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Abstract

Photoelectrochemical (PEC) energy conversion is a promising approach for solar-to-
chemical fuel production, but its practical performance is limited by insufficient visible-
light utilization and charge-carrier recombination. Here, poly(3,4-ethylenedioxythiophene)
(PEDOT)-centered TiO, hybrid electrodes were prepared by electropolymerizing PEDOT on
FTO substrates, followed by electrochemical doping/dedoping treatment and coating with
commercial TiO, as a model oxide semiconductor. SEM, EDS, and LIBS analyses confirmed
the successful deposition of TiO, onto PEDOT-based films. Four-probe measurements
showed that electrochemical doping reduced the apparent resistance of PEDOT-based
electrodes, while UV-vis spectroscopy revealed enhanced long-wavelength absorption for
doped PEDOT-containing films. PEC measurements using TiO,, PEDOT, and TiO,-PEDOT
electrodes showed that PEDOT-containing electrodes exhibited much stronger photore-
sponses than commercial TiO, alone under both HER- and OER-relevant conditions. The
TiO,—PEDOT electrode showed stable photocurrent responses under chopped illumination
and retained photoresponse under illumination transmitted through a 410 nm UV-cut filter,
supporting the primary role of PEDOT in visible-light utilization. Long-term chronoam-
perometry further showed that TiO,—PEDOT retained approximately 99.0% of its cathodic
current under HER-relevant conditions and 91.9% of its anodic current under OER-relevant
conditions after 5200 s of continuous illumination. The improved response of TiO,-PEDOT
compared with PEDOT alone suggests that TiO, /PEDOT physical contact may assist inter-
facial charge separation and transport. These findings demonstrate that PEDOT-centered
metal oxide/conducting polymer hybrids provide a useful model platform for visible-light-
responsive PEC energy-conversion applications.

Keywords: photoelectrochemical energy conversion; poly(3,4-ethylenedioxythiophene);
TiO,—-PEDOT hybrid electrode; visible-light absorption; hydrogen evolution reaction; oxy-
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1. Introduction

Photoelectrochemical (PEC) water splitting is a promising approach for converting
solar energy into chemical fuels through light-driven hydrogen evolution and oxygen
evolution processes [1-3]. In PEC systems, the hydrogen evolution reaction (HER) requires
efficient transfer of photogenerated electrons to proton-reduction sites, whereas the oxy-
gen evolution reaction (OER) requires effective utilization of photogenerated holes and
sufficient stability under oxidative conditions [1-3]. Despite extensive progress, practical
PEC performance is still limited by rapid charge-carrier recombination, sluggish interfacial
charge transfer, and insufficient utilization of the visible region of the solar spectrum [2,3].
Therefore, developing photoelectrode materials that can broaden light absorption while
facilitating charge separation and transport remains an important challenge [4-6].

Interfacial and heterostructure engineering has been widely used to improve PEC
performance by promoting charge separation, regulating carrier transport, and suppressing
recombination [2,3]. For example, metal/semiconductor junctions can facilitate carrier
extraction through Schottky-type interfaces, while semiconductor /semiconductor hetero-
junctions can enhance charge separation when favorable band alignment is achieved [7,8].
In addition, sensitization of wide-band-gap oxide semiconductors is an effective strategy
for extending the photoresponse into the visible-light region. Recent studies on quantum-
dot-sensitized TiO, photoelectrodes have shown that visible-light-active sensitizers can
improve PEC hydrogen-generation performance by enhancing light harvesting and charge
transport [9]. These studies highlight the importance of integrating visible-light-absorbing
components with stable oxide semiconductors for improved PEC operation.

Organic and m-conjugated semiconductor-based photoelectrodes have also attracted
increasing attention for PEC energy conversion because their molecular structures can
be tailored to improve visible-light absorption, interfacial charge transport, and device
stability [10,11]. In particular, semiconductor/conducting polymer hybrid systems provide
flexible platforms for combining the tunable electronic and optical properties of conducting
polymers with the chemical stability and well-established photoelectrochemical functional-
ity of inorganic semiconductors [5,12-14]. In such hybrid systems, conducting polymers
can serve not only as conductive additives or interfacial layers, but also as visible-light-
harvesting and charge-transport components [4,14].

Among conducting polymers, poly(3,4-ethylenedioxythiophene) (PEDOT) is partic-
ularly attractive for PEC-related applications because of its relatively high electrical con-
ductivity, electrochemical stability, and broad optical absorption extending from the visible
to near-infrared region [15-17]. PEDOT has been used as a conductive host, interfacial
layer, and charge-transport component in electrochemical and photoelectrochemical sys-
tems [14,15,18,19]. Importantly, the electronic and optical properties of PEDOT are strongly
influenced by its doping state. In the doped state, PEDOT contains mobile charge carriers
commonly described as polarons and bipolarons, which enhance electrical conductivity and
introduce sub-bandgap optical absorption features [16,17,20,21]. In contrast, dedoped or
less-doped PEDOT generally exhibits lower carrier density and reduced charge-transport
efficiency. Therefore, controlling and comparing the doping state of PEDOT is important
for understanding its role in hybrid photoelectrodes.

TiO; is one of the most widely studied oxide semiconductors for PEC and photo-
catalytic applications because of its chemical stability, low cost, and favorable band-edge
characteristics [22,23]. However, its wide band gap restricts light absorption mainly to
the ultraviolet region, limiting its ability to utilize visible light [22,23]. Various TiO,-based
hybrid and sensitized structures have therefore been developed to improve visible-light
utilization and charge separation [9,22-25]. PEDOT/TiO;-based hybrid electrodes have
also been reported to enhance photoelectrochemical or photocatalytic performance through
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improved light harvesting and interfacial charge transport [5,12,13,24,25]. However, in
many systems, the role of PEDOT is often discussed mainly as a conductive or interfacial
component, while the relationship among PEDOT doping state, optical absorption, appar-
ent electrical resistance, and PEC-relevant photoresponse has not been fully clarified in a
simple TiO,-based model system.

In this study, commercial TiO, was deliberately used as a model oxide semiconductor
rather than as an optimized nanostructured photoelectrode. This approach allows the
contribution of PEDOT-based functionality to be examined more directly, without the
additional complexity introduced by advanced TiO, morphology, defect engineering, or
surface modification. PEDOT-based electrodes were prepared by electropolymerizing
PEDOT on FTO substrates, followed by electrochemical doping/dedoping treatment and,
where applicable, coating with commercial TiO, slurry. The structural, optical, and apparent
electrical properties of PEDOT, doped PEDOT, TiO,—PEDOT, and TiO,-doped PEDOT
electrodes were systematically examined to clarify how the PEDOT doping state affects
light absorption and apparent resistance. PEC measurements were then performed using
TiO,, PEDOT, and TiO,—PEDOT electrodes under HER- and OER-relevant conditions to
evaluate the role of PEDOT incorporation in photoinduced charge utilization.

The novelty of this work lies in treating PEDOT as the central visible-light-harvesting
and charge-transport component in a commercial TiO,-based hybrid electrode, rather than
merely as an auxiliary conductive layer. By comparing TiO,, PEDOT, and TiO,-PEDOT elec-
trodes, this study clarifies that PEDOT primarily governs visible-light utilization, while the
TiO, /PEDOT contact provides an additional interfacial contribution to PEC photoresponse.
These results provide insight into the design of conducting-polymer-centered metal oxide
hybrid photoelectrodes for visible-light-responsive PEC energy-conversion applications.

2. Materials and Methods

2.1. Materials and Electrode Preparation

3,4-Ethylenedioxythiophene (EDOT, >98.0%, TCI, Tokyo, Japan), lithium perchlorate
(LiClIOyg, 98.0+%, FUJIFILM Wako Pure Chemical Corporation, Osaka, Japan), acetonitrile
(CH3CN, HPLC grade, FUJIFILM Wako Pure Chemical Corporation, Japan), titanium
dioxide (TiO,, anatase/rutile nanofibers, Sigma-Aldrich, Hong Kong, China), ethanol
(CoH50H, 99.5%, FUJIFILM Wako Pure Chemical Corporation, Japan), sodium sulfate
(NaSOy4, ACS reagent, >99.0%, anhydrous, Sigma-Aldrich), deionized water, and Nafion®
solution (5 wt.% in a mixture of lower aliphatic alcohols and water, Sigma-Aldrich) were
used as received. Fluorine-doped tin oxide (FTO)-coated glass substrates with a nominal
sheet resistance of approximately 7 Q) sq ! (AS ONE Corporation, Osaka, Japan) were cut
into 1 cm X 1 cm pieces and used as electrode substrates. Unless otherwise stated, the
geometric electrode area was controlled at 1 cm?. Commercial TiO, was used without
additional morphology, defect, or surface optimization so that the contribution of PEDOT
and its doping state could be evaluated in a simple model oxide semiconductor system.

PEDOT-based films were prepared by electrochemical polymerization in a conven-
tional three-electrode cell using an Autolab PGSTAT204 potentiostat. The FTO substrate,
a platinum plate, and an Ag/Ag" electrode were used as the working electrode, counter
electrode, and reference electrode, respectively. The Ag/Ag* reference electrode contained
0.01 M AgNOs3 and 0.1 M tetrabutylammonium perchlorate (TBAP) in acetonitrile. The
polymerization electrolyte consisted of 0.01 M EDOT and 0.1 M LiClOy in acetonitrile.
Electropolymerization was carried out potentiostatically at 1.2 V vs. Ag/Ag* until a total
charge of 50 mC was passed. Because electropolymerized PEDOT is formed in an oxidized
conducting state, the resulting as-electropolymerized film is referred to as doped PEDOT
in this work.
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To obtain the dedoped PEDOT film, the as-electropolymerized doped PEDOT film
was immersed in 0.1 M TBAP in acetonitrile and held at —0.5 V vs. Ag/Ag™" for 5 min [26].
The resulting dedoped film is referred to as PEDOT hereafter. This electrochemical dop-
ing/dedoping procedure was used to examine how the doping state of PEDOT affects the
optical and apparent electrical properties of the prepared electrodes.

The TiO, slurry was prepared by dispersing 4 mg of commercial TiO; in a mixture
of 0.375 mL deionized water, 0.125 mL ethanol, and 50 uL of 5 wt.% Nafion solution. The
mixture was thoroughly mixed to obtain a visually homogeneous slurry [27,28]. For the
TiO; electrode, 10 pL of the TiO; slurry was applied directly onto the FTO substrate. For
the hybrid electrodes, the same volume of TiO; slurry was applied onto either PEDOT or
doped PEDOT films to obtain TiO,—-PEDOT and TiO,-doped PEDOT, respectively. Thus,
the nominal TiO, loading was controlled by using the same slurry concentration and
coating volume for all TiO;-containing electrodes. The coated electrodes were dried at
60 °C for 1 h before further characterization and measurements.

2.2. Characterization

The surface morphology and elemental distribution of the prepared films were exam-
ined by a scanning electron microscope (SEM, Hitachi SU4300SE, Tokyo, Japan) equipped
with energy-dispersive X-ray spectroscopy (EDS, Horiba EMAX EX-250, Kyoto, Japan).
SEM observations were performed for PEDOT, doped PEDOT, TiO,-PEDOT, and TiO;-
doped PEDOT films to evaluate the surface morphology and TiO, dispersion on the
PEDOT-based electrodes. EDS elemental mapping was used to qualitatively confirm the
spatial distribution of characteristic elements, particularly S from PEDOT and Ti from TiO,,
in the hybrid films.

The apparent resistance of the prepared electrodes was evaluated using a four-point
probe meter (Loresta-AX, MCP-T370, Mitsubishi Chemical Analytech, Tokyo, Japan). Each
sample was measured three times to confirm reproducibility. The measurements were
performed for bare FTO, TiO,, PEDOT, doped PEDOT, TiO,—PEDOT, and TiO,-doped
PEDOT electrodes to compare the influence of PEDOT doping and TiO, incorporation on
the apparent electrical resistance of the electrode films. Because the films were prepared on
conductive FTO substrates, the measured values were treated as apparent resistance values
for comparative evaluation rather than intrinsic film conductivity.

Laser-induced breakdown spectroscopy (LIBS, EA-300 VHX series, KEYENCE Cor-
poration, Osaka, Japan) was used to analyze the elemental composition of the prepared
films. LIBS measurements were conducted for bare FTO, TiO,, PEDOT, doped PEDOT,
TiO,-PEDOT, and TiO,-doped PEDOT samples. The elemental ratios were normalized to
the Sn signal from the FTO substrate, which served as an internal reference.

The optical absorption properties of the films were characterized by UV-vis absorption
spectroscopy using a UV—vis spectrophotometer (UV-2600, Shimadzu Corporation, Kyoto,
Japan). The spectra were recorded over the wavelength range of 300-900 nm. UV-vis
measurements were performed for PEDOT, doped PEDOT, TiO,—-PEDOT, and TiO,-doped
PEDOT films to evaluate the effect of PEDOT doping and TiO, incorporation on the optical
absorption behavior.

2.3. Photoelectrochemical Measurements

PEC measurements were carried out in a conventional three-electrode configuration
using an aqueous 0.1 M NaySOy solution as the electrolyte. The prepared electrodes
were used as the working electrodes, a platinum plate was used as the counter electrode,
and an Ag/AgCl electrode immersed in 3 M NaCl was used as the reference electrode.
All potentials reported for PEC measurements are referenced to Ag/AgCl. The exposed
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geometric area of the working electrode was 1 cm?. Illumination was provided by a xenon-
lamp-based solar simulator (LCS-100, Newport, RI, USA), and the light intensity was
adjusted to 100 mW cm 2 using an AM 1.5G filter.

PEC measurements were focused on TiO,, PEDOT, and TiO,-PEDOT electrodes
to evaluate the role of PEDOT incorporation in photoinduced charge utilization using
commercial TiO, as a model oxide semiconductor. The initially doped PEDOT-based
electrodes were not used for the main PEC comparison because the doping state of PEDOT
can change electrochemically under the applied reductive or oxidative potentials. Therefore,
initially doped PEDOT-containing electrodes may not retain their original doping state
during PEC operation. Linear sweep voltammetry (LSV) was conducted under chopped
illumination to distinguish the photocurrent response from the dark current. For HER-
relevant measurements, the potential was scanned from —0.2to —1.0 V vs. Ag/AgCl ata
scan rate of 2 mV s~!. For OER-relevant measurements, the potential was scanned from 0
to 0.8 V vs. Ag/AgCl at the same scan rate. During LSV measurements, the illumination
was periodically switched on and off with a 30 s on/30 s off cycle.

Chronoamperometric measurements were further conducted under chopped illumi-
nation to evaluate the time-dependent photoresponse of the electrodes. Before chopped
chronoamperometric measurements, each electrode was held under dark conditions at the
applied potential until the background current became stable. For HER-relevant conditions,
chronoamperometry was performed at —0.35 V vs. Ag/AgCl, while for OER-relevant
conditions, the applied potential was 0.3 V vs. Ag/AgCl. In these measurements, the
illumination was modulated with a 10 s on/10 s off cycle. Additional chronoamperometric
measurements were carried out under illumination transmitted through a UV-cut filter
(Zéta UV L41, 49 mm, Kenko Tokina, Japan), which suppresses UV light below approxi-
mately 410 nm, to evaluate the contribution of longer-wavelength light to the PEC response
of the electrodes.

Long-term chronoamperometric measurements were also performed under continuous
simulated solar illumination to evaluate the operational photoresponse stability of the
TiO,—PEDOT electrode. For HER-relevant conditions, the electrode was held at —0.35 V
vs. Ag/AgCl for 5200 s. For OER-relevant conditions, the electrode was held at 0.6 V vs.
Ag/AgCl for 5200 s. These long-term measurements were used to examine whether the
photocurrent response could be maintained under prolonged irradiation at representative
reductive and oxidative potentials.

3. Results and Discussion
3.1. Structural, Compositional, Optical, and Apparent Electrical Properties

Table 1 summarizes the apparent resistance and elemental composition of bare FTO,
TiO,, PEDOT, doped PEDOT, TiO,—-PEDOT, and TiO,-doped PEDOT electrodes measured
by the four-probe method and LIBS. Among the PEDOT-based electrodes, doped PEDOT
exhibited a lower apparent resistance of 0.286 () than dedoped PEDOT, hereafter referred
to as PEDOT, which showed an apparent resistance of 0.325 (). A similar tendency was
observed for the hybrid electrodes, where TiO;-doped PEDOT showed a lower apparent
resistance of 0.281 () than TiO,—PEDOT, which showed 0.317 Q). Because all films were
supported on conductive FTO substrates, these values should be interpreted as apparent re-
sistance values reflecting the combined contributions of the FTO substrate, deposited films,
and electrode/probe contact conditions, rather than intrinsic film conductivity. Therefore,
the resistance change should be interpreted as a comparative trend of the electrode sys-
tem. Nevertheless, the consistent decrease in apparent resistance for doped PEDOT-based
electrodes suggests that the doping treatment improves the apparent charge-transport
characteristics of the electrode system. This behavior is consistent with the typical charac-
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teristics of PEDOT-based conducting polymers, in which electrochemical doping increases
the density of mobile charge carriers and facilitates charge transport [15-17].

Table 1. Apparent resistance and elemental composition of bare FTO, TiO,, PEDOT, doped PEDOT,
TiO,-PEDOT, and TiO,-doped PEDOT measured by the four-probe method and LIBS.

Apparent Elemental Composition Ratio
Sample Resistance/() S/Sn Ti/Sn
Bare FTO glass 0.335 4= 0.002 0 0
TiO, 0.328 4+ 0.003 0.48 0.14
PEDOT 0.325 £ 0.002 0.72 0
Doped PEDOT 0.286 £ 0.003 0.67 0
TiO,-PEDOT 0.317 £+ 0.001 0.53 0.14
TiO,-doped PEDOT 0.281 + 0.002 0.43 0.14

The LIBS results further clarify the elemental composition of the prepared electrodes.
Ti was detected in TiO,, TiO,—PEDOT, and TiO,-doped PEDOT, whereas no Ti signal was
observed in PEDOT or doped PEDOT. This result indicates the successful deposition of TiO,
onto the corresponding electrodes. In this analysis, the elemental ratios were normalized
to the Sn signal from the FTO substrate, which served as an internal reference because all
samples were prepared on FTO. The Ti/Sn ratio was nearly identical for TiO,, TiO,-PEDOT,
and TiO,-doped PEDOT, suggesting that comparable amounts of TiO, were deposited in
these electrodes. This result supports the reproducibility of the TiO, slurry-coating process.

Sulfur was detected in TiO,- and PEDOT-containing coated samples, whereas no
S signal was detected from bare FTO. For PEDOT-containing electrodes, the S signal
mainly originates from the thiophene-based PEDOT backbone, whereas for TiO,-containing
samples, sulfur may also originate from the Nafion binder used in the TiO, slurry. Therefore,
the S/Sn ratio should be interpreted as a relative elemental signal rather than an absolute
measure of PEDOT content. The lower S/Sn ratio observed for doped PEDOT and TiO;-
doped PEDOT may be related to changes in the PEDOT film state after doping/dedoping
treatment and partial surface coverage by TiO, /Nafion. Nevertheless, the simultaneous
detection of Ti and S in the hybrid electrodes supports the successful preparation of TiO;-
coated PEDOT-based composite films.

Figure 1 shows photographs of PEDOT and doped PEDOT films prepared on FTO
substrates. Both films formed continuous coatings over the deposited area. Compared
with PEDOT, doped PEDOT exhibited a lighter color, indicating that the electrochemical
doping state alters the optical appearance of the polymer film. This visual change quali-
tatively reflects changes in the optical properties of PEDOT caused by doping/dedoping,
including changes in polaron- and bipolaron-related optical transitions [16,20,21], as further
supported by the UV-vis absorption spectra discussed below.

Figure 2 shows SEM images and EDS elemental mapping results of TiO,—PEDOT
and TiO,-doped PEDOT electrodes. Distinct rod-like structures were observed on the
surfaces of both hybrid films after TiO, coating, as shown in Figure 2a,d. The S elemental
maps in Figure 2b,e show that the PEDOT component remains distributed across the film
surface. In contrast, the Ti elemental maps in Figure 2¢,f correspond well to the rod-like
structures observed in the SEM images, indicating that these features originate from TiO,.
The similar surface morphology and Ti distribution observed for TiO,—PEDOT and TiO,-
doped PEDOT further indicate that the TiO, slurry-coating process produced comparable
TiO, distributions on both PEDOT and doped PEDOT films. These results indicate that
commercial TiO, was successfully deposited onto the PEDOT-based electrodes while the
PEDOT component remained distributed across the electrode surface. The functional role
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of PEDOT in light absorption and PEC response is discussed below based on the UV-vis
and PEC measurements.

(a) PEDOT _ (b) Doped PEDOT

Figure 1. Images of (a) PEDOT and (b) doped PEDOT films with a deposited area of 1 cm x 1 cm.

Figure 2. (a) SEM image of TiO,—PEDOT, (b) S elemental mapping of TiO,—PEDOT, (c) Ti elemen-
tal mapping of TiO,—PEDOT, (d) SEM image of TiO,-doped PEDOT, (e) S elemental mapping of
TiO;-doped PEDOT, and (f) Ti elemental mapping of TiO,-doped PEDOT.

Figure 3 presents the UV-vis absorption spectra of PEDOT, doped PEDOT, TiO,-PEDOT,
and TiO,-doped PEDOT films. All PEDOT-based samples exhibited broad absorption over
the measured wavelength range, but clear differences were observed depending on the
doping state and TiO, coating. PEDOT showed broad absorption in the visible region, while
doped PEDOT exhibited enhanced absorption at longer wavelengths. This behavior is
consistent with previous reports that electrochemical doping of PEDOT produces polaron
and bipolaron states, which contribute to sub-bandgap optical absorption and extend
absorption into the longer-wavelength region [16,20,21].

After TiO; coating, both TiO,—PEDOT and TiO;-doped PEDOT retained broad absorp-
tion, indicating that the PEDOT component dominates the visible-light absorption behavior
of the hybrid electrodes. Among the tested films, TiO,-doped PEDOT showed the highest
overall absorbance, indicating enhanced optical absorption in the doped PEDOT-containing
hybrid film. Because commercial TiO, generally absorbs mainly in the ultraviolet region
owing to its wide band gap [22,23,29-31], the visible-light absorption of the TiO,—PEDOT-
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based electrodes is primarily attributed to the PEDOT component. These results support
the central role of PEDOT, especially doped PEDOT, in extending the light-harvesting
ability of the hybrid electrode system.

1.4
PEDOT

12 F DopedPEDOT
TiO,-PEDOT

[ —TiO,-DopedPEDOT

Absorbance

300 400 500 600 700 800 900
Wavelength (nm)

Figure 3. UV-vis absorption spectra of PEDOT, doped PEDOT, TiO,-PEDOT, and TiO,-doped
PEDOT films.

Overall, the characterization results demonstrate that PEDOT doping reduces the
apparent resistance of the PEDOT-based electrodes and enhances long-wavelength optical
absorption. The SEM, EDS, and LIBS results confirm that commercial TiO, was successfully
deposited onto the PEDOT-based films with comparable TiO, loading. These findings
indicate that the prepared electrodes provide a suitable model system for examining
how PEDOT-based light absorption and charge-transport characteristics contribute to the
subsequent PEC response. Although doped PEDOT and TiO,-doped PEDOT showed lower
apparent resistance and stronger long-wavelength absorption, the PEDOT doping state is
not necessarily fixed during PEC measurements because it can change electrochemically
under the applied reductive or oxidative potentials. Therefore, the main PEC comparison
was focused on TiO,, PEDOT, and TiO,-PEDOT to clarify the contribution of PEDOT
incorporation and TiO, /PEDOT contact under representative PEC operation conditions.

3.2. PEC Responses Under HER-Relevant Conditions

The PEC behavior of TiO,, PEDOT, and TiO,—PEDOT electrodes was first examined
under reductive, HER-relevant conditions. Figure 4a shows the LSV curves measured from
—0.2to —1.0 V vs. Ag/AgCl under chopped illumination. TiO, exhibited only a weak
cathodic photoresponse over the measured potential range, indicating that commercial
TiO, alone has limited photoactivity under these conditions. In contrast, PEDOT showed
a much larger cathodic current response with clear light-induced modulation, indicating
that PEDOT plays a major role in photoinduced charge utilization. Among the tested
electrodes, TiO,—PEDOT exhibited the largest cathodic current response, suggesting that
the combination of PEDOT with commercial TiO, provides a beneficial hybrid interface for
reductive PEC operation.

The enhanced response of TiO,—PEDOT compared with TiO, alone can be mainly
attributed to the PEDOT component, which broadens light absorption into the visible
region and provides charge-transport pathways. The further improvement relative to
PEDOT alone suggests an additional interfacial contribution from the TiO, /PEDOT hybrid
structure. Since the TiO, slurry was coated onto a pre-formed PEDOT film, the interaction
between TiO, and PEDOT is mainly considered to be physical interfacial contact rather than

https:/ /doi.org/10.3390/ electrochem?7030022


https://doi.org/10.3390/electrochem7030022

Electrochem 2026, 7, 22 9of 15

a confirmed chemical reaction or covalent bonding. Because PEDOT is generally regarded
as a p-type conducting polymer and TiO, as an n-type semiconductor, this physical contact
may generate a p—n-type interfacial effect or local interfacial electric field that facilitates
photogenerated charge separation and suppresses recombination [5,12,13]. However, be-
cause direct chemical-bonding and band-alignment measurements were not performed in
this study, this interfacial mechanism should be regarded as a plausible explanation rather
than definitive proof of a chemically bonded interface or a fully confirmed p-n junction.

0.02 0 p——— 0

—TiO, (a) b
0 {—PEDOT -0.01 ()| 0005 (c)

_ —Ti0,-PEDOT —_ ~. 001
g 002 QZN—\_/—r < -0.02 <
E 004 £ £-0015 |
c € -0.03 t -002 }
£ 006 £ E o028
3 008 G 004 3 .003 ]

- -0.05

0.1 -0.035 |

-0.12 . : : -0.06 -0.04

-1 0.8 -0.6 -0.4 -0.2 0 20 40 60 80 100 120 0 20 40 60 80 100 120
Potential (V vs. Ag/AgCI) Time (s) Time (s)

Figure 4. (a) LSV curves of TiO,, PEDOT, and TiO,-PEDOT electrodes measured from —0.2 to
—1.0 V vs. Ag/AgCl at a scan rate of 2 mV s~ ! under chopped illumination with a 30 s on/off cycle.
(b) Chronoamperometric responses measured at —0.35 V vs. Ag/AgCl under chopped illumination
with a 10 s on/off cycle. (¢) Chronoamperometric responses measured at —0.35 V vs. Ag/AgCl under
illumination transmitted through a 410 nm UV-cut filter.

Figure 4b shows chronoamperometric responses measured at —0.35 V vs. Ag/AgCl
under chopped illumination. TiO, showed an almost negligible photocurrent response,
whereas PEDOT exhibited a clear and reproducible cathodic photocurrent. TiO,—-PEDOT
showed the largest and most stable periodic cathodic response among the three electrodes.
The repeated current modulation upon light on/off cycling confirms that the observed
current response is photoinduced rather than arising only from dark electrochemical
processes. These results are consistent with the LSV results and further demonstrate that
PEDOT incorporation is essential for improving the reductive PEC response in this model
TiO,-based electrode system.

Figure 4c shows chronoamperometric responses measured under illumination trans-
mitted through a 410 nm UV-cut filter. Under this condition, TiO, remained nearly inactive,
whereas PEDOT and TiO,—PEDOT retained clear cathodic photocurrent responses. This
result supports the interpretation that the longer-wavelength photoresponse originates
mainly from PEDOT rather than TiO;. The TiO,—PEDOT electrode showed a slightly larger
cathodic response than PEDOT, suggesting that the hybrid interface can still provide a
charge-separation or charge-transport advantage even when the light response is primarily
governed by PEDOT absorption. Therefore, under HER-relevant conditions, PEDOT acts
as the central light-harvesting and charge-transport component, while commercial TiO,
serves as a model oxide component that contributes to interfacial charge management.

3.3. PEC Responses Under OER-Relevant Conditions

The PEC behavior of TiO,, PEDOT, and TiO,-PEDOT electrodes was also evaluated
under oxidative, OER-relevant conditions. Figure 5a shows the LSV curves measured
from 0 to 0.8 V vs. Ag/AgCl under chopped illumination. TiO; exhibited only a small
anodic current response, again indicating the limited photoresponse of commercial TiO,
alone under the present measurement conditions. In contrast, PEDOT and TiO,—PEDOT
displayed clear anodic photocurrent responses. The larger light-induced response of these
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PEDOT-containing electrodes indicates that PEDOT contributes significantly to photoin-
duced charge utilization in the oxidative potential region.
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Figure 5. (a) LSV curves of TiO,, PEDOT, and TiO,-PEDOT electrodes measured from 0 to 0.8 V
vs. Ag/AgCl at a scan rate of 2 mV s~! under chopped illumination with a 30 s on/off cycle.
(b) Chronoamperometric responses measured at 0.3 V vs. Ag/AgCl under chopped illumination
with a 10 s on/off cycle. (c¢) Chronoamperometric responses measured at 0.3 V vs. Ag/AgCl under
illumination transmitted through a 410 nm UV-cut filter.

Among the three electrodes, TiO,—~PEDOT showed the largest anodic response at
higher potentials. This suggests that the combination of PEDOT and TiO; is also beneficial
under OER-relevant conditions. Since PEDOT can undergo electrochemical oxidation
under anodic bias, its doping state may change during oxidative PEC operation. Oxidized
or doped PEDOT contains polaron/bipolaron-derived electronic states, which can enhance
charge transport and broaden optical absorption [15-17,20,21]. Therefore, the anodic PEC
response of TiO,-PEDOT may be influenced not only by the initial PEDOT state but also by
bias-induced changes in the electronic structure of PEDOT during measurement. This bias-
dependent change also explains why the PEC behavior of initially doped PEDOT-based
electrodes cannot be simply predicted from their ex situ optical absorption and apparent
resistance alone.

Figure 5b shows chronoamperometric responses measured at 0.3 V vs. Ag/AgCl
under chopped illumination. TiO, exhibited only a weak photoresponse, whereas PEDOT
showed a larger and reproducible anodic photocurrent. TiO,-PEDOT displayed the highest
steady-state photocurrent and the most pronounced response to light on/off cycling. This
behavior indicates that the hybrid electrode provides more efficient photoinduced charge
utilization under oxidative conditions than either commercial TiO, or PEDOT alone. The
improvement relative to PEDOT suggests that the TiO, /PEDOT interface contributes to
interfacial charge separation and transport, while the much stronger response relative to
TiO, confirms that PEDOT is the dominant functional component for visible-light-driven
PEC activity.

Figure 5c shows chronoamperometric responses under illumination transmitted
through a 410 nm UV-cut filter. TiO; again remained nearly inactive, whereas PEDOT
and TiO,—-PEDOT both retained clear periodic anodic photocurrent responses. This result
further supports the interpretation that PEDOT is primarily responsible for extending the
photoresponse into the longer-wavelength region. The stable response of TiO,-PEDOT
under filtered illumination indicates that the hybrid electrode can utilize PEDOT-derived
visible-light absorption while maintaining favorable charge-transfer characteristics at the
TiO, /PEDOT interface. Therefore, under OER-relevant conditions, the enhanced PEC
response is attributed to the combined effects of PEDOT-based visible-light absorption,
bias-dependent PEDOT doping, and interfacial charge management in the TiO,—~PEDOT
hybrid structure.
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3.4. Long-Term Photoresponse Stability

Long-term chronoamperometric measurements were performed to evaluate the pho-
toresponse stability of the TiO,—PEDOT electrode under continuous illumination. Figure 6a
shows the current-time response measured at —0.35 V vs. Ag/AgCl under HER-relevant
conditions for 5200 s. The cathodic current remained nearly unchanged during prolonged
irradiation. Based on the average currents in the initial and final 300 s regions, the current
changed only slightly from —45.61 to —45.17 pA, corresponding to a current retention of
approximately 99.0%. This result indicates that the TiO,—PEDOT electrode maintained a
stable reductive photoresponse under continuous illumination.
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Figure 6. Long-term chronoamperometric responses of the TiO,—PEDOT electrode under continuous
illumination for 5200 s: (a) HER-relevant measurement at —0.35 V vs. Ag/AgCl and (b) OER-relevant
measurement at 0.6 V vs. Ag/AgCl.

Figure 6b shows the long-term chronoamperometric response measured at 0.6 V vs.
Ag/AgCl under OER-relevant conditions for 5200 s. In this case, the anodic current showed
a gradual decrease during the initial stage and then remained relatively stable. The average
current decreased from 4.51 pA in the initial 300 s to 4.14 pA in the final 300 s, corresponding
to a current retention of approximately 91.9%. Although the retention under oxidative
conditions was lower than that under reductive conditions, the electrode still maintained
more than 90% of its anodic current after 5200 s of continuous illumination.

It should be noted that 0.3 V vs. Ag/AgCl was used for the chopped transient OER-
relevant photoresponse measurement, whereas 0.6 V vs. Ag/AgCl was selected for the
long-term oxidative operation because it provides a clearer anodic PEC response. Overall,
these long-term measurements demonstrate that the TiO,—PEDOT electrode retains its PEC
photoresponse under both reductive and oxidative conditions during continuous illumination.

3.5. Role of PEDOT and TiO,/PEDOT Hybridization

The combined characterization and PEC results clarify the functional role of PEDOT
in the present commercial TiO,-based model system. First, PEDOT provides broad visible-
light absorption, and doped PEDOT further enhances long-wavelength absorption through
doping-induced electronic states. Second, electrochemical doping reduces the apparent
resistance of PEDOT-based electrodes, suggesting improved apparent charge-transport
characteristics. Third, PEDOT-containing electrodes show much stronger light-induced
PEC responses than TiO, alone under both HER- and OER-relevant conditions, indicating
that PEDOT is the central functional component governing the photoresponse. This role is
conceptually similar to recent quantum-dot-sensitized TiO, photoelectrodes, where visible-
light-active CulnS, quantum dots were used to enhance PEC hydrogen-generation perfor-
mance by improving charge transport and reducing trap-related losses [9]. In the present

https:/ /doi.org/10.3390/ electrochem?7030022


https://doi.org/10.3390/electrochem7030022

Electrochem 2026, 7, 22

12 of 15

system, PEDOT plays a sensitizer-like role while also providing conducting-polymer-based
charge-transport capability.

The role of commercial TiO, in this study is not to provide an optimized high-
performance oxide photoelectrode, but to serve as a simple model semiconductor for
evaluating the contribution of PEDOT-based hybridization. Because commercial TiO; was
used without morphology, defect, or surface optimization, the present system should not be
directly compared with optimized state-of-the-art PEC photoelectrodes in terms of absolute
performance. TiO, alone showed only limited photoresponse, particularly under illumi-
nation transmitted through a 410 nm UV-cut filter, consistent with its mainly ultraviolet
absorption. However, when combined with PEDOT, the TiO,—-PEDOT electrode showed
higher PEC responses than PEDOT alone under both reductive and oxidative conditions.
This result suggests that TiO, contributes to the hybrid electrode mainly through interfacial
charge management rather than direct visible-light absorption.

A plausible mechanism for the improved performance of TiO,—PEDOT can be un-
derstood from the complementary functions of the two components. PEDOT acts as the
primary visible-light absorber and charge-transport medium, while TiO, provides an ox-
ide semiconductor interface that may assist charge separation and transport. Since the
TiO, slurry was coated onto the pre-formed PEDOT film, the TiO, /PEDOT interaction is
mainly regarded as physical interfacial contact rather than a confirmed chemical reaction
or covalent bonding. The contact between p-type PEDOT and n-type TiO, may generate
a p—n-type interfacial effect or local interfacial electric field that promotes charge separa-
tion and suppresses recombination [5,10,11]. Under anodic conditions, PEDOT may also
become more oxidized, producing polaron/bipolaron-derived states that enhance charge
transport and optical absorption [13-15,18,19]. These effects can explain why TiO,-PEDOT
exhibits stronger PEC responses than either TiO, or PEDOT alone. However, because direct
chemical-bonding, band-alignment, and charge-transfer-dynamics measurements were
not performed in this study, this mechanism should be regarded as a plausible interpre-
tation rather than definitive proof of a chemically bonded interface or a fully confirmed
p-njunction.

It should be noted that the present study evaluates photocurrent responses under HER-
and OER-relevant conditions, rather than directly quantifying H; or O, evolution. Photocur-
rent response reflects the generation, separation, and transport of photogenerated charge
carriers under illumination, but it cannot be directly regarded as actual water-splitting
efficiency without quantitative gas analysis. Therefore, the results should be interpreted
as evidence of improved PEC charge utilization and photoresponse, not as direct proof
of complete water splitting. Nevertheless, the results demonstrate that PEDOT-centered
TiO, hybridization is an effective strategy for improving visible-light-responsive PEC be-
havior in a simple commercial oxide model system. Future work should include H, /O,
product quantification, Faradaic efficiency analysis, incident photon-to-current efficiency
measurements, wavelength-dependent photocurrent analysis, and further optimization
toward efficient overall water splitting.

4. Conclusions

In this study, PEDOT-centered TiO, hybrid electrodes were prepared by electropoly-
merizing PEDOT on FTO substrates, followed by electrochemical doping/dedoping treat-
ment and coating with commercial TiO; as a model oxide semiconductor. Structural and
compositional analyses confirmed the successful deposition of TiO, onto PEDOT-based
films. Electrochemical doping of PEDOT reduced the apparent resistance of the electrodes
and enhanced long-wavelength optical absorption, indicating that the PEDOT doping state
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plays an important role in controlling the apparent charge-transport and light-harvesting
properties of the electrode system.

PEC measurements using TiO,, PEDOT, and TiO,—PEDOT electrodes showed that
PEDOT-containing electrodes exhibited much stronger photoresponses than commercial
TiO, alone under both HER- and OER-relevant conditions. The TiO,—PEDOT electrode
showed the most pronounced and stable photocurrent responses under chopped illumina-
tion, and its retained response under illumination transmitted through a 410 nm UV-cut
filter supports the interpretation that PEDOT is primarily responsible for visible-light
utilization. The improved response of TiO,—PEDOT compared with PEDOT alone suggests
that the TiO, /PEDOT physical contact may provide an additional interfacial contribution
to charge separation and transport. Long-term chronoamperometric measurements further
showed that the TiO,—PEDOT electrode retained approximately 99.0% of its cathodic cur-
rent under HER-relevant conditions and 91.9% of its anodic current under OER-relevant
conditions after 5200 s of continuous illumination.

Overall, these findings clarify the central role of PEDOT as a visible-light-harvesting
and charge-transport component in commercial TiO;-based hybrid electrodes. Because Hj
and O, evolution were not quantified in this study, the observed photocurrent responses
should be interpreted as HER- and OER-relevant PEC photoresponses rather than direct ev-
idence of overall water splitting. Nevertheless, this work provides a useful model platform
and design concept for conducting-polymer-centered metal oxide hybrid photoelectrodes
for visible-light-responsive PEC energy-conversion applications.
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