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ABSTRACT

Advancing solar-driven hydrogen production in compact, integrated devices requires the development of highly active catalysts
with minimal precious-metal loading, alongside light absorbers capable of stable operation in aqueous environments. Here,
we report an integrated halide perovskite photovoltaic cathode incorporating a low-Pt-content catalyst supported on zeolitic
imidazolate framework-8 (ZIF-8)-derived carbon and a self-adhesive graphite sheet. The ZIF-8-derived carbon, featuring high
porosity and surface functional groups from carbonization, enables uniform dispersion of Pt nanoparticles, enhances active-
site accessibility, and ensures stability under acidic conditions. As a result, the Pt loading is reduced by an order of magnitude
(to 5.60 ugp, cm~2) while surpassing the catalytic performance of commercial C/Pt (16.0 vs. 26.3 mV overpotential at 10 mA
cm™2). The laminated graphite sheet efficiently conducts photoinduced electrons from the photovoltaic layer to the catalyst,
provides mechanical support, and prevents electrolyte penetration into the perovskite layers. The resulting monolithic integrated
photovoltaic cathode achieves an average photocurrent density of 19.8 mA cm™ at 0.0 Vyys and retains 77% of its initial
performance after 160 h of continuous operation in acidic media. These results demonstrate that combining porous carbon-
supported low-Pt catalysts with a simple graphite-sheet protection strategy offers a scalable and cost-effective pathway toward
durable halide perovskite-based solar hydrogen generation.

1 | Introduction are highly promising candidates in this field because of their

excellent light absorption capability [3], tunable bandgap [4],
Coupling light absorption with water-splitting reactions in com- and long carrier diffusion lengths [5]. Despite these remark-
pact (photo) electrochemical cells offers a sustainable, solar-to- able advantages, halide perovskites suffer from a critical draw-

hydrogen production approach [1, 2]. Halide perovskite materials ~ back: their intrinsic instability in the presence of moisture [6].
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This vulnerability severely restricts their practical application
in direct contact with liquid electrolytes, necessitating effective
protection strategies. To overcome this issue, protection and sta-
bilization strategies have been reported, including encapsulation
with epoxy sealing [7, 8] and inorganic barrier layers such as
Field’s metal BiInSn [9, 10], eutectic gallium indium alloy (EGaln)
[11], Ni foil [12, 13], and graphite-epoxy paste [14, 15], coated with
various electrocatalysts. Our group developed the use of self-
adhesive protective, conductive carbon sheets made of graphite,
glassy carbon and boron-doped diamond, moreover coated with
Ni and NiFeO, for halide perovskite integrated photovoltaic
anodes (IPV-anodes, arguably also called photoanodes in some
contexts) in alkaline media [16-18]. However, this carbon sheet
approach remained unexplored for halide perovskite integrated
photovoltaic cathodes (IPV-cathodes), despite its potential to
offer inexpensive, modular, scalable protection and support for
hydrogen evolution reaction (HER) electrocatalysts.

HER in acidic media offers faster reaction kinetics than in
alkaline media [19, 20]. HER requires efficient electrocatalysts to
minimize overpotential and thereby accelerate hydrogen evolu-
tion kinetics. Platinum (Pt) is the most active metal for catalyzing
HER in acidic media owing to its nearly optimal hydrogen
adsorption-free energy (AGy:), excellent conductivity, and chem-
ical stability [21, 22]. Nevertheless, the high cost and scarcity of Pt
hamper its large-scale deployment [23, 24]. Commercial catalysts
typically consist of ~20 wt.% Pt supported on carbon (C/Pt).
They provide high levels of catalytic activity but offer capital cost
challenges for the commercialization of these devices. Although
numerous non-precious elements have been explored as cost-
effective alternatives, none have yet matched the performance
of Pt, which continues to set the benchmark for acidic HER
performance [20, 25, 26] Consequently, a key research priority is
to drastically reduce Pt loading on catalyst compositions while
retaining benchmark activity and durability.

To address the challenge of reducing Pt loading, catalysts
must achieve high Pt utilization efficiency by maximizing the
exposure of active sites, modulating electronic structure, and
optimizing catalyst-support interactions [19, 27, 28]. Various
strategies have been investigated, including alloying with tran-
sition metals, confining as single-atom catalysts, downsizing to
nanoscale, constructing heterostructures, and integrating with
advanced supports [29-40]. Among the diverse support materials,
metal-organic frameworks (MOFs), crystalline porous structures
composed of metal ion centers and coordinated organic link-
ers, have received considerable attention [41-43]. MOFs offer
unique features such as high surface area, tunable porosity,
and versatile chemical functionality, which make them highly
attractive candidates for developing efficient HER -catalysts
[44, 45]. Among them, zeolitic imidazolate framework-8 (ZIF-8)
is particularly notable due to its well-defined porous structure,
chemical stability, and straightforward synthesis method under
ambient conditions [46, 47]. Furthermore, ZIF-8-derived carbon
obtained by carbonization can preserve ample porosity and
provide electrical conductivity and durability. These attributes
highlight ZIF-8 and its derivative carbon as a promising platform
for the development of HER catalysts. Recent studies have further
demonstrated the versatility of MOF-derived carbons and carbon-
based functional materials in photovoltaic and energy-conversion
applications [48-52].

In this study, we report a monolithic perovskite IPV-cathode that
combines an inverted p-i-n perovskite photovoltaic, a protective
graphite sheet, and a catalyst of low Pt content supported on ZIF-8
derived carbon. The perovskite absorber layer consists of mixed-
cation, mixed-halide Rb ,sCs; osMA 0sFA( ssPb(I;¢5sBr 5);- The
applied graphite sheet functions as a protective barrier against
electrolyte ingress, a robust conductive layer for charge transport,
and a mechanical support for the catalyst layer. In addition,
the ZIF-8 derived carbon provides highly porous support for Pt
particles, ensuring uniform dispersion and enhanced active site
accessibility, thereby drastically reducing the Pt loading to 1.8
wt.% (5.60 pgp, cm~2) while maintaining HER activity comparable
to commercial C/Pt of 19.3 wt.% Pt (61.37 ugy cm~2). This
monolithic IPV-cathode design simultaneously tackles the chal-
lenges of Pt scarcity and perovskite instability in aqueous-phase
electrochemical operation, reaching average 19.8 mA cm~ of
photocurrent density at 0.0 Vg for solar HER and retaining 77%
of its initial performance after 160 h. Consequently, this approach
provides a promising platform for IPV-cathodes (arguably also
called photocathodes in some contexts) that combines high
performance with long-term stability, paving the way toward
scalable and cost-effective solar-driven hydrogen production.

2 | Results and Discussion

2.1 | Preparation and Electrocatalytic HER
Performance of Czy_g/Pt Catalysts

Cr.s/Pt catalysts with different Pt loadings were successfully
prepared using ZIF-8 particles, H,PtCl,, aniline, and a carboniza-
tion step at 1100°C under nitrogen environment, as schematically
illustrated in Figure la. In the first step, ZIF-8 metal-organic
framework particles were synthesized by coordinating Zn** ions
and 2MIM in methanol. To introduce Pt species onto the surface
of ZIF-8 with enhanced dispersion, ZIF-8 particles were dispersed
in an aniline aqueous solution, followed by the addition of
H,PtCl, to induce in situ complexation. In this process, aniline
coordinates with Pt** ions, enabling the formation of uniformly
distributed Pt-aniline complexes anchored to the porous surface
of the ZIF-8 particles, as later confirmed by TEM. In addition,
aniline, a weak base, mitigates the strongly acidic environment
generated by H,PtCl; (Figure S1), thereby preserving the struc-
tural integrity of ZIF-8 during Pt loading. As the amount of
H,PtCl, increased, the resulting ZIF-8/aniline/Pt exhibited a
distinct color change from light purple to dark purple (Figure 1b).
These ZIF-8/aniline/Pt composites were then carbonized under
nitrogen flow at 1100°C. This high-temperature treatment not
only reduced the organic ligands and framework into conductive
carbon but also enabled the sublimation of Zn species, resulting in
porous structures with well-dispersed Pt nanoparticles embedded
in carbonized ZIF-8 (Cs) support. ICP-MS was employed to
determine the Pt contents in the C,4/Pt samples, which were
0.05, 0.20, 0.81, and 1.76 wt.%. For comparison, a commercial
20%wt. Pt on carbon catalyst (C/Pt) was measured to contain
19.3 wt.% (labelled C/Pt-19.3%). The Pt loadings of C,s/Pt and
commercial C/Pt catalysts, calculated based on a fixed catalyst
loaded amount of 0.318 mg cm~2, were determined to be 0.16, 0.64,
2.58, 5.60, and 61.37 pug cm™2 for the Cyp/Pt and C/Pt samples
containing 0.05, 0.2, 0.81, 1.76, and 19.3 wt.% Pt, respectively. In
addition, Zn was not detected in any of the samples, confirming
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FIGURE 1 | (a) Schematic illustration of the synthesis procedure of Cyp.g/Pt catalysts. (b) Digital photographs of ZIF-8, ZIF-8/aniline/Pt, and
Cyir.3/Pt. (c) FE-SEM micrograph, (d) TEM micrograph, and (e) high-resolution TEM micrograph of Czr./Pt-1.8%.

that Zn species were completely evaporated during the high-
temperature carbonization process under nitrogen flow. Indeed,
Zn was collected downstream the furnace tube at cooler regions.

FE-SEM and TEM micrographs show that the ZIF-8 particles
exhibit a uniform polyhedral morphology with sizes ranging from
approximately 50 to 100 nm (Figure S2). After anchoring Pt-
aniline on the surface of ZIF-8, the edges of ZIF-8/aniline/Pt par-
ticles are slightly rounded (Figures S3 and S4). TEM micrographs
also confirm this morphological change, exhibiting rounded
edges compared to pristine ZIF-8 (Figures S2b and S4a-d).
Upon carbonization, Cyp/Pt retains the polyhedral morphology
(Figures 1c and S3e-h), but a slight shrinkage in particle size and
a hollow structure with carbon shell is observed, due to the loss of
volatile species during the carbonization process (Figure S4e-h).
This carbon shell must result from the carbonization of the 2MIM
linkers and the aniline complexes. In addition, Pt nanoparticles
are exposed on the surface of particles, confirming their success-
ful retention and anchoring to the carbon matrix (Figure 1d).
TEM-EDS elemental mapping confirms the homogeneous distri-
bution of Pt nanoparticles throughout the carbon matrix, with
an average Pt particle size of 3.9 + 0.8 nm for Cy4/Pt-1.8%
(Figure S5). High-resolution TEM analysis displays lattice fringes
with a spacing of 0.23 nm, corresponding to the Pt (111) plane
(Figure 1e). In addition, well-defined graphitic carbon layers are
observed, which can facilitate efficient electron transport to the

Pt nanoparticles and improve the stability of catalysts during
electrocatalytic reactions by preventing Pt particle agglomeration
and dissolution [53, 54].

The electrocatalytic HER activity was evaluated in 0.5 M H,SO,
aqueous electrolyte using a three-electrode configuration. The
working electrode was prepared via a straightforward drop-
casting method, with a catalyst loading of 0.318 mg cm™.
To ensure reliable comparison among samples, measurements
were first conducted under conditions free from mass transfer
resistance in a rotating disk electrode (RDE). The LSV curves
show that the HER activity of the C..; /Pt catalyst series increases
with increasing Pt content (Figure 2a). Remarkably, Cp.s/Pt-1.8%
exhibits activity comparable to that of the commercial C/Pt-19.3%
catalyst, despite containing eleven times less Pt (5.60 vs. 61.37 ugp;
cm™2). The overpotentials at current densities of 10, 20, 50, and
100 mA cm~2 (919, %20 Ns0» and 700), With each value reported
as the average of three independent measurements, decreases
with the Pt content (Figure 2b; Figure S6). Among the samples,
Cp.s/Pt-1.8% delivers the best performance and combination
of low overpotential and Pt content (Figure S6), requiring low
overpotentials of 7,, = 16 mV, 7,, = 32.8 mV, 15, = 79.9 mV,
and 7,0, = 150.3 mV. Compared with the commercial C/Pt-19.3%
catalyst (9, = 26.3 mV, 7,, = 41.3 mV, 75, = 81.3 mV, and 5,y =
145.7mV), C,r.4/Pt-1.8% shows substantially lower overpotentials
at low current densities (1,, and 7,,) and comparable values at
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FIGURE 2 | Characterization of commercial C/Pt and Cyr.g/Pt catalysts: (a) LSV curves, (b) overpotential values at 10, 20, 50, and 100 mA cm~2,
(c) Tafel slopes, and (d) chronopotentiometric stability test at 20 mA cm™2. Measurements were conducted using an RDE (2500 rpm) in 0.5 M H,S0y,.

Sweep rate of 10 mV s™1.

higher current densities (35, and 7,o,), underscoring its superior
catalytic activity despite the eleven-times lower Pt loading.

To gain further insight, Tafel plots were derived from the LSV
curve (Figure 2c). The calculated Tafel slopes for Cypg/Pt-
0.05%, Cyps/Pt-0.2%, Cyipg/Pt-0.8%, Cypg/Pt-1.8%, and com-
mercial C/Pt-19.3% are 260.4, 168.8, 95.6, 32.6, and 38.4 mV
dec™, respectively. The progressively decreased Tafel slopes with
increasing Pt loading suggest improved HER kinetics and activity.
Cyr.s/Pt-1.8% reaches a similar (slightly better) slope than C/Pt-
19.3%, confirming enough Pt content and good dispersion of it
to match performance [55, 56]. The electrochemical double layer
capacitance (Cy) was determined by cyclic voltammetry mea-
surements (Figure S7). The Cy; 3/Pt catalysts exhibit significantly
higher C values compared to the commercial C/Pt-19.3%, which
shows a Cg value of 7.67 mF cm~2. Specifically, the Cg values
of Cyp.g/Pt-0.05%, Cyp./Pt-0.2%, Cypg/Pt-0.8%, and Cypq/Pt-
1.8% are 23.54, 23.11, 21.85, and 19.42 mF cm™, respectively,
showing a gradual decrease with increasing Pt content. The
notably enhanced Cg of the Cyp4/Pt series indicates that the
presence of a larger number of electrochemically accessible
active sites, which can be attributed to the highly dispersed Pt
nanoparticles and the porous structure inherited from ZIF-8 [57].
The decreasing trend with higher Pt loadings is attributed to
the partial surface coverage of the ZIF-8-derived carbon by Pt
particles. Nevertheless, C,r¢/Pt-1.8% exhibits a large Cy value
of approximately 2.5 times greater than that of commercial C/Pt-
19.3%, reflecting its higher electrochemically active surface area.
To further examine the electrochemical characteristics of Pt, CV
measurements were conducted in the extended potential range of
+ 0.05 to + 0.7 Vg (Figure S8). However, no distinct hydrogen

adsorption/desorption features are observed for C,pg/Pt-1.8%.
This behavior is attributed to the ultralow Pt loading and highly
dispersed Pt nanoparticles, whose electrochemical response is
largely obscured by the substantial double-layer charging current
originating from the porous ZIF-8-derived carbon support.

The long-term durability of the catalysts was evaluated by
chronopotentiometry at a constant current density of 20 mA cm™
for 40 h using the RDE (Figure 2d). The Cys/Pt samples with low
Pt loadings (< 1 wt.%) exhibits pronounced potential fluctuations
during the test. By contrast, C,;.4/Pt-1.8% demonstrates excellent
stability comparable to the commercial C/Pt-19.3%, with only
a 21 mV overpotential increase between the initial and final
potentials after 40 h of continuous operation. Durability is further
corroborated by comparing the LSV curves before and after 1000
CV cycles (Figure 2a). Cypg/Pt-1.8% shows a minor increase
in 7, of 5 mV, while commercial C/Pt-19.3% displays a larger
overpotential increase of 15 mV after 1000 cycles. Taken together,
the low overpotential (1,, = 16 mV), small Tafel slope (32.6 mV
dec™), high Cy (19.42 mF cm™2), and robust stability collectively
identify C,r5/Pt-1.8% as a highly promising HER catalyst that
delivers outstanding activity with eleven times lower Pt content
than a commercial benchmark, thereby highlighting its potential
as a cost-effective alternative to conventional C/Pt catalysts.

2.2 | Characterization of ZIF-8/Aniline/Pt and
Cz1r.3/Pt Catalysts

To gain insights into the HER catalytic activity of C,yg/Pt
catalysts, both ZIF-8/aniline/Pt and/or Cy4/Pt catalysts were
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characterized by FT-IR spectroscopy, XRD, and Raman spec-
troscopy. FT-IR spectroscopy confirms that ZIF-8/aniline/Pt was
formed (Figure S9a,b). The ZIF-8 particles show three character-
istic bands at 3136, 2931, and 1146 cm™, assigned to stretching
vibrations of aromatic C—N, aliphatic C—H, and C—N in the
imidazole ring, respectively [57, 58]. These bands are consistently
observed in all ZIF-8/aniline/Pt samples, indicating that the
incorporation of Pt-aniline complexes does not compromise
the structural integrity of the ZIF-8 framework. Additionally,
new absorption bands emerge at 3254 and 1588 cm™! upon the
introduction of Pt-aniline complexes, corresponding to the N—H
stretching and N—H scissoring vibrations of the aniline ligands,
respectively [59, 60]. The intensities of these bands appear weaker
in the ZIF-8/aniline/Pt samples than in pure Pt-aniline, which
is attributed to the thin deposition of Pt-aniline complexes on
the ZIF-8 surface. These observations are further supported by
XRD analysis (Figure S10), where ZIF-8/aniline/Pt composites
display the same characteristic diffraction peaks as ZIF-8. This
confirms that the crystallographic structure of ZIF-8 is retained
after the deposition of Pt-aniline, suggesting that the presence
of the complex does not interfere with the framework ordering.
The absence of additional diffraction peaks associated with Pt-
aniline is likely due to its relatively low content and amorphous
nature.

FT-IR spectra of Cypg/Pt samples and commercial C/Pt-19.3%
were obtained to investigate the functional groups in the carbon
matrix (Figure S9c). Commercial C/Pt-19.3% does not show
any characteristic bands, indicating a highly graphitized carbon
support with very low contents of heteroatom functional groups
and IR-inactive Pt. By contrast, Cy¢/Pt-1.8% exhibits several
distinct absorption bands. The absorption bands at 3656, 2981, and
1739 cm™! are assigned to O—H and C—H, and C=O stretching
vibrations, respectively, indicating the presence of hydroxyl and
carbonyl groups as well as abundant defective edge sites in the
carbon matrix [61, 62]. The absorption bands in the range of
1150-1400 cm™ are attributed to C—N, C=N, and C—O stretching
vibrations in nitrogen and oxygen functional groups [63, 64]. The
presence of these functional groups can enhance the hydrophilic-
ity of the carbon matrix, thereby improving electrolyte accessibil-
ity and reducing interfacial resistance. Furthermore, the porous
carbon framework containing nitrogen- and oxygen-containing
functionalities can facilitate the homogeneous dispersion of Pt
nanoparticles, thereby promoting the utilization of catalytically
active sites [65].

XRD diffractograms of C4/Pt-1.8% and commercial C/Pt-19.3%
reveal a broad peak centered around 25° (26), which is assigned
to the (002) basal plane of graphene layers in a disordered
carbon framework (Figure 3a). The peak in C,pg/Pt-1.8% is
much broader than in commercial C/Pt-19.3%, indicating higher
carbon disorder. Additional diffraction peaks observed at 40°,
46°, and 67° (26) correspond to the (111), (200), and (220) planes
of Pt (JCPDS No. 04-0802), respectively. These peaks confirm
the presence of metallic Pt species in the carbonized composites.
Notably, the Pt-related diffraction peaks in Cy4/Pt-1.8% appear
sharper than those of commercial C/Pt-19.3%, while maintaining
comparable intensity despite its lower Pt content. This indicates
that the Pt nanoparticles in Cy4/Pt-1.8% exhibit higher crys-
tallinity, attributed to the thermal annealing at 1100°C, which
must facilitate the crystallization and growth of Pt domains.

Raman spectroscopy was employed to evaluate the graphitization
degree and structural defects in the catalysts (Figure 3b). All the
catalysts exhibit two prominent bands at around 1358 (D band)
and 1597 cm™ (G band), corresponding to disordered carbon and
graphitic sp®> carbon, respectively. The intensity ratio of these
bands (I,/I;) serves as an indicator of structural disorder. In
agreement with XRD, the I,/I; value of Cy¢/Pt-1.8% (1.41) is
higher than that of graphite (0.04), confirming the significantly
disordered structure. Notably, C,r4/Pt-1.8% shows larger I/I;
values compared to commercial C/Pt-19.3% (1.05), indicating a
higher degree of defects. The more turbostratic structure of
Cr.s/Pt-1.8% is attributed to the porous nature of the ZIF-8-
derived carbon matrix and the presence of heteroatoms such as
nitrogen and oxygen, which are known to disrupt the graphitic
lattice and increase defect density. The abundant defects in the
ZIF-8-derived carbon matrix can facilitate Pt anchorage and
enhance interfacial charge transfer between Pt nanoparticles
and the conductive carbon network, thereby improving overall
electrocatalytic performance [66].

Nitrogen adsorption and desorption isotherms were obtained to
calculate the specific surface area and pore structure of com-
mercial C/Pt-19.3% and Cy;4/Pt-1.8% (Figure 3c). The isotherm
of Cyp5/Pt-1.8% exhibits combined type I/IV curves, character-
ized by two steep nitrogen uptakes at low (P/P, < 0.01) and
high (P/P, > 0.90) relative pressure, indicating the presence of
micropores (<2 nm) and large (>10 nm) pores and roughness.
A noticeable hysteresis loop appears in the range of 0.5 < P/P,
< 0.9 for Cypy/Pt-1.8%, revealing the existence of ink-bottle
pores, where nitrogen desorption gets blocked in narrow necks
until cavitation occurs at ~0.5 P/P, [67]. These ink-bottle pores
are attributed to the hollow morphology observed by TEM on
the C5/Pt particles (Figure S4e-h). Further analysis indicates
that Cyps/Pt-1.8% exhibits high BET surface area of 498 m?
g7! and pore volume of 1.8 cm?® g~!, attributed to the hollow
hierarchical pore structure formed upon carbonization (Figure
S11). In contrast, commercial C/Pt-19.3% shows significantly
lower nitrogen uptake, with a BET surface area of 101 m?
g7! and total pore volume of 0.47 cm® g='. In addition, the
pore size distribution profiles obtained using NLDFT reveals
that Cy.4/Pt-1.8% possesses two distinct ranges of pore sizes,
micropores below 2 nm diameter and meso/macropores of 10—
150 nm diameter (Figure 3d) [62, 68]. The <2 nm micropores
are attributed to the remaining porosity of ZIF-8 in the particles
upon carbonization and the 10-150 nm pores to the intraparticle
spaces observed by TEM in the resulting hollow particles. In
contrast, commercial C/Pt-19.3% does not exhibit well defined
pores, but open larger pores extending to sizes beyond 200 nm
attributed to interparticle spaces (Figure 3d). These results show
the hierarchical pore structure of C,r4/Pt-1.8%, where different
pores can increase surface area and enhance ion and reactant
mass transport, which is in line with the improved electrocatalytic
performance [69].

XPS was employed to investigate the chemical states of Pt and the
surface elemental compositions of the catalysts (Figure 3e,f and
Figure S12 and Table S1). The Pt 4f spectra were deconvoluted
in peaks assigned to Pt° (71.6 and 74.9 eV), Pt** (72.5 and 75.9
eV), and Pt** (74.1 and 77.4 eV) species in both samples. Notably,
Cirs/Pt-1.8% exhibits a substantially higher fraction of Pt**
species (58.0%) than commercial C/Pt-19.3% (29.2%), while the
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adsorption curve, (e) high-resolution Pt 4f, and (f) N 1s XPS spectra of commercial C/Pt-19.3% and Cyp.g/Pt-1.8%.

fraction of metallic Pt° is lower. The N Is spectrum of Cy;p.¢/Pt-
1.8% confirms the presence of pyridinic N (N-6) and pyrrolic
N (N-5) species derived from the ZIF-8 framework and aniline
precursor, whereas nitrogen was negligible in commercial C/Pt-
19.3%. The coexistence of abundant pyridinic/pyrrolic nitrogen
species and a higher Pt** fraction suggests the presence of
Pt—N interactions between Pt species and the nitrogen-rich
carbon matrix [70, 71]. Furthermore, the surface Pt content of
C,irg/Pt-1.8% was determined to be 0.80 at.%, corresponding to
approximately 11.4 wt.%, which is higher than the bulk Pt content
measured by ICP-MS. Considering that XPS probes only the outer
few nanometers of the material, the higher Pt content determined
by XPS indicates surface enrichment of Pt species, which is
expected to enhance Pt utilization by improving the accessibility
of active Pt sites during the HER process.

2.3 | Graphite-Sheet/Catalyst, PV and
IPV-Cathode Performances

Before testing the IPV-cathodes, the HER catalytic performances
of Cyps/Pt-1.8% and commercial C/Pt-19.3% on a ~150 pm
graphite sheet (G15/Cypg/Pt-1.8% and G15/C/Pt-19.3%) were
examined mounted on a glass substrate (without RDE), to
ensure consistency with the IPV-cathode measurement. Under
this static condition where mass transfer limitation occurs, both
catalysts exhibit reduced activity and minor fluctuations in the
LSV curves, which are attributed to hydrogen bubble generation
and their accumulation on the catalyst surface (Figure 4a).
Despite the higher mass transport resistance, G15/Cyp.5/Pt-1.8%
still achieves better performance than G15/C/Pt-19.3%, exhibiting
overpotentials of 7,, = 70 mV and 755, = 159 mV, compared

with 7, = 72 mV and 75, = 196 mV for G15/C/Pt-19.3%. In
addition, stability was assessed by chronopotentiometry at a
constant current density of 20 mA cm=2 for 90 h (Figure 4b).
G15/Cr4/Pt-1.8% exhibits an overpotential increase of 42 mV
between the initial and final values, comparable to the 40 mV
increase observed for G15/C/Pt-19.3%. These results confirm that
Cyr.s/Pt-1.8% maintains compelling HER activity and durability
even under mass-transfer-limited conditions like those in a static
IPV-cathode.

For the photovoltaic component of the IPV-cathode, an
inverted (p-i-n) perovskite solar cell was fabricated in which
Rbg 05C80.0sM A9 0sFA 55 Pb(T.05Bro0s)s  served as the light-
absorbing layer, indium-tin oxide (ITO) as bottom (front with
respect to irradiation) contact, MeO-2PACz as the HTL, C,,/BCP
as the ETL, and Ag and a 30 pum self-adhesive graphite sheet
(G3) as the top (rear with respect to irradiation) contact.
Representative current density-voltage (J-V) characteristics
of the fabricated inverted solar cell, featuring a relatively
large active area of 0.64 cm? are shown in Figure 4c. Under
standard AM1.5G illumination (100 mW cm~2), the photovoltaic
exhibits a short-circuit current density (Jgc) of 23 mA cm™2,
an open-circuit voltage (Vo) of 0.91 + 0.01 V, and a fill factor
(FF) of 54% (power conversion efficiency: 11%) under ambient
conditions. To evaluate the effect of graphite sheet integration,
the photovoltaic performances of the perovskite solar cell
without and with G3 and G15/Cy;.4/Pt-1.8% sheets are compared
in Figure S13. Negligible differences are observed, indicating
that the graphite sheets and catalyst do not adversely affect
photovoltage and photocurrent. Consistently, graphite’s work
function of approximately —4.55 eV from vacuum, which is
slightly deeper than the underlying Ag layer, indicates favourable
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in 0.5 M H,S0O,. Sweep rate of 10 mV s~! under dark and continuous illumination, and 20 mV s

energy-level alignment for electron transport (Figure S14)
[72, 73]. Current-voltage measurements across an Ag/graphite
sheet interface exhibit linear behavior, confirming Ohmic
electrical contact and a low resistance of only 0.83 Q (Figure S15)
[17]. This measured resistance would correspond to an estimated
voltage loss of only ~12 mV at an operating photocurrent density
of 23 mA cm™ in our devices of 0.64 cm? active area. These results
demonstrate that the graphite sheet functions as an effective
conductive layer without introducing significant electrical losses.
In addition, this perovskite solar cell, which is highly susceptible
to humidity, was relatively stable in ambient humid air with the
addition of the G3 graphite sheet as shown in Figure S16 for 160 h,
indicating the graphite sheet in practice acts as an encapsulant.
Taken together, these results demonstrate that the graphite sheet
simultaneously functions as an efficient conductive interlayer
and a protective layer in the IPV-cathode architecture.

Next, the monolithic IPV-cathodes were completed by applying
the G15/C,ps/Pt-1.8% on top of the G3, completing the
stack as glass/ITO/MeO-2PACz/Rby 45 CSg.0sMAg 05 FA ¢ gsPb(I 95 BI-

~1 under chopped-light operation.

0.05)3/Ceo/BCP/Ag/G3/G15/Cyrg/Pt-1.8%, as illustrated in
Figure 4d. An equivalent IPV-cathode with commercial
C/Pt-19.3% catalyst was also prepared for comparison. The
IPV-cathodes were employed as working electrode in a three-
electrode electrochemical cell. The change of measured open
circuit potential (AOCP) in the IPV-cathodes upon switching
off the illumination is 0.87-0.90 V, which closely approximates
the Ve of 0.91V of the solar cell (Figure 4c,e; Figure S17a). LSV
measurements with continuous and chopped 1-sun illumination
are presented in Figure 4f and statistical analysis in Figure
S17b. The onset potential of photocurrent is around + 0.9 Vyyg,
measured conservatively by linearly extrapolating the rising
of photocurrent. Small dark current and photocurrent spikes
are observed before the onset potential of photocurrent (> +
0.9 Vi), assigned to small reactivity with carbon species and
capacitive currents. IPV-cathodes with G15/Cy;;.5/Pt-1.8% present
19.8 mA cm 2 of average photocurrent at 0 Vg, slightly superior
to those with G15/C/Pt-19.3% of 17.0 mA cm~2 (Figure S17b). The
superior average photocurrent density with G15/Cyp¢/Pt-1.8%
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is assigned to their better electrochemical results, in agreement
with the electrochemical catalyst results. These photocurrent
results confirm the integration of the p-i-n perovskite solar
cell, protective graphite sheet and C,;¢/Pt-1.8% catalyst into a
monolithic IPV-cathode.

The transient photocurrents upon light chopping as well as the
positive and negative dark currents indicate certain reactivity
of the carbon support and/or capacitive currents. To validate
this assignment, we compare the electrochemical response of
G15/Cyp.¢/Pt-1.8%, G15/C/Pt-19.3%, and a catalyst without carbon
support directly electrodeposited Pt on G15 (G15/Pt). Unlike
previous dark LSVs (Figure 4a), on this occasion we started
at a higher applied potential (+ 1.2 Vgyg) to mimic the IPV-
cathode LSV measurements and cathodically swept down to
—0.1 Vyyp (Figure S18). The three samples G15/Cyp.g/Pt-1.8%,
G15/C/Pt-19.3%, and G15/Pt exhibit negative current before the
onset of HER (e.g. at + 0.4 Vgyp) that we assign to Pt-O
reduction and Pt-H formation features [74, 75]. Higher currents
are observed for G15/Cy.4/Pt-1.8%, followed by G15/C/Pt-19.3%,
and it is almost negligible for G15/Pt. This pre-HER current
demonstrates carbon reduction, and it agrees with the Raman
spectra showing defect (D) band, with intensity decreasing in
this order: Cyp4/Pt-1.8% > C/Pt-19.3% > G15 (Figure 3c). These
LSV curves also suggest enhanced dispersion of Pt particles,
since despite larger non-Faradaic currents, Pt-O reduction (+ 0.6
to + 0.9 Vgyg) and Pt-H formation features (0 to + 0.2 Viyg)
are less pronounced in G15/Cyp./Pt-1.8% compared to those in
G15/C/Pt-19.3%.

2.4 | IPV-Cathode Stability and Comparison With
the State of the Art

Stability tests of the IPV-cathodes were conducted at a constant
potential of 0 Vg under 1 sun illumination (Figure 5a). The
generation of hydrogen during operation was corroborated by
visible formation and release of bubbles on the catalyst surface
and confirmed by gas chromatography (Figure 5b). For the
C,r.5/Pt-1.8% IPV-cathode, the photocurrent density decreased
from 20 to 16.5 mA cm™ (i.e. to ~83% of its initial value) after
nearly 80 h (tg,). At this stage, H, bubble accumulation was
observed on the surface of the catalyst layer, and replacing the
electrolyte led to the recovery of the photocurrent density to
its initial value. With continuous operation, the photocurrent
density gradually declined again but it still kept a remarkable
15.3 mA cm~2 (~77% of the initial value) at a total operation time
of 160 h. Chopping (30 s intervals) of the illumination at this
point confirmed the retention of photocurrent response. On the
other hand, the IPV-cathode with commercial C/Pt-19.3% shows
similar trends but poorer photocurrent density and retention
over time, keeping only 10.2 mA cm™ (~63%) at ~65 h and 8.5
mA cm~ (~52%) at ~160 h. The superior photocurrent density
and its retention on the C,:¢/Pt-1.8% perovskite IPV-cathode
are in agreement with the superior electrochemical performance
and stability of C,4/Pt-1.8% (Figure 2 and Figure S7). For
comparison, the stability of the perovskite-based solar cell was
evaluated at + 0.2 V for 160 h under 1 sun illumination. The pho-
tocurrent density exhibited fluctuations during the continuous
tests (first increasing, later decreasing) which can be attributed
to slow internal relaxation processes in the halide perovskite,

including ionic redistribution and interfacial charge trapping,
that dynamically modulate charge transport and extraction [76];
however, even after 160 h, the device remains photoactive,
retaining ~80% of its initial value and demonstrating good
operational stability. Based on this solar cell stability test and the
previous observations, the photocurrent degradation observed in
the IPV-cathode can be attributed to mainly intrinsic degrada-
tion of the perovskite-based solar cell and to hydrogen bubble
accumulation.

To further examine the stability of the IPV-cathodes, pho-
tographs of the electrolyte before and after the stability test
were compared (Figure S19). No noticeable visual changes in
the electrolyte, such as color variation or detachment of the
graphite sheet were detected, suggesting the absence of any
severe degradation. Instead, pronounced bubble accumulation
was observed on the cell walls and near the catalyst surface,
arising from continuous H, evolution. Accumulated bubbles
adversely influence device performance by blocking the active
electrode surface from direct electrolyte contact and imposing
local mass transport limitations. These effects account for gradual
decline and fluctuations in photocurrent density observed during
stability measurements. To further quantify Pt leaching during
the stability test, ICP-MS analysis of the electrolyte was performed
(Table S2). The dissolved Pt amounts are determined to be 1.02
ug (1.67% of the initially loaded Pt) for commercial C/Pt-19.3%
and 0.07 pg (1.26% of the initially loaded Pt) for C,p4/Pt-1.8%.
These results indicate that Pt dissolution into the 0.5 M H,SO,
electrolyte was negligible for both catalysts during prolonged
operation.

Moreover, comparative SEM analyses of G15/C/Pt-19.3% and
G15/Cypg/Pt-1.8% before and after the 160 h of stability test
were conducted (Figure S20). Prior to the stability test, both
catalysts exhibit uniformly coated and densely packed features
on the graphite sheet, indicating good adhesion and dispersion
of the catalyst layer. After prolonged operation, the catalyst layers
show partial surface morphological changes, including localized
thinning and variations, which can be attributed to electrolyte-
induced swelling and the repeated nucleation and detachment
of H, bubbles during IPV-cathode operation. However, SEM-
EDS elemental mapping of G15/C/Pt-19.3% and Cyp4/Pt-1.8%
reveal no significant changes in elemental distribution after the
stability, indicating that the observed morphological changes are
not accompanied by noticeable catalyst redistribution or loss
(Figure S21).

To further investigate the structural stability of the commer-
cial C/Pt-19.3% and C;p.5/Pt-1.8% catalysts, TEM-EDS elemental
mapping and Pt particle size distribution analyses were per-
formed before and after the stability test (Figures S5 and S22).
The Pt nanoparticles in both catalysts remain homogeneously
distributed throughout the carbon matrix after prolonged oper-
ation (Figures S5a,b and S22a,b). The average Pt nanoparticle
size of Cypg/Pt-1.8% show negligible change after the stability
test (3.9 + 0.8 nm before testing and 3.4 + 0.9 nm after testing),
whereas Pt particle size of commercial C/Pt-19.3% increase from
2.1 + 0.4 nm to 3.8 + 0.8 nm (Figures S5c,d and S22c,d). These
results indicate that the ZIF-8-derived carbon matrix effectively
suppresses Pt nanoparticle sintering and preserves Pt dispersion
during prolonged HER operation.
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performance parameters and device details are summarized in Table S3.

The photocurrent density maintained by the C,p4/Pt-1.8% per-
ovskite IPV-cathode after 160 h of operation was compared with
previously reported IPV-cathodes and photocathodes (Figure 5¢c
and Table S3). The photocurrent density at 0 Vyyp applied
potential was considered across both perovskite-based [7, 10,
11, 77-84] and non-perovskite-based IPV-cathodes and photo-
cathodes, including Cu,O [85-87], Sb,Se, [88], a-Si [89], and
BiFeO; [90]. In most of these systems, Pt was employed as the
primary catalyst or co-catalyst (as in Au-Pt-Ni and MoS,/Pt),
while some incorporated alternative catalysts such as Ni and
MoS,. Notably, the majority of prior studies evaluated stability
over relatively shorter operation times (< 20 h), with one report
showing 57% retention after 54 h [11] and another reported
retention values of approximately 50% [82], 53% [77], and 67%
[77] after 120 h of operation. In contrast, this Cyps/Pt-1.8%
perovskite IPV-cathode demonstrates 75% retention even after
160 h, underscoring remarkable long-term durability. This result
is particularly noteworthy given the vulnerability to moisture
and water of halide perovskites. Halide perovskites are highly
susceptible to degradation, severely limiting their applicability in
liquid-phase systems. Graphite sheets are herein demonstrated to
serve both as a protective barrier against electrolyte permeation
and as support for HER catalyst layer. Moreover, C,¢/Pt catalyst
is found effective at reducing the Pt loading, leveraging the high
surface area derived from the carbonization of ZIF-8 to boost HER
activity.

3 | Conclusion

We demonstrate a halide perovskite monolithic integrated pho-
tovoltaic cathode (IPV-cathode) that uses a low-content-Pt
(1.76%wt., 5.60 pgp, cm~2) electrocatalyst supported on ZIF-8-
derived carbon and a commercially available graphite sheet to
simultaneously address the challenges of reducing Pt utilization
and mitigating the intrinsic instability of halide perovskites
in (photo) electrochemical liquid-phase systems. The derived
C,irg/Pt-1.8% catalyst, synthesized via an anchoring step with
Pt-aniline complex, exhibits a low overpotential of 16 mV at
10 mA cm™ and demonstrates long-term stability comparable
to commercial ~20 wt.% Pt supported on carbon (C/Pt). The
porous structure, inherited from ZIF-8, enables highly dispersed
Pt nanoparticles with enhanced active site accessibility, thereby
delivering excellent hydrogen evolution reaction (HER) activity
with eleven times less Pt loading. For IPV-cathode fabrication, a
conductive graphite sheet was incorporated through a straight-
forward lamination process. The graphite sheets play multiple
roles in the IPV-cathode architecture: (i) conductive layer to
transfer the photoinduced electrons, (i) effective protective
barrier to prevent electrolyte penetration into the perovskite
during HER, and (iii) mechanical support for the Cyp4/Pt-1.8%
HER catalyst loaded by drop casting. With this straightforward
yet effective integration, the perovskite monolithic IPV-cathodes
achieve photocurrents around 20 mA cm™ at 0 Vg and onset
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potential of + 0.9 Vg and retain 77% of its initial photocurrent
density after 160 h of operation, demonstrating remarkable
long-term stability under acidic solar HER conditions. These
findings underscore a practical and scalable route for fabricating
efficient perovskite-based cathodes, offering a promising path-
way toward cost-effective and sustainable solar-driven hydrogen
production.

4 | Experimental Section
4.1 | Materials

Zinc nitrate  hexahydrate (Zn(NO,),-6H,0, 98%), 2-
methylimidazole (2MIM, 99%), chloroplatinic acid solution
(H,PtClg, 8 wt.% in H,0), aniline (99%), Aquivion D79-25BS
(Aquivion, 25% in water), potassium hexachloroplatinate
(K,PtCl;, 98%), lithium chloride (LiCl, 99%), and sulfuric acid
(H,SO,, 95.0-98.0%) were purchased from Sigma-Aldrich.
Commercial C/Pt (platinum, nominally 20% on carbon black)
was obtained from Thermo Fisher Scientific. Cesium iodide (CsI)
and rubidium iodide (RbI) were purchased from Sigma-Aldrich.
Methylammonium bromide (MABr) and formamidinium
iodide (FAI) were purchased from GreatCell Solar. Lead iodide
(Pbl,) and lead bromide (PbBr,) were purchased from TCI
Chemicals. Anhydrous ethanol (EtOH), methanol (MeOH),
dimethylformamide (DMF), and dimethyl sulfoxide (DMSO)
were purchased from Sigma-Aldrich. [2-(3,6-Dimethoxy-9H-
carbazol-9-yl)ethyl]phosphonic acid (MeO-2PACz), used as
a hole transporting layer (HTL), was purchased from TCI
Chemicals. Cy and bathocuproine (BCP), used as electron
transport later (ETL), were purchased from Ossila and Lumtec,
respectively. Self-adhesive graphite sheets were purchased
from RS Components. Two types of graphite sheets were
used: a 25 um-thick sheet (designated as G3, density = 1.9 g
cm~3) and a 160 um-thick sheet (designated as G15, density
= 12 g cm™). All materials were used without any further
purification.

4.2 | Synthesis of Cz . g/Pt Catalyst

A total of 5 mmol of Zn(NO;),-6H,0 was dissolved in 75 mL
of methanol. Separately, 40 mmol of 2MIM was dissolved in
another 75 mL of methanol. The 2MIM solution was rapidly
poured into the Zn(NO;), solution under constant stirring. The
resulting mixture was stirred for 2 h and aged still for 24 h. The
milky suspension was centrifuged and washed three times with
methanol. The resulting ZIF-8 was then dried at 70°C overnight.
For the addition of Pt, 200 mg of the as-prepared ZIF-8 was
dispersed in 20 mL of 0.2 M aniline aqueous solution. Then,
different volumes of H,PtCl; 8 wt.% aqueous solution (50, 100,
250, and 500 pL) were added to the dispersion and stirred for
24 h. The resulting purple precipitates were centrifuged and
washed three times with deionized water, followed by drying
at 80°C overnight. To obtain the corresponding catalysts, 300
mg of each ZIF-8/Pt/aniline was carbonized at 1100°C for 2 h
under a nitrogen atmosphere (Zn vaporizes at this temperature,
unlike carbon and Pt). The aniline and final carbonized samples
were named ZIF-8/Pt-aniline-x% and Cyp¢/Pt-x%, respectively,
where x corresponds to the Pt content in the final C, /Pt

carbonized samples. C5 Was also prepared following the same
procedure as in the Cjpg/Pt samples, without the Pt-aniline
addition.

4.3 | Preparation of G15/Cypg/Pt

For the fabrication of G15/Cyr4/Pt, a catalyst ink was prepared
by dispersing 5 mg of Cypg/Pt composite in a mixed solvent
containing 0.5 mL of EtOH, 0.48 mL of DI water, and 0.02 mL of
5wt.% Aquivion aqueous solution. The mixture was sonicated for
10 min to ensure uniform dispersion. The resulting suspension
was drop-casted onto a ~150 pm-thick self-adhesive graphite
sheet (labelled G15). For benchmarking, a commercial 20%wt.
Pt supported on carbon (labelled C/Pt) was also applied with
the same mixture loading including solvents and Aquivion to
G15, resulting in G15/C/Pt. In both G15/Cyp5/Pt and G15/C/Pt,
the loading of carbon and Pt mixture on G15 was 0.318 mg
cm™2, A carbon-free sample (G15/Pt) was additionally prepared.
A G15 graphite sheet was cut into a 1 X 3 cm piece, with a
1 X 1 cm area designated for Pt electrodeposition. Prior to Pt
deposition, the graphite sheet was electrochemically activated
in 0.5 M H,SO, using a three-electrode configuration consist-
ing of a KCl-saturated Ag/AgCl reference electrode and a Pt
counter electrode. Activation was carried out by applying 10 cycle
voltammetry sweeps between —0.3 and + 2.0 V (vs. Ag/AgCl).
The activated graphite sheet was then rinsed with DI water
and dried. For the Pt deposition step, the same three-electrode
setup was used, and an aqueous solution was prepared by
dissolving 1.43 x 10~ M K,PtCl, and 66 x 10~ M LiCl in DI
water. Then, Pt was electrodeposited potentiostatically at —0.5
V (vs. Ag/AgCl) until a charge of 128 mC cm™ was reached.
After deposition, the G15/Pt was washed with DI water and
dried.

4.4 | Fabrication of Solar Cells

Perovskite solar cells were fabricated in an inverted p-i-n struc-
ture on glass substrates pre-patterned with indium tin oxide
(ITO). The substrates were cleaned by sequential ultrasonication
in acetone and isopropanol (IPA) for 10 min each, followed
by nitrogen drying and a 20-min UV-ozone treatment. The
HTL was applied by spin-coating a 0.75 mg mL™" solution of
MeO-2PACz in ethanol onto the substrates at 3000 rpm for
30 s inside a nitrogen-filled glovebox. The films were then
annealed at 100°C for 10 min. For the perovskite active layer, a
precursor solution of Rbyg ;5Csg 0sMAg osFAg5sPb(Iy05Brg05); Was
prepared by dissolving CsI (19.5 mg), RbI (159 mg), MABr
(8.4 mg), FAI (219.5 mg), Pbl, (656.9 mg), and PbBr, (27.5
mg) in 1 mL of a DMF:DMSO solvent mixture (4:1 volume
ratio). The solution was stirred at room temperature for 3-4
h. The perovskite layer was deposited using a two-step spin-
coating process: first at 1000 rpm for 10 s, then at 3000 rpm
for 40 s. After 20 s into the second spin step, 150 pL of
chlorobenzene was dropped onto the spinning substrate as an
antisolvent. The films were then annealed at 100°C for 10
min. To complete the device, 30 nm of Cq, 7 nm of BCP,
and 100 nm of Ag were sequentially deposited via thermal
evaporation. The active area of each device was defined as
0.64 cm?.
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4.5 | Preparation of IPV-Cathode

To fabricate the IPV-cathode, a self-adhesive graphite sheet (25
um-thick, designated as G3) was first applied onto the Ag contact
area of the solar cell. The thinness of the adhesive layer and the
roughness of the graphite sheet ensures Ohmic contact between
the Ag and graphite layers [91]. G3 has higher density relative to
G15(1.9 vs. 1.2 gcm™3). The prepared G15/C;y/Pt sheet was then
applied on the G3 sheet to complete the monolithic perovskite
IPV-cathode containing the full stack of glass/ITO/MeO-
2PACz/Rby 45 C8,0sM A 05sFA¢ g5 Pb (10,05 B0,05)3/ Coo/BCP/Ag/G3-
/G15/C,4/Pt. To ensure a stable electrical connection to the
potentiostat, copper foil was attached to the exposed ITO region
of the device and Ag paste was applied. For benchmarking,
a commercial 20%wt. Pt supported on carbon (labelled C/Pt)
was also applied with the same mixture loading including
solvents and Aquivion to G15 and employed to build an
IPV-cathode.

4.6 | Characterization

The morphology of electrocatalysts was studied using scanning
electron microscopy (SEM, Zeiss Sigma 300, Carl Zeiss, Germany)
and transmission electron microscopy (TEM, JEOL 2100F, JEOL
Ltd., Japan). For quantifying the Pt content, the carbon and
platinum mixtures were prepared with mixed acid solution
containing 2% HNO; and 1% HCI, and analyzed using ICP-MS
(7900 ICP-MS, Agilent Technologies, USA). A Fourier-transform
infrared spectroscopy (FT-IR, Spectrum 100, Perkin Elmer, USA)
was employed to investigate functional groups of electrocatalysts
and their precursors. The crystal structures were analyzed using
x-ray diffraction (XRD, Aeris Benchtop, Malvern PANalytical) at
a scan rate of 2° min™! in the 26 range of 10°-80° using Cu K,
radiation. Raman spectra were collected using a spectrometer
(LabRam Aramis, Horiba Jobin Yvon, Japan) fitted with a 532 nm
laser. The surface area and porosity were analyzed using N, sorp-
tion isotherm analysis (BELSORP-mini 11, MicrotracBEL, Japan).
The specific surface area was determined using the Brunauer-
Emmett-Teller (BET) model, while the pore size distribution
using the non-local density functional theory (NLDFT) model
on the adsorption isotherm. The chemical states and surface
elemental compositions were analyzed using x-ray photoelectron
spectroscopy (XPS, K-Alpha, Thermo Fisher Scientific, UK).
The morphological and compositional changes in the catalysts
after the durability test were investigated using SEM-EDS and
TEM-EDS elemental mapping. ICP-MS analysis of the electrolyte
was performed to quantify Pt dissolution during the stability
test.

The perovskite layer was characterized by UV-vis spectroscopy,
Kelvin probe (KP), and ambient photoemission spectroscopy
(APS). UV-vis absorption spectra of glass/perovskite samples
were measured using an Agilent Cary 60 UV-vis spectropho-
tometer. The work function (Fermi level) and ionization energy
(valence band edge) of the perovskite were determined using a
KP Technology SKP5050 Scanning Kelvin Probe and an APS02
Air Photoemission System, respectively, on glass/ITO substrates.
These results were used to build the energy diagram, together
with the well-known values of the rest of components taken from
literature [92].

4.7 | Electrochemical and Photoelectrochemical
Measurements

The electrochemical performances of the catalysts were measured
in a three-electrode configuration using a potentiostat Solartron
ModuLab XM ECS system, with a KCl-saturated Ag/AgCl elec-
trode as the reference electrode, a Pt wire as the counter electrode,
and 0.5 M H,SO, as the electrolyte. For measurements without
the effect of mass transfer resistance, the catalyst ink was directly
loaded on a rotating disk electrode (RDE, 5 mm in diameter)
terminated with glassy carbon and rotated at 2,500 rpm. For static
measurements like those in IPV-cathodes (where mass transfer
resistance occurs), the G15/Cyr.s/Pt was mounted on a vertical
glass substrate. The carbon/Pt mixture loading was fixed at 0.318
mg cm~2. All measured potentials were converted to the reversible
hydrogen electrode (Vgy) scale using the equation:

Egup = Eagjager +0.0592 X pH + B, @

where Eflg Jagcr? is the potential of the reference electrode vs.
the standard hydrogen electrode, which is 0.1976 V. Linear-
sweep voltammetry (LSV) was conducted between + 0.1 and —0.6
Viue at a scan rate of 10 mV s™%. Cyclic voltammetry (CV) was
performed between + 0.5 and + 0.6 Vyyp; at scan rates of 5, 10, 15,
20, and 25 mV s~!. Additional CV measurements were conducted
in the potential range of + 0.05 to + 0.7 Vg at a scan rate of 50
mV s™!. Chronopotentiometry was carried out at a fixed current

density of 20 mA cm™2.

Current density-voltage (J-V) characteristics of the solar cell
were measured using Ivium Compacstat potentiostat under sim-
ulated AM1.5G illumination (100 mW cm~2) provided by a Lot
Quantum Design xenon lamp. The light intensity was calibrated
using a certified Internal Light Technologies SEL623 photodetec-
tor. For stability evaluation of the solar cell, chronoamperometry
were performed at a potential of + 0.2 V. All measurements were
carried out in ambient air. Standard error was calculated and
represented with the symbol +.

The IPV-cathode performance was evaluated using Ivium Com-
pacstat potentiostat in a three-electrode setup, identical to the
setup employed for electrochemical measurements under mass
transfer resistance. Lot Quantum Design xenon lamp with an
AM1.5G filter was used as the illumination source, and the light
intensity was fixed at Isun (100 mW cm2), calibrated with a certi-
fied International Light Technologies SEL623 photodetector. The
open circuit potential (OCP) of the IPV-cathode was measured
at 0 Vyyg under illumination for 30 s, followed by a dark period
of 30 s, and the potential difference between the illuminated and
dark states was defined as AOCP. LSV was carried out under
both dark and illuminated conditions in the potential range from
+ 1.4 to —0.2 Vg at a scan rate of 10 mV s™. Chopped light
measurement was performed with light periodically switched on
and off at every 0.04 V interval, using a scan rate of 20 mV s™.
For IPV-cathode stability evaluation, chronoamperometry was
conducted at a fixed potential of 0 V5. To evaluate the electrical
resistance across interfaces, two-probe I-V measurements were
performed on various architectures comprising FTO, Ag, G3,
G15, C/Pt-19.3%, and Cyp4/Pt-1.8%, using an Ivium Compacstat

Advanced Functional Materials, 2026

11 of 14

95UBD|17 SUOLLILLOD dA1TES1D) 3|qied ! dde au) Ag peuienoB aJe Sapile O 8sN J0 Sa|NI o} Afeiq1auljuQ 8|1 L0 (SUONIPLOD-PUB-SWLLBYW0D" A8 | 1M AReiq| 1 Bu UO//:SdNL) SUONIPLOD pue SIS | 8y} 885 *[9202/60/.0] U0 AfeiqiTauljuo AS|1M YIOMIBN Udiessay UeleBunH uey-unH Ag 80,/ WiPe/zZ00T OT/I0p/L0d™ A3 1M Arelq e |Uo"padURADe//SANY WOJy papeo|umod ‘89 ‘9202 ‘820S9TIT



potentiostat. The resistance (R) was determined according to
Ohm’s law, R = % , where Vis the voltage and I is the current.
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