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Abstract

Beyond their establisher role in photovoltaics and optoelectronics, halide perovskites (HPs) are emerging

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

as promising photoactive materials for solar—driven (photo)electrochemical (PEC) reactions, aimed at fuel
and energy generation. However, their fast degradation in polar solvents severely affects their PEC redox

performance, making protective coatings or the use of non—polar systems essential to preserve their
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structural integrity. Here, we report the fabrication of bulky quaternary ammonium-—stabilized CsPbBr;

(cc)

perovskite nanocrystals (PNCs) photoanodes via butanol (BuOH)-mediated electrophoretic deposition
(ED), without any encapsulation, exhibiting high PEC performance in fully alcoholic environments. By
carrying out the ED of PNCs in presence of didodecyldimethylammonium bromide (DDAB) dissolved in
BuOH, we modulate the PEC behavior of the films, obtaining an average photocurrent of 1.17 £+ 0.19
mA-cm? with a maximum value up to 1.45 mA-cm in methanol (MeOH) under visible light irradiation.
We attribute this performance to a fine balance between DDAB-mediated surface defect passivation, limited
alcohol permeation and efficient electron transport within the PNCs active layer. These factors collectively
provide a highly oxidizing power, enabling the selective conversion of MeOH into formaldehyde, with a
faradaic efficiency ~60% after 30 min of continuous operation. This work offers a novel and facile approach
to fabricate high—quality PNCs photoelectrodes with enhanced PEC activity for solar—driven chemical

reactions in polar solvents.
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1. Introduction

The growing world energy demand, the contamination of ecosystems by industrial pollutants and the
rising levels of greenhouse gas emissions, have driven the search for innovative alternatives to produce
cleaner energy and remediate persistent wastewater pollutants. Among the promising processes is
(photo)electrochemical (PEC) technology, which leverages photoactive semiconductors with exceptional
light harvesting and carrier transfer/transport properties.!>>? When a semiconductor—based photoelectrode is
illuminated with photons, with equal or higher energy than its bandgap, photogenerated carriers are created
and physically separated through an external bias.> 4 Holes accumulate in the valence band (VB), while
electrons are transferred through the conduction band (CB), enabling redox reactions at the
semiconductor/electrolyte interface, respectively.’

In PEC systems the preparation of photoelectrodes plays a pivotal role, as it directly influences charge
carrier dynamics and facilitates the electron extraction to be transported through the external circuit of the
cell. Different types of photoelectrodes haven developed for efficient PEC solar-driven applications based
on metal oxides,*® chalcogenides,!” ' or carbonaceous materials'>'* and their heterostructures.'>-!7
However, several challenges need to be overcome, since (i) many semiconductors exhibit optimal
performance under UV light,'® (ii) a fast recombination mechanism of the photogenerated carriers reduces
their redox potential °-2° and (iii) poor stability leads to fast photodegradation under operation conditions.?"
22 Therefore, advancing PEC technology toward real-world applications requires the development of robust
photoelectrodes with efficient light absorption and enhanced carrier transfer dynamics.

In the quest of synthesizing potential photoactive materials, halide perovskite nanocrystals (PNCs) have
emerged as highly promising candidates to meet the key requirements for PEC applications. In addition to
their ultrahigh photoluminescence quantum yield (PLQY), high extinction coefficient,”® multiexciton
generation and efficient carrier transport properties,>* PNCs are also attractive for their low—cost synthesis
and facile processing methods,? 2¢ and their tunable band structure and bandgap controlled through
defect/composition engineering?’- 28 and particle size variation.?” For PEC reactions, this tunability enables
the modulation of their VB and CB relative positions to favor oxidizing or reducing behavior.’* We have
correlated the PEC behavior of PNCs with their chemical composition particularly focusing on the halide
species.®! This knowledge has led to the development of PNCs—based photocatalysts for the degradation of
complex organic molecules including f—naphthol,’® 2—mercaptobenzothiazole,’' as well as the design and
fabrication of photoanode/photocathode tandem arrangements for the selective oxidation/reduction of
benzyl alcohol/benzaldehyde, respectively.’? Furthermore, the use of PNCs in PEC H, production,* CO,
reduction,* PC polymerization,* has been reported, often with high efficiencies. However, most of these

works have been developed in low—polarity solvents to preserve the structural integrity of PNCs, since these
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materials are prone to rapid degradation and loss of functionality in polar solvents.3¢-38 Consequently, the
application of PNCs photoelectrodes in polar media remains underexplored in the current state of the art.
Several approaches have been proposed to improve the stability of PNCs in polar electrolyte solutions
for PEC reactions. Common approaches involve material passivation with inorganic layers such as Ni;P,*
metal—organic frameworks,* or metal oxides (e.g. TiO, nanorods/nanotubes),*' which help prevent direct
interaction between PNCs and polar molecules, without obstructing light absorption required for
photocarrier generation. Nevertheless, the eventual diffusion of H,O and O, can decrease the PEC
performance over time. More recently, the use of conductive carbon-based layers such as graphite, carbon
black or combinations has been integrated to the fabrication of efficient CsPbBr; photoanodes, improving
the electron extraction and injection from the electrode to the electrolyte solution to achieve photocurrents
up to ~7-8 mA[lcm2. More importantly these layers act as a protective coverage to extend the long-term
stability of the photoactive material up to 168 h under continuous operation.**> Alternatively, ligand
passivation has been employed to fill/replace structural defects,*®*7 reducing non—radiative recombination
traps,*® an potentially improving charge transfer to the electrolyte.*’ Yet, the presence of long—chain organic
ligands results in an insulating oily layer, that severely hinders carrier transport within the photoelectrode.*°
The limitations underscore the significant challenge of fabricating stable, efficient PNCs-based photoanodes
for operation in polar environments. Thus, innovative strategies to overcome these drawbacks, enhance PNC
stability under polar solvents and fabricate efficient PNCs photoelectrodes with improved resistance under

such environmental condition remain urgently needed.

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

We report for the first time the fabrication CsPbBr; nanocrystalline photoanodes through electrophoretic

deposition (ED), using didodecyldimethylammonium bromide (DDAB) dissolved in butanol (BuOH). This
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ligand acts as a protective layer against the full polar medium. As we previously demonstrated, PNCs

(cc)

dispersions show long—term stability in alcohol-based solvents up to 10 months,’! which facilitates the
preparation of high—quality photoelectrodes with PLQY up to 72% in this study. By systematically
analyzing the effect of DDAB concentration on the PEC performance of CsPbBr; PNCs photoanodes
immersed directly in different alcohol media, we identify 8.5 mM DDAB as the optimal condition. At this
concentration, a favorable balance between effective passivation of defect sites through the incorporation
of DDA, Br- and alkoxide anions (R—O~) from partial alcohol ionization and controlled permeation of
alcohol molecules to the PNCs/electrolyte interface is achieved. Furthermore, carrier separation and
transport through the PEC cell is facilitated, improving electron injection towards the photoanode during
alcohol oxidation, exhibiting a photocurrent of 1.45 mA-cm in absence of any encapsulation. This work
demonstrates the feasibility of using DDAB-capped PNCs photoanodes for triggering efficient PEC organic
transformation in polar environments, opening new opportunities for solar—PEC reactions with halide

perovskite materials.
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2. Results and discussion

As—prepared green—emitting CsPbBr; PNCs were dispersed in DDAB/BuOH solutions (hereafter
referred as PNCs—BuOH), with varying concentration of the quaternary alkylammonium bromide (AlkylBr)
ligand setat 0, 4.3, 8.5, 17,43 and 85 mM, see supporting information (SI) for details. Transmission Electron
Microscopy (TEM) images of the resulting PNCs—BuOH dispersions show monodisperse nanocubes with
an average particle size between 8—10 nm, see Figure S1A-F, with a narrow size distribution, see Figure
S2A-F, indicating good size homogeneity of the PNCs after DDAB addition. The CsPbBr; PNCs active
layers were then fabricated by ED, by immersing a FTO substrate with a compact/mesoporous TiO, film
(TiOy/FTO) into PNCs—BuOH dispersions, using a two—electrode cell configuration under an applied bias
of 250 V, see Figure 1A. Under these conditions, DDAB—capped PNCs—BuOH were deposited on the
cathode, exhibiting intense luminescence, while the pristine (uncapped) PNCs were deposited on the anode,
displaying weaker emission, see Figure 1A’. In both cases, TiO,/FTO electrodes served as anode and
cathode. The different migration behavior between capped and uncapped PNCs suggests a significant
surface charge modification induced by DDAB passivation. Specifically, pristine PNCs show a negative
surface charge, attributed to the chemical surface environment containing halides and oleates anions, while
DDAB-capped PNCs exhibit a positive charge, due to the exposure of DDA* species in the polar BuOH
solvent.

To examine the surface morphology of pristine and DDAB—capped PNCs photoelectrodes after the ED
process, Scanning Electron Microscopy (SEM) was performed. Top view images of the PNCs films (Figure
S3A-F) show nanoparticle agglomeration, irrespectively of DDAB concentration. This aggregation is
attributed to the field-driven diffusion of PNCs toward the TiO,/FTO electrode during deposition, which
promotes partial coalescence of the nanocrystals.”? Cross-sectional SEM images were also obtained to
elucidate how the amount of DDAB linked to the PNCs surface influences the thickness of deposited films,
see Figure 1B-G. Average thickness of TiO, and PNCs layers composing the respective photoelectrodes
are shown in Table S1. Up to a concentration of 8.5 mM, the film thickness increases, reaching a maximum
value of 6.8 + 0.1 um. However, at higher concentrations, the film becomes progressively thinner. This
suggests that an optimal DDAB concentration (8.5 mM) imparts sufficiently positive surface charge to the
PNCs, enhancing their electrophoretic mobility and facilitating the deposition onto the TiO,/FTO substrate.
Beyond this concentration, excessive ligand coverages likely cause steric hindrance and surface insulation,
reducing particle mobility and resulting in thinner films. Achieving the right balance between effective
ligand passivation and adequate film formation is critical to ensuring efficient carrier separation and

transport through the PEC cell, as we will discuss below.
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Figure 1. Electrophoretic deposition of green-emitting CsPbBr; PNCs on FTO/TiO, electrode (A) in
absence and (A’) presence of 8.5 mM DDAB in BuOH solution, at 250 V for 60 s. Cross-sectional SEM
images of FTO/TiO,/CsPbBr; PNCs photoelectrodes in (B) absence and with different DDAB
concentrations: (C) 4.3 mM, (D) 8.5 mM, (E) 17 mM, (F) and (G) 85 mM. Yellow arrows describe the
thickness of CsPbBr; layers. (H) XRD patterns, (I) PL spectra and (J) PLQY measurements of
photoelectrodes with and without DDAB.

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 13 January 2026. Downloaded on 1/14/2026 12:40:48 AM.

(cc)

To investigate the crystalline structure of PNCs photoelectrodes in the presence of DDAB ligand, X-
Ray Diffraction (XRD) measurements were carried out on the as-prepared materials. As shown in Figure
1H, all samples exhibit the typical XRD profile of the orthorhombic phase (ICSD 97851).33 Nevertheless,
by increasing DDAB concentration (particularly at 85 mM) a clear reduction in the intensity of the CsPbBr;
peak is observed, together with the appearance of new signals ascribed to the 0D Cs,PbBrs (ICSD 162158).%*
This behavior is attributed to the 3D-to-0D structural reorganization, likely caused by the exfoliation of
[PbBrs]* octahedra from the CsPbBrj; lattice due to interaction AlkylBr ligand. The formation of Cs,PbBrg
can also enhance the optical features of the PNCs photoelectrodes, since this 0D perovskite can serve as a
protective passivating shell effectively suppressing non-radiative recombination channels and contributing

to improved photocarrier dynamics.>
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The optical properties of PNCs photoelectrodes were significantly influenced by the DDAB
concentration see Figure 11. For the sample without DDAB and those with low ligand concentrations, the
photoluminescence (PL) spectra display broad emission with a noticeable double peak feature. In contrast,
at higher ligand concentrations, this feature disappears, and the PL peak exhibits a clear blue shift, which
aligns well with the corresponding obtained absorption spectra, see Figure S4A. This behavior is attributed
to the differences in particle size distribution: the No DDAB sample shows a broader distribution, while
increasing ligand concentration results in a narrower and more uniform size distribution, see Figure S2. We
propose that higher DDAB concentration provide a higher density of the AlkylBr ligand that rapidly cap
the PNCs,>¢ leading to more homogeneous particle formation. Then, the PL quantum yield (PLQY) of the
photoanodes is progressively improved at higher DDAB concentrations, see Figure 1J, inferring that
DDAB also favors an effective ligand passivation in the perovskite surface, filling/replacing Cs* and Br
defect sites.’! At this point, nonradiative recombination mechanism is suppressed, enhancing the PL
properties of the photoactive material.>’” Simultaneously, carrier separation is also promoted by the TiO,
electron transport layer in the photoelectrodes, see Figure S4B, leading to a lower PL intensity compared
to the photoactive material without the TiO, layer. This creates an ideal scenario for an efficient electron
extraction and transport in the photoelectrode, triggering the PEC alcohol oxidation, as we will discuss later.
Lastly, to obtain information about the light-harvesting capability of the samples, we have calculated the

absorption coefficient, a, for the photoactive material in the presence of 8.5 mM DDAB by using the

equation: a = 2.303(%), where A and L are the absorbance and thickness (cm) of the photoactive layer,

respectively. In this context, considering that A = 1.66 and L = 6.8 x10* cm, we estimated o = 5.62 x 10°
cm’!, being this value realistic for CsPbBr; films near their absorption onset.*®

Regarding stability, pristine PNCs lose nearly all PL emission after 15 days of exposure to ambient air,
while DDAB—capped PNCs (8.5 mM), maintain most of their emission, with only a slight decrease, see
Figure S4C,C’. To further assess recombination dynamics time-resolved PL measurements were conducted
on the DDAB—capped CsPbBr; photoelectrodes, see Figure S4D. The PL decay profiles fit well to a bi—
exponential model, where the long-lived component is ascribed to optical effects, such as light scattering
from the solid, resulting in a more efficient reabsorption/re-emission process,”® which can extend the
apparent decay time. At this point, we focus on the shorter lifetime component to analyze the intrinsic
recombination dynamics. These lifetimes were estimated as 4.95, 6.38 14.68 and 13.05 ns for pristine PNCs,
and samples with 8.5 mM, 17 mM and 85 mM DDAB, respectively. Accordingly, the higher the PLQY, the
longer the lifetime at higher DDAB concentrations, confirming that increased ligand concentration
effectively passivates surface defects and suppresses non-radiative recombination pathways.

The influence of DDAB concentration on the surface chemistry of PNCs photoelectrodes was further
investigated through X-ray Photoelectron Spectroscopy (XPS), see Figure S5. The survey spectra
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confirmed the presence of key elements such as C, O, N, Cs, Pb, and Br, with their relative compositions
summarized in Table S2. High-resolution (HR) XPS spectra were then analyzed to get insights into the
chemical speciation of each element. Figure S6A exhibits the HR-XPS Cs 3d spectra of the DDAB-capped
PNCs electrodes, displaying the typical 3ds,, and 3d;,, signals at ~724/738 eV, ascribed to Cs* ions within
the perovskite lattice.® Similarly, HR-XPS Pb 4f spectra (Figure S6B) show the characteristic 4f;,/4fs,
doublet at ~138/143 eV, indicative of Pb?* ions forming part of the [PbBrs]* octahedra. The formation of
Pb-Br bonds into the perovskite lattice is further supported by the HR-XPS Br 3d spectra (see Figure S6C),
depicting the 3ds/,/3d;, doublet at ~68/69 eV, consistent with Br in the perovskite structure.®' Lastly, the
HR-XPS N 1s spectra (Figure S6D) exhibit a single signal at ~402 eV, corresponding to the alkylammonium
species (R-NH;") surrounding the PNCs surface.%?

XPS analysis further reveals that in the absence of DDAB modification, the pristine photoelectrode
shows a noticeable Cs* deficiency, see Figure 2A, indicating the emergence of defect sites, consistent with
the deterioration of its optical properties. This is expected due to the low binding affinity of OA/OLA to the
perovskite surface,% which leaves the material vulnerable in polar environments. Upon DDAB addition, the
Cs* deficiency is progressively mitigated, improving the Cs/Pb stoichiometry toward ~1.0. However, but
the Br content is slightly reduced (particularly at the 8.5 mM—43 mM DDAB range) compared to the pristine
sample, see Figure 2A.

Simultaneously, the C-NH;* fraction in the surface increases with rising AlkylBr concentration, see

Figure 2B. This behavior helps to understand the changes in surface charge of the PNCs after

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

electrophoretic deposition. In the pristine sample, the presence of Cs* vacancies results in a greater surface

exposure of Br- ions, contributing to a negative surface charge that promotes the diffusion to the anode. In
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contrast, raising the DDAB concentration enriches the surface of the PNCs surface with DDA* species,
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shifting the surface charge to positive and driving deposition onto the cathode. This suggests that Br- ions
are less exposed to the surface, indicating effective surface passivation by the alkylammonium cations.
Finally, analysis of the total oxygen-to-bromide ratio (denoted as [Oyw/(Br + Oy)] across the
photoelectrodes, see Figure 2B, reveals that the 8.5 mM DDAB sample shows the highest ratio. This
suggests that butanol-derived butoxide anions (BuO-), formed via partial ionization during OLA*/DDA"
exchange help compensate Br- deficiencies, contributing to the material stabilization.®* However, at higher
DDAB concentrations, the oxygen content decreases, fraction, indicating that DDA* species increasingly
inhibit BuOH permeation into the PNCs core. Interestingly, this trend is similar to the observed variation in
film thickness, see Figure 1B-G, supporting that 8.5 mM DDAB represents the optimal condition. Beyond
this value, excess DDAB impedes both the PNCs migration toward the TiO,/FTO electrode, and interaction

with alcohol species.
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To analyze the interaction between the DDAB and PNCs during the photoelectrode fabrication, Nuclear
Magnetic Resonance (NMR) measurements were conducted. The analysis aimed to identify the NMR
signals of surface ligands bound to CsPbBr; PCNs, both in the presence and absence of 8.5 mM DDAB,%
From the '"H NMR spectrum of PNCs, characteristics resonances at 6 = 5.30-5.25 ppm and 2.62 ppm are
assigned to the olefinic protons of OLA and OA chains, and to the methylene in a-position to the amino
group of OLA, respectively see Figure 2C. OA/OLA interaction also mediates the formation of N-
oleyloleamide (NOA), confirmed by its typical signal at & = 3.06 ppm, ascribed to methylene linked to
amide moiety. In the presence of DDAB, besides the signals of capping ligands, characteristic resonances
at 6 =3.09 and 2.87 ppm (Figure 2C) are attributed to methylene and methyl moieties linked to ammonium

group of DDAB, respectively.
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Figure 2. Relative fractions in surface determined by XPS analysis: (A) Cs*, Br, (B) C-NH;" and
Orotat/(Br+Oya) ratios for CsPbBr; photoelectrodes in absence and presence of DDAB. (C) 'H (600 MHz,
butanol-d;¢/toluene-dg 2:1 v/v, 298 K) NMR spectra of CsPbBr; PNCs in absence (black spectrum) and
presence of 8.5 mM DDAB (blue spectrum), with expansion of the olefinic region (5.35-5.10 ppm) and of
the methylene region (3.25-2.45 ppm). Characteristic NMR resonances of DDAB, in the absence of

perovskite were also obtained for comparison (green spectrum).

Compared with previous data acquired for PNCs in pure toluene in absence of DDAB,’1 OA/OLA
signals display narrower linewidths in the butanol/toluene mixture. This evidence suggests a weaker
interaction between the capping ligands (OLA/OA) and the PNCs surface in the presence of a polar co-
solvent, implying a more labile ligand shell under these conditions. A similar trend is observed in
DDAB/PNCs mixture for both capping ligands and additive resonances, that appear significantly broadened
in toluene. This result suggests stronger interactions in the absence of the polar solvent even in the presence
of DDAB. In butanol/toluene, such interactions are moderated by the increased polarity and protic nature
of the solvent mixture, likely due to competitive hydrogen bonding effects. Interestingly, despite the weaker

DDAB/PNCs interaction in butanol/toluene, the overall stability of PNCs is significantly enhanced: while
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the PNCs without the additive exhibits visible precipitation within 16 h, the presence of DDAB stabilizes
the solution, which remains clear over the same period. This result indicates the favorable protective effect
provided by DDAB (linked to the material surface via DDA* and Br ions) against the alcohol medium,
keeping the OA/OLA interactions with the perovskite.

Additionally, the presence of DDAB in butanol/toluene is responsible for a shielding of OLA resonance
at 2.62 ppm (Figure 2C), as opposed to the simple mixture of DDAB and capping ligands, see Figure S7,
where a deshielding of the same resonance is found. Therefore, this shielding effect indicates a partial ligand
exchange in between DDA and OLA* species, which is beneficial for the subsequent alcohol ionization as
we have previously reported.** This interplay of ligands exchange and alcohol ionization is crucial for
understanding the behavior of PNCs systems: in the presence of DDAB, the less polar nature of butanol,
relative to shorter-chain alcohols such as methanol, makes it less effective in weakening the OA/OLA
coordination shell, thus providing a chemical environment that favors PNCs stabilization. Taken together,
the NMR results reinforce the hypothesis that, in the presence of polar solvents, DDAB plays a strategic
role in tuning the strength and the dynamics of ligand-surface interactions and stabilizing the PNCs surface.
This chemical behavior could be considered a key parameter in the rational design of future systems.

To identify optimal conditions for fabricating efficient CsPbBr; nanoparticle-based photoelectrodes
with enhanced PEC performance, we systematically investigated the effects of ED time, the number of
mesoporous TiO, layers, and the concentrations of both PNCs and DDAB on the photoresponse of the

electrodes. For this purpose, chopped-light voltammetry measurements were carried out to evaluate the PEC

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

performance of the photoanodes. These tests were conducted in pure BuOH, containing 45 mM

methylammonium bromide (MeBr) as supporting electrolyte, under several visible light on/off cycles,
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without any encapsulation.
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As a starting point, we examined the influence of ED time of PNCs on top of one mesoporous TiO, (m-
TiO,) layer (deposited on FTO substrate through Doctor Blade method), while keeping the DDAB
concentration fixed at 85 mM and varying the PNCs concentration. As shown in Figure S8A, increasing
the ED time up to 60 s at 15 mM PNCs, led to a gradual rise in anodic photocurrent, suggesting improved
nanoparticle loading and enhanced photocarrier generation, with electron transport through the PEC cell.
Then, a longer ED time promotes the appearance of some cracks on the photoelectrode surface, often
producing the detachment of PNCs active layer. On the other hand, when comparing the photoresponse of
pristine and DDAB-capped CsPbBr; photoanodes, both fabricated under the same ED time (60 s), a higher
photocurrent is observed with the modified photoactive material, which can be explained by a more unirform
surface, mediating an adequate particle-to-particle interconnection for the carrier transport. On the contrary,
the emergence of a high density of nanoparticle aggregates in the pristine perovskite photoanode can restrain

the electron extraction and mobility (electron trapping), decreasing the performance of the PEC cell.
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However, the maximum photocurrent achieved ~60 pA-cm2 remained relatively low compared to current
benchmarks, indicating that further enhancement required higher PNCs loading. Subsequently, increasing
the PNCs concentration to 30 mM, see Figure S8B, led to a notable 5-fold increase in photocurrent. This
enhancement is attributed to improved interparticle electron mobility and more efficient extraction which
in turn facilitates hole accumulation at the material/electrolyte interface, promoting oxidation reactions.
Under these conditions, a maximum photocurrent of ~0.25 mA-cm was obtained at applied potentials >
0.2 V vs. Ag/Ag*, see Figure S8C. Conversely, further increasing the PNCs content to 50 mM led to a
decline of the photocurrent, likely due to hindered electron transport and extraction from the photoactive
material, see Figure S8D, orange curve. In this scenario, excessive nanoparticle loading increases the
density of grain boundaries, which promote carrier recombination via electron trapping.

A similar behavior was achieved when increasing the number of layers (up to 3), using both 30 mM and
50 mM PNCs, (Figure S8D-F), detailing that using 1 m-TiO, layer is enough to promote an efficient PEC
performance. In this way, thicker TiO, layers impose longer transport distances for electrons before reaching
the extracting contact, which increases the probability of recombination and reduces photocurrent.
Additionally, excessive transport resistance within the denser matrix may further obstruct carrier mobility
throughout the PEC system.® Notably, in all cases, the photocurrent remained stable along the light on/off
cycles. This behavior highlights the effective ligand passivation provided by DDAB, which protects the
perovskite surface from degradation in the BuOH medium. Next, we aimed to optimize the PEC
performance of CsPbBr; photoanodes by modulating the DDAB concentration during the ED process and
by testing diverse alcohols as hole scavengers to trigger oxidation reactions. To this end, chopped light-
voltammetry measurements (7 light on/off cycles) were conducted to evaluate the photoresponse and
stability of the photoanodes as a function of both DDAB concentration and the nature of alcohol.

CsPbBr; photoelectrodes were individually immersed in four different alcohols such as methanol
(MeOH), ethanol (EtOH), 1-propanol (1-PrOH) and 1-BuOH (1-butanol), varying the DDAB concentration
(0,4.3, 8.5, 17, 43 and 85 mM). As shown in Figure 3A-D, the photocurrent exhibited a clear dependence
on DDAB concentration, with the highest photoresponse consistently observed at 8.5 mM in all alcohol
environments. To assess the reproducibility of the results at this optimal concentration, 3 independent
photoanodes were measured in each alcohol medium, with the maximum photocurrent values shown in
Figure S9A-D. Among the alcohols tested, MeOH, yielded the highest average response (~1.12 £ 0.12
mA-cm? at 0.1 V vs. Ag/Ag") with the best sample reaching ~1.24 mA-cm. see Figure 3E. For DDAB
concentrations above 8.5 mM, the PEC performance declined, likely due to excessive ligand coverage,
forming an insulator layer, which blocks the mobility of alcohol molecules to the PNCs surface.

Additionally, the nature alcohol significantly influenced the PEC response. Specifically, shorter-chain

alcohols produced higher photocurrents, which is attributed to the higher permeability and ease of access to
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the perovskite core, promoting electron injection. In contrast, bulkier alcohol molecules, such as BuOH
interact less efficiently with the PNCs, due to steric hindrance, which can induce surface distortions and
limit reaction efficiency.®* Accordingly, the shorter-chain alcohols are more likely to diffuse towards the

photoelectrode/electrolyte interface, increasing their oxidation kinetics, see Figure 3F.
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Figure 3. Chopped light voltammetry measurements showing the photocurrents of TiO, and CsPbBr;
photoanodes by varying the DDAB content under visible illumination (100 mW-cm, UV filter) in 45 mM
MeBr in different alcohol electrolytes: (A) MeOH, (B) EtOH, (C) 1-PrOH and (D) 1-BuOH. (E) Average
photocurrents (with error bars from 3 diverse samples) of CsPbBr; photoanodes modified with 8.5 mM in
the different alcohol electrolytes at 0.1 V vs. Ag/Ag*. (F) Schematic representation of a high density of small

MeOH species reaching the photoanode surface, compared to the low density of long BuOH species.

After evaluating the PEC performance of multiple CsPbBr; photoelectrodes (5 additional samples)
containing 8.5 mM DDAB and using MeOH as a hole scavenger under >12 light on/off cycles, see Figure
S10A,B, the average maximum photocurrent was estimated to be 1.17 +0.19 mA-cm in the potential range
of -0.24 t0 -0.17 vs. Ag/Ag", and 0.98 = 0.11 mA-cm™ in the range of 0.08 to 0.18 vs. Ag/Ag", see Figure
S10C. The best performing photoelectrode achieved a peak photocurrent of ~1.45 mA-cm2 at -0.17 Vs vs.
Ag/Ag*. To the best of our knowledge, this is the highest reported value for a perovskite-based

photoelectrode operating in direct contact with a polar solvent under visible light, without any encapsulation.
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The photocurrent was also found to be more reproducible under anodic potentials. These results confirm
that the addition of 8.5 mM DDAB provides an optimal balance between nanoparticle content and surface
passivation, enabling efficient electron injection during alcohol oxidation and resulting in high stable PEC
performance. Finally, although using a 1 m-TiO,, layer leads to the highest PEC activity in the photoanodes,
an average thickness of ~3 um (as estimated from cross-sectional SEM) is likely still excessive for
maximizing carrier separation and extraction from the CsPbBr; PNC layer. Therefore, thinner m-TiO, layers
prepared by alternative approaches such as spray-pyrolysis, and chemical bath deposition are expected to
provide a more favorable compromise between the light harvesting and electron mobility within the
photoanode, enhancing the photoresponse of the PEC cells.

Then, to observe the influence of DDAB on the interfacial carrier resistance and accumulation of
CsPbBr; photoanodes into the MeOH environment, electrochemical impedance spectroscopy (EIS)
measurements were conducted in the photoactive materials in presence and absence of the AlkylBr ligand
under constant visible light at 0.1 V vs. Ag/Ag*. Here, a Randles-type equivalent circuit was used to model
the corresponding Nyquist plots, see Figure S11, to determine the series resistance (R;), interfacial carrier
transport resistance (R.;) and double-layer capacitance (Cq) values, summarized in Table S3. It is noticeable
a higher R, in the DDAB-capped photoanode compared with the pristine perovskite, which corroborates the
protective effect of DDAB, restraining the diffusion of a high density of MeOH molecules to reach the
PNCs core. Conversely, a lower R, in the pristine material is an indication of the faster migration of MeOH
towards PNCs in the photoanode/electrolyte interface, causing their eventual deterioration. Simultaneously,
an approximately twofold decrease in Cg is observed for the DDAB-capped CsPbBr3 photoanode relative
to the pristine material, indicating more efficient carrier extraction and transport. This effect arises from
effective surface passivation of Cs*™ and Br™ defect sites, which mitigates carrier trapping.

Building on the successful surface modification strategy applied to CsPbBr;, we extended this approach
to stabilize red-emitting DDAB-capped CsPbl; PNCs based photoanodes, by adding a low concentration of
DDAB (8.5 mM), as shown in Figure S12A. This ligand concentration effectively passivated the surface of
iodide-based PNCs. As shown in Figure S12B, the prepared CsPbl; photoanode remains stable after 15
days under ambient air, exhibiting an increase in PL intensity. This enhancement, together with a blueshift
in the PL emission suggests that Br- species from the DDAB ligand can gradually compensate iodide
vacancies contributing to improved surface passivation. Despite this apparent stabilization, the
photoelectrochemical (PEC) activity of the CsPbls-based photoanode (tested in 45 mM MeBr/MeOH)
shows a maximum photoresponse of ~0.30 mA-cm2, which is notably lower than that of its CsPbBr;
counterpart. Moreover, this photocurrent decreases faster, see Figure S12C, indicating that DDAB does not
sufficiently suppress the migration of iodide ions,% leading to faster material degradation and loss of PEC

performance. Nevertheless, these results provide a promising starting point to develop ligand engineering

12


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ta07705b

Page 13 of 22 Journal of Materials Chemistry A

View Article Online
DOI: 10.1039/D5TA07705B

strategies tailored to different halide compositions. In this context, the use of passivating ligands as DDAB
may offer a viable pathway for improving the stability and electrochemical functionality of various CsPbX;
(X = Cl, Br, I) nanocrystals in polar solvents, paving the way for their broader application in
photoelectrochemical systems.

To evaluate the PEC power of DDAB-capped CsPbBr; photoanodes (using 8.5 mM DDAB), the PEC
MeOH oxidation was performed. Although MeOH can easily permeate the DDAB coverage to react in the
PNCs/electrolyte interface (as seen above), this alcohol also has a high polarity, which is pivotal for
analyzing the stability of the photoactive material. In this context, the photoanode was immersed in pure
MeOH in presence of 45 mM MeBr, and operated under chopped illumination at 0.1 V vs. Ag/Ag* for 30
min. As shown in Figure 4A, the system maintained a stable photocurrent of ~1 mA-cm?. Over time,
however, the photocurrent gradually decreased (Figure 4B), suggesting: (i) mass-transfer limitations due to
the high concentration of MeOH molecules reacting on PNCs surface and/or (ii) the progressive degradation
of the perovskite under operation conditions.

To investigate the products formed during MeOH oxidation, a spectrophotometric titration was carried
out using 4-Amino-5-hydrazino-1,2,4-triazole-3-thiol in the presence of 1 M NaOH aqueous solution. The
resulting violet color of the solution confirmed the formation of CH,O with a Faradaic efficiency (FE)
~60%, see Figure S13 and SI for experimental details. The proposed oxidation mechanism is illustrated in
Figure 4C. Based on the band diagram of the FTO/Ti0,/CsPbBr; photoanode and the redox potential of
MeOH/CH,0 system, see Figure S14, the following sequence is presented: a MeOH molecule reacts with

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

OLA species released after ligand exchange with DDAB, inducing the partial alcohol ionization to produce

methoxide anions (MeOr, equation 1):
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Cig —NH, + CH;0H—Cyg — NHY + CH;0~ (D
Then, MeO- species are adsorbed on the CsPbBr; photoanode (named as CH30,,,) for compensating
surface halide defects and facilitating the perovskite stabilization.’!> ¢ Then, after illuminating the
photoanode, and photogenerate electron/hole pairs, holes accumulated in VB migrate to the photoactive
material surface (h?), reacting with CH30 4 to trigger the C-H acidic dissociation (inducing the release of

a H") and concomitant formaldehyde formation (equation 2):

CH3044s + hi—>CH,0 + H* + e~ 2)
During the oxidation, electrons are extracted and injected to the photoanode, being transported to the
external circuit of the cell, reaching the counter electrode. Here, oxygen reduction can be promoted in

presence of formed H*, producing H,O molecules during the process (equation 3):¢7
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3
EOZ+6H++6€_—)3H20 (3)

Alternative reaction pathways for MeOH oxidation reported in literature consider the formation of
intermediate species such as the methoxy radicals (CH;0¢®), which are known to mediate the photocurrent
doubling effect. Here a secondary oxidation step is promoted via electron injection from CH;0® species to
the CB of photoanode, increasing ~2-fold its photoresponse.®® In this context, although we are not able to
detect directly the emergence of CH;0¢ radicals during the PEC reaction, we proceed to study their possible
generation by conducting chopped-light voltammetry measurements by varying the amount of available
MeOH molecules for the oxidation process. For this aim, we halve the MeOH content into the electrolyte
solution, replacing it with deionizer water (MeOH:H,O volume ratio 1:1) and then we analyze the PEC
activity of a CsPbBr; photoanode in the presence of 8.5 mM DDAB into this prepared environment,
observing more than 2-fold decrease in the photocurrent, see Figure S15A. Thus, although the MeOH
content is doubled to increase the PEC performance, the photocurrent doubling is not induced. This allows
to suggest indirectly that CH;O¢® radicals are not produced in our PEC system, being the MeOH-to-
formaldehyde conversion mediated by direct reaction of adsorbed MeO- anions with the surface holes
accumulated in the photoanode, the most probable reaction pathway. On the other hand, taking into account
the highly oxidizing VBM of the CsPbBr; photoanodes (1.36 V vs. Ag/Ag*, see Figure S14), we infer that
these photoactive materials can oxidize MeOH to produce CO, and H, (~-0.14 V vs. Ag/Ag")® in presence

of H,O produced during oxygen reduction, according with the following reaction (equation 4):7°

CH;0H + 6h} + H,0-C0, + 6H* + 6e~ (4)
Furthermore, h¥ would be also consumed by water molecules, favoring the water splitting reaction in the

photoanode/electrolyte surface (~ 0.69 V vs. Ag/Ag*, equation 5):

2H,0+ 4h}—0, + 4H* + 4e™ (5)
Attending the redox potentials for CO, formation and H,O oxidation, it is feasible the occurrence of the
abovementioned reactions in parallel with CH,O production, which could explain the consumption of the
remaining current produced by the perovskite photoanode, associated with the uncounted 40% FE.

Lastly, with the aim to observe the stability of the CsPbBr; photoanode in the presence of 8.5 mM
DDAB in the full MeOH medium for a longer time, a chronoamperometric profile was obtained at 0.1 V vs.
Ag/Ag*, see Figure S15B, demonstrating that DDAB ligand provides a moderate operational durability for
1 h in the absence of any external protective layer or encapsulation. Here, further optimization of main
parameters, including the applied voltage during ED process and the TiO, annealing temperature will be

studied, aiming at improved carrier separation/extraction and thereby, a stable photocurrent, enhancing the
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long-term PEC activity of the resulting photoanode. In conclusion, this study demonstrates that the
combination of ED process with surface engineering, using DDAB ligand, enables the fabrication of
CsPbBr; photoelectrodes, capable of driving redox transformations in fully polar environments. This
approach offers a promising platform for converting solar energy into value-added chemical products via

controlled PEC processes.
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Figure 4. Chopped-light voltammetry showing stable photocurrent from a CsPbBr; photoanode in the
presence of 8.5 mM DDAB and (B) its corresponding chronoamperometry profile during photoelectrolysis
by applying a bias of 0.1 V vs. Ag/Ag" for 1800 s. Experimental conditions: visible illumination (100
mW-cm2, UV filter) in 45 mM MeBr in MeOH. (C) Schematic representation of the PEC MeOH-to-CH,0

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

oxidation by using the DDAB-capped CsPbBr; photoanode.
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3. Summary and conclusions

In this work, we present a novel approach combining alcohol-mediated ED and ligand passivation for the

(cc)

fabrication of CsPbBr; PNCs-based photoelectrodes with enhanced optical performance and tunable PEC
activity for efficient alcohol oxidation in fully polar environments. The introduction of DDAB ligand during
the ED process modulates the surface charge of the deposited nanoparticles, simultaneously compensating
surface defects and forming a protective DDA"-rich layer that shields the perovskite from solvent
degradation. This strategy leads to a progressive enhancement of PL properties and a PLQY increase up to
72%, with increasing DDAB concentration. We systematically analyzed the influence of the alcohol
structure and DDAB concentration on the PEC performance of the photoanodes. It was found that bulky
alcohols, such as BuOH are sterically hindered from accessing the perovskite surface, charge transfer and
suppressing photoactivity. In contrast, smaller alcohols such as MeOH can more readily reach the perovskite
interface, facilitating efficient electron transfer and transport through the photoactive material.

An optimal DDAB concentration of 8.5 mM was identified, providing a balance between nanoparticle

loading, defect passivation and charge carrier dynamics through the PEC cell. Under these conditions, the
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photoanode achieved a maximum photocurrent of 1.45 mA-cm?2, representing the highest reported
photoresponse for a perovskite electrode operating in a polar environment without encapsulation. Moreover,
bulk photoelectrolysis demonstrated the successful conversion of MeOH-to-CH,0, with FE ~60%,
highlighting the redox capability of CsPbBr; nanoparticles for photon-to-chemical energy conversion. This
study provides a promising strategy for developing ligand-engineered halide perovskite photoelectrodes
capable of functioning in polar solvents, opening the door to future applications in solar-driven PEC
transformations. The presented approach can be further extended through additional interface engineering,
such as protective coatings, to enable robust and scalable photochemical platforms based on perovskite

nanomaterials.
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