PAPRN catalysts

Article

Optimizing Charge Separation and Transport: Enhanced
Photoelectrochemical Water Splitting in «-Fe,O3/CZTS
Nanorod Arrays

Wen Chen 12, Ao-Sheng She "2, Ming-Hao Ji 2, Hao-Yan Shi 2, Yang Yang 23, Yi-Hu Pu %, Rui Chen 12,

Wei-Hua Yang (%, Yan-Xin Chen 1.2/5/6:

check for
updates

Citation: Chen, W.; She, A.-S,; Ji,
M.-H,; Shi, H.-Y;; Yang, Y.; Pu, Y.-H.;
Chen, R; Yang, W.-H.; Chen, Y.-X,; Lu,
C.-Z. Optimizing Charge Separation
and Transport: Enhanced
Photoelectrochemical Water Splitting
in «-Fe;O3/CZTS Nanorod Arrays.
Catalysts 2024, 14, 812. https://
doi.org/10.3390/ catal14110812

Academic Editor: Helmut Schifer

Received: 14 October 2024
Revised: 4 November 2024
Accepted: 6 November 2024
Published: 11 November 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Can-Zhong Lu 1,2,5,6,%

College of Chemistry, Fuzhou University, Fuzhou 350116, China

State Key Laboratory of Structural Chemistry, Fujian Institute of Research on the Structure of Matter, Chinese
Academy of Sciences, Fuzhou 350002, China

College of Chemistry and Materials Science, Fujian Normal University, Fuzhou 350108, China

College of Materials Science and Engineering, Huaqiao University, Xiamen 361021, China

Xiamen Key Laboratory of Rare Earth Photoelectric Functional Materials, Xiamen Institute of Rare-Earth
Materials, Haixi Institutes, Chinese Academy of Sciences, Xiamen 361021, China

Fujian Science and Technology Innovation Laboratory for Optoelectronic Information of China,

Fuzhou 350108, China

*  Correspondence: yanxinchen@fjirsm.ac.cn (Y.-X.C.); czlu@fjirsm.ac.cn (C.-Z.L.)

Abstract: This study explores the enhancement of x-Fe;O3 (hematite) nanorod arrays for photoelec-
trochemical applications by constructing a CupZnSnS, (CZTS) heterojunction. While x-Fe,O3 offers
good stability, a low cost, and environmental benefits, its efficiency is limited by slow oxygen evo-
lution kinetics, high carrier recombination rates, and low conductivity. By introducing CZTS, a
material with strong light absorption and charge transport properties, we enhance the separation of
photogenerated charge carriers, reduce charge transfer resistance, and increase the carrier concen-
tration, thereby boosting the overall photoelectrochemical performance. The experimental results
show that a modified FC-15 photoanode achieves a photocurrent density of 3.40 mA /cm? at 1.60 V
vs. RHE, a substantial increase compared to 0.40 mA/ cm? for unmodified x-Fe;O3. Band gap
analysis reveals a reduced band gap in the FC-15 material, enhancing light absorption and boosting
the photoelectrocatalytic performance. In photoelectrochemical water-splitting tests, the FC-15 pho-
toanode achieves a hydrogen production rate of 41.6 pmol/cm? /h, which is significantly improved
over the unmodified sample at 5.64 umol/ cm?/h. These findings indicate that the CZTS/x-Fe;O3
heterojunction effectively promotes charge separation, enhances charge transport, and improves
light absorption, substantially increasing photocatalytic efficiency. This heterojunction approach
offers new insights and technical strategies for developing photocatalytic materials with potential
applications in renewable energy.

Keywords: photoelectrochemical water splitting; «-Fe,O3 /CZTS heterojunction; charge separation
and transport; photoelectrocatalytic efficiency

1. Introduction

Researchers actively seek carbon-free alternatives such as hydrogen to address climate
change and the energy crisis to replace fossil fuels. Photoelectrocatalytic water splitting,
as an emerging technology, mimics natural photosynthesis by harnessing solar energy to
drive the chemical reactions that split water into hydrogen and oxygen, thereby providing
clean energy [1-3]. The success of this technology depends not only on the hydrogen
generation capability of the photoelectrode under illumination, but also on the production
of oxygen. Developing and optimizing semiconductor materials that meet the requirements
for efficient water splitting remains a complex challenge [4]. Therefore, the research and
improvement of photoelectrocatalytic materials with superior stability and high catalytic
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efficiency have become a hot topic in scientific research. In particular, scientists continuously
explore materials with an excellent photoelectrochemical performance and long-term
stability [5].

In photoelectrocatalysis, x-Fe,O3 (hematite) has long been considered one of the most
promising photoanode materials due to its excellent chemical stability, cost-effectiveness,
and environmentally friendly properties [6-9]. As an n-type semiconductor, o-Fe;O3 has a
suitable band gap and can theoretically provide a photocurrent density of 12.6 mA /cm?
under AM 1.5G [4,10] (standard illumination conditions). However, despite its excellent
theoretical performance, the photoelectrocatalytic efficiency of pure x-Fe,O3 in practical
applications is still limited by several factors, including the slow kinetics of the oxygen
evolution reaction, the limited hole diffusion length (around 2-4 nm), the elevated rates of
carrier recombination, and poor conductivity. These limitations cause o-Fe,;Oj to typically
require an external bias voltage to enhance its performance in photoelectrochemical water-
splitting reactions [11,12]. To address these challenges, other researchers have investigated
various modification strategies, including altering the crystal morphology of «-Fe,O3 and
introducing various oxygen evolution catalysts, such as Ni, Co, Ir, and Ru, for surface mod-
ification. These strategies aim to improve the photocurrent density of «-Fe;O3 and reduce
the overpotential, thereby enhancing its photoelectrocatalytic performance. Additionally,
constructing heterojunctions with other materials has become a practical modification
approach [13-15]. Heterojunction structures are designed to optimize charge separation
and significantly improve charge transfer efficiency between the semiconductor and the
electrolyte [16,17], thereby significantly improving the photoelectrocatalytic performance.
In this context, CuyZnSnS, (CZTS) has shown great potential as a material for constructing
heterojunctions with «-Fe;O3 [18,19]. CZTS is a p-type semiconductor composed of abun-
dant elements in the Earth’s crust, making it low-cost and non-toxic. Its band gap, ranging
from 1.1 to 1.5 eV, gives it excellent light absorption capability in the visible spectrum. When
combined with «-Fe;O3 to form a heterojunction, CZTS compensates for the shortcomings
of x-Fep,O3, but also effectively enhances its photoelectrocatalytic performance [20,21].
Firstly, the band structure of CZTS is well matched with that of «-Fe,O3, which helps to
form an effective band alignment, promoting charge separation and migration. Secondly,
the higher light absorption capacity of CZTS can enhance the generation of photogenerated
charge carriers in the heterojunction, thereby increasing the photocurrent density [22].
Additionally, the introduction of CZTS can improve the conductivity of x-Fe,O3, helping
to reduce carrier recombination and enhance charge transfer efficiency, thereby boosting
the overall catalytic performance. The heterojunction of CZTS and x-Fe,O3 demonstrates
broad application prospects in the field of photoelectrocatalysis [23-25]. By optimizing the
construction and regulation of the heterojunction, the shortcomings of x-Fe,O3 in photo-
electrocatalysis can be effectively overcome, enabling more efficient photoelectrochemical
water-splitting reactions. This strategy not only offers new approaches for enhancing the
performance of a-Fe;O3, but also paves the way for further research and the application of
photoelectrocatalytic materials [26-29].

In this study, x-Fep;O3 nanorod arrays loaded with CZTS substantially improved the
photoelectrocatalytic performance. This indicates that the efficiency of the FC-15 material
in the photoelectrocatalytic process has been significantly improved. Further studies re-
vealed that the hole transfer efficiency of FC-15 material was approximately twice more
than that of the original a-Fe,O3 nanorods, indicating that the introduction of the hetero-
junction significantly enhanced electron-hole pair separation and effectively reduced the
recombination of photogenerated electrons and holes. Electrochemical Impedance Spec-
troscopy (EIS) analysis indicated a substantial reduction in the charge transfer resistance
of the modified material, indicating that the modification enhanced the charge transport
capability of the material. Band gap analysis revealed that the band gap of the modified
material was reduced, which favors enhanced light absorption, and consequently improves
the material’s overall performance in photoelectrocatalytic reactions. These modification
strategies enhanced the material’s photoelectrocatalytic activity and improved its light
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absorption properties and charge transport efficiency, offering better material options for
photoelectrocatalytic applications.

2. Results and Discussion
2.1. Structure and Morphology

Figure 1a shows the XRD pattern of synthesized CZTS powder. By analyzing the
pattern, distinct diffraction peaks can be observed at 28.530°, 44.996°, and 56.177°. By
comparing these peaks with the CZTS standard reference card PDF#26-0575, they were
confirmed to correspond to the characteristic peaks of the (112), (220), and (312) crystal
planes of CZTS, respectively. Figure 1b shows the XRD patterns of the unmodified «-
Fe;O3 nanorods and the FC-15 material. Significant diffraction peaks can be observed at
35.093°, 38.421°, 40.170°, 53.004°, 62.949°, 70.660°, 76.218°, and 77.368°. By comparing
with the titanium (Ti) standard reference card PDF#44-1294, these peaks were identified
as corresponding to the (110), (002), (101), (102), (103), (112), and (201) crystal planes of
Ti, respectively. Additionally, the peak observed at 27.446° matches the TiO, standard
reference card PDF#21-1276, corresponding to the (110) crystal plane of TiO,, indicating
that a part of the Ti substrate was oxidized to form TiO, during the annealing process. To
further confirm the crystal phase of «-Fe;Oj3, the a-Fe;O3 XRD standard reference card
PDF#33-0664 was consulted. Analysis shows that the diffraction peaks at 24.138°, 33.152°,
35.611°, 49.479°, and 54.089° correspond to the hematite phase of the «-Fe,O3 nanorods,
specifically the (012), (104), (110), (024), and (116) crystal planes. However, in ref. [30], no
distinct CZTS diffraction peaks were observed in the XRD pattern, likely due to the low
loading amount of CZTS, which is beyond the detection limit of the XRD instrument.
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Figure 1. (a) CZTS powder; (b) XRD patterns of pure «-Fe;O3 nanorods and FC-15 material.

Figure 2a,c presents the SEM images of the x-Fe;O3 nanorods and the FC-15 mate-
rial, respectively. SEM analysis indicates that both the samples exhibit similar nanorod
structures, with densely packed nanorods vertically grown on the Ti substrate. Figure 2a
presents an SEM image of the «-Fe,O3 nanorods, clearly showing their typical rod-like
morphology. Figure 2c shows an SEM image of the FC-15 nanorods. Despite the CZTS
modification, the nanorod morphology did not undergo significant changes, and no distinct
CZTS particles were observed on the surface. This may be due to the low loading amount
of CZTS, and the resolution of the SEM may not be sufficient to display the CZTS material.
As seen in the images, the length of these nanorods is approximately 600-700 nm, further
confirming their rod-like structural characteristics. Figure 2b,d shows side-view SEM
images of the pure x-Fe;O3 nanorods and the FC-15 material nanorods, respectively.
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Figure 2. (a) x-Fe;O3 nanorods; (b) SEM images of FC-15 nanorods; (c) side view of x-Fe;O3
nanorods; (d) side view of FC-15 nanorods.

To further investigate the microstructure of the prepared «-Fe,O3; samples, trans-
mission electron microscopy (TEM) analysis was conducted, with the results depicted in
Figure 3a,c. Analysis shows that the original x-Fe;O3 and the FC-15 samples exhibit the
same crystal structure as x-Fe;O3. In the TEM images of both the samples, lattice fringes
corresponding to the «-Fe,O3 (110) crystal plane were observed, with a lattice spacing
of 0.247 nm. Figure 3b,d shows a selective electron diffraction (SAED) map and Fourier
transform plots of the x-Fe;O3 light anode. From the SAED patterns, the (012), (021), and
(024) crystal planes of x-Fe;O3 can be indexed. Additionally, the lattice spacing of the (110)
crystal plane calculated from the Fourier transform image is 0.247 nm, consistent with the
data observed in the TEM images. In the TEM image of the FC-15 photoanode (Figure 3c),
lattice fringes corresponding to the CZTS (110) crystal plane were also observed, with a
lattice spacing of 0.384 nm. Figure 3e-j displays the EDS elemental mapping of the FC-15
photoanode, illustrating the uniform distribution of S, Sn, Zn, Fe, O, and Cu elements
within the «-Fe;O3 nanorods. This indicates that the CZTS nanolayer was successfully
loaded onto x-Fe,O3. Based on the characterization results, it can be inferred that the
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photocatalytic performance of x-Fe;O3 is expected to be further enhanced through the
combined effects of the heterojunction structure and the CZTS coating.

_CZTS 002

Figure 3. (a) TEM images of x-Fe,O3 nanorods; (b) diffraction ring pattern of «-Fe,O3 nanorods;
(c) TEM images of FC-15; (d) diffraction ring pattern of FC-15; (e-j) elemental mapping of FC-15.
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XPS analysis was performed on the «-Fe;O3 and FC-15 photoanodes to verify the
elemental composition of the synthesized materials. Figure 4a presents the XPS spectra of
Fe in the a-Fe;O3 and FC-15 photoanodes, displaying two peaks at binding energies (BEs)
of 723.5 eV and 711.6 eV, which correspond to Fe 2p; /, and Fe 2p3 /,, respectively. Moreover,
the peaks observed at 712.7 eV, 709.9 eV, 719.3 eV, and 731.6 eV further validate the existence
of Fe** in the a-Fe,O3 photoanode. Figure 4b illustrates the O 1s spectrum, with peaks at
529.5 eV and 531.5 eV corresponding to lattice oxygen and surface-adsorbed oxygen in the
a-Fe; O3 photoanode, respectively. The presence of these Fe and O elements confirms that
the synthesized material is FepO3. The further analysis of Figure 4c—f shows the presence
of Cu, Zn, Sn, and S elements on the FC-15 photoanode [31], indicating that CZTS was
successfully loaded onto the FC-15 photoanode, forming a heterojunction structure with
o-Fe, O3.
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Figure 4. (a,b) XPS spectra of «-Fe,O3 and FC-15; (¢) Cu 2p; (d) Zn 2p; (e) Sn 3d; (f) S 2p.

2.2. Photoelectrochemical Properties

The prepared photoanodes underwent testing via linear sweep voltammetry (LSV)
under AM 1.5 G simulated sunlight, as illustrated in Figure 5a. At a measurement of
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1.60 V vs. RHE, the FC-15 photoanode exhibited the highest photocurrent density, reach-
ing 3.40 mA/ cm?, while the bare x-Fe,O3 photoanode showed the lowest photocurrent
density, only 0.40 mA /cm?. The photocurrent densities for the FC-5, FC-10, FC-20, and
FC-25 photoanodes were recorded as 1.77 mA/ cm?, 2.60 mA/cm?, 2.88 mA /cm?, and
1.53 mA /cm?, respectively. This indicates that the appropriate loading of CZTS can signifi-
cantly enhance the photoelectrochemical performance. Additionally, Figure 5a shows that
the onset potential of the modified photoanodes did not change significantly, indicating
that the water oxidation kinetics of the material remained stable. Figure 5b presents the
calculated results of the applied bias photon-to-current efficiency (ABPE) for the bare
a-FepO3 and FC-15 photoanodes. As shown in Figure 5b, the ABPE value of the FC-15
material was significantly improved, reaching a maximum of 2.32% at 1.44 V vs. RHE.
To evaluate the photoelectrocatalytic stability of the photoanodes before and after modifi-
cation [32], chronoamperometry (i-t) tests were conducted on the prepared o-Fe,O3 and
FC-15 photoanodes under AM 1.5G simulated sunlight, with an applied bias of 1.23 V
vs. RHE. Figure 5c shows that the modified and unmodified photoanodes exhibited good
stability. During a continuous 1 h test, the photocurrent density of the samples showed
almost no decay, indicating that CZTS, as a modification material, exhibits excellent stability.
Photoelectrochemical water-splitting hydrogen production tests were also conducted on the
prepared «-Fe,O3 and FC-15 photoanodes under AM 1.5G simulated sunlight. As shown
in Figure 5d, the photocatalytic hydrogen production capability of the FC-15 material
was significantly enhanced [33]. After 3 h of testing, the hydrogen production rate of the
FC-15 photoanode reached 41.6 pmol/ cm? /h, while the unmodified «-Fe,O5 photoanode
exhibited a hydrogen production rate of only 5.64 umol/cm?/h. This outcome further
highlights the effectiveness of CZTS modification in boosting the photocatalytic hydrogen
production performance.
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Figure 5. (a) LSV curves of «-Fe;O3, FC-5, FC-10, FC-15, FC-20, and FC-25 photoanodes; (b) ABPE
curves of x-FepO3 and FC-15 photoanodes; (c) i-t curves of a-Fe,O3 and FC-15; (d) photocatalytic
hydrogen production performance of x-Fe,O3 and FC-15 photoanodes.

The correlation between the photocurrent density of the samples and monochromatic
light was evaluated using the electrochemical noise (ECN) technique. ECN is a non-
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destructive in situ monitoring method frequently employed to investigate the spontaneous
electrochemical reaction behavior of photoanodes. As shown in Figure 6a, the performance
of FC-15 in the visible light region was significantly better than that of unmodified x-Fe;O3.
To further investigate the monochromatic light response performance under different
applied biases, the photocurrent density of the «-Fe;O3 and FC-15 photoanodes was tested
at four different applied biases (1.0 V vs. RHE, 1.2 V vs. RHE, 1.4 V vs. RHE, and 1.6 V vs.
RHE). The results are shown in Figure 6¢,d. As the applied bias increased, the photocurrent
density of the samples significantly improved. A higher bias improves the separation
efficiency of the photogenerated electron-hole pairs in x-Fe,O3. Figure 6¢ shows incident
photon-to-photocurrent density curves of the pristine x-Fe;O3 sample, while Figure 6d
presents corresponding curves for the FC-15 sample. By comparison, the photocurrent
density of the modified FC-15 photoanode showed a marked increase under every applied
bias condition. Additionally, Figure 6e,f displays external quantum efficiency (IPCE) plots
for the pristine a-Fe,O3 sample and the FC-15 sample, respectively. At an applied bias
of 1.6 V vs. RHE, the IPCE value of the FC-15 sample at a wavelength of 358 nm reached
12.49%, while the pristine «-Fe,O3 sample exhibited an IPCE value of only 4.07% at the
same wavelength. This further demonstrates that CZTS modification effectively enhanced
the photoelectric response performance of the samples.
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Figure 6. (a,b) The electrochemical noise patterns of pristine «-Fe,O3; and FC-15. (c) The inci-
dent photon-to-photocurrent density of the pristine a-Fe,O3 sample. (d) The incident photon-to-
photocurrent density of the FC-15 sample. (e) An IPCE plot of the pristine a-Fe;O3 sample. (f) An
IPCE plot of the FC-15 sample.
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Using the IPCE test data, the band gap of the samples was estimated through Tauc
plotting as a function of photon energy (hv), as shown in Figure 7b. After calculations, the
band gap of the pristine a-Fe,O3 sample was found to be 2.13 eV, while the band gap of the
FC-15 photoanode, which constructed a heterojunction by loading CZTS, was reduced to
2.07 eV. The smaller band gap contributes to improved light absorption capability, and this
improvement boosts the photocatalytic performance of the sample. Figure S1 presents the
band gap diagrams measured at various voltages. EIS tests were conducted to investigate
the charge transport properties of the samples further. As illustrated in Figure 7a, the
EIS diagram of the FC-15 photoanode exhibits a smaller semicircle radius, indicating
less charge transfer resistance. Combined with the data from Table S1, it is evident that
resistance at the electrode/electrolyte interface significantly decreases after CZTS loading.
This indicates that by constructing the CZTS/ x-Fe,O3 heterojunction, the charge transfer
resistance of «-Fe;O3 is markedly reduced, leading to improved charge separation and
transport efficiency.
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Figure 7. (a) The EIS spectra of the a-Fe,O3 and FC-15 photoanodes. (b) Band gap diagrams of the
«-Fep,O3 sample and FC-15, with an inset showing a magnified view.

M-S tests were carried out on the prepared «-Fe,O3 and FC-15 photoanodes. As shown
in Figure 8a, the slopes of the M-S curves for both the modified and unmodified samples
are positive, revealing the n-type semiconductor nature of x-Fe,O3. Based on the data
from the Mott-Schottky curves and using Equation (4), the carrier concentrations of the
x-Fe,O3 and FC-15 photoanodes were calculated. As indicated by the values in Table S2,
the carrier concentration of the unmodified «-Fe,O3 sample is Ngq = 0.05 x 1020 cm 3.
After loading CZTS and constructing the heterojunction, the carrier concentration increases
to Ng = 0.24 x 1020 cm~3, demonstrating that the construction of the «-Fe;O3/CZTS
heterojunction enhances conductivity. To demonstrate that the construction of the CZTS/ -
Fe,O3 heterojunction promotes the separation of photogenerated electron-hole pairs, hole
transfer efficiency analysis was conducted on the prepared «-Fe,O3 and FC-15 photoanodes.
Figure 8b shows that the hole transfer efficiency gradually increases with the applied bias.
This is because a higher applied bias promotes the separation of photogenerated electron—
hole pairs. The maximum hole transfer efficiency of the unmodified «-Fe;O3 photoanode
was 41.92%, while after modification, the FC-15 photoanode achieved a maximum hole
transfer efficiency of 86.22%. The marked improvement in hole transfer efficiency between
the photoanode and the electrolyte suggests that the heterojunction structure plays a crucial
role in promoting the separation of photogenerated electron-hole pairs.
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Figure 8. (a) Mott-Schottky (M-S) curves of x-Fe;O3 and FC-15 photoanodes; (b) # surface curves of
«-FepO3 and FC-15 photoanodes.

2.3. Photoelectrochemical Water-Splitting Mechanism Under Solar Illumination

Based on the characterization and test analysis mentioned above, the photocatalytic
water-splitting mechanism of the FC-15 photoanode was proposed. As shown in Figure 9,
the photoanode generates electron-hole pairs under sunlight irradiation. These electron—
hole pairs recombine quickly at lower bias voltages, leading to the poor photocatalytic
performance of the photoanode under such conditions. As the applied bias increases, the
electron-hole pairs are separated. The photogenerated electrons are transferred through the
wire to the photocathode surface, reducing water to produce hydrogen, while the photo-
generated holes react with water at the photoanode surface, generating oxygen. Under the
influence of CZTS, a heterojunction is formed between x-Fe,O3 and CZTS. The internal elec-
tric field within the heterojunction promotes the separation of photogenerated electron-hole
pairs, enabling more holes to participate in water oxidation and more electrons to contribute
to water reduction. It was also found that after constructing the heterojunction, the carrier
concentration increased, while the charge transfer resistance significantly decreased, further
enabling efficient photocatalytic water splitting for hydrogen production.

Ti 0-Fe,0; CZTS  electrolyte

counter electrode

Figure 9. Mechanism of water decomposition of FC-15 photoelectric anode.
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The analysis of the band structure and the partial density of states (PDOS) helps to
deeply understand the electronic configuration of the x-Fe;O3 nanorod arrays before and
after the introduction of CZTS. Using the density functional theory (DFT), detailed calcula-
tions of the electronic structure and the density of states (DOSs) were performed on the
CZTS/ «-Fe; O3 heterostructure. Figure 10a shows that original o-Fe, O3 exhibits a band gap
of 0 eV, indicating its semimetallic nature in an unmodified state. In Figure 10b, the modified
CZTS/ x-FeyO3 heterostructure also displays a Fermi level (E-f) of 0 eV, suggesting effective
control over the electronic structure of the heterojunction interface, particularly near the
Fermi level, which offers potential for optoelectronic applications such as photocatalysis
and photoelectrochemistry. Figure 10c,d provides detailed presentations of the partial
density of states (PDOSs) for each element within the CZTS/ «-Fe; O3 heterostructure. For
the «-Fe, O3 part, the d orbitals of Fe and the p orbitals of O make significant contributions
near the Fermi level, indicating these orbitals play a crucial role in electronic states. In
the CZTS section, the d orbitals of Cu and Zn, as well as the p orbitals of Sn, also make
significant contributions to electronic state density. This orbital hybridization facilitates
the separation and transmission of charge carriers, which may positively impact the pho-
tocatalytic efficiency of the heterostructure. To further elucidate the electronic alignment
and photocatalytic efficiency, we applied Anderson’s rule to analyze the band alignment
between x-Fe,O3 and CZTS. This alignment suggests that the valence band maximum
(VBM) of CZTS and the conduction band minimum (CBM) of a-Fe,Oj3 align favorably
relative to the redox potentials required for the hydrogen evolution reaction (HER) and
the oxygen evolution reaction (OER) [2,3]. This alignment supports the formation of a Z-
scheme mechanism, wherein the photogenerated electrons in CZTS transfer to the x-Fe,Os
conduction band, while the photogenerated holes in x-Fe;O3 move towards the VBM of
CZTS. This efficient separation and directional movement of charge carriers enhance both
the HER and OER processes, thereby increasing the overall photoelectrocatalytic efficiency
of the CZTS/ «-Fe,O3 heterojunction [34,35].
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Figure 10. (a) Electronic band structure of a-Fe;O3. Green curves represent spin-up band struc-
ture while the blue curves represent spin-down bands, for accurate calculation of the band gap.
(b) Electronic band structure of FC sample. Orange curves represent spin-up band structure while
the Red curves represent spin-down bands, for accurate calculation of the band gap. (c) Total density
of states and partial density of states of x-Fe,O3. (d) Total density of states and partial density of
states of FC sample.
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Figure 11a,b shows the crystal structure of the iron rod array, where Fe and O elements
form an orderly framework. Figure 11c,d illustrates the structure of the iron rod array
after loading with the CZTS composite material, where the Cu, Zn, Sn, and S elements
form a distinct layered structure on the surface of the iron rod array [36,37]. This loading
method may effectively enhance the photocatalytic performance of the material, providing
improved pathways for charge separation and transport.

Figure 11. A schematic representation of the structures of (a,b) x-Fe;O3 and (c,d) the FC samples.

3. Empirical Method
3.1. Materials

Ferric chloride hexahydrate (FeCl3-6H,0O, AR), sodium nitrate (NaNO3, AR), indium
nitrate tetrahydrate (In(NOj3)3-4.5H,0, AR), hydrochloric acid (HCI), acetone (C3HgO),
anhydrous ethanol (C,HgO), copper(Il) chloride dihydrate (CuCl,-2H,0O, AR), zinc acetate
dihydrate (Zn(CH300);-2H,0, AR), thiourea (CH4N,S, AR), and stannous chloride dihy-
drate (SnCl,-2H,0, AR) were all purchased from Sinopharm Chemical Reagent Co., Ltd.
(Shanghai, China) Pure titanium sheets were obtained from Xinji Metal Materials Co., Ltd.
(Gansu, Wenchang, China)

3.2. Synthetic Method
3.2.1. Preparation of a-Fe,O3 Photoanodes

The preparation method of the «-Fe,O3 nanorod array photoanode referenced the
synthesis process from the previous literature, with the main steps as follows [38,39]: First,
titanium sheets were placed in a hydrochloric acid solution for ultrasonic cleaning for 1 h,
followed by cleaning with a 1:1 acetone and ethanol mixed solution for 30 min. Finally,
the titanium sheets were ultrasonically cleaned in laboratory-prepared ultrapure water for
30 min to ensure the surface was thoroughly clean. Subsequently, 0.015 mol of FeCls-H,O
and 0.1 mol of NaNOs were mixed into 100 mL of deionized water, with the pH adjusted
to 1.40 using hydrochloric acid. This mixture was then transferred into a stainless steel
autoclave coated with polytetrafluoroethylene (PTFE), and a pre-treated titanium sheet with
an approximate immersion area of 1 cm? was fully submerged in solution. The autoclave
was subsequently placed in an oven and heated at 100 °C for 5 h to ensure proper reaction
conditions. After the hydrothermal reaction, a uniform rod-shaped FeOOH structure was
deposited on the surface of the Ti sheet. In order to eliminate any residual solution, the
titanium sheet was carefully rinsed with ultrapure water to remove all excess materials.
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Ti flakes

The titanium sheet was placed in a muffle furnace for calcination at 550 °C for 2 h, which
resulted in the formation of the «-Fe;O3 nanorod array photoanode.

3.2.2. The Composite of CZTS and «-FepO3 Photoanodes

CZTS powder was synthesized first [40]. CuCl,-2H,0O (8 mM), Zn(CH3COO),-2H,0
(4 mM), SnCl,-2H,0O (4 mM), and thiourea (32 mM) were dissolved in a water and ethanol
mixture (1:1). The solution was uniformly dispersed using ultrasonic treatment at room
temperature for 30 min. After ensuring a homogenous mixture, it was transferred to a
hydrothermal reactor and heated at 200 °C overnight. After cooling, the resulting solution
was subjected to repeated centrifugation and washing. Ultimately, the powder underwent
annealing in a tubular furnace at 400 °C for 2 h under an argon atmosphere, culminating in
the production of CZTS powder.

Next, the synthesized CZTS powder was dispersed in ultrapure water at a 1 mM
concentration and subjected to ultrasonic treatment for 1 h to achieve a homogeneous distri-
bution. Then, a specified amount of dispersed solution was drop-cast onto the pre-prepared
a-Fe,O3 nanorod array photoanode. To study the effects of different concentrations, com-
parative experiments were conducted using drop-casting volumes of 5 uL, 10 uL, 15 uL,
20 puL, and 25 pL. The resulting modified samples were named FC-5, FC-10, FC-15, FC-20,
and FC-25, respectively. Finally, the CZTS/ a-Fe,O3 heterojunction nanorod array was
successfully fabricated through annealing. Figure 12 presents a schematic diagram of the
preparation method.

Hydrothermal Aneal(Air)

Ti-FeOOH

FC

Aneal(Air)

Figure 12. A flow chart of the synthesis of -Fe;O3 and FC.

3.3. Material Characterization

We utilized several analytical techniques to thoroughly evaluate the material’s mi-
crostructure, surface composition, and crystalline characteristics. Surface morphology
observations were conducted using a scanning electron microscope (SEM, model Apreo
S LoVac, Thermo Fisher Scientific, Waltham, MA, USA). For crystalline phase analysis,
X-ray diffraction (XRD) was carried out using a Miniflex 600 (Rigaku, Akishima, Tokyo,
Japan) employing a scan rate of 5° per minute within a 20 range from 20° to 80°. Mi-
crostructural and elemental analyses, including transmission electron microscopy (TEM),
high-resolution TEM (HRTEM), energy dispersive X-ray spectroscopy (EDS) mapping, and
selected area electron diffraction (SAED), were performed using a TF 20 (Thermo Fisher
Scientific, Waltham, MA, USA) at 200 kV. X-ray photoelectron spectroscopy (XPS, Thermo
Scientific KAlpha, Waltham, MA, USA) with Al K« radiation was employed for surface
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chemical composition. The C 1s peak at 284.8 eV served as the reference for binding energy
calibration, ensuring data accuracy. The data from XPS analysis were processed using
Thermo Avantage v5.9921 (Copyright©1999-2014 Thermo Fisher Scientific portions © 1995
Micro Focus Ltd., Newbury, UK) software, applying Gaussian—Lorentzian fitting functions
to derive precise surface composition values.

3.4. Photoelectrochemical (PEC) Testing

In this experiment, a quartz three-electrode electrolysis cell was used for photoelec-
trocatalysis. The cell had a light window on the side, allowing for xenon lamp light to
directly illuminate the surface of the working electrode through the side window. The
working electrode was the photoanode material prepared in this study, with an area of
1 x 1 cm?. A counter electrode was made from a high-purity platinum sheet measuring
1 x 1 ecm?, while an Ag/AgCl electrode saturated with KCI solution was employed as the
reference electrode. A total of 1 mol/L KOH solution, exhibiting a pH of 13.6, served as
the electrolyte for this experiment. The photoelectrocatalytic performance of the prepared
photoanode was tested using the PEC-2000 and IPCE-1000 photoelectrochemical testing
systems from Perfect Light (Beijing) Co., Ltd. (Beijing, China) The PEC-2000 testing system
included a CHI-760e electrochemical workstation from Shanghai Chenhua Instruments
(Shanghai, China) equipped with a highly uniform integrated xenon lamp light source
(model PLS-FX300HU) fitted with an AM 1.5G filter. During photoelectrocatalytic perfor-
mance testing, the power of the xenon lamp was calibrated to 100 mW /cm?. Linear sweep
voltammetry (LSV) was one of the most important testing methods in this experiment. It
was primarily used to characterize the photoelectrocatalytic performance of the material,
demonstrating the relationship between the applied bias and the photocurrent density of
the material under simulated sunlight conditions. In this experiment, the pH level of the
solution can significantly influence the photoelectrocatalytic performance of the material.
To eliminate this effect, the potential E Ag/Agcl Was converted to the standard reversible
hydrogen electrode (Erpr) using the formula shown in Equation (1). The testing potential
range was selected between 0.4 and 1.6 V vs. RHE, with a scan rate of 5 mV/s:

Eruyr = EAg/AgCl +0.0592 x pH + 0.197 1)

Additionally, the experimental data obtained from the linear sweep voltammetry
(LSV) test can be used to calculate the photoconversion efficiency of the material using the
formula shown in Equation (2):

Jx (123 -V)

ABPE (%) = :
0

x 100% (2)

In this formula, ABPE represents photoconversion efficiency, | represents current
density, V denotes the voltage between the working electrode and the reference electrode,
and Ij indicates the intensity of incident light. During testing, the incident light intensity
was calibrated and maintained at I = 100 mW /cm?.

The photoanode’s incident photon-to-current efficiency (IPCE) was determined using a
photoelectrochemical system that included a 300 W xenon lamp, a grating monochromator
to eliminate high-order diffraction, and an electrochemical workstation. The calculation
formula is shown in Equation (3):

1240 x |
IPCE (%) = ———— x 100%
CE (%) Al x 100% 3)
In this formula, ] refers to photocurrent density, A is a specific wavelength, and I is the
intensity of incident light, which was calibrated using a solar cell for specific wavelengths.
Additionally, based on the test data, the material’s band gap was evaluated by combining
(IPCE% x hv)!/? with photon energy (hv = 1240/ \).
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Based on the M-S curve data of the material, the following formula can be used to
calculate the carrier concentration, which can reflect the conductivity of the material from
the carrier concentration. The calculation formula is shown in Equation (4):

N, = 2/keeeg A? 4)

In this formula, N, represents the carrier concentration, k is the slope of the fitting tan-
gent, A denotes the interface area, ¢ stands for electron charge, ¢ is the relative permittivity
of the material, and ¢ refers to vacuum permittivity (dielectric constant).

4. Conclusions

In summary, «-Fe;O3 nanorod arrays were successfully prepared via a simple one-step
hydrothermal method. The previously prepared CZTS dispersion was drop-cast onto the o-
Fe;O3 nanorod arrays, and after thermal annealing, CZTS was successfully loaded onto the
nanorod arrays, forming a heterojunction. XRD characterization confirmed the successful
synthesis of a-Fe;O3, and after CZTS loading, no significant changes in the o-Fe,;Oj lattice
structure were observed. SEM characterization demonstrated that the nanorods densely
grew on the substrate surface, and no significant changes in morphology were observed
after modification. XPS analysis confirmed that the CZTS material was successfully loaded
onto the x-Fe,O3 nanorod array. Photoelectrochemical testing and hole transfer efficiency
tests of the prepared materials demonstrated that the heterojunction enabled the efficient
separation of photogenerated electron-hole pairs. The EIS impedance spectra indicated
that the charge transfer resistance of the modified material was significantly reduced. Band
gap analysis confirmed that the band gap of the modified material was reduced, allowing
for increased light absorption and an improved performance. Performance testing showed
that the photocatalytic performance of the modified material was significantly enhanced.
Under an applied bias of 1.60 V vs. RHE, the FC-15 photoanode achieved a photocur-
rent density of 3.40 mA/ cm?, which is 8.50 times greater than 0.40 mA/ cm? observed
for the unmodified «-Fe,O3 photoanode. The photocatalytic water-splitting hydrogen
production capability was significantly improved, with the FC-15 photoanode achieving a
hydrogen production rate of 41.6 umol/cm? /h compared to only 5.64 mol/cm? /h for the
unmodified «-Fe;O3 photoanode.

Supplementary Materials: The following supporting information can be downloaded at: https:/ /www.
mdpi.com/article/10.3390/catal14110812/s1. Figure S1: A band gap diagram of the different voltages
for the o-Fe,O3 samples and FC-15. Table S1. Fitting values of electronic components in x-Fe;O3
samples and FC-15 equivalent circuit. Table S2. Carrier concentration of x-FepO3 samples and FC-15.
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