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ABSTRACT: Photoelectrochemical (PEC) water splitting is a promising route for solar
hydrogen production, yet scalability and environmental safety remain key challenges.
Here, we present a modular PEC platform using hematite photoelectrodes fabricated via a
scalable polymeric precursor method with uniform Al/Zr comodification to enhance
charge transport and adhesion. A total of 100 reproducible photoelectrodes were
produced and characterized using customized PEC cells with two different active areas
(0.28 and 1 cm?) to assess scale-dependent performance. Ten photoelectrodes were
integrated into each 3D-printed reactor, demonstrating an effective small-scale assembly.
Ten such reactors could form a 100 cm”> module, supporting scalable deployment. Each
reactor delivered stable photocurrents (~10 mA at 1.23 Vgy;) for over 120 h under 1 sun.
Outdoor operation of two series-connected reactors reached 20 mA. Ion leaching |Qutdoor
remained below national discharge limits, confirming environmental safety. This work operation
establishes a scalable, stable, and modular PEC strategy, advancing hematite-based
devices toward real-world solar hydrogen production.

Efficiency ‘ Performance
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hotoelectrochemical (PEC) water splitting enables of reactor architecture has emerged as a critical factor in
P direct solar-driven hydrogen production, with the bridging the gap between materials innovation and practical

potential for bias free or low bias operation through implementation (Figure S2). The first prototype-scale PEC
integrated photoelectrodes or tandem configurations.'™® PEC water splitting device was reported in 2011 marking the start of
device architectures range from single photoelectrodes paired gradual progress in PEC technologies.'” According to the Web
with dark counter electrodes (Figure Sla,b) to tandem designs of Science, only 59 articles on scaled PEC systems were
that incorporate either complementary photoelectrodes published by December 2024 (Figure S2a,b). Between 2011
(Figure Slc) or a photovoltaic device to assist water splitting and 2019, publication rates remained low (2.2 articles/year),
(Figure $1d).”~"” While numerous studies have demonstrated but interest has grown steadily since 2020, reaching an average

promising solar-to-hydrogen efficiencies using advanced photo-
absorbers, the translation to large area, into durable, scalable
devices remains a major barrier to practical implementation.
Most PEC technologies r.en.lail? at %ow telchnologyl r'eadiness Photoabsorbers such as WO, (tungsten trioxide),'*™>" a-
levels (TRL < 4) due to limitations in device scalablhgy, long- Fe,0, (hematite),'>'”'*?* and BiVO, (bismuth vana-
term operational durability, and environmental safety.
Material optimization efforts have mostly focused on
semiconductors such as metal oxides and III-V compounds,
employing strategies such as nanostructuring, doping, surface
passivation, and heterojunction design.''~'* However, many of
these advances rely on fabrication techniques that are not Received: July 25, 2025
easily transferable to large area systems or are incompatible Revised:  August 25, 2025
with cost-effective processing. In addition, integration-related Accepted: August 29, 2025
losses, including increased ohmic resistance, poor thermal Published: September 6, 2025
dissipation, and gas management issues, are not often
addressed systematically.'*~"® In recent years, the development

of 7.8 articles/year (Figure S2b). Table S1 summarizes key
experimental reports illustrating efforts aimed at transitioning
from laboratory scale efficiency to real world implementation.

date)**™*” have been tested across device areas from 15 to
16,000 cm® under varying illumination, pH, and applied bias
(1-12.8 suns, pH 0.3—13.6, 0.6—1.73 Vgyp). Among leading
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Figure 1. a, b, c) Photoelectrochemical cells and reactor employed in this work for the assessment of PEC water splitting activity curves at
different total photoabsorber area scales of 0.28 cm?, 1 cm?, and 10 cm?, respectively. a’, b’, ¢’) i—V curves obtained in the dark (black line)
and under simulated solar illumination (AM 1.5 G, 100 mW cm> red line) and the generated photocurrent, ., (orange line) at
mentioned areas. a”, b”, ¢”’) Intrinsic photovoltaic power as a function of the photopotential for the correspondent area. a™, b, ¢’

Intrinsic solar-to-chemical conversion efficiency (ISTC) efficiency as a function of the photocurrent density measured for each
correspondent area. The secondary y axis on the right represents the applied potential (Uyy,) with respect to the reference electrode.

contributions, Mendes and co-workers have advanced
integrated PEC systems by optimizing reactor architecture,
solar concentration, and thermal and gas manage-
ment.”'®?"?>?® Their work demonstrates that modular
configurations composed of multiple small area photo-
electrodes can effectively mitigate ohmic losses and support
long-term operation, one of the most critical bottlenecks in
PEC scale-up.”

Scaling PEC technologies requires fabrication strategies that
are both cost-effective and reproducible across large surface
areas. Hf" modification in hematite demonstrates the
importance of targeted dopant incorporation in optimizing
the photoelectrode performance. At the grain boundaries, the
controlled distribution of Hf** reduces interfacial resistance by
lowering energy barriers, thereby facilitating electron hopping
across grains, a key transport mechanism in hematite. In
parallel, Hf*" enhances adhesion at the photocatalyst/TCO
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interface, promoting more efficient electron collection and
injection into the external circuit. As a result, large-area
photoanodes (15.75 cm?) exhibited only a 12.3% performance
loss compared to their lab-scale counterparts, underscoring the
critical role of dopant positioning in scaling device efficiency.'”
Our group employs a polymeric precursor solution approach
that enables compositionally controlled doping and morphol-
ogy tuning in hematite photoelectrodes.’” > At laboratory
scale (0.28 cm?), A** and Zr*" modified hematite electrodes
have achieved photocurrent densities >6.0 mA cm™ at 300 mV
overpotential under 1 sun (AM 1.5G) illumination.”* To
address the persistent challenge of scaling PEC devices without
compromising performance, the present study evaluates a
modular PEC architecture built from 100 reproducible Al/Zr-
doped hematite photoelectrodes deposited onto 2 X 1 cm®
sized F-doped tin oxide glass substrates (Figure S3). Intrinsic
photoelectrochemical behavior was evaluated across varying

https://doi.org/10.1021/acsenergylett.5c02340
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Figure 2. a) Exploded view of the modular reactor using hematite as the photoelectrode. b) Photograph of the real reactor with all
components. c,d) Comparison between the measured device total photocurrent (solid red line) and the summation of the individual
measurements (1 cm?, solid black line) of two different ensembled reactors (named as reactors 1 and 2, respectively). Right axis represents
the photocurrent density obtained in the individual measurements at the thermodynamic water oxidation potential. e) Experimental setup of
the PEC cell coupled to solar simulator with the respective process flow diagram (h) displaying electrolyte recirculation. f) Summation of
individual measurements at different light intensities. g) i—V curves displaying the device total photocurrent as a function of applied
potentials at different illumination conditions. Intrinsic photovoltaic power as a function of the photopotential for different illumination
conditions in the absence (i) and the presence (j) of a mirror as optical reflector.

active areas under controlled conditions to examine perform-
ance, quantify scaling losses, and guide reactor integration.
This information enabled the development of a modular
reactor for long-term stability, outdoor field testing, and
environmental safety assessment—key parameters for deploy-
ment-oriented PEC design.

To evaluate scale-dependent performance, photoelectro-
chemical responses at different active areas (0.28 cm” and 1
cm?®) were compared under standardized conditions using
customized PEC cells that precisely exposed only the specified
areas to light and electrolyte (Figure la-c). Al/Zr-modified
hematite photoelectrodes (~100 nm thick) were synthesized
via a polymeric precursor route that guarantees uniform
composition, reproducible dopant incorporation, and strong
adhesion across all samples with a total of 100 electrodes
prepared. These photoelectrodes serve as the basis for area-
dependent performance and reproducibility evaluation. Photo-
electrochemical performance was evaluated under simulated
AM 1.5G illumination (100 mW cm™2, 25 °C) and in the dark.
In the dark, no current was observed until 1.80 Vg Under
illumination at 0.28 cm? (Figure la), Al/Zr-modified photo-
electrodes showed a photocurrent onset of 0.97 + 0.04 Vg
and J@io3veue of 2.26 + 0.35 mA cm™2 Scaling to 1 cm?
(Figure 1b) maintained the onset potential at 1.01 + 0.02
Viup but Jo 5vree declined to 1.28 + 0.17 mA cm™, a 43%
loss with this 4-fold area increase, mainly from ohmic losses. As
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commonly observed during scaling-up, a decrease in perform-
ance is often recorded for larger active areas, and it is primarily
associated with ohmic loss."> Although mitigation of scaling-
related losses is beyond the scope of this work, previously
reported strategies are being evaluated for integration into
future device iterations."””” An 800 mV shift between the
photocurrent onset and electrochemical onset was observed.
To further analyze performance, we used the Dotan et al.
method to extract intrinsic solar-to-chemical conversion from
i—V curves under light and dark (Figure 1).*>*® For 0.28 cm?,
the maximum power output was 1.90 mW cm™ at 1.40 Vg
(Voo = 542 mV; Figure 1a”); for 1 cm?, the maximum power
was 1.08 mW cm™ at 1.39 Vg (Vphotu = 502 mV; Figure
1b”). Intrinsic solar-to-chemical conversion efficiency (ISTC)
decreased from 1% (3.56 mA cm™2) to 0.7% (2.03 mA cm™2)
as the area increased. These currents were achieved only at
2.01 and 1.93 Vpyg in the dark, reflecting a ~ 600 mV
overpotential decrease. Notably, the fill factor improved from
52% to 59% upon scaling.

Given the performance decay in hematite photoelectrodes
upon scaling is mostly associated with the increased ohmic
resistance and limited charge transport,'””” modular device
design presents a viable strategy to mitigate these limitations
by minimizing lateral resistance.”> A custom PEC reactor
(Figure 1lc and Figure 2) was developed to host ten
photoelectrodes, each with a geometric area of 1 cm?, enabling

https://doi.org/10.1021/acsenergylett.5c02340
ACS Energy Lett. 2025, 10, 4769—-4776



ACS Energy Letters

http://pubs.acs.org/journal/aelccp

<30 <12 : -
E, Before 5 days a) £ b)
€25 After 5 days £10 Ty : :
o o & e
= ~ : :
320- 3 8 4
2 8 : :
215 3¢ :
[>% 2 : :
=10 T 4 : :
o 51 o 24| W : : . -
o 2 Day 1 :Day 2 :Day 3 :Day 4 :Day 5
goos 1.0 1.2 1.4 1.6 s O° o o y  a Y
. . . . . . 0 20 60 80 100 120
Applied potential (V vs RHE) Time (h) i P
=10 H, production rate ~120 umol h
0.6 g Day 3 IDay 4 IDay 5 d)
C) £ 3] I |
=03+ ﬂm . d . @
_ . S | 2 1
g L R B i
O 03 " £ 3 - R
|C—, e e, 5044 du | I:F | IF
(2] -s "o, 0 . ;o r o
= e e, © aﬂ | EF |
.e fae 0.2 '
- : - -.:.' 3 d !d !
- >
0.0'{ T T T T T — 8 0'0 Ll Ll T ll L L L ! Ll Ll L)
0 3 6 9 12 15 18 0 2 4 60 2 4 60 2 4 6
Time (h)

Electrolyte

.z

N
o

Bl (Fe*)
(A7)

L)

T
o
o

Concentration (mg

Figure 3. a) Device total photocurrent as a function of applied potential before and after stability measurements. b) Long-time stability
measurement performed at 1.23 Vgyy over 120 h. The photographs were taken each 24 h during the experiment. c) ISTC as a function of
total photocurrent before and after stability measurements. d) Gas evolution quantification recorded 6 h per day for S consecutive days. The
Reactor was operated under 1 sun illumination and an electrolyte flow rate of 1 mL s™* using NaOH 1 M as electrolyte solution. e) PEC
reactor operation and elements monitored for 5 days. f) Element concentration as a function of time determined by ICP-OES.

reliable evaluation under controlled conditions. This archi-
tecture was designed to preserve current density across larger
areas and enable performance benchmarking under stand-
ardized conditions (see Supporting Information section 1 for
details). The reactor body was fabricated via 3D printing using
high chemical and thermal resistance resin to ensure durability
during operation (Figure 2a). A quartz window, secured with
screws, served as the illumination interface, while the back
window was directly bonded to the reactor frame to ensure
stability and alignment. Custom O-rings (Flexible 80A resin)
conformed to photoelectrode geometry, maintaining uniform
seals. The design includes a single inlet/outlet to facilitate
continuous electrolyte flow and gas removal. Photoelectrodes
were accommodated to ensure uniform illumination (Figure
2b) and could optionally incorporate a rear mirror to enhance
the photon absorption. A Ti mesh counter electrode coated
with Pt (NovaCell) was used for charge collection. Gold clips
provided low-resistance electrical connections between electro-
des, enabling reliable series integration. A photograph of the
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complete PEC setup and corresponding flow schematic is
shown in Figures 2e and 2h, respectively. A step-by-step
assembly guide and full component list are provided in Figure
S4 and Supporting Information section 1. Under 1 sun
illumination (for calibration settings see Figure S5), the reactor
achieved a ] y3vrue of 10.05 mA (1.0S mA cm ™, Figure 1¢).
Consistent with the methodology applied to smaller areas,
Johotor Vphotor P, and ISTC were calculated (Figure 1c”and 1c”).
The PEC reactor achieves a maximum power output of 6 mW
(0.6 mW cm™2) and an ISTC of 0.41% corresponding to 56%
and 60% of the values obtained for 1 cm? active area,
respectively. These values were obtained at an applied
potential close to the water oxidation potential (Uhght = 1.26
Vyue)- A fill factor of 51% is obtained for a 10 cm? active area,
indicating a moderate increase in ohmic losses compared to
smaller area cells. Reported values for scaled hematite
photoelectrodes typically range around 0.45 to 0.65 mA
cm™? under 1 sun and bias equal to or higher than 1.45

21,38 _ . . - .
Vrue with a maximum near 2 mA cm™> achieved only

https://doi.org/10.1021/acsenergylett.5c02340
ACS Energy Lett. 2025, 10, 4769—-4776
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Figure 4. Outdoor measurements of modular PEC reactors. a) Photograph of the device with all components. (b) Close-up photograph of
two assembled reactors. (c-e) Chronoamperometry curves of modular PEC reactors under outdoor illumination.

under concentrated illumination conditions (up to 12.8
suns).'® Considering the total device area (135 cm?), including
housing, the power density decreases to 0.04 mW cm™?,
highlighting the impact of the device footprint on practical
performance. Such limitations, frequently attributed to nonuni-
form charge extraction, restricted light absorption across large
areas, and interface instability, represent a challenge toward
real-world PEC implementation.

Operational consistency and reproducibility were evaluated
by assembling and independently testing two modular PEC
reactors under standardized laboratory conditions. The
photocurrent density of each reactor under 1 sun was
benchmarked against the average i—V response of their
constituent photoelectrodes (Figure 2¢,d). Reactor 1 achieved
10.5 mA at 1.23 Vgygp (92% of the projected maximum,
calculated from the sum of individual measurements; see
Figure S6), while Reactor 2 reached 10.04 mA (~88%),
indicating high efficiency and reproducibility across setups.
Operational enhancements were explored by using two
strategies: rear reflection and increased illumination intensity.
A quartz back window enabled insertion of a reflective mirror
behind the photoelectrodes as an optical reflector to improve
photon recycling and minimize optical losses. Illumination
intensity was incrementally increased to 1.5 and 2 suns using a
calibrated solar simulator. Projected and measured photo-
current values both increased with illumination intensity
(Figure 2fg). The reactor’s intrinsic photovoltaic power
peaked at 12.84 mW under 2 suns and rose to 15.93 mW
with a rear mirror (Figure 2ij); in both scenarios, Vi,
increased with illumination, indicating enhanced voltage
compensation under higher light flux. Maximum ISTC (Figure
S7) was observed at 1.5 suns (0.4%), in agreement with
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calculated solar-to-hydrogen (STH) efficiency (Figure S8),
suggesting charge carrier utilization becomes limited at higher
intensities, likely due to increased bimolecular recombination
at higher charge carrier densities.””*" Thermal effects at
elevated illumination may also influence electrolyte properties
or introduce resistive losses; however, 24 h experiments at
varied electrolyte flow rates (Figure S9) showed no significant
effect, confirming reactor stability and effective mitigation of
flow related issues. Incorporating a rear mirror (Figure S10a)
yielded a slight but measurable increase in the photocurrent
(Figure S10b) and a shift in the ISTC trend, now rising with
light intensity. This enhancement results from the mirror
redirecting unabsorbed photons back to the photoelectrodes,
increasing the photon flux and light utilization (Figure S11).
By recovering reflected light, this strategy compensates for
optical losses in thin films, explaining the improvement in
photoresponse.

The reactor long-term operational stability was evaluated
under continuous 1 sun illumination at 1.23 Vyyg over 120 h
under a constant electrolyte flow (1 mL s™') (Figure 3 and
video Supporting Information). One sun was selected as the
standard illumination to ensure consistent, real world relevant
conditions. Lamp intensity drift (Figure S12a) was monitored
and used to normalize photocurrent data (Figure S12b).
Photocurrent decay remained below 5% throughout the test,
indicating a stable performance (Figure 3b). LSV and ISTC
curves before and after the experiment confirmed minimal
degradation (Figure 3a,c). XPS analysis before and after the
120 h test showed no significant changes in Fe, Al, or Zr
surface composition on the hematite photoelectrodes (Figure
$13), while only minor variation in the O 2p spectra was
observed, likely due to surface hydration. Moreover, gas

https://doi.org/10.1021/acsenergylett.5c02340
ACS Energy Lett. 2025, 10, 4769—-4776
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chromatography measurements over 6 h per day across S days
revealed a stable hydrogen evolution rate of ~ 120 gmol h™!
under 1 sun and 1 mL s™* flow. A Faradaic efficiency near 83%
indicates the need for further optimization of the reactor
design to enhance gas extraction and improve hydrogen
evolution rates. Even so, these results indicate that the system
sustains photoelectrochemical activity, supporting its potential
for real world deployment and reliability benchmarking.

While photocurrent and XPS analyses before and after 120 h
of operation confirmed the photoelectrode’s structural
integrity, further evaluation was conducted to quantify
potential electrode leaching, especially under conditions
simulating prolonged use or improper disposal (Figure 3ef).
Electrolyte samples collected throughout the 120 h test were
analyzed via ICP-OES to detect leaching of AI**, Zr**, Fe’*, Pt,
Ti*, and Sn*" ions, with AI**, Zr*', Fe**, and Sn** potentially
originating from the photoelectrode (photoabsorber layer and
FTO/aluminum borosilicate glass substrate), while Pt and Ti*"
ions arise from the counter electrode (Figure 3e). ICP-OES
results (Figures 3f, S14a) showed negligible release of Zr*',
Fe®*, Pt, and Ti*" (<0.1 mg L"), with values comparable to
blank FTO control electrodes (Figure S14b,c). However, AI**
and Sn** concentrations reached 2.38 mg L™ 'and 3.13 mg L
respectively, after 120 h, stabilizing after 96 h. Considering the
electrolyte volume and the deposition method, the maximum
amount of A" introduced as a dopant into the hematite
structure during fabrication—that could be released from the
photoelectrodes—is approximately 0.3 mg L™'. This value
matches the AI’* level measured over 120 h using the substrate
alone in place of the photoelectrodes (Figure S14). This
suggests that a significant portion of the AI** signal may
originate from the aluminum borosilicate glass substrate itself,
as previously reported. Therefore, the AP* detected in the
electrolyte is more plausibly attributed to leaching from the
substrate rather than from the hematite photoelectrode. In this
line, Sn*" levels were significantly lower than in the FTO blank
(124.4 mg L"), likely due to the protective hematite layer.
Considering potential environmental impacts, we compared
observed metal ion concentrations to Brazilian regulatory
standards (CONAMA Resolution 430/2011). The maximum
Fe®* concentration detected (0.082 mg L") is well-below the
permissible limit for effluent discharge (15 mg L™"). Although
the regulation does not specify discharge limits for zirconium
or aluminum, both can be efliciently removed via pH
adjustment and precipitation prior to disposal, mitigating
ecological risks.

Scalability and real world applicability of the PEC reactor
were monitored by integrating two reactors in series and
testing them under outdoor conditions in Campinas, Brazil
(Figure 4a,b), where average solar irradiation reaches ~ 5153
Wh m™ per day."' Operated at 1.23 Vg the system
delivered a stable photocurrent of 20 mA throughout the test
period (Figure 4c-e), with minor fluctuations corresponding to
natural variations in solar irradiation. Light chopper measure-
ments confirmed that the recorded current originated from
reactor operation, demonstrating the system’s responsiveness
under dynamic light conditions. Overall, the modular
architecture, based on independently fabricated hematite
photoelectrodes, enabled scalable integration, while high-
lighting the performance trade-offs associated with increased
active areas. Indoor characterization established key bench-
marks for photocurrent density, fill factor, and stability over
120 h, while optical enhancement via rear reflection further
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improved the device efficiency. ICP-OES analysis confirmed
low ion leaching throughout the extended operation, and
environmental thresholds remained well-below national
discharge limits, supporting safe implementation. Outdoor
operation under real conditions corroborated the reactor’s
promise: although a decrease in photocurrent compared to the
sum of individual photoelectrodes is evident (probably
associated with resistive losses and interconnection limita-
tions), the assembly demonstrates that charge collection
engineering is necessary for overcoming the bottlenecks in
scale-up. Scalable device architecture, reproducible photo-
electrode synthesis, and modular integration must be
addressed to advance PEC systems toward deployment. Future
development will require multilevel optimization (photo-
absorber selection, catalyst pairing, electrode interconnection,
electrolyte management, and thermal control) to meet
application-specific targets. The integrated methodology
demonstrated here provides a foundation for translating lab-
scale PEC innovation into practical, real-world hydrogen
production systems.
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The reactor long term operational stability was evaluated under
continuous 1 sun illumination at 1.23 Vg over 120 hours
under and constant electrolyte flow (1 mL s™*).
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