ZnO|CoPcTA NP layer, where they
are directed to the incorporated molecular catalyst to facilitate the electrochemical CO>
reduction reaction. However, increasing the thickness of the nanoporous layer, while increasing
the quantity of catalysts, negatively impacts the Jsc and FF of the solar cells. Since a part of the
electronic transport occurs between the ZnO nanoporous, the catalysts and the electrolyte, part
of the photogenerated electrons may accumulate in the ZnO layer or be recombined at the
ZnO/molecular catalysis interface.?

Figure 5a demonstrates the PEC CO2 reduction under 100 mW cm2 illumination using different
electrode stacks: a standard CIGS solar cell, a CIGS solar cell with a hybrid ZnO|CoPcTA NP,
and a pure CoPcTA molecule loaded on a carbon electrode. All chronoamperometry
experiments were conducted at a constant potential of -1.5 V vs SCE for a minimum of 3 hours.

By adding a 350 nm thick nanoporous ZnO layer encapsulating only 0.75 nmol cm of CoPcTA,
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Figure 5 Chronoamperometry of CIGS photocathodes for PEC CO2 reduction in CO; saturated
0.1 M TBAPFs acetonitrile solution. (a) Comparison of CO> electrolysis using CoPcTA loaded
on carbon electrode with PEC CO3 reduction using a standard CIGS cell and a modified CIGS
cell with a ZnO|CoPcTA NP (350 nm) window layer at -1.5 V vs. SCE. (b) Potential of the
electrode and selectivity for a constant current density held at -7 mA cm?, using a
Mo/CIGS/CdS/i-Zn0/Zn0O:Al + ZnO|CoPcTA NP (350 nm) photoelectrode adding 2 % H-O.

Electrodes surface: 0.5 cm?. Light power: 100 mW cm™.
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the CIGS system achieves significant catalytic CO2 reduction with 94% selectivity, sustaining
high current densities of around 4 mA cm for at least 3 hours, H, was the only by-product
detected. The incorporation of molecular catalysts enhances the photoelectrode's current
densities, achieving four times higher values compared to a standard CIGS solar cell.

To evaluate the performance and stability of a photoelectrode under higher current densities
than -4 mA cm, a PEC CO; reduction experiment was conducted at current density of -7 mA
cm2 (Figure 5b) using the best electrolyte conditions: a CO-saturated 0.1 M TBAPFs and 2%
H2O acetonitrile solution. The high current density was sustained for 3 hours. The initial
potential value was approximately -1.55 V vs. SCE, gradually shifting to around -1.70 V vs.
SCE. Under these conditions, the system consistently produced -7 mA cm2with an average CO
selectivity of approximately 93%, corresponding to a partial current density for CO production
(jco) of ca. -6.5 mA cm, only obtaining 8% of H, as the by-product, a turnover number (TON)
above 100,000 and a turnover frequency (TOF) of 10 s (see Supporting Information). Figure
S9 demonstrates the long-term stability of a Mo/CIGS/CdS/i-Zn0O/ZnO:Al + ZnO|CoPcTA
photoelectrode (350 nm) during PEC CO2 reduction at an applied potential of -1.45 V vs. SCE
over 10h. The current density of the photoelectrode remains relatively stable throughout the
experiment, with a slight decrease from -1.6 to -1.27 mA cm2, and CO selectivity close to 92%

throughout the entire experiment.

In summary, our study introduces a versatile functional window layer that encapsulates
molecular catalysts, achieving high catalytic activity with minimal use of molecular materials
and a straightforward preparation method. These functional window layers were easily
integrated onto high-efficiency CIGS-based solar cells within only a few minutes, using a light-
assisted electrodeposition process. The resulting Mo/CIGS/CdS/i-Zn0O/Zn0O:Al/ZnO|CoPcTA
NP stack presents a current density of up to -7 mA cm?2at -1.7 V vs SCE for 3 hours under
visible light irradiation in an acetonitrile solution, with a CO selectivity >92%. This remarkable
performance can be attributed to the combined effects of the catalytic properties of the hybrid
layer comprising ZnO and CoPcTA molecular catalyst, efficient light harvesting of the CIGS
material, rapid charge transport within the CIGS cell layers, enabling electron transfer to the
catalytic centers in the outermost layer, and swift CO. reduction at the catalytic sites.
Furthermore, by slightly increasing the light intensity to 150 mW cm, we achieved current
densities of up to 22 mA cm2 at -2.1 V vs SCE in an organic solvent, surpassing state-of-the-
art PEC CO2RR systems employing co-catalysts’ (Table T-S1). This approach offers versatility,
as it can be applied to various high-efficiency solar cells, providing flexibility to test a large set
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of molecular catalysts without performing chemical modification. Additionally, it offers the
potential for enhanced visible light absorption and improved catalytic efficiency of PEC
systems.
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