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ABSTRACT: Photoelectrochemical (PEC) water splitting is promising for solar-to-hydrogen conversion,
but its efficiency is limited by sluggish oxygen evolution reaction (OER) kinetics and severe charge
recombination at the photoanode. Constructing heterojunctions with oxygen evolution cocatalysts is an
effective strategy to overcome these limitations. Herein, a CoPi cocatalyst-decorated TiO2/NiO
heterojunction photoanode (TNC) was fabricated by anodization of Ti sheets, NiO electrodeposition, and
CoP1i photodeposition. Characterization confirmed the successful anchoring of cubic NiO nanoparticles on
anatase TiO2 nanotube arrays and the homogeneous deposition of amorphous CoPi on the TiO»/NiO surface.
The resulting TNC photoanode exhibited extended visible-light absorption from 400 to 800 nm, efficient
charge separation, and excellent PEC performance. Compared with pristine TiO> and TiO2/NiO, TNC
delivered the highest photocurrent density, the smallest charge-transfer resistance, the most negative open-
circuit potential, and the shortest carrier decay lifetime. The enhanced PEC performance is attributed to the
Ti02/NiO heterojunction, which promotes charge separation, and the CoPi layer, which acts as a hole-
extraction layer, passivates surface trap states, and accelerates interfacial hole transfer for water oxidation.
This work provides a rational strategy for constructing efficient multi-component photoanodes for solar
water splitting.
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1. Introduction

Solar-driven photoelectrochemical (PEC) water splitting is one of the most promising strategies for
converting intermittent solar energy into clean, storable hydrogen fuel. However, its practical efficiency is
largely limited by the photoanode, where the oxygen evolution reaction (OER) suffers from sluggish four-
electron kinetics and severe charge recombination [1-3]. Among various photoanode materials, TiO»
nanotube arrays have attracted extensive attention because of their low cost, non-toxicity, high chemical
stability, large specific surface area, and efficient one-dimensional charge transport [4—6]. TiO> nanotube
arrays have been widely applied in photocatalytic pollutant degradation [5,7-9], photocatalytic CO>
reduction [10-12], and photocatalytic water splitting [13]. Nevertheless, pristine TiO> nanotube arrays
suffer from a wide band gap (~3.2 eV for anatase), which restricts their photoresponse mainly to the
ultraviolet region of the solar spectrum. Moreover, as with many semiconductors, the photogenerated
carriers in TiO2 nanotube arrays are prone to recombination, which severely limits their further application
in photocatalysis and PEC water splitting [14].

Constructing heterojunctions is an effective strategy to overcome these limitations. In our previous
studies, CdS quantum dots decorated on TiO; nanotube arrays formed TiO»/CdS heterojunctions, enabling
efficient photoelectrocatalytic degradation of methyl orange under visible-light irradiation [15]. Similarly,
Au nanoparticles loaded on TiO> nanotube arrays constructed plasmonic TiO2/Au heterostructures, which
achieved effective visible-light PEC removal of organic pollutants via plasmon-induced charge separation
[16]. These results indicate that heterojunction construction and interfacial modification are feasible routes
to enhance the PEC performance of TiO» nanotube arrays [17,18]. However, CdS suffers from
photocorrosion, and Au is costly and scarce; moreover, both systems were designed for pollutant
degradation rather than solar water oxidation. Therefore, developing stable, low-cost, and efficient TiO>
nanotube arrays-based photoanodes for PEC water oxidation remains highly desirable. Nickel oxide (NiO)
is a promising p-type semiconductor because of its excellent stability, low cost, high hole mobility, and
visible-to-near-infrared light absorption, which can significantly improve the full-spectrum light harvesting
of TiO> nanotube arrays-based electrodes [19]. Accordingly, TiO2/NiO heterostructures have been
constructed as a means to extend visible-light absorption and promote charge separation, mostly in
photocatalytic and photoelectrocatalytic degradation. For example, Parvizi et al. electrodeposited NiO on
Ti0; nanotube arrays, extending absorption to 200—800 nm and improving the PEC degradation of Acid
Blue 113 [20]. Liu et al. loaded black NiO nanoclusters on TiO> nanorods, where the heterojunction
enhanced carrier separation and suppressed recombination, enabling better photocatalytic degradation
performance than bare TiO; and NiO [21].

Although these studies demonstrate that TiO2/NiO heterostructures can enhance light absorption and
charge separation, they still face critical challenges for PEC water oxidation. The OER is a four-electron
process with sluggish kinetics and a high overpotential [22]. Photogenerated holes accumulated at the NiO
surface may recombine before driving water oxidation, and surface trap states can capture charge carriers
and hinder interfacial hole transfer [23]. Consequently, the PEC performance of TiO2/NiO photoanodes
remains limited by inefficient surface water oxidation. Loading an oxygen evolution cocatalyst is an
effective strategy to overcome these limitations. Among various cocatalysts, cobalt phosphate (CoPi) is
particularly attractive because of its earth abundance, low cost, and self-healing property [14,24,25]. CoPi
can act as a hole extraction layer to promote interfacial hole transfer and improve water oxidation kinetics,
as demonstrated on photoanodes such as BiVO4 [26] and a-Fe>Os3 [27]. Therefore, integrating CoPi with a
Ti102/NiO heterostructure is expected to synergistically enhance charge separation and water oxidation.

Despite the individual benefits of TiO2/NiO heterostructures and CoPi cocatalysts, the rational
integration of both components on TiO> nanotube arrays for enhanced PEC water oxidation remains
attractive and needs further exploration. Herein, we report a CoPi cocatalyst-decorated TiO2/NiO
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heterostructured photoanode (TNC) for enhanced PEC water oxidation. The TNC photoanode was
fabricated by two-step anodic oxidation of Ti sheets to form TiO: nanotube arrays, followed by
electrodeposition and annealing of NiO nanoparticles and subsequent photodeposition of CoPi. The
morphology, crystal structure, surface chemical states, optical absorption, and semiconductor
characteristics were systematically characterized. Its PEC performance was evaluated by transient
photocurrent, linear sweep voltammetry (LSV), electrochemical impedance spectroscopy (EIS), and open-
circuit potential (OCP) decay measurements. The TNC photoanode exhibits the highest photocurrent
density, the smallest charge-transfer resistance, the most negative OCP, and the shortest carrier decay
lifetime compared with the pristine TiO> nanotube arrays and the TiO2/NiO heterostructure. This work
demonstrates that the TiO2/NiO heterointerface, together with the CoPi cocatalyst, synergistically enhances
charge separation, interfacial hole transfer, and PEC performance, providing a rational design strategy for
efficient multi-component photoanodes.

2. Materials and Methods
2.1. Preparation of T/NiO/CoPi Photoanode

As schematically illustrated in Figure 1, the T/NiO/CoPi photoanode was fabricated through a three-
step route consisting of two-step anodization of Ti sheets, NiO electrodeposition, and CoPi photodeposition.
The materials and reagents used are listed in the Supporting Information (Text S1). First, TiO2 nanotube
arrays were fabricated on Ti sheets via a two-step anodic oxidation method. Prior to anodization, Ti sheets
(2 cm x 3.5 cm, 0.1 mm thickness, purity > 99.9%) were sequentially ultrasonically cleaned in ethanol and
deionized (DI) water for 10 min. A cleaned Ti sheet was used as the working electrode, a Pt sheet as the
counter electrode, and an ethylene glycol solution containing 0.3 wt% NH4F and 2.0 vol% DI water as the
electrolyte. The first anodic oxidation was conducted at 30 V for 2 h. The as-anodized sample was then
ultrasonically cleaned for 10 min to remove the oxide film on the Ti sheet surface, followed by a second
anodization under the same conditions for 3 h. After anodization, it was rinsed with ethanol and DI water
and dried at room temperature. Finally, the dried electrode was calcined in a muffle furnace at 500 °C for
2 h with a heating rate of 2 °C-min"! to obtain crystalline TiO, nanotube arrays (denoted as T).

NiO nanoparticles (NPs) were electrodeposited onto TiO> nanotube arrays using a standard three-
electrode configuration, with Ni sheet as the working electrode, the as-prepared T as the counter electrode,
and Ag/AgCl (saturated KCl) as the reference electrode. The Ni sheet was pretreated in the same manner
as the Ti sheet. An electrolyte was prepared by mixing equal volumes of 67.3 g-L ™! NiSOs, 22.5 g-L!
NiCl,, and 18.5 g-L ™! H3BOs, and its pH was adjusted to 4.5 with 0.01 M HCI. A constant current of 5 mA
was applied for 3 min to control the NiO loading. The resulting electrode was annealed in a muffle furnace
at 400 °C for 4 h at a heating rate of 2 °C-min"! to convert the deposited Ni into NiO, yielding the T/NiO
electrode (denoted as TN). CoPi cocatalyst was loaded onto TN by a photodeposition method [28,29]. TN
was immersed in a mixed solution of 0.5 mM Co(NOs3), and 0.025 M phosphate buffer solution (0.025 M
Na;HPO4 and 0.025 M NaH2POu, pH = 7), and irradiated under AM 1.5 illumination (100 mW-cm 2) for
90 s to obtain T/NiO/CoP1i photoanode (denoted as TNC).
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Figure 1. Schematic illustration for the fabrication process of the TNC photoanode.

2.2. Electrode Characterizations

The morphology of the as-fabricated electrodes was investigated using a field emission scanning
electron microscope (SEM, JSM-7610F Plus, JEOL, Tokyo, Japan) and transmission electron microscope
(JEM-F200, JEOL, Tokyo, Japan). The crystalline phase was characterized by an X-ray powder
diffractometer (XRD, SmartLab SE, Rigaku Corporation, Tokyo, Japan) with Cu K, radiation. The surface
chemical states were analyzed by X-ray photoelectron spectroscopy (XPS, PHI 5000, ULVAC-PHI,
Chigasaki, Japan). All the binding energy values were calibrated using C 1s (284.6 eV) as a reference. The
diffuse reflectance spectra (DRS) over a range of 200-800 nm were recorded by a UV-2550
spectrophotometer (UV-2550, Shimadzu Corporation, Kyoto, Japan) with an integrating sphere. The
characterization details are provided in Text S2.

2.3. Photoelectrochemical Measurements

All photoelectrochemical measurements were conducted on an electrochemical station (CHI760E,
Shanghai Chenhua Instrument Co., Ltd., Shanghai, China) in a three-electrode cell. A Pt sheet was utilized
as the counter electrode, an Ag/AgCl (saturated KCl) electrode as the reference electrode, and the as-
fabricated photoanode (T, TN or TNC) as the working electrode. A xenon lamp (CEL-PE300-4A, Beijing
China Education Au-light Co., Ltd., Beijing, China) was employed as the light source to provide simulated
solar illumination (AM 1.5G, 100 mW-cm 2), which was uniformly and parallelly irradiated onto the front
side of these electrodes. All PEC tests were carried out in a 0.1 M Na>SOj4 solution. Mott—Schottky plots
were recorded in the dark at 1000 Hz with an amplitude of 5 mV over a potential range from —0.2 to 1.65
V vs. Ag/AgCl. Transient photocurrent—time (/—¢) curves were recorded at a bias voltage of 0.6 V vs.
Ag/AgCl under repeated light on-off cycles (30 s dark and 30 s light). OCP and EIS measurements were
performed under open-circuit conditions. EIS was carried out over a frequency range of 100 kHz to 0.01
Hz with an amplitude of 5 mV. LSV was conducted under illumination at a scan rate of 5 mV-s!, and the
electrode potentials were converted to the reversible hydrogen electrode (RHE) using the Nernst equation.

3. Results and Discussion

3.1. Fabrication and Composition

The TNC photoanode was constructed by integrating a TiO2 nanotube scaffold, NiO NPs, and a CoPi
cocatalyst while preserving the one-dimensional nanotube architecture (Figure 1). The porous TiO>
nanotube arrays were first formed by a two-step anodization strategy, in which the initial anodization layer
was ultrasonically removed to leave ordered concave pits on the Ti substrate that served as favorable
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nucleation templates for the subsequent anodization [30,31]. After secondary anodization and calcination
at 500 °C, well-organized and tightly anchored porous TiO> nanotube arrays were obtained, providing an
increased active surface area and improved electrical contact between TiO> and the underlying Ti sheet
[30,32]. NiO NPs were then loaded on the TiO; surface via electrodeposition and calcination to prepare TN
composites. Finally, the CoPi cocatalyst was immobilized on TN through photodeposition in Co?'-
containing phosphate buffer [33,34]. Under light irradiation, photogenerated holes on the TN photoanode
oxidize Co®" ions in the electrolyte to high-valence cobalt species, which spontaneously combine with
phosphate anions and precipitate as amorphous CoPi cocatalyst on the electrode surface [35,36].

The XRD patterns of T, TN and TNC electrodes are shown in Figure 2a. For the bare T electrode, the
peaks at 20 = 40.2°, 53.0° and 70.7° originate from the Ti substrate (JCPDS No. 8§9-2959), while the typical
anatase TiO peaks, such as 25.3°, 37.8° and 48.7°, correspond to the (101), (004) and (200) planes (JCPDS
No. 21-1272) [16]. No impurity peaks are observed, indicating high phase purity and good crystallinity.
After NiO electrodeposition, TN exhibits an additional weak peak at 43.3°, which is indexed to the (200)
plane of cubic NiO (JCPDS No. 75-0269) [37]. Following CoPi photodeposition, TNC electrode still
exhibits the characteristic peaks of Ti, TiO, and NiO, but no peaks corresponding to crystalline CoPi,
suggesting that the CoPi cocatalyst is amorphous or present at a loading below the XRD detection limit.
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Figure 2. (a) XRD patterns of T, TN and TNC electrodes; High-resolution XPS spectra of TNC: (b) Ti 2p, (¢) Ni 2p, (d) O 1s,
(e) P 2p and (f) Co 2p.

The surface elemental composition and chemical states of TNC and TN were investigated by XPS. The
Ti 2p spectra of both electrodes (Figures 2b and Sla) show two peaks at 458.6 and 464.3 eV, which are
assigned to Ti 2ps.2 and Ti 2p12 of Ti*" in TiO2 [38], respectively. The Ni 2p spectra (Figures 2¢ and S1b)
can be deconvoluted into Ni** (853.5 and 871.0 eV), Ni** (855.6 and 873.0 eV), and satellite peaks (860.7
and 878.8 eV), confirming the coexistence of Ni>* and Ni** in NiO [39]. The O 1s spectra (Figures 2d and
S1c) exhibit peaks at 529.8 and 531.9 eV, corresponding to lattice oxygen and surface hydroxyl/adsorbed
oxygen species [40]. Notably, no obvious P or Co signals are detected in TN (Figure S1d,e). In contrast,
the TNC electrode exhibits distinct P 2p peaks at 133.0 and 134.0 eV (Figure 2¢), which are assigned to P
2p32 and P 2p1» of phosphate species, respectively [40]. In addition, the Co 2p spectrum of TNC (Figure
2f) can be fitted with Co®" (780.7 and 796.4 eV), Co?>" (782.0 and 797.6 eV), and their associated satellite
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peaks, confirming the presence of both Co®>" and Co?" [41]. These results demonstrate the successful
incorporation of phosphate and Co species into TNC.

3.2. Morphology and Nanostructure

The morphologies of T, TN, and TNC were examined by SEM, and the results are shown in Figure 3.
As displayed in Figure 3a,a’, T electrode prepared by two-step anodization exhibits highly ordered, densely
packed, and smooth TiO2 nanotube arrays with uniform pore openings. After NiO electrodeposition, the
TN electrode (Figure 3b,b’) shows NiO NPs distributed both on the nanotube surfaces and inside the
nanotube arrays without severe particle agglomeration. TNC electrode (Figure 3c,c’) maintains a
morphology similar to that of TN, indicating that the CoPi cocatalyst is deposited without damaging the
Ti02/NiO nanotube architecture. The energy-dispersive X-ray spectroscopy (EDS) elemental mapping of
TNC (Figure S2) clearly reveals the distribution of Ti, O, Ni, P, and Co, confirming the successful
deposition of NiO and CoPi on the TiO, nanotube arrays.

Figure 3. SEM images of T (a,a’), TN (b,b’), and TNC (¢,¢’) at different magnifications.

To further reveal the fine microstructure, lattice features, and elemental spatial distribution of the TNC
photoanode, TEM, high-resolution TEM (HRTEM), and EDS elemental mapping were performed, as
presented in Figure 4. The low-magnification TEM image (Figures 4a and S3a) reveals that granular NiO
NPs (marked by green dashed circles) are homogeneously anchored on a porous TiO> nanotube scaffold.
From the HRTEM image (Figure 4b), an interfacial boundary can be distinguished between the TiO»
nanotubes and the loaded NiO NPs. The well-resolved lattice fringe with an interplanar spacing of 0.352
nm in Figure 4c corresponds to the (101) crystal plane of anatase TiO» [42—44], which is consistent with
the XRD results described above. Meanwhile, lattice fringes of 0.209 nm and 0.241 nm (Figure 4d,e) are
assigned to the (200) and (110) planes of cubic NiO [45,46], further confirming the successful growth of
crystalline NiO domains on TiO; nanotubes. Notably, the edge regions outlined by white dashed lines in
Figures 4b and S3b show no obvious lattice fringes and are most likely associated with the amorphous CoPi
cocatalyst, consistent with its amorphous nature and in good accordance with our XRD observations and
previous literature reports [47].

The high-angle annular dark-field scanning TEM (HAADF-STEM) image is shown in Figure 4f. The
corresponding elemental mapping results (Figure 4g—k) display the spatial distribution of Ti, Ni, O, Co,
and P elements. Ti and O elements are widely distributed over the whole framework, originating from the
Ti10; nanotube matrix. The Ni signal is concentrated in discrete nanoparticle regions, matching the location
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of NiO NPs observed in HAADF-STEM. In addition, the Co and P signals are clearly observed in the
elemental mapping, further confirming the successful deposition of CoPi on the TiO2/NiO surface. Such a
configuration, in which the CoPi cocatalyst is deposited on the TiO2/NiO heterostructure, is expected to
facilitate charge transfer across the TiO2—NiO heterointerface and the semiconductor—cocatalyst interface,
thereby promoting the PEC water splitting performance of the composite photoanode.

WAL ANA
WAL\ 8'8520m

Figure 4. (a) TEM image of TNC electrode (green dashed circles represent NiO nanoparticles); (b—e) HRTEM images showing
the lattice fringes of TiO, and NiO, the scale bars in panels (c—e) are all 1 nm; (f) HAADF-STEM image and corresponding EDS
elemental mapping of (g) Ti, (h) Ni, (i) O, (j) Co, (k) P for TNC electrode.

3.3. Mott—Schottky Analysis and Optical Absorption

Mott—Schottky plots were recorded at 1000 Hz, a commonly used frequency for qualitatively assessing
the semiconductor characteristics of photoelectrodes. As shown in Figure 5a, the T electrode exhibits a
distinct positive slope in the potential range of —0.2 to 0.2 V vs. Ag/AgCl. Moreover, the slope does not
turn negative as the potential increases further, demonstrating that the as-synthesized anatase TiO2 nanotube
arrays behave as a pure n-type semiconductor, consistent with previously reported results [48]. After NiO
deposition, the M-S plot of TN displays a clear inverted “U-shape”. When the potential exceeds 1.2 V, TN
exhibits a p-type semiconducting feature originating from NiO, confirming the coexistence of n-type and
p-type semiconductors in the TN electrode. This inverted-U profile is consistent with the characteristic
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Mott—Schottky response of typical p-n heterojunctions [49—52]. Together with the above XRD, HRTEM,
and XPS results, it indicates the formation of a p-n heterojunction within TN. Notably, TNC shows a similar
M-S curve to TN, suggesting that CoPi loading does not significantly alter the semiconductor
characteristics of the electrode.

The light-absorption capability of T, TN, and TNC electrodes was compared by UV-Vis DRS. As
presented in Figure 5b, bare T absorbs mainly in the UV region below 400 nm, originating from the intrinsic
band-gap transition of TiO, [53]. Its weak apparent absorption in the visible region likely arises from
photon-guided resonance and light scattering from the ordered nanotube array rather than intrinsic TiO2
absorption. After incorporating NiO, both TN and TNC exhibit a distinct absorption extension into the
visible region (400—800 nm), which is attributed to the visible-light response of NiO. Notably, TNC shows
nearly identical visible-light absorption to TN, indicating that CoPi decoration barely alters the optical-
absorption behavior of the photoanode. Therefore, the superior photoelectrochemical activity of TNC
cannot be mainly attributed to enhanced light harvesting.
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Figure 5. (a) Mott-Schottky plots of T, TN and TNC electrodes and (b) UV-Vis diffuse reflectance spectra.

3.4. Photoelectrochemical Performance and Charge Separation

The PEC performance of T, TN, and TNC photoanodes was systematically characterized by transient
photocurrent, LSV, and EIS measurements. The transient photocurrent—time curves recorded at 0.6 V vs.
Ag/AgCl (Figure 6a) show that all electrodes exhibit rapid and reversible responses to chopped illumination,
with the photocurrent density following the order T < TN < TNC. The TNC photoanode produced the
highest photocurrent density, with a steady-state value of 0.06 mA c¢cm 2, which was considerably higher
than those of TN and T. Notably, the TC electrode (TiO:2 directly modified with CoPi without NiO) only
exhibits a marginal increase in photocurrent density compared to bare T (Figure S4). This demonstrates
that introducing CoP1i alone contributes limited PEC activity, whereas the remarkable performance of TNC
originates from the synergistic effect between the TiO2/NiO heterojunction and the CoPi cocatalyst. The
LSV curves under AM 1.5G illumination (Figure 6b) further confirm the superior performance of TNC,
which exhibits the highest photocurrent density over the entire potential range measured. The stability of
the TNC photoanode was evaluated by continuous chronoamperometry over 2 h in 0.1 M NaxSO4 (Figure
S5). The photocurrent exhibits a gradual decay in the initial stage before reaching a steady plateau. The
initial photocurrent decay is due to the accumulation of surface holes and the structural equilibration of
CoP1i in the non-buffered electrolyte [54].

For a more objective evaluation of the advantages of TNC, a comparison of photocurrent enhancement
for various photoanodes modified with cocatalysts is summarized in Table S1. The photocurrent
enhancement is defined as the ratio of the photocurrent density of the cocatalyst-modified electrode to that
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of the electrode before cocatalyst modification. This metric directly reflects the effectiveness of cocatalyst
loading while excluding the variations caused by different testing conditions (e.g., light sources, electrolyte
pH, and applied potentials). As shown, the TNC photoanode achieves a remarkable 2.4-fold enhancement
in photocurrent density after CoPi modification. This enhancement is highly competitive and even superior
to many reported electrodes.

To further probe the interfacial charge-transfer kinetics, EIS measurements were performed in the dark
and under illumination (Figure 6¢). The semicircle diameter in the Nyquist plots represents the interfacial
charge-transfer resistance (R); a smaller semicircle corresponds to faster charge transfer [37,55-59]. It
should be noted that the Nyquist semicircles appear incomplete within the measured frequency range because
of the relatively large R of the electrodes, a feature common to TiO>-based photoelectrodes [60,61]. The Rt
values were therefore obtained by fitting the full-frequency EIS data with an equivalent circuit rather than
from the visual completeness of the semicircles. The fitted R values (Figure 6d) follow the order TN-dark
(2251 ) > TNC-dark (1435 Q) > TN-light (1086 ©) > TNC-light (395 Q). TNC under illumination exhibited
the smallest semicircle and the lowest R value. In comparison with T and TN, the enhanced photocurrent
response and the pronounced decrease in R¢ for TNC suggest a synergistic effect between the TiO2/NiO
heterojunction and the CoPi cocatalyst. The TiO2/NiO heterojunction is considered to facilitate the separation
of photogenerated electron—hole pairs, while the CoP1i layer acts as a hole extraction layer that accelerates
interfacial hole transfer to the electrolyte and suppresses charge recombination.

a)

L
G
)

X 0.16 N
T —T
g ——TN g 0.08 TN
< i < ——1TNC
g 0.12 TNC z
> 006}
% 0.08} /light on %
o ] (\ S 0 0.04}
S 0.04f . &
5 5002}
: :
£ 0.00 8
2 light of f 2
n_ L L L L L & 0.00 L L L L
0 50 100 150 200 250 04 0.6 0.8 1.0 1.2 1.4
Time (s) Potential (V vs. RHE)
(c) d
150 2500
72251
120} 2000 //
@ 90} o 1500 / 1435
N B / 1086
I 60 TN-dark 0 1000 -
o TN-ight / /
o TNC-dark
30 o TNC-light 500 f / / —5
0 . N N N N 0
0 30 60 90 120 150 TN-dark TN-light TNC-dark TNC-light

Z'(Q)

Figure 6. Photoelectrochemical performances of T, TN, and TNC photoanodes. (a) Photocurrent response under on-off light
irradiation (AM 1.5G, 100 mW-cm2) at a bias voltage of 0.6 V vs. Ag/AgCl; (b) LSV curves under AM 1.5G illumination (vs.
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RHE); (¢) EIS Nyquist plots measured in dark and under illumination; (d) Fitted charge-transfer resistance (R.;) values derived
from EIS spectra.

OCP changes of T, TN and TNC photoanodes were measured, with the results shown in Figure 7a. The
OCP curves for all electrodes are composed of three stages, containing the processes in the dark, under
light-on and upon light-off. In the dark, the potential of each electrode is mainly governed by the
equilibrium state at the semiconductor-electrolyte interface. Upon light irradiation, hole consumption at the
semiconductor—electrolyte interface leads to the accumulation of photogenerated electrons within TiO»,
causing the Fermi level to shift toward more negative potentials [55,62]. Once photogeneration and
recombination balance, the OCP reaches a stable maximum. Obviously, all three electrodes exhibit
pronounced negative photopotential shifts. Relative to bare T, TN exhibits a much more negative steady-
state OCP under illumination. NiO loading enhances charge separation and suppresses bulk recombination,
increasing electron accumulation in TiO; and shifting the Fermi level negatively. TNC shows the most
negative OCP. CoPi rapidly captures holes at the NiO surface, accelerating interfacial hole consumption,
which further boosts electron accumulation and maximizes the photopotential shift. The OCP trend (T <
TN < TNC) is consistent with the higher photocurrent and lower charge-transfer resistance of TNC,
confirming that NiO and CoPi synergistically promote charge separation.
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Figure 7. (a) Open-circuit potential (OCP) profiles and their fitting curves for T, TN and TNC photoanodes; (b) Half-decay carrier
lifetime (z12) extracted from OCP decay upon light-off; (¢) Electron decay lifetime (z,) as a function of open-circuit potential.

After light-off, the photopotential decay was monitored to evaluate carrier recombination kinetics.
Surface trap states can capture the charges transported to the electrode surface and hinder interfacial charge
transfer between the photoanode and the electrolyte. A higher density of trap states generally results in a
longer charge decay time. Accordingly, the OCP decay was fitted using a double-exponential equation
(Equation (1)) to evaluate the surface trap states. Based on the fitted decay time constants 71 and 72, the
harmonic average lifetime (zm) and the half-life of photopotential decay (712) were calculated using
Equations (2) and (3) [63—65], respectively:

Y = AO +Ale_t/‘rl +Aze_t/12 (1)
—T1T3

= (11 +72) @

T1y, = TpIn2 3)

where Ao, A1, A2 are fitting constants. As presented in Figure 7b, bare T exhibits the 712 (4.67 s) due to
abundant surface trap states that hinder charge transfer. TiO2/NiO heterojunction facilitates hole extraction
toward NiO, suppressing trap-mediated capture and shortening 712 to 2.38 s for TN. Further CoPi
photodeposition passivates the trap states of the TNC electrode, enabling preferential hole transfer to CoPi
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instead of recombination with electrons. This results in the shortest 712 (1.6 s) for TNC. The progressive
decrease in 712 from T to TN to TNC indicates the stepwise optimization of interfacial charge dynamics by
NiO and CoPi.

Furthermore, the apparent decay lifetime of the photogenerated carriers (z,) was estimated from the
derivative of the OCP curve using Equations (4) [66,67]:

kT /dOCP\ !
B ( ) @)

Ty =————

" e \ dt
where 7, is the decay lifetime, Az is the Boltzmann constant, 7 is the absolute temperature, and e is the
positive element charge. The 7, of TNC is obviously shorter than those of T and TN, which further confirms
that the construction of the heterojunction and loading of CoP1i cocatalyst effectively promote the extraction
and transfer of photogenerated charge carriers and suppress charge recombination.

4. Conclusions

In summary, a CoPi cocatalyst-decorated TiO2/NiO heterojunction photoanode was successfully
constructed through two-step anodic oxidation of Ti sheets, NiO electrodeposition, and CoPi
photodeposition. Cubic NiO nanoparticles were anchored on anatase TiO> nanotube arrays, while
amorphous CoPi was homogeneously deposited on the TiO2/NiO surface. This electrode design extended
the photoresponse into the visible region from 400 to 800 nm and improved charge separation/interfacial
hole transfer. The TNC photoanode exhibited the highest photocurrent density of 0.06 mA-cm 2 at steady
state at 0.6 V vs. Ag/AgCl, the smallest charge-transfer resistance of 395 Q under AM 1.5G illumination,
the most significant open-circuit potential change, and the shortest carrier decay lifetime among T, TN, and
TNC electrodes. The improved PEC water oxidation performance is attributed to the TiO2/NiO
heterojunction, which promotes charge separation, and the CoPi layer, which serves as a hole-extraction
layer and passivates surface trap states.
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