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Interfacial Engineered Perylene Diimide Sensitized
Photocathode for Enhanced Photoelectrocatalytic
Energy-Demanding Reduction Reactions

Weijian Yang,'?! Pengju Li,”! Zijian Zhao,! Limei Tian,'?! Fushuang Niu,® ¢

Renato N. Sampaio,*!¥ and Ke Hu*[ ]

Dye-sensitized photoelectrochemical cells (DSPECs) are emerg-
ing inexpensive devices for solar fuels production and chemical
upgrading, yet their efficiency remains limited by poor pho-
tocurrent density especially in energy-demanding reactions.
Here, we introduce a molecularly engineered photocathode
that integrates perylene diimides (PDl)—capable of consecutive
photoinduced electron transfer (ConPET) to generate an excited
state (PDI*~*) with potent reducing power—on a transparent
conductive indium tin oxide nanoparticle (nanolTO) thin film
substrate. By introducing an AlL,O; atomic layer via atomic
layer deposition (ALD) onto the interface of PDI and nanolTO,

1. Introduction

The direct conversion of solar energy into storable fuels is
pivotal for addressing global energy challenges and achieving
carbon neutrality."?! Dye-sensitized photoelectrochemical cells
(DSPECs) have emerged as versatile platforms for solar-driven
synthesis of fuels and chemicals from abundant resources
such as water’®® and CO,.”8! While photoanodes based on
wide-bandgap oxides (e.g., TiO,, SnO,) achieve a photocurrent
densities in the mA cm™ range®™ the overall efficiency
of tandem DSPECs remains bottlenecked by underperforming
photocathodes.”™! State-of-the-art dye-sensitized photocath-
odes rely on p-type semiconductors such as NiO, yet suffer from
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the nonproductive back-electron transfer (BET) was significantly
suppressed by over 95%, as quantified by transient absorp-
tion spectroscopy, while preserving the exceptional photoredox
activity of PDI>~*. This novel photocathode enables efficient
activation of energy-demanding reduction reactions requiring
highly negative reduction potentials, exemplified by the dehalo-
genation of 4-bromoacetophenone. This work demonstrates a
novel approach for DSPECs, prioritizing interfacial control to
unlock the potential of energy-demanding photoredox transfor-
mations.

low hole-mobility!™ and rapid charge recombination rates,"*"!
resulting in poor photoelectrochemical (PEC) performance and
photocurrent densities commonly below 100 pA cm=2.11618-201 A
few photocathodes demand excessive material engineering for
better performance.???!

Dye-sensitized transparent conductive indium tin oxide
nanoparticle (nanolTO) thin film electrodes are an inexpen-
sive and easily prepared alternative to p-type metal oxides,
the high conductivity and visible-light transparency render
nanolTO an ideal substrate for investigating the electrochemical,
photochemical, and photophysical properties of surface-bound
molecular species and assemblies.[>-%!

Conventional dye-sensitized photocathodes operate through
a well-established mechanism: photoexcited chromophores
inject holes into p-type semiconductors (e.g., NiO), while their
reduced states mediate substrate reduction.'®?®) However,
this approach faces intrinsic limitations in driving energy-
demanding reductions due to the limited redox potential of
visible-light-absorbing chromophores.?®! This limitation has
been circumvented through molecular photoredox innovations,
where photocatalysts such as perylene diimides (PDI) enable
potent reducing power via consecutive photoinduced electron
transfer (ConPET).3%3 Through sequential photon absorption,
PDI generates a doubly reduced excited state (PDI>~*) delivering
reduction potentials more negetive than —2.4 V versus NHE—
significantly surpassing conventional photosensitizers.[3%3!
Integrating PDI>™* with conductive nanolTO creates hybrid
architectures capable of activating energy-demanding
transformations. However, the high conductivity of nanolTO
enables detrimental back-electron transfer (BET) from
photoexcited PDPP*, diverting photogenerated electrons

© 2025 Wiley-VCH GmbH
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Figure 1. Schematic illustration of interfacial species evolution and photoinduced charge transfer processes in the ITO|AL,O;|PDI photocathode system.

from catalytic pathways.>***! To address this, we engineered
an atomic-scale ALO; interlayer at the dye-semiconductor
interface via atomic layer deposition (ALD), which can not only
provide anchoring sites for molecular sensitizers,*°38! but also
significantly suppresses BET by modulating interfacial charge
transfer dynamics.3%40!

The resulting PDI sensitized Al,O; atomic layer deposited
nanolTO photocathode (hereafter abbreviated as ITO|Al,O;|PDI)
achieves efficient photoelectrochemical dehalogenation of
energy-demanding substrates such as 4-bromoacetophenone.
Transient absorption (TA) spectroscopy validated that the Al,O;
interlayer effectively suppresses undesirable BET, reducing the
yield of BET by 20-fold. This work establishes a molecular-level
understanding for dye-sensitized photocathodes and paves the
way for potential energy-demanding reduction reactions in
DSPECs (Figure 1).

2 Results and Discussion
2.1 Fabrication and Characterization of Photocathodes

The ITO|AI,O;|PDI photocathode was fabricated through sequen-
tial nanofabrication processes. Presynthesized nanolTO colloids
were deposited on FTO substrates via doctor-blade technique
using sol-gel precursors, followed by thermal annealing at 450 °C
for 2 h in air to form the nanolITO film.!?] Atomic layer deposition
(ALD) with trimethylaluminum/water precursors at 150 °C pre-
cisely constructed an Al,Os atomic layer on the nanolTO film,#"
followed by self-assembly of perylene diimide (PDI) molecules
through carboxylate anchoring to the nanoporous electrode
(Figure 2a). High-resolution transmission electron microscopy
(HRTEM) analysis revealed well-defined stratified layers with
lattice spacings of 0.36 nm (nanolTO (220)) and 0.26 nm (Al,O;
(104)), and the thickness of the Al,O; layer can be observed to
be about 4.0 nm (Figure 2b). UV-vis absorption spectroscopy
analysis demonstrated that the composite electrode displayed
optical absorption characteristics in the 400-600 nm range
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perfectly aligned with the distinctive absorption peaks of PDI
molecules,*?! whereas the blank ITO|AL,O; electrode exhibited
negligible visible light absorption (Figure 2c).

Cyclic voltammetry demonstrated the reduction behavior of
PDI molecules on the ITO|ALO; electrode interface, revealing
two reversible redox peaks that correspond to the successive
electrochemical reductions of PDI*~ (—0.34 V versus NHE) and
PDI'2~ (—0.61 V versus NHE), respectively.3% Spectroelectro-
chemical measurements captured the dynamic transformation
of surface species from PDI to PDI'~ and ultimately to PDI>~
as the applied potential (E,,p) scanned negatively from 0 to
—1.0 V versus NHE. This evolution was characterized by a
decrease in PDI absorption within 400-515 nm, accompanied
by the emergence of PDI'~ radical anion signatures across 570-
1000 nm, followed by their decay and the concurrent rise of
PDI?>~ absorption features spanning 515-700 nm (Figure 2d).
Figure 2e shows the mole fractions of the PDI, PDI'~ and PDI*~ as
a function of E,p,. By fitting the species changes under different
E.pp Using the Nernst equation, the redox potentials of PDI”*~
and PDI"">~ can be calculated to be approximately —0.35 V
versus NHE and -0.64 V versus NHE respectively,[“** which are
approximately the same as those in the cyclic voltammetry tests.
These observations provide experimental evidence that PDI*~
serves as a key photoactive species in the DSPEC process.

1.1. PEC Performance for Energy-Demanding Reduction
Reactions

The PEC performance was systematically evaluated using 4-
bromoacetophenone (Eq = —1.6 V versus NHE) as a redox-
challenging substrate. Chopped light linear sweep voltam-
metry (LSV) revealed distinct photoresponsive characteristics
of different photocathodes: pristine ITO and ITO|ALO; elec-
trodes showed negligible photocurrent across the tested range,
while both ITO|PDI and ITO|AL,O;|PDI photocathodes exhibited
potential-dependent activation with onset potentials at —0.6 V
versus NHE (Figure 3a). This threshold aligns with the reduction
potential of PDI*~ identified in previous cyclic voltammetry

© 2025 Wiley-VCH GmbH
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Figure 2. a) Schematic diagram of the fabrication of ITO|Al,0;|PDI photocathode. b) HRTEM images of ITO|Al,0O;. ¢) UV-vis absorption spectra of
ITO|ALLO3|PDI photocathode. Insert: Cyclic voltammogram of ITO|Al,O;|PDI photocathode. d) Spectroelectrochemistry of the ITO|Al,O;|PDI photocathode
under varying E,pp. €) Corresponding interfacial species change on the photocathode interface at different E,,,. Overlaid is a fit to a modified Nernst
equation (details see in the Supporting Information).
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Figure 3. a) Chopped-light linear sweep voltammetry (LSV) curves of differently configured photocathodes. b) Photocurrent density-time (J-t) curves of
differently configured photocathodes under chopped illumination. c) Wavelength-dependent chopped-light J-t curves of ITO|AL,O3|PDI photocathode. d) J-
and t curves for 1 h long photostability tests of different photocathodes at —1.0 V versus NHE.
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and spectroelectrochemical measurements, establishing a direct
correlation between photocurrent generation and PDIP~ pop-
ulation dynamics. Control experiments with varying substrate
concentrations demonstrated a significant increase in photocur-
rent density with increasing substrate concentration. Notably,
no appreciable photocurrent generation was observed for the
electrolyte (tetrabutylammonium perchlorate, TBAP), solvent
(MeCN), and proton donors (isopropanol, IPA) in the absence
of the substrate, directly confirming the photoelectrocatalytic
reduction of the substrate at the photocathode surface (Figure
S1).

As shown in Figure 3b, the chopped-light photocurrent
density-time (J-t) curves of different photocathodes were mea-
sured under visible light illumination (100 mW cm™2, White
LED). J-t curves revealed significant photocurrent density and
stability variations. The ITO|PDI photocathode exhibited rapid
photocurrent density decay from 75 to 25 pA cm=2 over 200 s,
whereas the ITO|A,Os|PDI demonstrated significantly enhanced
photocurrent density (155 pA cm™2,) with mitigated decay to
121 yA cm~2 under identical conditions, while delivering 2.1-fold
higher photocurrent density. The thickness of Al,O; atomic layer
was systematically evaluated, revealing optimal photocurrent
density (~155 pA cm~2) at 4 nm thickness. Beyond this threshold,
excessive Al,O3 deposition (>4 nm) induced substantial electron
transport resistance due to the dielectric nature of Al,O; which
resulted in progressive photocurrent density decrease (Figure
S2). In addition, we deposited an additional 1 nm Al,Os protective
overlayer on the ITO|ALLO;|PDI photocathode surface. While the
insulating nature of the outer AlLOs; layer reduced the initial
photocurrent density to 120 uA cm™2, it effectively suppressed
interfacial degradation, as evidenced by negligible photocurrent
density decay over 200 s under continuous illumination.

The half-cell applied bias photon-to-current efficiency (HC-
ABPE), serving as a straightforward metric for evaluating incident
photon utilization in photoelectrochemical systems,!*#6! can be
calculated by Equation (1).

Jo x (E® =

E
5 aep) x 100% 0]

HC — ABPE =

where J, denotes the photocurrent density (mA cm=2), E°
represents the redox potential of the substrate (versus NHE), £,
represents the applied potential (versus NHE), and P corresponds
to the incident light power density (100 mW cm~2). The HC-ABPE
profiles presented in Figure S3 were derived from chopped-light
LSV measurements. Notably, the ITO|ALLO;|PDI photocathode
modified with the ALO; interlayer demonstrated a twofold
enhancement in HC-ABPE compared to the unmodified ITO|PDI
counterpart, highlighting its superior efficiency in incident pho-
ton utilization. In addition, the intrinsic solar-to-chemical (ISTC)
conversion efficiency demonstrated a 2-fold enhancement at an
E.pp Of —1.0 V versus NHE for the ITO|ALOs|PDI photocathode
compared to ITO|PDI photocathode. This improvement confirms
the pivotal role of the Al,O5; atomic layer in optimizing interfacial
charge transfer dynamics, thereby significantly boosting the
photon-to-chemical energy conversion efficiency.

The wavelength-dependent J-t curves revealed critical spec-
tral characteristics of the system. Negligible photocurrent gen-
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eration was generated under excitation wavelengths below
500 nm, while wavelengths exceeding 650 nm exhibited sub-
stantially reduced photocurrent density. Notably, illumination
within the 500-625 nm range, fully encompassing the character-
istic absorption band of PDI>~, sustained a stable photocurrent
density of ~150 uA cm~2, consistent with white LED excitation
performance (Figure 3c). This spectral alignment provides direct
evidence for PDI>~ as the primary photoactive species.

Subsequently, we conducted a 1 h long photostability test
shown in Figure 3d. The ITO|ALLO;|PDI photocathode exhibited
rapid current density decay from an initial 180—50 pA cm™2,
with light-chopping analysis confirming a residual photocur-
rent density of ~30 pA cm™2 after 1 h. UV-vis spectroscopy
revealed significant attenuation and spectral shifts in PDI absorp-
tion features before and after the PEC reaction, indicative of
molecular degradation during prolonged photoelectrochemi-
cal operation (Figure S4). In contrast, the surface-engineered
ITO|AL,O;|PDI|Al, O3 photocathode with an additional 1 nm Al,0O;
overlayer demonstrated enhanced stability. Although displaying
a lower initial photocurrent density (150 uA cm~2, light-chopped
value: 120 pA cm~2), this configuration retained ~80 pA cm™—
after 1 h with minimal dark current interference. These results
confirm the protective role of the outer Al,O; layer in suppress-
ing photocorrosion for sustained catalytic activity.

The optimized ITO|Al,Os|PDI|AL,O; photocathode, exhibiting
enhanced photocurrent density and operational stability in prior
PEC performance evaluations, was subsequently employed for
prolonged substrate conversion tests. Under an E,,, of -1.0 V
versus NHE with 4-bromoacetophenone as the substrate and IPA
as the proton donor, the system achieved a faradaic efficiency
(FE) of 74% after 4 h (Figures S5 and S6). The limited photocur-
rent density of the photocathode (~150 uA cm~2) necessitates
prolonged operational times for complete substrate conversion,
simultaneously posing significant stability challenges to the elec-
trode architecture. Consequently, this study focuses on reporting
the FE, while achieving high-yield PEC systems requires further
optimization in subsequent investigations, particularly through
enhanced interfacial charge transfer kinetics and mitigation of
long-term performance degradation mechanisms.

Critical control experiments established three fundamental
requirements: 1) Strict photoelectrochemical synergy, as neither
product formation nor current generation occurred under dark
conditions or without E,p,; 2) essential involvement of PDI*~
intermediates as the primary photoactive species, evidenced
by complete catalytic inactivity at —0.5 V versus NHE where
only PDI'~ species form; 3) vital interfacial engineering, as the
unmodified ITO|PDI electrode exhibited drastically reduced FE
(37%), underscoring the critical role of the Al,O; interlayer in
increasing PEC performance and ISTC (Table 1).

However, two other photosensitizer derivatized photoelec-
trodes (ITO|Al,O;|PBI and ITO|ALLOs|PDI-1, Figure S7a,b) showed
negligible catalytic activity, likely due to insufficient excited-state
reduction potentials or inadequate excited-state lifetimes of the
photosensitizers for substrate activation (Figure S7c).

The iodo and chloro analogues of 4-bromoacetophenone
were also used as dehalogenation substrates to evaluate
the photocathode’s generality. 4-iodoacetophenone with
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Table 1. PEC dehalogenation reaction.?)
9 ITOJALO,|PDIALOs(-) @
Eapp =-1.0 V vs NHE
Br W hite LED H

2 equiv. IPA

TBAP, MeCN
Entry Deviation FE (%)
1 None 74%
2 No Eapp n.d.
3 No Light n.d.
4 Eapp = 05V n.d.
5 No Al,O; layer 37%
6 PBI n.d.
7 PDI-1 n.d.
3 Reaction conditions: 0.1 M TBAP, 20 mM 4-bromoacetophenone, 40 mM
isopropanol (IPA), 5 mL MeCN, white LED (100 mW cm~2), 1 atm Ar.  FE
was calculated by HPLC.

a lower reduction potential (—1.6 V versus NHE) and 4-
chloroacetophenone with a higher reduction potential (-1.8 V
versus NHE) demonstrated substantial photocurrent densities
under identical operational conditions (Figure S8a,b). This
systematic response across substrates with varying reduction
potentials  highlights the ITO|ALOs|PDI  photocathode’s
versatility in PEC activation of energy-demanding reductive
transformations.

1.2. Mechanistic Investigation

The mechanistic insights into the PEC performance enhance-
ment of the Al,O; atomic layer in the photocathode were sys-
tematically investigated through nanosecond transient absorp-
tion (TA) spectroscopy. Under an E,,, of —1.0 V versus NHE,
the ITO|ALOs|PDI photocathode undergoes reduction to form
ITO|AlLLO3|PDI?~, where 580 nm pulsed laser generates the PDI>~*
excited state. The excited state electron transfer occurs from
PDI>~* to the substrate, generating photocurrent as illustrated in
Equations 2 and 3.

IT0 |AL,05 |PDF~ %% 1TO| AL,05 | PDP~* @
ITO |AL,O3|PDI*™* + Sub — ITO| Al,O3|PDI*~ + Sub~ €)

Following photoexcitation and electron transfer, the PDI*~
species converts to PDI"~, which subsequently regenerates to
PDI?>~ via electrochemical reduction, completing the catalytic
cycle. Crucially, the excited-state electron transfer exhibit dual
pathways: besides substrate reduction, an undesirable back-
electron transfer (BET) to the ITO electrode could occur, resulting

in decreased photocurrent (Equation 4).

ITO |AL,O3|PDI>™* — ITO (e”)| Al,O3|PDI* @
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Both two charge transfer routes induce PDI>~ depletion and
PDI'~ formation, exhibiting indistinguishable spectral signatures
in TA measurements. To isolate the back electron transfer path-
way, TA measurements were conducted in 0.1 M TBAP acetoni-
trile solution without the substrate. The TA spectra of ITO|PDI>~
prominent PDI~ characteristic signals and PDI>~ bleaching
signals at microsecond time delays (Figure 4a). In the absence
of substrates, these observations unequivocally originate from
BET of PDP~* electron injection into the nanolTO, resulting in
PDI'~ formation and PDI>~ depletion. This nonradiative electron
transfer pathway competes with substrate reduction, thereby
substantially diminishing photocurrent values and photon-to-
current conversion efficiency. Notably, the introduction of an
Al O; interlayer dramatically suppressed back-electron injection,
as evidenced by the negligible signal of PDI'~ generation in TA
spectra in the same time delays (Figure 4b).

Analysis of the initial amplitudes of the single-wavelength
kinetic data at 700 nm, where PDI'~ absorbs significantly,
revealed a 95% quantum vyield suppression of BET in the
ITO|Al,O3|PDI photocathode compared to the ITO|PDI photo-
cathode (Figure 4c). Besides, the ITO|ALO;|PDI photocathode
exhibited enhanced sub-20 ns fluorescence intensity compared
to ITO|PDI photocathode. This amplification arises from the
Al,O; interlayer suppressing BET of excited-state electrons to
the nanolTO substrate—a dominant pathway for fluorescence
quenching in DSPECs. This suppression again confirms the effi-
cacy of Al,O; atomic layer in blocking BET, thereby channeling
photogenerated electrons toward interfacial catalytic reactions.
Consequently, significant enhancements in photocurrent density
and energy conversion efficiency were achieved.

2. Conclusion

In conclusion, this study presents a rationally designed
ITO|ALO;|PDI  photocathode that demonstrates energy-
demanding reductive dehalogenation of 4-bromoacetophenone.
By integrating ALD of ultrathin ALO; interlayers with
PDI sensitization, we achieved a 23-fold enhancement
in photocurrent density (up to 155 pA cm™2) compared
to unmodified counterparts, with a faradaic efficiency of
74%. Transient absorption spectroscopy revealed that the
4 nm ALO; layer reduced BET efficiently and directing
photogenerated electrons toward catalytic substrate reduction.
Wavelength-selective experiments further confirmed PDP~ as
the photoactive species, with spectral alignment in the 500-
625 nm range. Surface engineering with an additional 1 nm Al,O3
overlayer improved operational stability, albeit with reduced
initial photocurrent density.

This work establishes a molecular-level strategy for engineer-
ing dye-semiconductor interfaces, offering a scalable pathway
to nonprecious-metal photoelectrodes for energy-demanding
reduction reactions. Future efforts should focus on mitigating
long-term degradation through advanced passivation strategies
while expanding the substrate scope to more challenging reduc-
tive transformations. The insights gained here underscore the

© 2025 Wiley-VCH GmbH
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Figure 4. Transient absorption spectra measured after pulsed 580 nm laser
excitation of a) ITO|PDI*~ and b) ITO|Al,03|PDI>~ in 0.1 M TBAP MeCN
solution without the substrate. ¢) Transient absorption kinetic traces
monitored at 700 nm of PDI'~ formation using ITO|PDI*~ and
ITO|AI,03|PDI?~ photocathode in 0.1 M TBAP MeCN solution without the
substrate.
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potential of ALD-derived interfacial engineering in advancing
artificial photosynthetic systems toward PEC synthetic applica-
tions.
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