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Abstract
The slow oxygen evolution kinetics of iron oxide nanorod arrays have limited their applications in photocatalytic 
water splitting. Herein, we introduce p-type semiconductor cuprous oxide and further cover cobalt hydroxide 
ultrathin nanosheets on the surface of both by electrochemical deposition; these methods obviously enhanced the 
photoelectrochemical (PEC) water splitting performance of iron oxide nanorods on titanium sheet substrate. The 
photocurrent of this heterostructure reached 4.8 mA/cm2 at 1.23 V (vs. reversible hydrogen electrode) in a 1 M 
KOH aqueous solution under AM 1.5G illumination, which is much higher than the currently reported 
photocatalytic water splitting performance of iron oxide nanoarrays. The construction of Fe2O3/Cu2S p-n 
heterojunction accelerates the separation of photogenerated carriers in the main body of Fe2O3 nanorod arrays; as 
an excellent oxygen evolution catalyst (OEC), the introduction of Co(OH)x accelerates the kinetic process of 
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interfacial water oxidation leading to the rapid depletion of photogenerated holes, which further improves the 
charge separation on the photoanode surface. Thus, the synergistic effect between Fe2O3/Cu2S p-n heterojunctions 
and oxygen evolution catalysts enhanced the iron oxide nanorod array photoanodes.

Keywords: Ti/Fe2O3/Cu2S/Co(OH)x, photoelectrochemical, water splitting, hydrogen evolution

INTRODUCTION
With economic and social development, the energy and environmental crises are increasingly becoming a 
constraint on human progress[1], but the photoelectrochemical (PEC) water splitting into hydrogen[2] offers a 
promising solution that exploits nature’s most abundant solar energy to decompose the earth’s vastly more 
abundant water resources into clean, environmentally friendly, and highly energy-dense hydrogen[3]. In 
1972, Fujishima and Honda demonstrated the potential of titanium dioxide (TiO2)[4] semiconductor 
materials in splitting water into hydrogen and oxygen in photochemical cells[5].

Many highly active photoanodes have been reported, such as a monoclinic tungsten trioxide (WO3) 
nanowire by Nayak et al.[6]. The PEC activity of this nanowire was about 21 times higher than that of 
WO3-H2O nanoplates and higher than that of the existing WO3 nanostructures. The enhanced PEC activity 
is attributed to the one-dimensional morphology of the WO3 nanowires, larger surface area, and other 
factors.

Among the numerous semiconductor photoelectric anode materials, hematite[7] (α-Fe2O3) has become one 
of the most widely applied photoanode materials at this stage because of its excellent stability and 
environmental friendliness[8,9]. Fe2O3 has a band gap (Eg) of 1.9 to 2.2 eV[10]. Therefore, its light absorption 
range exceeds 600 nm, and it has sufficient visible light absorption[11]; theoretical calculations show that an 
ideal Fe2O3 photoanode can achieve up to 12.6 mA/cm2 at 1.23 V [vs. reversible hydrogen electrode (RHE)] 
under 100 mW/cm2 (AM 1.5G) of solar radiation[12]. However, the actual performance of Fe2O3 in PEC cells 
falls significantly below the theoretical value due to fast carrier complexation and a short hole diffusion 
length (only 2-4 nm), which severely affects its practical application[8]. Various modification strategies have 
been used to alleviate the shortcomings of hematite, such as doping[13], homojunction[14]/heterojunction[15] 
formation, and surface modification[16].

Cu2S is a widely utilized p-type semiconductor commonly employed in solar energy conversion[17]. It has an 
excellent ability to absorb light utilizing a wide range of wavelengths[18], while its high conductivity permits 
efficient photogenerated charge transfer[19]. A recent report has shown that the heterostructure formed by 
Fe2O3 and Cu2S exhibits enhanced photocatalytic activity under oxygen evolution reaction (OER). The 
enhanced activity is attributed to the formation of covalent bonds between Cu2S and Fe2O3, particularly the 
S–O bonds[20].

The construction of p-n junctions has been shown to optimize the PEC performance of photoanode 
arrays[21]. The built-in electric field facilitates the rapid separation of photogenerated carriers at the p-n 
junction[22] interface. It reduces bulk phase complexation, thereby enhancing the PEC water-splitting 
performance of the photoanode[23]. For instance, using the Ar plasma-assisted strategy, Meng et al. 
fabricated a SnS2 nanosheet array with numerous surface holes[24]. The reduction property of Ar atoms led to 
a partial reduction of Sn4+ to Sn2+, forming a SnS/SnS2 p-n junction of the nanosheet array. This facilitates 
carrier separation and prolongs carrier lifetime. As a result, the photocurrent density of this nanosheet array 
was 2.15 mA/cm2. In addition, Wu et al. also synthesized atomic sandwiched nitrogen-doped SnS2 
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nanosheets (p-n-p-SnS2) by controlled NH3 treatment[25]. The best sample achieved an optical current 
density of 3.28 mA/cm2. The outstanding performance can be attributed to the formation of p-n-p junctions 
that facilitate electron-hole transfer and optimize the kinetics of the oxygen precipitation reaction. Notably, 
loaded oxygen precipitation catalysts [oxygen evolution catalysts (OECs)] are considered a particularly 
effective method for enhancing the surface reaction kinetics of α-Fe2O3 membranes[26]. The OECs used in 
PEC systems are usually derived from superior electrocatalysts, and many of these low-cost transition-
metal-based OECs have been shown to be able to achieve low overpotentials for electrochemical OER[27].

The construction of ternary photocatalytic or PEC materials has been widely studied. For example, Yang 
et al. reported a photocatalyst TiO2/MgTiO3/C that was synthesized at the gram scale by a simple 
mechanochemical method[28]. The ternary heterostructure achieves excellent light utilization and good 
photostability and is more conducive to solar-driven photochemical hydrogen production. An et al. 
achieved the co-synthesis of H2O2 and hydrogen by constructing a ternary photoanode CaSnO3/SrTiO3/
BiVO4 (CSO/STO/BVO), replacing the four-electron reaction with the kinetically superior two-electron 
reaction optimized the kinetics of the water oxidation of the PEC and facilitated the separation of the 
products[29]. In addition, the authors performed outdoor tests and considered issues for practical engineering 
applications.

However, simultaneous improvement in charge separation and surface oxygen precipitation kinetics at 
α-Fe2O3 nanorod array photoanodes through synergistic effects between p-n heterojunctions and OECs has 
not yet been achieved.

Herein, we grew an array of Fe2O3 nanorods on titanium sheets using a hydrothermal method, which was 
used as a photoanode named Ti/Fe2O3. Further, we introduced a p-type semiconductor cuprous sulfide to 
form a p-n heterojunction photoanode (named Ti/Fe2O3/Cu2S), which significantly enhanced the PEC 
water-oxidation performance of the photoanode. In addition, the surfaces of both were further covered with 
ultrathin nanosheets of cobalt hydroxide by electrochemical deposition, which also significantly improved 
the PEC water decomposition performance of the Ti/Fe2O3/Cu2S photoanode. The photocurrent of this 
heterostructure [named Ti/Fe2O3/Cu2S/Co(OH)x] reached 4.8 mA/cm2 at 1.23 V (vs. RHE) in 1 M KOH 
aqueous solution at AM 1.5G, which is much higher than the PEC water splitting performance of the Fe2O3 
nanoarrays reported so far. The substantial improvement of the catalytic performance is mainly attributed 
to two points: one is that the introduction of Fe2O3/Cu2S p-n heterojunction accelerates the separation of 
photogenerated carriers in the Fe2O3 nanorod arrays; the other is that the addition of OEC on the Co(OH)x 
surface accelerates the kinetics of the interfacial water oxidation, and the rapid depletion of the 
photogenerated holes further improves the photo-anodic surface charge separation. Therefore, the 
synergistic effect between Fe2O3/Cu2S p-n heterojunction and OEC significantly enhances the PEC water 
decomposition performance of the iron oxide nanorod array photoanode.

EXPERIMENTAL
Materials and synthesis methods
All chemical reagents used were analytically pure and underwent no further refinement during the 
experiment, including titanium foil, concentrated hydrochloric acid, acetone (C3H6O), ethanol absolute 
(C2H6O), deionized water, FeCl3·6H2O, NaNO3, Co(NO3)2·6H2O, CuCl, and Na2S·9H2O.

Preparation of Ti/Fe2O3 photoanode
The Ti/Fe2O3 nanorod photoelectrode was prepared by a simple hydrothermal method[7] [Figure 1]. Firstly, 
182.4 mg of FeCl3·6H2O and 383 mg of NaNO3 were dissolved in 4.5 mL of ultrapure water, and the 
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Figure 1. Synthesis steps of Ti/Fe2O3/Cu2S/Co(OH)x photoanode.

resulting solution was stirred continuously for 2 h before adding 20 μL concentrated hydrochloric acid. 
Next, the prepared mixed solution of 0.15 M FeCl3 and 1 M NaNO3 was transferred to the stainless steel 
autoclave lined with polytetrafluoroethylene, and the titanium sheet was also immersed in the solution. 
After that, the autoclave was put into the oven and heated at 100 °C (1 °C/min) for 5 h. After the reaction, 
the titanium sheet was deposited with a uniform yellow β-FeOOH layer. Finally, the substrate was washed 
with deionized water to remove residual FeOOH and calcined at 550 °C (2 °C/min) for 2 h to obtain a 
sample called Ti/Fe2O3. The titanium sheets used in the hydrothermal reaction were ultrasonically cleaned 
in advance with a mixture of hydrochloric acid, ethanol acetone, and deionized water for 0.5 h to remove 
organic pollutants and dust.

Preparation of Ti/Fe2O3/Cu2S photoanode
According to previous reports, Ti/Fe2O3/Cu2S heterostructures were synthesized using the successive ion 
layer adsorption and reaction (SILAR) method[18] [Figure 1]. The α-Fe2O3 nanorod photoelectrode was first 
immersed in a CuCl-saturated solution for 60 s, which allowed Cu+ to adsorb on the surface of the α-Fe2O3 
nanorod photoelectrode. Then, the photoelectrode was rinsed in deionized water for 60 s to prevent 
excessive Cu2S precipitation. Afterward, the photoelectrode was immersed in 5 mM Na2S anion solution for 
60 s to react S2- with adsorbed Cu+ to produce Cu2S. Finally, the photoelectrode was rinsed with deionized 
water for 60 s. These steps constitute a cycle count. The photoelectrode was immersed in the solution for 
different cycles (3, 5, 10, 15) to control the deposition amount of Cu2S. Finally, the photoelectrode 
synthesized by the SILAR method was annealed in an argon atmosphere at 200 °C (5 °C/min) for 2 h, 
resulting in a sample called Ti/Fe2O3/Cu2S.

Preparation of Ti/Fe2O3/Cu2S/Co(OH)x photoanode
According to previous reports[27], the photoelectrode Ti/Fe2O3/Cu2S/Co(OH)x was synthesized through a 
simple electrochemical deposition method [Figure 1]. Using a 1 mA/cm2 cathode current density, Ti/Fe2O3/
Cu2S photoelectrode was deposited onto ultra-thin Co(OH)x nanosheets in a solution containing 2 mM 
Co(NO3)2. The best performance of the photoelectrode could be achieved by selecting different deposition 
times (30, 60, 90, and 120 s). The final sample obtained was called Ti/Fe2O3/Cu2S/Co(OH)x.
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Preparation of Cu2S nanoparticles
The saturated CuCl and 5 mM Na2S solutions were mixed with thorough stirring, and the Cu2S 
nanoparticles were obtained after pumping and filtering. After acid washing and centrifugation, the 
obtained Cu2S nanoparticles were deposited on fluorine-doped tin oxide (FTO) by spin coating for 
electrochemical testing.

Materials characterizations
The microscopic morphology was evaluated using a scanning electron microscope (SEM, Apreo S LoVac, 
Thermo Fisher Scientific) with an operating voltage of 10 kV. The TF20 (FEI), operated at 200 kV, was used 
to perform transmission electron microscopy (TEM) and selected area electron diffraction (SAED) 
techniques to characterize the detailed morphology, size, and element composition of the samples. The 
crystal structure of the sample was described using X-ray diffraction (XRD) data obtained from the Miniflex 
600 X-ray diffractometer. The measurement range was 20°-80° with CuK radiation. The light absorption 
ability of the sample was evaluated by collecting the ultraviolet-visible (UV-vis) absorption spectrum using 
the Cary 5000 spectrophotometer (Agilent). X-ray photoelectron spectroscopy (XPS) was performed with 
Al Ka rays.

The bandgap energy (Eg) is determined from UV-vis diffuse reflectance spectroscopy (UV-vis-DRS), 
specifically utilizing the Tauc diagram. Eg is calculated using:

Which represents Tauc plotting, where a is the direct light absorption coefficient, h is Planck’s constant, v is 
the frequency of the incident light, A is the proportionality constant, and Eg is the energy gap of the 
semiconductor photocatalyst. For direct bandgap semiconductors, x equals 2; for indirect bandgap 
semiconductors, x equals 1/2.

PEC measurements
The PEC test was conducted using a PEC2000 PEC test system (Beijing Perfectlight Technology Co., Ltd., 
Beijing, China), which comprises a Shanghai Chenhua electrochemical workstation (CHI760e), a xenon 
lamp (PLS-FX300HU, Beijing Perfectlight) with an AM 1.5G filter (100 mW/cm2), a chopper module 
(PFS40A shutter actuator), and a single-room electrochemical cell. The PEC tests were conducted under no 
light, light, or alternating light conditions. Linear sweep voltammetry (LSV) typically measured the potential 
range between -0.31 and 0.61 V (vs. Ag/AgCl), with light intermittently blocked by a shutter toggling every 
5 s. Chronoamperometric testing (I-t) was performed at 0.23 V (vs. Ag/AgCl) under light conditions. The 
prepared photoelectric electrode served as the working electrode, a Pt plate as the counter electrode, Ag/
AgCl (saturated KCl) as the reference electrode, and 1 M KOH (pH = 13.6) as the electrolyte. Throughout 
the testing, it was ensured that the working electrode had a light-exposed area of 1 cm2. The measured 
potential could be converted to ERHE (V) value using:

(1) 

The applied bias photon-to-current efficiency (ABPE) with external bias can be calculated using:

(2) 

Where EAg/AgCl
0  = 0.1976 V vs. RHE (25 °C).

(3) 
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Where Jph denotes the photocurrent density (mA/cm2) measured by the electrochemical workstation. Eapp 
signifies the relationship between the applied bias voltage and ERHE (V), and Plight represents the total light 
intensity of AM 1.5G (100 mW/cm2).

The incident monochromatic photon electron conversion efficiency (IPCE) and Mott-Schottky (MS) 
measurements were conducted in the IPCE1000 PEC testing system (Beijing Perfectlight Technology Co., 
Ltd., Beijing, China). The instrument is equipped with an electrochemical workstation (CS 350H, Wuhan 
Kotex Instruments Co., Ltd., China). IPCE can be calculated by:

Where Iph (A/cm2) refers to the output photocurrent density at each wavelength (λ, nm), and Pin represents 
the incident light power density. Usually, the IPCE spectrum is calculated based on the photocurrent 
density recorded by the chronoamperometric method. The incident monochromatic light of 300-600 nm is 
separated by a monochromator using a xenon lamp (PLS-FX300HU, Beijing Perfectlight).

The MS measurement results were used to illustrate the flat band potentials. The frequency range of the 
electrochemical analyzer is 0.1~100,000 Hz. The working electrodes were measured at 500, 1,000, 1,500, and 
2,000 Hz, respectively. Based on the MS plot, the flat band potential of the photoelectrode can be 
determined according to:

Where C is the space charge capacitance, e is the electron charge, ε is the vacuum permittivity 
(8.85 × 10-12 F·m-1), ε0 is the relative permittivity of hematite (ε0 = 80), ND is the charge donor density, which, 
in this case, can refer to the carrier concentration (cm-3), E is the electrode applied potential, EFB is the flat 
charged potential, κ is the Boltzmann constant (1.38 × 10-23 J·K-1), and T is the absolute temperature (K).

The carrier concentration (ND) of the obtained photoanode can be roughly estimated by:

Electrochemical impedance spectroscopy (EIS) was performed using a Squidstat Plus electrochemical 
workstation (Admiral Instruments, Tempe, Arizona, USA).

PEC H2 evolution experiments were conducted using an all-glass automatic online trace gas analysis system 
(Labsolar-6A, Beijing Perfectlight). The system utilized a xenon lamp (Microsolar 300, Beijing Perfectlight). 
This setup was interfaced with a commercial electrochemical workstation (Squidstat Plus, Admiral 
Instruments, Arizona) for bias voltage application (0.23 V vs. Ag/AgCl) and photocurrent data collection. 
The electrolyte used was a 1 M KOH solution (75 mL). Periodic analysis of PEC-generated H2 was 
performed using a FULI-GC-9790II gas chromatograph (GC) (Zhejiang Fuli) equipped with a thermal 
conductivity detector (TCD), with argon (Ar) serving as the carrier gas at a flow rate of 30 mL/min.

(4) 

(5)  

(6) 
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Figure 2. (A-C) SEM images of Ti/Fe2O 3, Ti/Fe2O3/Cu2S, and Ti/Fe2O3/Cu2S/Co(OH)x photoanodes; (D and E) HRTEM images of 
Ti/Fe2O3/Cu2S/Co(OH)x photoanode; (F) SAED images of Ti/Fe2O3/Cu2S/Co(OH)x photoanode; (G) STEM image of Ti/Fe2O3/Cu2S/
Co(OH)x photoanode; (H-L) EDS mapping (Fe, O, Cu, S and Co) of Ti/Fe2O3/Cu2S/Co(OH)x photoanode. SEM: Scanning electron 
microscope; HRTEM: high-resolution transmission electron microscopy; SAED: selected area electron diffraction; STEM: scanning 
transmission electron microscopy; EDS: energy dispersive spectroscopy.

RESULTS AND DISCUSSION
Morphology and structure
Ti/Fe2O3, Ti/Fe2O3/Cu2S, and Ti/Fe2O3/Cu2S/Co(OH)x photoanodes exhibit a semi-collapsed rod-shaped 
structure [Figure 2A-C], belonging to one-dimensional nanomaterials. The side view shows that the length 
of these rods is approximately 700 nm. Compared to Ti/Fe2O3, there is no obvious Cu2S and Co(OH)x on the 
surface of Ti/Fe2O3/Cu2S and Ti/Fe2O3/Cu2S/Co(OH)x photoanodes, which may be due to the relatively 
small loading amount of Cu2S and the deposition amount of Co(OH)x. By increasing the loading of Cu2S, it 
was demonstrated that Cu2S nanoparticles were synthesized, as detailed in Supplementary Figure 1. The 
rod-like structure of the Ti/Fe2O3/Cu2S/Co(OH)x photoanode is observed by TEM [Figure 2D]; in Figure 2E, 
the calculated lattice spacing is compared with the XRD standard spectrum, demonstrating that the (102) 
crystal plane of Cu2S is on the left of the figure[30], while the (202) crystal plane of Fe2O3 is on the right. In the 
high-resolution mode[31], a phase interface between Fe2O3 and Cu2S is observed, with a heterojunction 
structure forming between the two. In addition, an ultra-thin Co(OH)x film outside the Fe2O3 and Cu2S 
heterojunction structure wraps both, forming a Co(OH)x-covered p-Cu2S/n-Fe2O3 structure.

https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202408/cs3068-SupplementaryMaterials.pdf
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The SAED characterization results are shown in Figure 2F. The SAED profiles correspond to the (001) and 
(002) crystal faces in Cu2S and (010) crystal face in Co(OH)x, which are the main peaks of Cu2S and 
Co(OH)x crystals, respectively; this further proves that the presence of Cu2S and Co(OH)x nanorods in 
Ti/Fe2O3/Cu2S/Co(OH)x nanorods Co(OH)x. In addition, the SAED pattern corresponds to the (300) and 
(006) crystal faces in the α-Fe2O3 crystals, which are the main peaks of α-Fe2O3, further proving that the main 
component of the Ti/Fe2O3/Cu2S/Co(OH)x nanorods is α-Fe2O3. Energy dispersive spectroscopy (EDS) 
surface scan characterization of the photoanode Ti/Fe2O3/Cu2S/Co(OH)x [Figure 2G] was carried out. The 
results [Figure 2H-L] show that Ti/Fe2O3/Cu2S/Co(OH)x nanorods contain both Fe, O, Cu, S, and Co, and 
all five elements are relatively uniformly distributed on the nanorods.

Figure 3A shows the XRD results of three types of photoanodes. By comparing them with standard cards 
(PDF#44-1294) and (PDF#33-0664), it is proven that they are the characteristic XRD peaks of metal Ti and 
Fe2O3. The XRD results showed that the structure of Fe2O3 remained unchanged during the preparation and 
electrochemical deposition of SILAR. At the same time, no XRD peaks of Cu2S and Co(OH)x were observed, 
indicating a relatively low content of Cu2S and Co(OH)x. Additionally, the XRD fine maps of these three 
photoanodes from 32.5° to 34.0° [Figure 3B] reflected that the introduction of a small amount of Cu2S and 
Co(OH)x did not shift the X-ray characteristic diffraction peaks of Fe2O3 and metal Ti, which indicated that 
Cu2S and Co(OH)x did not alter the physical phases of Fe2O3 and metal Ti. They were only loaded or 
encapsulated on the Fe2O3 and metal Ti.

Surface analysis and elemental composition
XPS was performed on Ti/Fe2O3, Ti/Fe2O3/Cu2S, and Ti/Fe2O3/Cu2S/Co(OH)x photoanodes to confirm the 
formation of heterostructures and analyze the chemical states of elements. The XPS full spectrum [Figure 
4A] reveals that the Ti/Fe2O3/Cu2S/Co(OH)x photoanode comprises Fe, O, Cu, S, and Co. Similarly, the 
other two photoanodes also exhibit the presence of these elements. In the Fe 2p region [Figure 4B], the XPS 
spectra reveal two peaks at approximately 724 and 711 eV, characteristic of Fe3+, along with two satellite 
peaks observed at 732.74 and 718.35 eV. It can be seen from the figure that the two main peaks at about 724 
and 711 eV confirm the presence of Fe3+ as the main component on these three photoanodes; these main 
peaks are also accompanied by satellite peaks at about 733 and 718 eV, also indicative of Fe3+ presence; the 
XPS peaks of these three photoanodes show no shifts[32,33]. As can be seen from Figure 4C, the peak of the 
Fe–O bond of these three samples is around 529.8 eV without a significant shift. Compared to Ti/Fe2O3, the 
peaks corresponding to the high binding energy of the O element in Ti/Fe2O3/Cu2S and Ti/Fe2O3/Cu2S/
Co(OH)x are shifted towards higher binding energies, attributed to the formation of S–O bonds[20]. In the Cu 
2p spectrum [Figure 4D], the peaks observed at 951.90 and 932.03 eV correspond well to Cu 2p1/2 and Cu 
2p3/2 of Cu+. Additionally, the absence of the characteristic jitter peak between the Cu 2p1/2 and 2p3/2 peaks 
suggests the absence of Cu2+[34,35]. Consistent with the findings in the Cu 2p spectrum, the presence of two 
peaks at S 2p1/2 (163.4 eV) and S 2p3/2 (162.3 eV) [Figure 4E] confirms the formation of Cu2S[20]. Compared 
with Ti/Fe2O3, a pair of weak peaks were observed at 164.3 and 162.3 eV for the as-prepared Ti/Fe2O3/Cu2S 
and Ti/Fe2O3/Cu2S/Co(OH)x photoanodes, which were assigned to Cu2S. The S–O bond between Fe2O3 is 
completely consistent with previous reports[36,37]. The Co 2p spectrum [Figure 4F] also shows two main 
peaks near 781 eV (corresponding to Co 2p3/2), and a dithered satellite peak (near 786 eV), which 
corresponds to Co3+ and Co2+, respectively[38,39]. The fitting results show that the content of Co3+ in the 
composite is relatively higher than that of Co2+, which is beneficial for obtaining excellent catalytic 
activity[38]. In addition, a satellite peak located near 786 eV can be attributed to the Co hydroxyl group[40]. 
The formation of Co hydroxyl groups will have a positive impact on the OER performance, as it may induce 
structural flexibility and an optimized coordination state[41].
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Figure 3. (A) XRD patterns of Ti/Fe2O 3, Ti/Fe2O3/Cu2S, and Ti/Fe2O3/Cu2S/Co(OH)x photoanodes; (B) XRD fine patterns of Ti/Fe2O3,
Ti/Fe2O3/Cu2S, and Ti/Fe2O3/Cu2S/Co(OH)x photoanodes. XRD: X-ray diffraction.

Figure 4. XPS spectra of Ti/Fe2O 3, Ti/Fe2O3/Cu2S, and Ti/Fe2O3/Cu2S/Co(OH)x photoanodes. (A) the survey spectra; (B) Fe 2p; (C) O 
1s; (D) Cu 2p; (E) S 2p; and (F) Co 2p. XPS: X-ray photoelectron spectroscopy.

As shown in Figure 5A, the trend of the curves of the UV-vis absorption spectra of these three photoanodes 
is consistent, and the test results illustrate that the absorption of these three samples is relatively strong in 
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Figure 5. (A) UV-Vis absorption spectra of Ti/Fe2O 3, Ti/Fe2O3/Cu2S, and Ti/Fe2O3/Cu2S/Co(OH)x photoanodes; (B) The bandgap 
diagram of Ti/Fe2O 3, Ti/Fe2O3/Cu2S, and Ti/Fe2O3/Cu2S/Co(OH)x photoanodes. UV-Vis: Ultraviolet-visible.

the UV region and in the visible region from 420 to 600 nm. The bandgap can be estimated from the Tauc 
plot [Equation (1)][42], so that the bandgap of Fe2O3, the main semiconductor material of the three 
photoanodes, can be deduced from the test results of the UV-Vis diffuse reflectance spectra to be 1.98 eV 
[Figure 5B].

PEC and EC analysis
PEC measurement
A series of PEC tests[43] were used to characterize the iron oxide nanorod photoanode[44]. The LSV results 
[Figure 6A] indicate the photocurrent performance of different samples in a 1 M KOH electrolyte solution 
at potentials ranging from 0.7 (vs. RHE) to 1.6 V (vs. RHE). Under AM 1.5G irradiation, as P-type Cu2S 
semiconductors and ultra-thin Co(OH)x nanosheets were gradually introduced, the photocurrent density of 
the photoanode significantly increased. The Ti/Fe2O3/Cu2S/Co(OH)x photoanode showed the highest 
photocurrent density, about 4.81 mA/cm2 at 1.23 V (vs. RHE), which was about three times that of the 
original Ti/Fe2O3 (1.62 mA/cm2). Under visible light irradiation (Figure 6B, λ > 420 nm, 66.7 mW/cm2), the 
photocurrent density of the Ti/Fe2O3/Cu2S/Co(OH)x photoanode is about half of that under AM 1.5G 
irradiation, measuring about 2.39 mA/cm2 at 1.23 V (vs. RHE). This indicates good visible photocatalytic 
activity. We also explored the advantages of one-dimensional morphology in observing high photocurrents 
[Supplementary Figure 2]. In addition, different Cu2S and Co(OH)x contents affect the PEC characteristics 
of Ti/Fe2O3 [Supplementary Figure 3].

Supplementary Table 1 shows the PEC performance of the Ti/Fe2O3/Cu2S/Co(OH)x photoanodes in this 
study compared to other recently reported Fe2O3-based photoanodes. The final comparison results show the 
excellent performance of our prepared photoanode.

The ABPE [Figure 6C] of each photoanode below the water oxidation thermodynamic potential (1.23 V vs. 
RHE) was calculated based on the LSV results[45]. Figure 6C illustrates that the ABPE efficiency of the Ti/
Fe2O3/Cu2S/Co(OH)x photoanode was significantly enhanced compared with Ti/Fe2O3, Ti/Fe2O3/Cu2S, and 
Ti/Fe2O3/Co(OH)x. At 1.03 V (vs. RHE), it reached 0.48%, which is 3.2 times higher than that of the Ti/Fe2O3 
photoanode (0.15%, 1.03 V vs. RHE). Furthermore, under visible light irradiation (λ > 420 nm, light 
intensity 66.7 mW/cm2, Figure 6D), the Ti/Fe2O3/Cu2S/Co(OH)x photoanode exhibited the highest ABPE of 
0.2%.

https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202408/cs3068-SupplementaryMaterials.pdf
https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202408/cs3068-SupplementaryMaterials.pdf
https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202408/cs3068-SupplementaryMaterials.pdf
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Figure 6. PEC performance of Ti/Fe2O 3, Ti/Fe2O3/Cu2S, and Ti/Fe2O3/Cu2S/Co(OH)x photoanodes. (A) Chopped LSV curves under AM 
1.5G (100 mW/cm2); (B) Chopped LSV curves under visible light (λ > 420 nm, 66.7 mW/cm2); (C) ABPE curves under AM 1.5G 
(100 mW/cm2); (D) ABPE curves under visible light irradiation (λ > 420 nm, 66.7 mW/cm2); (E) I-t data plots at 1.23 V vs. RHE; (F) PEC 
H2 evolution across different samples at 1.23 V vs. RHE. PEC: Photoelectrochemical; LSV: linear sweep voltammetry; ABPE: applied bias 
photon-to-current efficiency; RHE: reversible hydrogen electrode.

I-t and measurement of light-assisted H2 production
To verify the stability of the prepared photoanode, chronoamperometry (I-t) was conducted [Figure 6E]. 
Under continuous illumination for 1 h, the Ti/Fe2O3/Cu2S/Co(OH)x (I-t, 1.23 V vs. RHE) photoanode 
showed good stability, and the photocurrent remained almost unchanged. To further demonstrate the 
stability of the synthesized samples, a 19-hour stability test [Supplementary Figure 4] was performed on top 
of the original 1-hour test [Figure 6E]. The results indicated that the samples exhibited enhanced stability. 
Following the stability tests, the samples were subjected to a series of characterizations [Supplementary 
Figures 5-11].

The actual H2 generation performance of various samples at 1.23 V (vs. RHE) was recorded to investigate 
the relevance of the observation of photocurrent to the solar-assisted hydrolysis H2 generation reaction. 
Photoanodes with high photocurrent density often exhibit higher hydrogen production rates under 
optoelectronic conditions. The 3-hour measurement period [Figure 6F] showed a linear increase in the 
amount of H2 generation over time, indicating a stable H2 generation rate for the sample and reaffirming the 
stability of the Ti/Fe2O3/Cu2S/Co(OH)x photoanode.

IPCE measurement
In order to explore the response of the photoanode to different wavelengths of light, the prepared 
photoanode was used to conduct the IPCE test. During the test, the light source irradiates from 300 nm, 
changes to 600 nm at a constant speed, and ends at 600 nm; the wavelength resolution of the spectral 
analysis is 1 nm. It can be seen from Figure 7A that under the electrochemical noise mode, the pristine 
Ti/Fe2O3 photoanode has photocurrent performance in the wavelength region of 300-600 nm, which 
indicates that Fe2O3 material has a wide light absorption range and an excellent visible light response. 

https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202408/cs3068-SupplementaryMaterials.pdf
https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202408/cs3068-SupplementaryMaterials.pdf
https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202408/cs3068-SupplementaryMaterials.pdf
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Figure 7. (A and B) Photocurrent density vs. the monochromatic light; (C and D) Derived IPCE (%) spectra of samples under different 
bias. IPCE: Incident monochromatic photon electron conversion efficiency.

Compared with Ti/Fe2O3, the photocurrent densities and IPCE values of Ti/Fe2O3/Cu2S, Ti/Fe2O3/Co(OH)x,
and Ti/Fe2O3/Cu2S/Co(OH)x photoanodes gradually increase, which shows that the introduction of Cu2S
and Co(OH)x improves the photoelectric performance of Fe2O3; this improvement covers the entire
wavelength range from 300 to 600 nm. Under the constant potential polarization mode with different
applied bias voltages [Figure 7B], the photocurrent density and IPCE value of these photoanodes gradually
increase with higher bias voltages, which shows that increasing the applied bias voltage is helpful for
photogenerated current carrying. The separation of electrons strengthens the photoelectric properties of the
sample. Under the conditions of the electrochemical noise test [Figure 7C] and constant potential test
[Figure 7D], the IPCE peaks of Ti/Fe2O3, Ti/Fe2O3/Cu2S, Ti/Fe2O3/Co(OH)x, and Ti/Fe2O3/Cu2S/Co(OH)x

photoanodes are all at 357 nm place. Under electrochemical noise test conditions, at 1.23 (vs. RHE) and
1.6 V (vs. RHE), the peak IPCE values of the Ti/Fe2O3/Cu2S/Co(OH)x photoanode are 0.76%, 27.6%, and
64.7%, respectively.

MS analysis
To investigate the energy band structure information of the Ti/Fe2O3/Cu2S/Co(OH)x photoanode, key
parameters such as the conduction band (CB), flat band potential, and carrier concentration were
determined. The effects of the introduction of Cu2S and Co(OH)x on the Ti/Fe2O3 photoanode were also
examined. Therefore, Ti/Fe2O3, Ti/Fe2O3 /Cu2S, Ti/Fe2O3 /Co(OH)x  and Ti/Fe2O3 /Cu2S/Co(OH)x

photoanodes were all subjected to MS tests.

The longest segment of the MS curve makes an extension line to get the intersection with the baseline for
the flat-charged potential position. The intersection of the extension lines for the different frequencies of the
four photoanodes is a single point[46]. The positive slopes of the tangent lines for all four samples indicate
their n-type nature[20]. In both n- and p-type semiconductors, the flat band potential can be approximated as
the CB potential. The results shown in Figure 8A-D indicate that the introduction of both Cu2S and
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Figure 8. Mott-Schottky plots have frequencies from 500 to 2,000 Hz. (A) Ti/Fe2O3 photoanode; (B) Ti/Fe2O3/Cu2S photoanode; (C) Ti/
Fe2O3/Co(OH)x photoanode; (D) Ti/Fe2O3/Cu2S/Co(OH)x photoanode; (E) Frequency (500 to 1,500 Hz) of the Mott-Schottky
diagram of Cu2S nanoparticles; (F) The carrier concentrations of Ti/Fe2O3 photoanode (TF), Ti/Fe2O3/Cu2S photoanode (TFCu), Ti/Fe2O3/
Co(OH)x photoanode (TFCo), and Ti/Fe2O3/Cu2S/Co(OH)x photoanode (TFCuCo).

Co(OH)x results in a more negative flat-band potential for the Ti/Fe2O3 photoanode. Compared to the 
Ti/Fe2O3 photoanode, the CB potential of the Ti/Fe2O3/Co(OH)x, Ti/Fe2O3/Cu2S, and Ti/Fe2O3/Cu2S/
Co(OH)x photoanodes were reduced from 0.14 (vs. RHE for Ti/Fe2O3) to 0.10, -0.05, and -0.06 V (vs. RHE), 
respectively. A negative movement of the flat band potential suggests a reduced energy potential barrier for 
electron transfer at the interface, contributing to a reduction in the charge transfer resistance[44]. Therefore, 
compared with the other three, the Ti/Fe2O3/Cu2S/Co(OH)x photoanode has the most negative CB potential 
and the best photocurrent and photocoupling hydrogen production performance, corresponding to the 
previous results.

Separately synthesized Cu2S powders were also tested for MS; the results are shown in Figure 8E. The 
intersection of the extension lines of the data curves for the three different frequencies is a point whose 
tangent line has a negative slope, which reveals that the Cu2S semiconductor has p-type properties[47] with a 
flat-band potential (approximated as the conduction-band potential) of 0.14 V (vs. RHE). The carrier 
concentrations of these four photoanodes were calculated from the MS test data [Figure 8F]. The results 
show that the carrier concentration of the Ti/Fe2O3/Cu2S/Co(OH)x photoanode is one magnitude higher 
compared with that of the Ti/Fe2O3, Ti/Fe2O3/Cu2S, and Ti/Fe2O3/Co(OH)x, which is one of the reasons for 
its good performance.
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Figure 9. EIS and Equivalent Circuit of Ti/Fe2O3 photoanode, Ti/Fe2O3/Cu2S photoanode and Ti/Fe2O3/Cu2S/Co(OH)x photoanode at 
(A) 1.23 V vs. RHE and at (B) OCP. EIS: Electrochemical impedance spectroscopy; RHE: reversible hydrogen electrode; OCP: open circuit 
potential.

EIS analysis
Frequency transmission characteristics and electrochemical properties of photoanodes were studied using 
EIS[48]. Nyquist plots were obtained for the samples under dark conditions at open-circuit potential [Figure 
9A] and at 1.23 V (vs. RHE) [Figure 9B]. Measurements were conducted in the frequency range of 100 MHz 
to 100 kHz. The equivalent circuit [Figure 9] includes a resistor (R), a capacitor (C), a constant phase 
element (CPE), and a Warburg impedance element (W). From the small figure in Figure 9A, it can be seen 
(under open-circuit potential conditions) that the radii of the arcs of the EIS curves are smaller than those 
of Ti/Fe2O3/Cu2S and Ti/Fe2O3/Cu2S/Co(OH)x in the high-frequency region (0-5 KOhms); moreover, from 
the internal small figure in Figure 9B, it can be seen that the radii of the arcs of the EIS curves are smaller 
than those of Ti/Fe2O3 and Ti/Fe2O3/Cu2S/Co(OH)x in the high-frequency region (0-5 KOhms). Specifically, 
the arc radius of the EIS curve for Ti/Fe2O3/Cu2S/Co(OH)x is smaller than that of both Ti/Fe2O3 and Ti/
Fe2O3/Cu2S. A lower arc radius means a lower charge transfer resistance in the electrode, facilitating rapid 
separation and transfer of photogenerated carriers[49]. The fitted data for the curves measured at 1.23 V (vs. 
RHE) are presented in Supplementary Table 2, and these values are significantly lower for Ti/Fe2O3/Cu2S 
and Ti/Fe2O3/Cu2S/Co(OH)x compared with Rs, R2, R3, and Zw for Ti/Fe2O3, which are also in the same order 
of magnitude with little difference in R1

[44]. The capacitance of the electrode bilayers C1 and CPE2 is also 
improved significantly, and these three CPE1 are also in the same order of magnitude with little difference. 
The value of R2 decreases significantly from 140 KΩ for Ti/Fe2O3 to 6.07 KΩ for Ti/Fe2O3/Cu2S, and R3 
reduces from 1,220 Ω for Ti/Fe2O3 to 509 Ω for Ti/Fe2O3/Cu2S/Co(OH)x of 509 Ω. In addition, the fitted data 
for the curves measured at open-circuit potentials [Supplementary Table 3] reflect the same trend. These 
results indicate that introducing P-type Cu2S nanoparticle semiconductors and electrodeposition of an 
ultrathin layer of Co(OH)x improved the charge transport of iron oxide and promoted the surface 
photogenerated carrier separation and transfer. ηsurface curves prove it even further [Supplementary Figure 12].

Mechanistic analysis and bandgap calculation
The Eg of the photoanode samples are calculated using Tauc plots, which depict [(IPCE% × hv)1/2 against 
photon energy (hv)] in the electrochemical noise mode[44] [Figure 10A]. The main component of all four 
photoanodes is α-Fe2O3, so they all reflect the Eg of α-Fe2O3 of 2.10 eV, which agrees with the previously 
reported results[50]. The Eg can be evaluated from the Tauc plot [Equation (1)]. The Eg [Figure 10B] of the 

https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202408/cs3068-SupplementaryMaterials.pdf
https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202408/cs3068-SupplementaryMaterials.pdf
https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202408/cs3068-SupplementaryMaterials.pdf
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Figure 10. (A) The bandgap energy (Eg) Ti/Fe2O3 photoanode, Ti/Fe2O3/Cu2S photoanode, Ti/Fe2O3/ Co(OH)x photoanode and Ti/
Fe2O3/Cu2S/Co(OH)x photoanode calculated through IPCE testing; (B) The bandgap energy (Eg) of Cu2S nanoparticles calculated 
through UV-vis-DRS testing. IPCE: incident monochromatic photon electron conversion efficiency; UV-vis-DRS: ultraviolet-visible 
diffuse reflectance spectroscopy.

Figure 11. (A) Photoanode Ti/Fe2O3/Cu2S/Co(OH)x photoelectric hydrogen production mechanism diagram; (B) Photoanode Ti/
Fe2O3/Cu2S/Co(OH)x energy band gap diagram.

Cu2S semiconductor nanoparticles alone was calculated by UV-vis spectroscopy test as 1.19 eV.

Figure 11A and B shows the Eg structure map based on the IPCE electrochemical noise pattern, UV-vis 
spectroscopy, and MS measurements. The valence band (VB) of the photocatalytic sample is determined 
from the estimated CB and Eg. Results indicate that the VB and CB of n-Fe2O3 are 2.24 and 0.14 V, 
respectively, while those of p-Cu2S are 0.41 and 0.14 V, respectively.

By the observations of the above experiments, we present the charge separation mechanism of ultra-thin 
Co(OH)x package p-Cu2S/n-Fe2O3 to explain its strengthened PEC properties [Figure 9][19,51]. Before contact, 
the CB and VB energy levels of p-type Cu2S are higher than those of n-type Fe2O3, whereas the Fermi energy 
level (EF) of Cu2S is lower than that of Fe2O3. After forming the p-n junction heterostructure, the energy 
level of Cu2S rises while that of Fe2O3 decreases, leading to an equilibrium of their EFs. Consequently, an 
internal electric field is formed at the Fe2O3/Cu2S interface under thermodynamic equilibrium conditions. 
Due to the energy matching between Fe2O3 and Cu2S, their energy bands shift together until the Fermi levels 
align, resulting in band bending in the space charge region. Electrons generated and separated in the CB of 
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Cu2S move to the CB of Fe2O3, while holes separated and retained in the VB of Fe2O3 flow to the VB of Cu2S 
to react with the electrolyte. Therefore, the p-Cu2S/n-Fe2O3 heterojunction photoanode enhances 
photogenerated electron-hole pair separation and improves light harvesting efficiency. After modification 
with the Co(OH)x co-catalyst on Fe2O3/Cu2S, photogenerated electrons are efficiently transferred from 
Fe2O3/Cu2S to the Pt electrode with high electron mobility. Meanwhile, holes migrating to the surface or 
subsurface are captured by the outermost Co(OH)x catalyst and react with the electrolyte, increasing hole 
mobility and optimizing the kinetics of hole-mediated water oxidation.

CONCLUSIONS
In conclusion, we synthesized an ultrathin Co(OH)x-encapsulated p-Cu2S/n-Fe2O3, which enhances charge 
separation and surface oxygen evolution kinetics of the iron oxide nanorod array photoanode through the 
synergistic effect of p-n heterojunctions and OECs. In 1 M KOH solution [25 °C, AM 1.5G, 1.23 V (vs. 
RHE)], the photocurrent density of Ti/Fe2O3/Cu2S/Co(OH)x is about three times that of Ti/Fe2O3, reaching 
4.8 mA/cm2. Under visible light irradiation [λ > 420 nm, AM 1.5G, 1.23 V (vs. RHE)], its photocurrent 
density also reaches 2.4 mA/cm2, which is half of the full spectrum light; in addition, the corresponding 
optical response limit is extended to 600 nm. Without sacrificial agents and photosensitizers, we observed a 
significant increase in the hydrogen evolution rate of Ti/Fe2O3/Cu2S/Co(OH)x, reaching 76.4 μmol/cm2. Our 
work provides a novel concept for photoanode PEC water splitting.
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