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Abstract. The need for sustainable renewable energy is urgent and harnessing solar energy to produce green hydrogen is
promising. Hydrogen is a versatile energy carrier that can be stored and converted into various forms of energy. The
FreeHydroCells project aims to create a novel, wireless tandem, monolithic PEC cell for water splitting, offering a cheap,
efficient, and modular hydrogen-generating solution. However, scaling up PEC technology presents significant challenges,
with performance losses occurring as systems reach industrial dimensions. Optimizing light energy capture and reducing
parasitic light absorption are key to maximizing performance. This study investigates light attenuation in a monolithic PEC
water-splitting system, providing guidance on material selection regarding optical properties, scalability, and cost. The
assembled device was characterized using both laboratory-grade and portable spectrophotometers, showing a total
transmitted flux of roughly 63%. A simple optical model underestimated the transmitted flux by 11%. The global optical
efficiency of the device is estimated to be about 14%, but limited to 9% without a reflector. The study highlights substantial
optical losses, approximately 33%, from the windows and electrolyte alone. These findings emphasize the importance of
holistic optical design and rigorous experimental validation in developing scalable PEC systems.

Keywords: optical optimization; photoelectrochemical reactor; scale-up

I. INTRODUCTION

Photoelectrochemical (PEC) water splitting is a clean and sustainable method of producing hydrogen fuel using
solar energy, by combining semiconductors and catalysts. The goal is to develop cost-effective and non-toxic materials
to generate hydrogen directly from sunlight and water, without external electrical bias. The FreeHydroCells project!
(Horizon Europe, Grant Agreement No 101084261) aims to develop a novel, wireless tandem, monolithic PEC cell
for efficient and modular hydrogen generation. The study underscores the importance of optical characterization and
design in scaling up PEC technology for practical applications. The findings provide valuable insights into material
selection and device design to optimize optical properties and enhance the overall efficiency of PEC cells and PEC
systems. This compact design reduces electrical resistance and cost by minimizing the need for additional
components?. Consequently, electron and hole pathways are shortened. The catalysts and light absorbers are fully
integrated, both optically and electrically in series.

To advance from laboratory-scale developments to a higher Technology Readiness Level (TRL) for commercial
applications, a demonstration of spontaneous water splitting is proposed using a monolithic wireless system. This
system consists of an array of four cells, each with an active area of 5 x 5 cm?, totalling 100 cm? in the same module
system. This approach aims to overcome the limitations of conventional, expensive flask-type reactors by introducing
a low-cost panel-type device. Several challenges have been identified in the construction of large-area multilayer
devices, particularly in achieving the goal of producing 1 kg of green hydrogen for $2. These challenges include poor
photoelectrode efficiency, optical and electrical losses, and parasitic absorption in the design of PEC systems °.
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In the state-of-the-art, the number of reported large panel PEC reactors is rather low. Some examples are reviewed
by Vilanova et al. in 2024%: the 100 cm? “Portocell™, “CoolPEC” devices® demonstrated as a tandem PEC-PV device
with a 50 cm? a-Fe,O3 photoanode under concentrated sunlight, or the largest pilot scale PEC prototype of 1.6 m? in
ArtipHyction project® with a multi-electrode approach (Fe,O3, BiVO, coupled with a Si PV cell), a modular design
and equipped with photoelectrodes of 20-100 cm? active area. Modular design provides a straightforward assembly
and the flexibility necessary for system optimization (e.g. optimization of the inter-electrode distance, of the type of
membrane or separator, or of the electrolyte composition). In addition, a 100 m? array of particulate photocatalyst
based on perovskite Al:SrTiO3, named “ARPChem’”, has demonstrated autonomous production of a mixed stream of
hydrogen and oxygen over several months. However, the solar to hydrogen conversion efficiency is relatively low at
0.4%. The benefits of this configuration include its simplicity and low cost. For commercial PEC cells to be viable,
they must be designed to be simple, cost-effective, sustainable, safe, and durable.

In the FreeHydroCells project', our largely confidential work focuses on developing novel and earth-abundant
tandem photoanode (n-type) and photocathode (p-type) cells assembled into a buried multi-junction (BMJ) PEC cell.
The materials for this BMJ PEC cell are transition metal dichalcogenides (TMDs) combined with transparent
conductive oxides (TCOs) in a monolithic configuration. The photoanode and photocathode are assembled in a tandem
configuration to sustain unassisted solar-driven water splitting. The two photoelectrodes have different absorption
ranges (i.e., bandgaps). By placing the larger bandgap semiconductor at the front side for solar irradiation, large energy
photons are absorbed by the large bandgap semiconductor (short wavelength light absorbed) while lower energy
photons passing through the large bandgap semiconductors are absorbed by a lower bandgap semiconductor (longer
wavelength light is absorbed). By connecting two semiconductors electrically in series, the tandem device can provide
voltage close to the sum of two separate cells, while the current density from the device is limited by one of the
semiconductors generating lower current density due to the charge conservation. In this design, the photoanode and
photocathode are typically constructed from complementary n-type and p-type semiconductors, respectively, allowing
for efficient light absorption across a broader spectrum. This tandem configuration promotes the cascade utilization
of solar energy, the front absorber harvests photons with short wavelengths, and the bottom layer absorbs photons
with long wavelengths. When properly aligned in terms of energy levels, the tandem structure can generate sufficient
photovoltage to split water without needing external bias.

Our wireless tandem cell is fundamentally based on the wireless tandem cells described in® for the Type IV wireless
PEC tandem cell, but with the integration of many buried PN-junctions internally to the transition from one surface to
the other, as illustrated in Fig. 12.2(b) ? and in Fig. 2a '°.

The multi-junction TMD/TCO cell is formed by stacking multiple thin nanoscale layers (Figure 1) composed of
absorbing materials with different band gap energies and ohmic contacts. TMDs are promising materials for
photocatalytic functions and have successfully substituted the noble metals. Transparent solid-state contacts (FTO,
AZO,1TO...) are thin films of materials for ohmic contacting on a semiconductor for extracting electrical charges and
allows optical transmission.

Monolithic wireless configurations have been less investigated than other electrode configurations. A monolithic
tandem device with back-to-back WO3/FTO/p+n Si photoanode and Pt/TiO»/Ti/n+p Si photocathode was fabricated
and assembled in modules with Nafion membrane separators interconnected in a louvered design system
configuration'!.

Wireless tandem PEC cells appear to be among the more ideal forms of PEC cells for STH production, given their
prospects for low-cost manufacturing processing, upscaling and in-build functionality towards multi-energy level
electron-hole conversion and transfer to the redox potential to split water at greater energy efficiency. This
configuration could potentially lead to easier upscaling, as it avoids the electrical connections and equates the
photoelectrode surfaces with the tandem configuration compared to a parallel wire-connected design. For constructing
this wireless monolithic tandem PEC device, the back and front sides of the PEC reactor should have an optically
transparent layer. In this configuration, the tandem light absorber consists of serially connected top and bottom
junctions. Optically, the light goes through the front window, the electrolyte, multiple absorbers, electrolyte again, the
rear window and is reflected with a mirror (Figure 1). The device’s efficiency was further increased by optical
amplification through rear mirror reflection.
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FIGURE 1. Schematic representation of light management in the wireless tandem PEC cell device.

The photoelectrochemical water splitting process occurs when sunlight and applied electrical potential work
synergistically to separate the H>O molecules into hydrogen (H») and oxygen (O>). The splitting of one water molecule
into hydrogen and oxygen involves a thermodynamic free energy change of AG® = +237 kJ/mol. The positive value
of AG® indicates a non-spontaneous, endothermic, reaction that requires an external energy input. This energy
requirement for charge transfer in water splitting can be expressed in electron volt (eV) using the Nernst Equation
(Equation (1)), to E=1.23 eV to split water at standard temperature, pressure, and concentrations. This energy
threshold can also be expressed in terms of photon wavelength using Equations (2), (3). To effectively drive water
splitting using sunlight, materials must absorb light with wavelengths shorter than about 1000 nm (equivalent
to~1.23eV).

AGRy, = —MFE® 0
E0=hv=" 1))
A =22 =1007.96 nm 3)

With:

E° = Standard reversible electrode potential

n = Efficiency

¢ = Light speed = 3.108 m/s

v = wave frequency (Hz)

F = Faraday's constant

h = Planck constant = 6.62 x 103 J s

A = wavelength (m)

Theoretical investigations'? have suggested that a bandgap of ~1.6 / ~1.8 eV would be an ideal combination for a
high solar-to-hydrogen (STH) conversion efficiency. According to Kim et al.'?, “since both half reactions require
significant amounts of kinetic overpotentials, a practical photocatalyst should have a band gap energy in the range of
1.6-2.4 eV to drive the overall water splitting”. Therefore, the bottom and top photo-absorbers, with bandgaps of 1.6
eV and 2.4 eV (e.g., 517-775 nm, respectively), can achieve a maximum STH conversion efficiency. Due to the
differences in the absorption spectra of various photo-absorber materials, different optimum bandgap combinations
should yield optimized STH values for each device. With a bandgap of 2.1 eV, the theoretical STH can reach as high
as approximately 15%. This value provides our baseline for reasonable device efficiencies, which can be projected for
materials designed within these bandgap ranges. However, we are also cognisant that the presence of overpotentials
typically increase the energy input required to initiate water splitting. In addition, charge accumulation and
recombination losses can have many sources, so we apply a large combination of scientific engineering strategies to
try to minimise these effects. To summarize, in order to maximize solar radiation absorption, the photoelectrode
materials should possess an appropriate optical band gap that is neither too narrow nor too wide to prevent sufficient
energy absorption, transfer and conversion for both HER and OER half reactions.

This work highlights practical light-management strategies for materials and devices for achieving high STH
conversion efficiencies. Previous studies addressing optical losses include Cendula et al.'*, who developed an optical
model based on the transfer-matrix method to determine wavelength-dependent reflection, transmission, layer
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absorptance, and charge-generation rates. Similarly, Chen et al.'> provided a comprehensive review of theoretical
simulation tools used to analyse light distribution and absorption in PEC water-splitting systems from both materials
and device-engineering perspectives (light trapping and device architecture). Recently, several codes for thin layer
stacks have been shared freely within the optical and photonics community, such as SolPOC'. PyMoosh!”, TMM-
Fast'®, OpenFilters'” or Solcore?’. The formulas underlying the transfer-matrix method of calculating the optical
properties of these stacks are complex, including from databases of refractive indices, oblique-angle incidence,
absorption-vs-position profiles, and ellipsometry parameters.

In this study, light-management strategies related to transmittance and reflectance — considering materials used
as photoelectrodes, windows, electrolytes, and mirrors — are analysed to enable an optical comparison of complete
device architectures. A highly simplified optical model is considered here, but it includes the device system study as
a whole, which is helpful for our PEC cell-to-system objectives. Theoretical predictions are compared with
experimental results. However, even when photoelectrodes are individually optimized, the overall
photoelectrochemical (PEC) performance can be constrained by mismatches between different device components.
By concatenating the spectral responses with the AM1.5G solar spectrum, it becomes possible to evaluate all
constituents of the cell device and thereby minimize optical losses along the light path. Analysis of the absorption
spectrum allows us to assess light-harvesting efficiency and the suitability of materials for specific wavelength ranges,
which is essential for enhancing solar absorption and optimizing cell efficiency.

II. MATERIALS AND METHODS

Description of the PEC reactor

Current research on solar hydrogen production relies mostly on small-scale laboratory setups such as H-type cells,
borosilicate glass reactors, or small commercial quartz reactors like the Zahner PECC-2?!. However, scaling up to
practical, large-scale devices presents significant challenges, including maximizing light absorption while minimizing
costs and the travel distance of electrical and ionic charge carriers—all while ensuring sustainability and safety.

Figure 2 illustrates a simplification of our prototype with a panel reactor design for photoelectrochemical (PEC)
water splitting. The cell body is 3D-printed using Fused Deposition Modeling (FDM). The photo-absorber consists of
aphotoanode and a photocathode, each measuring 50 mm x 50 mm. Various separators, such as glass frits, salt bridges,
or ion-exchange membranes, can be employed. For this study, we selected a low-cost diaphragm separator to divide
the photoanode and photocathode compartments. Each compartment is filled with electrolyte and features an optical
window. The diaphragm prevents back reactions by isolating the products of photo electrolysis (oxygen evolution at
the photoanode and hydrogen evolution at the photocathode), thereby avoiding potentially explosive H2/O> mixtures
and maintaining the purity of the hydrogen gas from the outset, saving significant input energy and financial cost in
attaining high purity levels. The simplified single-cassette design shown in Figure 2 is also scalable for upscaling
applications.

5G

I Windows
Electrolyte

B Photoanode

B Photocathode
Diaphragm
Mirror

FIGURE 2. Schematic assembly of the integrated PEC device.
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Optical characterization

This study employs two distinct methods for optical characterization. First, the reflectance and transmittance of
individual components and the fully assembled PEC device are measured using a laboratory spectrophotometer.
Second, the transmittance of the PEC device is evaluated under AM1.5G solar simulator illumination using a portable
spectrophotometer.

First method: characterization with a laboratory spectrophotometer

Normal hemispherical transmittance and reflectance were measured with a PerkinElmer Lambda 950 UV/VIS/NIR
spectrophotometer?? equipped with a 150 mm diameter integrating sphere. Measurements were performed over the
280-2500 nm range at 5 nm intervals, with an entrance aperture of 25 mm diameter and an 8° incidence angle. The
absorptance spectra were then calculated using equation (5).

The total spectral (diffuse and specular) transmittance and reflectance of the glass or polymer windows, of the
electrolyte (1 M potassium phosphate buffer, pH 7), of the monolithic photo-absorber, and of the mirror, were first
measured individually. The fully-assembled PEC cell device was then characterized to determine its wavelength-
dependent optical properties and to quantify the total reflection and transmission losses.

For transmittance measurements, each component was positioned at the entrance port of the integrating sphere (in
the transmittance sample holder), while the exit port was closed using a Spectralon reflectance standard (Figure 3).
For reflectance measurements, the component was placed at the integrating sphere exit port of the integrating sphere
(in the reflectance sample holder), with a light trap placed behind it to prevent unwanted back reflections (Figure 3).
Measuring the optical properties of the electrolyte is particularly challenging and requires a reference quartz cuvette.
The electrolyte was therefore measured in a quartz cuvette (5 to 40 mm thickness) to reproduce the liquid thickness
in the actual PEC configuration (Figure 3).

w2 ) o l
= y
M Transmittance

sample

wzf holder f
= (Y1l Light trap
of port plug

HAaferance beam

—— Sample beam
=1 sample
< Datoctor

FIGURE 3. Schematic diagram of the Perkin Elmer Lambda 950 spectrophotometer in transmission and reflexion modes
(sample placed in the transmittance sample holder to measure transmittance and out of the sphere with the light trap to
measure reflectance).

The measurement protocols used to determine reflectance and transmittance follow ISO 90502 for glazing
materials and the SolarPACES reflectance guidelines® for mirror characterization. According to ASTM Standard
E903-96%, the integrated solar weighted transmittance T 5, is calculated by weighting the spectral transmittance T; (1)
with the solar global irradiance spectrum defined in ASTM G173-03%. The AM1.5G reference spectrum (ASTM
G173-03) defined from 280 to 2500 nm is widely available and currently used as a reference worldwide, for example

from the NREL website?’.
2500nm  TDXbo@) 4 @

Tsi =1, 60nm do(D)
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This quantity represents the fraction of solar flux density transmitted weighted by the solar spectrum ¢,(4) and
integrated over the wavelength A.

Using individual UV-VIS-NIR spectral measurements of each component, we can accurately determine the
wavelength-resolved optical losses in the PEC cell and compute the total integrated losses due to reflection,
transmission, and absorption. The total integrated optical power (in W/m?) absorbed by the complete assembly at each
wavelength ¢, (1) can be integrated over the full spectrum range [280-2500 nm]:

b = [0 pa (A)dA 3)
pr = [0 pr(D)dA ©)

Second method: PEC assembly reactor characterization with a portable spectrophotometer

The direct transmittance of the fully assembled PEC is also measured using a portable Aescusoft

spectrophotometer under 1 SUN solar simulator. In the portable spectrophotometer, the light beam to be analyzed
spectrally is reflected by a diffuser target onto two glass fibers leading to the spectral sensors. In front of the fibers a
shutter is mounted for automated dark scans before and after each measurement.
The Oriel® 94061 solar simulator from Newport?® (Xe source and AM1.5 filter), contains a 1000 W Xenon lamp. It
was calibrated using a reference silicon solar cell (monocrystalline silicon solar cell, WPVS) from Fraunhofer ISE
under the AM1.5G spectrum. The methodology of light source measurement of the solar simulator is provided in best
practices®. Solar simulators vary in their ability to replicate the AM1.5G spectrum, and in general, their intensity may
be adjusted to provide the correct total irradiance to the test device. Indeed, the lamp allows a standardized illuminance
of 1000 W/m? over the AM1.5G spectrum (see Figure 4).

20 T P :
1.8 ‘ AM 1.5G
e \m ‘”\ ~—— NEWPORT simulator
£ N e~ /\f\ﬂ H \
E bl \
5 12 Mf \‘ \/‘
’Tj’ 1.0 ‘
g 08 N H |‘
E o6 i ‘ "
04 / v H‘ o
| \ /s \ /
02 /\;’
0.0
300 400 500 600 700 800 900 1000 1100

A (nm)
FIGURE 4. Spectrum irradiance of the Newport solar simulator in the plane of the photoelectrode (orange curve) measured by
the Aescusoft spectrophotometer from 300 to 1100 nm wavelengths compared with spectral irradiance of the AM1.5G spectrum
(yellow dotted curve).

The spectral shape of the Xenon lamp differs from that of the reference AM1.5G spectrum, particularly due to the
strong emission lines of Xe lamps around 800 nm as shown in Figure 4. The total irradiance of the light source of the
solar simulator is set to provide 1 sun.

Optical modeling of the PEC assembly reactor

Our model represents a significant simplification compared to the transfer-matrix-based approach of Cendula et
al.'* with the aim of assessing its relevance at the device reactor scale. We have optically characterized several PEC
assembly configurations, each comprising multiple layers with distinct thicknesses and optical properties. These layers
include photoelectrodes, windows, electrolyte and mirrors.

To simplify calculations, we make the following assumptions:

1. The front and back surfaces of all layers are identical
2. All component interfaces are neglected and treated as air-equivalent
3. Light propagates with normal incidence (diffraction effects are ignored)
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Figure 5 shows a cross-sectional view of the considered assembly, which is illuminated from the front window.
The assembly consists sequentially of a front window (Layer #1), a first electrolyte layer (Layer #2), a photo-absorber
(Layer #3), a second electrolyte layer (Layer #4), a rear window (Layer #5) and a mirror (Layer #6) on the back side.

. brotar(A)
Band gap (2.0 eV)

b11(D) ¢11,(4)  Front Window

b12(2) Hr10(D) Electrolyte
Pra@ T (D) RECcell

¢1.(2) Prs(D) Electrolyte
¢T5(}L)\ ’¢T7(l) Rear Window

Pre(A) Mirror

re

250 500 750 1000 1250 1500 1750 2000 2250 2500
‘Wavelength nm

FIGURE 5. Solar energy spectra and cross-sectional view showing the light path through the stacked layers.

As shown in Figure 5, the layers are numbered from #1 to #6. The incident illumination on the front window of
the assembly is the AM1.5G (1 SUN), with a spectral photon flux ¢, (21). Since the layers are optically in series, the
transmitted flux decreases from ¢r1(A) to ¢dr11(A). i (A) is the total radiation flux transmitted between layer i and
layer i+1. ¢g;(A) is the total reflected radiation flux and ¢,;(4), the absorbed flux.

The transmittance of layer #1 is given by:

L) =28 = fra(D) = L)) @

where ¢ (4) refers to the flux power transmitted through layer #1 and ¢, (1) is the AM1.5G spectral irradiance.
According to the energy balance principle, the spectral absorptance can be expressed as follows:
A D) =1-RD-T,(D) (©)]

The symbols T(A), R(A) and A(L) stand for the transmittance, reflectance and absorptance, respectively.
For the initial passage through the PEC ¢5(2) is:

1) = oM [Tj=1 T (©)
= ¢rs(D) = Ts(DTDTs DT DT (Do (D) (10)

Note that, T; (1) = Ts(2) = T,(2) = Ty1(A), T,(A) = T,(D) = Tg(A) = Tyo(D)
The power reflected by the mirror is: ¢pe(4) = ¢rs(DRs(A) an

After reflection from the mirror, the transmitted power exiting the front window after the second passage through
the PEC is:

®rrotar(D) = Pr11(A) = Pre(A) l'[,li1 T](}L) (12)
= Ortota(@) = Re(DTE (DT (DT (D) po(1) (13)

In this device configuration, optical propagation in layers is accounted for by the superposition of eleven spectral
values.
The photo-absorber experiences double-pass illumination, so the total power absorbed is the sum of two
contributions:

Paz@) = (1= R3(D) = Ts(D) T, (D) T, (Do (D) (14)
PasD) = (1= Rs() — Ts(D) TE DT> (DT (DR (D) P (1) (15)
Datotal(D) = Paz(D) + Pag(D) = [Pr2(A) + Prg(D]A3(D) (16)
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III. RESULTS AND DISCUSSION

Optical properties of the individual components (laboratory spectrophotometer)

Measured with the PerkinElmer Lambda 950 laboratory spectrophotometer, the actual spectral response of the
photo-absorber exhibits strong absorption in the UV-VIS region, extending up to approximately 500 nm (Figure 6A).
Within the 280-800 nm wavelength range, transmitted light increases from around 2% to nearly 87% at 800 nm. These
properties determine the wavelength-dependent optical characteristics of the material and allow for the quantification
of total reflection and transmission losses. Optical losses due to reflection account for approximately 10% of the total.

A variety of transparent windows were characterized with the laboratory spectrophotometer, including the quartz
window from a Zahner PECC-2 reactor'3, PMMA, UV-T PMMA, solar-grade soda-lime glass, and borosilicate glass
and presented in Figure 6B. Many laboratory-scale devices rely on small, high-cost materials such as quartz. Although
quartz exhibits the highest transparency, with solar transmittance above 93%, it is impractical for large-scale
commercial deployment. Low-cost UV-T PMMA and solar glass are more realistic candidates. UV-T PMMA, for
instance, exhibits 80% transmittance at 310 nm, compared to about 60% for solar glass, making it particularly suitable
for devices using UV-absorbing or narrow-bandgap photo-absorbers. While the reflectance of these windows is not
shown, it is not negligible and typically contributes around 8% to optical losses.

The electrolyte also plays a crucial role in PEC water splitting, as its composition, concentration, pH, and
transparency strongly influence device performance, redox mechanisms and byproduct production. Light absorption
in the aqueous electrolyte reduces the effective absorption of narrow-bandgap components and, ultimately, limit the
overall efficiency. Figure 6C compares the transmittance of two electrolytes, a near-neutral potassium phosphate
buffer 1 M of KH,PO4/K,HPO4 named KPI and an alkaline potassium carbonate solution 1 M of K,COs (pH 12),
measured in quartz cuvettes of thickness 5, 10 and 40 mm. Near-neutral electrolyte such as KH,PO4/K,HPOy is
selected in this study to protect the electrocatalysts against corrosion. Doescher et al.*® investigated spectral absorption
in aqueous electrolytes of various thicknesses and its impact on solar-to-hydrogen conversion efficiency. Because
water absorbs strongly in the infrared, electrolyte thickness becomes a critical design parameter. Okamoto et al?!
observed a significant performance decrease with increasing electrolyte thickness and recommended limiting it to less
than 7 mm. As shown in Figure 6C, transmittance in the near-infrared (A > 700 nm) drops sharply with increasing
optical path length. For thicknesses above 10 mm, absorption becomes substantial and must be considered when
designing tandem absorbers. A few millimeters of water considerably reduces the infrared part of the solar flux and
the ultraviolet part below 340 nm. Moreover, ionic species in the buffer modify the transmitted spectrum. This is not
obvious with the electrolytes considered here, because the curves overlap for a given thickness.

On the back end of the PEC device, a reflective component can be used to improve efficiency by redirecting
unabsorbed light back into the photo-absorber. Solar-grade silvered glass mirrors, with reflectance values above 94%,
offer a low-cost option. Alternatively, custom dichroic mirrors — such as the DMLP805, which reflects light between
200 and 800 nm and transmits other wavelengths — can be used to tailor the spectral response (Figure 6D). The
polymer mirror is less effective in the UV region, but remains viable for commercial PEC devices when cost reduction
is prioritized. Aluminum mirrors provide the best overall reflectance, whereas second-surface silvered glass mirrors
are suitable when UV contribution to PEC or PEC-PV performance is less critical and long-term durability is desired.
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FIGURE 6. A) Optical properties of the photo-absorber, B) Transmittance of various windows, C) Transmittance of K2CO3 and
KPI electrolytes and D) Reflectance of various mirrors across the full spectrum with the global solar spectral irradiance AM1.5G.

Optical properties of the PEC reactor (laboratory and portable spectrophotometers)

For the PEC device assembly, a solar glass window is selected because its transmittance provides an appropriate
balance between minimizing optical losses (Figure 6B) and ensuring sufficient light absorption by the photo-absorber.
The electrolyte used is a neutral-pH (pH 7) 1 M potassium phosphate buffer with a minimum thickness of 5 mm
(Figure 6C). The reflector on the back end of the PEC reactor is a silvered glass mirror with reflectance value above
94%, (Figure 6D). All these components including the solar glass, the silvered glass mitror, the photo-absorber layer
and the electrolyte buffer, are low-cost, scalable, durable, and commercially available.

Since all components are integrated into a complete system, the device was measured as an assembled unit to
account for multiple reflections occurring at the interfaces between layers.

The transmittance and reflectance of the full PEC device were measured using the Perkin-Elmer Lambda 950
laboratory spectrophotometer (Figure 6). In addition, a simpler method was used, consisting of illuminating the device
with a solar simulator and recording the transmitted light using a portable Aescusoft spectrophotometer placed at the
back of the PEC cell (see the spectrum of the lamp in Figure 4).

The transmitted flux after the first passage of light through the PEC is denoted as ¢pp5(4). The curves of the spectral
flux ¢ 15 transmitted by the assembly and measured with the laboratory and the portable spectrophotometers are shown
in Figure 7B. To compare the two spectrophotometers, we consider the common wavelength range measurement
between 300 and 1100 nm. Figure 7B and Table 1 demonstrate excellent agreement between the two measurements.
Minor discrepancies in the power density arise from differences in the solar spectra (AM1.5G vs. solar simulator in
Figure 7A). The total integrated flux ¢, of the solar simulator in the 300-1100 nm wavelength range to mimic natural
sunlight is of 762 W/m?, whereas AM1.5G provides 807 W/m? over the same spectral interval (Table 1).
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FIGURE 7. Irradiance spectrum of A) the incident light flux ¢, of the solar simulator (orange curve) and of the AM1.5G
(yellow curve) and B) the transmitted light flux ¢pr5 measured with the lab spectro and portable spectrophotometers.
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TABLE 1. Comparison of the transmitted flux ¢r5 measured with the laboratory and portable spectrophotometers for the real
assembly in the common wavelength range 300-1100 nm

Power
Power flux Component [300 — 1100 nm]

W/m? %

. . AM15G 807 100
¢o incident light Solar simulator 762% 100%

. . Lab spectro 608 75

st
¢rs transmitted 1 p Portable spectro 571* 75%

*incident light from Newport solar simulator measured by the portable spectrophotometer in the range 300-1100 nm

The transmitted flux ¢ 5 of the full PEC device are similar measured using the laboratory spectrophotometer or
using the portable spectrophotometer and equal to about 600 W/m? that corresponds to 75 % of the total incident flux.

Comparison of experimental and modeling results for the PEC assembly

To compare the transmitted fluxes measured with those estimated from the model, we considered the entire solar
spectrum over the 280-2500 nm wavelength range. The total incident power of solar irradiation is thus 994 W/m?.
Table 2 and Figure 8 show that the model, which relies on the optical properties of each individual component,
underestimates the power transmitted by the assembled device when compared to experimental measurements. Indeed,
over the full spectrum, the transmitted irradiance after the first passage, ¢rs, as estimated by the model, is 11% lower
than the measured value. Besides, the total transmitted irradiance ¢ ¢rq; (after reflexion on the silvered glass mirror)
is nearly half of that measured experimentally. Specifically, the transmitted flux density after the second passage is
56% of the total spectrum experimentally, whereas the model predicts only 30%.

TABLE 2. Comparison of measured and calculated flux transmitted by the PEC assembly

Total power

Power flux Component [280-2500 nm]
W/m? %
¢, incident light AM15G 994 100
. Model 514 52
Q st
¢rs transmitted 1 p Lab spectro 627 63
Pr11 = P rorar transmitted 2™ Model 295 30
passage with mirror Lab spectro 562 56
18
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The model is quick to implement and solve but underestimates the overall transparency of the system. It does not
take into account multiple reflections at interfaces and the different refractive indices. These are governed by Fresnel's
equations for transmission and reflection. Instead, it simply allows for the comparison of individual components, as
shown below.

Optical modeling: comparison between optimized and real PEC device assemblies

For the optical modeling, the contribution of each layer to the overall optical response is accounted for by
considering the full light path through the device, including back reflection by the mirror. To estimate the aggregated
losses, we compare two configurations:

1. An optimized PEC device using the components with the highest-performance measured previously,
2. The real PEC device composed of large scale commercial and cost-effective components, which was also
characterized experimentally.

For the optimized PEC device assembly, the components are:

e A2 mm thick quartz glass window,
e A5 mm-thick electrolyte of alkaline potassium carbonate solution (1 M K-COs, pH 12),
e A dichroic mirror with a cutoff at 805 nm.

As a reminder, ¢5(2) corresponds to the transmitted spectrum after the first passage of light through the PEC.
The total transmitted spectrum after the second passage is denoted ¢ ora1, While the total absorbed spectrum in the
photo-absorber after both passages is represented by ¢4 tora- In this configuration, the optical propagation through
the layered device is modelled by superposing eleven spectral contributions.

The spectral irradiance profiles describing light propagation ¢ yora;(A)and absorption ¢4 tora1(4) in both the
optimized and the real multilayer PEC assemblies are presented in Figure 9A and B.
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FIGURE 9. Irradiance spectra @r; and 4 ¢¢q; in A) the optimized assembly and B) the real device assembly.

.°
8

We observe that the transmitted flux drastically diminishes the IR portion of the solar spectrum. The absorbed and
transmitted solar flux densities are calculated using equations (15) and (16) and reported in Tables 3 and 4 for the UV-
VIS-IR wavelength ranges. The final column also examines the targeted bandgap objective. For comparison, Table 3
presents the results obtained using the most transparent and reflective components (optimized PEC assembly), while
Table 4 shows the results for the realistic, low-cost components suitable for industrial-scale PEC devices (real
assembly).



TABLE 3. Total transmitted and absorbed flux from ¢ to ¢pr1; and decomposition in UV-VIS-NIR wave bands for the optimized PEC device

assembly
(optical properties from individual component measurements)
Total power uv Visible IR Band gap
Component Power flux  [280-2500nm] [280-399nm]  [400-799nm] [800-2500nm]  [2.1 eV/590 nm]

W/m? % W/m? W/m? W/m? %
AM15G b0 994 100 46 541 407 33
Quartz glass window (2 mm) br1 926 93 43 504 379 31
Electrolyte K»COj3 (5 mm) bro 787 79 43 505 239 31
Photo-absorber (1% passage) brs3 612 62 26 374 213 20
Photo-absorber (1% passage) Daz 92 9 14 71 7 7
Electrolyte K2CO3 (5 mm) bra 584 59 26 374 184 20
Quartz glass window (2 mm) brs 544 55 24 348 172 19
Dichroic mirror DMLP805L bre 428 43 22 348 58 19
Quartz glass window (2 mm) bry 399 40 21 324 54 17
Electrolyte K»COj3 (5 mm) brg 398 40 21 325 53 18
Photo-absorber (2™ passage) dro 303 30 13 244 46 12
Photo-absorber (2™ passage) oy 51 5 6 43 2 4
Electrolyte K»COj3 (5 mm) bri0 302 30 13 244 46 12

Total transmitted in PEC D1 otar=Pr11 282 28,3 12 227 43 10.9

Total absorbed Datotal 143 14,3 20 113 9 10.3

TABLE 4. Total transmitted and absorbed flux from ¢, to ¢pr1; and decomposition in UV-VIS-NIR wave bands for the real PEC device assembly
(optical properties from individual component measurements)

Total power uv Visible IR Band gap
Component Power flux  [280-2500nm]  [280-399nm]  [400-799nm] [800-2500nm]  [2.1eV/590 nm]

W/m? % W/m? W/m? W/m? %

AM15G bo 994 100 46 541 407 33

Solar glass window (3 mm) br1 901 91 41 492 369 30
Electrolyte KPI (5 mm) br2 764 71 415 491 233 30
Photo-absorber (1% passage) br3 595 60 24 363 207 20
Photo-absorber (1% passage) baz 89 9 13 69 7 6
Electrolyte KPI (5 mm) [or 566 57 24 363 179 18
Solar glass window (3 mm) brs 514 52 21 329 163 18
Silvered glass mirror Dre 486 49 17 314 155 16
Solar glass window (3 mm) oy 441 44 15 285 141 15
Electrolyte KPI (5 mm) brg 426 43 15 284 126 15
Photo-absorber (2" passage) bro 335 34 9 214 112 10
Photo-absorber (2" passage) bao 45 5 4 37 4 3

Electrolyte KPI (5 mm) bri0 325 33 9 213 102 10

Total transmitted in PEC brotar=Pr11 295 29,6 8 194 93 9.1

Total absorbed Datoral 134 13,5 17 106 11 94

The components selected for the PEC reactor in this project are a solar glass window, a silvered glass mirror, the
photo-absorber layer and the electrolyte KPI buffer and are commercially available. However, they significantly affect
light management: only 52% of the incident light is transmitted during the first passage, while 9% is absorbed (Table
4). During the second passage, 43% of the incident light reaches the absorber, less than 30% of the incident light is
transmitted resulting in a theoretical total absorption of 13.5%. Considering the objective of a 2.1 eV bandgap, the
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global efficiency of the photo-absorber in the real PEC configuration is 9.4%, compared to 10.3% for the optimized
configuration (Table 3).

By optimizing the electrolyte buffer, replacing the window with quartz glass, and adding a dichroic mirror at the
back side, the overall absorption efficiency of the photo-absorber could reach 14.3% of the global solar spectrum
(Table 3). This is only about 0.8% higher than the real PEC device. The total optical transmittance after the second
passage would decrease by roughly 1.3% when using these more efficient materials, due to the increased absorption.

In the absence of the photo-absorber layer, the power density transmitted through the optimized assembly is 71%
(67% in the real PEC) after the first passage and 50% (49% in the real PEC) after the second passage. These reductions
are due to optical losses essentially induced by the window and the electrolyte. therefore, the materials and their
thicknesses have been optimized compared to other low-cost components on the market.

IV. CONCLUSION

This study provides an overview and analysis of the optical strengths and limitations of various PEC reactor
assembly configurations. By examining different materials and thicknesses, and combining modeling with
measurements, we identify a viable pathway toward a realistic and cost-effective panel configuration for a monolithic
wireless tandem device with reflector light management. This approach simplifies the evaluation of light-absorbing
component performance.

Our findings reveal that substantial optical losses of around 30% of the entire solar spectrum arise from the
windows and electrolyte alone. These results underscore the importance of integrated optical considerations in design
and rigorous experimental validation for developing scalable PEC systems. Experimental data are consistent across
all measurement methods, including laboratory spectrophotometer and portable spectrometer, showing approximately
60% transmittance per optical passage through the PEC device. Light-management modeling in this study enabled the
identification of suitable reactor components and thicknesses based on optical, engineering, performance, and cost
considerations. This approach reduces the need for multiple assembly iterations and experimental tests, facilitating
design improvements. However, the study also suggests that relying solely on modeling individual optical properties
provides only approximate calculations. Interfacial reactions may produce optical properties that differ from those
determined here, necessitating measurements and analysis at the system level. We demonstrate that simply summing
the optical contributions of individual layers can lead to inaccurate predictions. This was confirmed by characterizing
an assembled, scalable, and cost-effective PEC device. Consequently, models based solely on individual-layer
transmittance tend to overestimate light absorption. In our study, the global transmittance of the assembly is predicted
to be 11% (first passage) to 26% (second passage) lower than that measured with the laboratory spectrophotometer
across the full wavelength range. This tendency should be considered when using simplistic optical models.

Optical characterization is a powerful tool for analyzing the wavelength-dependent absorptance of each layer in a
PEC cell, especially since the light intensity distribution across the device cannot be directly measured experimentally.
Few studies have addressed the modeling and quantification of optical losses in PEC systems'*!3, The absorption
losses of windows, mirrors, and electrolytes are significant, wavelength-dependent and must be considered in device
design, particularly for tandem absorbers.

In addition to optical losses inherent in the materials, the operational efficiency of the PEC device may further
decrease during operation due to factors such as bubble stagnation in the reactor or light scattering induced by thermal
effects and humidity, which can block light and mass transfer. Techniques such as anti-reflective coatings, photonic
crystals, and plasmonic structures can enhance performance, though significant improvements in the efficiency and
stability of semiconductors are still required. Achieving this with earth-abundant materials and scalable strategies
remains a key challenge and optimizing their light harvesting is therefore crucial.
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NOMENCLATURE

AM1.5() AM1.5 spectral solar irradiance/W-m™2-m™!
BMJ buried multi-junction
c Light speed
E° Standard reversible electrode potential
F Faraday's constant
FTO Fluorine-doped tin oxide
h Planck constant
HER Hydrogen Evolution Reaction
IR Infrared
OER Oxygen Evolution Reaction
PEC Photoelectrochemical
PMMA Poly(methyl 2-methylpropenoate)
STH Solar-to-hydrogen
TCO Transparent conductive oxides
TMD Transition metal dichalcogenides
uv Ultraviolet
VIS Visible
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