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ABSTRACT: Rapid recombination of photogenerated electrons and holes
affects the performance of a semiconductor device and limits the efficiency of
photocatalytic water splitting for hydrogen production. The use of an S-
scheme nanoscale heterojunction catalyst for the separation of photo-
generated charge carriers is a feasible approach to achieve high-efficiency
photocatalytic hydrogen evolution. Therefore, we synthesized a three-
dimensional S-scheme nanoscale heterojunction catalyst (LaNi0.6Fe0.4O3/g-
C3N4) and investigated its activity in photocatalytic water splitting. An
analysis of the band structure (XPS, UPS, and Mott−Schottky) indicated
effective interfacial charge transfer in an S-scheme nanoscale heterojunction
composed of two n-type semiconductors. X-ray photoelectron spectroscopy
(XPS) and electron paramagnetic resonance (EPR) spectroscopy confirmed
that the light-induced charge transfer followed the S-scheme mechanism.
Based on the capture test (EPR) of •OH free radicals, it can be seen that the enhanced activity is attributed to the S-scheme carrier
migration mechanism in heterojunction, which promotes the rapid adsorption of H+ by the abundant amino sites in g-C3N4, thus
effectively generating H2. The 2D/2D LaNi0.6Fe0.4O3/g-C3N4 heterojunction has a good interface and produces a built-in electric
field, improving the separation of e− and h+ while increasing the oxygen vacancy. The synergistic effect of the heterostructure and
oxygen vacancy makes the photocatalyst significantly better than LaNi0.6Fe0.4O3 and g-C3N4 in visible light. The hydrogen evolution
rate of the composite catalyst (LaNi0.6Fe0.4O3/g-C3N4-70 wt %) was 34.50 mmol·h−1·g−1, which was 40.6 times and 9.2 times higher
than that of the catalysts (LaNiO3 and g-C3N4), respectively. After 25 h of cyclic testing, the catalyst (LaNi0.6Fe0.4O3/g-C3N4-70 wt
%) composite material still exhibited excellent hydrogen evolution performance and photostability. It was confirmed that the
synergistic effect between abundant active sites, enriched oxygen vacancies, and 2D/2D heterojunctions improved the photoinduced
carrier separation and the light absorption efficiency of visible light. This study opens up new possibilities for the logical design of
efficient photodecomposition using 2D/2D heterojunctions combined with oxygen vacancies.

1. INTRODUCTION
Photocatalytic water splitting for hydrogen production is the
simplest method for converting solar energy into hydrogen
energy, so it is an effective strategy for addressing the energy
crisis.1−4 In renewable resource development, the design and
synthesis of photocatalysts have garnered significant attention,
and the development of efficient and cost-effective practical
photocatalysts has become a crucial step. Useful photocatalysts
must be environmentally friendly, devoid of heavy metals, easily
prepared, and inexpensive. However, the most critical challenge
lies in suppressing the rapid recombination of the photo-
generated electrons and holes. Effective separation of the
photogenerated electrons and holes is achieved with a built-in
electric field, by band bending, or with electrostatic
interactions.5,6 If the catalyst is designed improperly, the rapid
recombination of the photogenerated electrons and holes can
occur within the catalyst’s interior and on the surface, thereby
affecting the surface oxidation and reduction reactions of the
catalyst and reducing the photocatalytic efficiency.7,8 Therefore,
the development of catalysts with excellent activities and

stabilities is of practical significance for the sustainable
utilization of green energy. In the case of traditional Z-scheme
heterojunctions, specifically all-solid-state Z-scheme hetero-
junctions, the formation of solid-state intermediates has
expanded the application scope of heterojunctions, but
challenges arise in the rational design of the catalysts due to
the difficulty in selecting suitable intermediates. Building upon
this, we constructed an S-scheme nanoscale heterojunction in
which two n-type semiconductor materials are brought into
direct contact without the presence of intermediates, thus
achieving rapid separation of the photogenerated electrons and
holes.
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The perovskite structure with the general formula ABO3 is
simple and highly stable, and it exhibits excellent catalytic
performance as a semiconductor photocatalyst. Within the BO6
octahedra, the hybridization of the O 2p and transition metal 3d
orbitals can induce structural distortions and changes in the
oxidation state of the B-site metal, thereby altering the
physicochemical properties and improving various performance
aspects.9,10 Among perovskite-type oxides, LaNiO3 material has
shown promise as a photocatalyst; however, its performance
requires further improvement.11,12 In recent years, our research
group has made notable progress by exploring the use of LaNiO3
as a photocatalyst for water splitting.13 Building upon this
foundation, we hypothesized that by controlling the properties
of LaNiO3, we could enhance the hydrogen evolution rate of
photocatalytic water splitting. Studies have shown that altering
the particle sizes of the perovskites improved the catalytic
activity, and the particle sizes are commonly varied through
partial substitution at the B-site of the perovskite structure.14,15

In addition, the doped metals at the B-site generate synergism
withNi, thereby improving the catalytic performance.16,17 Chiba
et al. doped Fe into the LaNiO3 perovskite and found that
LaNi0.6Fe0.4O3 exhibited the highest stability among the
LaNi1−xFexO3 compositions. This material was more stable
than LaNiO3 and demonstrated higher catalytic activity in redox
reactions.18,19 Vidal et al. also used LaNi0.6Fe0.4O3 as a catalytic
material and demonstrated its excellent conductivity and
catalytic activity, and the conductivity of 751.4 S·cm−1,
facilitated electron transfer.20,21 In this study, we initially
attempted to use LaNi0.6Fe0.4O3 as a photocatalyst for water
splitting and hydrogen gas evolution and achieved promising
results. However, the relatively large bandgap of LaNi0.6Fe0.4O3
limited the photocatalytic performance. To address this
limitation, we hypothesized that constructing an S-scheme
nanoscale heterojunction would enhance the photocatalytic
activity of LaNi0.6Fe0.4O3. g-C3N4 is a nonmetallic photocatalytic
material, and it exhibits a broader absorption band than the
common photocatalyst TiO2. In previous studies, we have
observed the utilization of g-C3N4 in diverse catalytic reactions,
with a notable emphasis on its application in the photocatalytic
decomposition of water.22 In recent investigations into the
photocatalytic decomposition of water, there has also been a
proliferation of direct studies. Consequently, we hypothesize
that incorporating g-C3N4 with perovskite materials could
amplify their responsiveness to visible light.23−26 Additionally,
the generation of an internal electric field (IEF) within the g-
C3N4 photocatalyst has been confirmed to be an effective
strategy for facilitating rapid separation of photogenerated
charge carriers by guiding them toward active sites to achieve
high apparent quantum efficiency (AQE) and flux. This strategy
yields swift separation of the photogenerated electrons and
holes.27−29 Based on these considerations, we employed a
simple solvothermal method to fabricate a three-dimensional
LaNi0.6Fe0.4O3/g-C3N4 S-scheme heterojunction photocatalyst.
Structural characterization of the catalyst was conducted with
various techniques, including X-ray diffraction (XRD), scanning
electron microscopy (SEM), transmission electron microscopy
(TEM), atomic force microscopy (AFM), X-ray photoelectron
spectroscopy (XPS), Fourier transform infrared spectroscopy
(FT-IR), and UV−vis spectroscopy (220−800 nm). In the
absence of a noble metal cocatalyst, the catalyst exhibited a high
hydrogen evolution rate and excellent stability during five cycles
(25 h) of testing. The catalyst (LaNi0.6Fe0.4O3/g-C3N4-70 wt %)
exhibited a maximum photocatalytic activity of 34.50 mmol·h−1·

g−1, which was 40.6 times and 9.2 times higher than that of
LaNiO3 and g-C3N4, respectively. In addition, this study verified
that the rapid separation of the photogenerated charge carriers
was confirmed with various tests such as photoluminescence
spectroscopy (PL), the photocurrent response, electrochemical
impedance spectroscopy (EIS), and time-resolved fluorescence
spectroscopy. We gathered direct evidence of the migration
pathways of the charge carriers with UV photoelectron
spectroscopy, Mott−Schottky measurements, X-ray photo-
electron spectroscopy, and electron paramagnetic resonance
spectroscopy. This indirectly confirmed the occurrence of
charge transfer in the S-scheme heterojunction and verified the
formation of the built-in electric field, which facilitated band
bending and the electrostatic interactions between electrons and
holes. In constructing a three-dimensional nanoheterojunction,
this study offers a new approach for the design and development
of environmentally friendly, noble-metal-free, and highly
efficient hydrogen evolution catalysts.

2. EXPERIMENTAL SECTIONS
2.1. Materials. Nickel nitrate (AR, ≥99.99%, Beijing Hulk

Technology Co., Ltd.), lanthanum nitrate (AR, ≥99.999%,
Beijing Hulk Technology Co., Ltd.), iron nitrate (AR, ≥99.99%,
Beijing Hulk Technology Co., Ltd.), citric acid (AR, ≥99.5%,
Aladdin), ultrapure water (purified using a Milli-Q purification
system), anhydrous methanol (AR, ≥99.99%, Aladdin), ethanol
(AR, ≥99.7%, Beijing Tong Guang Fine Chemical Co., Ltd.),
and urea (AR, ≥99%, Xiong Scientific Co., Ltd.) were used in
this experiment. All of the reagents were used without further
purification. All experiments were conducted in deionized water
with a resistivity of 18 MΩ·cm.
2.2. Catalyst Preparation. 2.2.1. Preparation of La-

Ni0.6Fe0.4O3. By calculation, 0.8724 g of nickel nitrate, 0.8080
g of iron nitrate, 2.1651 g of lanthanum nitrate, and 1.9210 g of
citric acid were dissolved in 10 mL of deionized water and 5 mL
of ethanol to prepare a deep green transparent solution. The
solution was maintained at a constant temperature of 80 °C in a
water bath with magnetic stirring until it reached a sol state. It
was then transferred to a drying oven at 120 °C and thoroughly
dried for 10 h to obtain a solid sample in balloon form, which was
subsequently finely ground. Finally, the sample was calcined in a
box-type muffle furnace (ramping up at a rate of 5 °C·min−1 to
400 °C and held for 4 h, followed by ramping up to 700 °C at a
rate of 5 °C·min−1 and maintaining at 700 °C for 4 h).

2.2.2. Preparation of g-C3N4. Dry 20 g of urea in a forced air
oven at 80 °C for 10 h and then grind it. Place the ground urea in
a ceramic boat and heat it in a muffle furnace to 550 °C,
maintaining this temperature for 5 h. After the product was
cooled to room temperature, a yellow powder was obtained.

2.2.3. Preparation of LaNi0.6Fe0.4O3/g-C3N4 Composites. A
certain amount of LaNi0.6Fe0.4O3 was dispersed in 15 mL of
anhydrous ethanol and sonicated for 30 min to obtain
suspension A. Simultaneously, an appropriate amount of ethanol
was added dropwise to g-C3N4, followed by mechanical stirring
to obtain a yellow dispersion solution B. Under constant
temperature conditions of 20 °C, suspension Awas slowly added
to solution B to obtain sample C. After 1 h of ultrasonication and
12 h of magnetic stirring, sample C was transferred to a
hydrothermal reactor and heated at 120 °C for 6 h. Following
this, it underwent 5 rounds of centrifugation, followed by
thorough drying for 12 h, resulting in the preparation of
LaNi0.6Fe0.4O3/g-C3N4 nanosheet samples with different g-
C3N4 contents of 65, 70, and 75 wt %.
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2.3. Characterization. The surface morphologies and
microstructures of the samples were characterized with a
scanning electron microscope (SEM, HITACHI S-4800). The
crystal structures and compositions of the samples were
determined with a Shimadzu Maxima X-ray diffractometer
(XRD 7000) with Cu Kα radiation at a current of 30 mA and
voltage of 40 kV. The composition proportion of the
heterojunction was proved by thermogravimetric analysis
(TGA). The lattice spacings and particle growth were
characterized with a transmission electron microscope (TEM,
FEI Talos F200S), and the elemental distributions were
analyzed with energy-dispersive spectroscopy (EDS). The
formation of nanoheterostructures was confirmed by atomic
force microscopy (AFM) after the samples were drip-coated
onto a substrate following UV treatment. X-ray photoelectron
spectroscopy (XPS) was conducted with a Thermo Fisher
ESCSLAB 250Xi electron spectrometer equipped with a
monochromatic microfocused Al Kα X-ray source, and the
binding energy of the C 1s peak at 284.8 eV was used for
calibration. Fourier transform infrared (FT-IR) spectroscopy
was performed with a Shimadzu IRAffinity-1 infrared
spectrometer. The optical properties of the prepared samples
were examined with a UV-2600 spectrophotometer (Shimadzu
Corporation) with BaSO4 as a blank substrate for UV−vis
diffuse reflectance spectroscopy (DRS). Photoluminescence
spectra were recorded with an FS 980 fluorescence spectrometer
at room temperature, with a 300 nm excitation wavelength
provided by a 500 W xenon lamp. Time-resolved fluorescence
(TRF) spectra of the samples were obtained at room
temperature with a fluorescence spectrometer and 280 nm
laser excitation (Quanturus-Tau, C11367, HAMAMATSU).
Photovoltaic measurements were performed with a CHI1030C
electrochemical workstation and a standard three-electrode
system, in which a platinum mesh served as the working
electrode, and a Ag/AgCl electrode was used as the reference
electrode. The samples, including 5 mg of LaNi0.6Fe0.4O3, g-
C3N4, and LaNi0.6Fe0.4O3/g-C3N4-70 wt %, were dissolved in a
mixture comprising 800 μL of distilled water, 200 μL of
isopropanol, and 30 μL of Nafion solution to obtain a slurry,
which was then sonicated and drip-cast onto a glassy carbon
electrode to form the working electrode. A 500 W xenon lamp
was employed as the light source, with a 5 nm excitation and
emission slit width, and a 0.1 mol/L KHCO3 solution was used
as the electrolyte. Mott−Schottky (M-S) curves and photo-
current response curves (I-t) were generated to determine the
charge carrier migration resistance by electrochemical impe-
dance spectroscopy. A 5 mmol/L Fe (CN)63−/4− solution and
0.1 mol/L KCl solution were employed as the electrolyte. The
hydrogen gas yield was determined with a Shimadzu GC-2014C
gas chromatograph. Electron spin resonance spectra were
measured with an electron spin resonance spectrometer (Bruker
E500).
2.4. Full Spectrum Photocatalytic Decomposition of

Water for Hydrogen Production. To simulate natural
sunlight conditions, we used a 300 W (250−1200 nm) xenon
lamp as the light source and added the target catalyst to an
aqueous solution containing 20% (volume) methanol as the
sacrificial reagent for testing. Maintain the temperature at 25 °C
through a constant temperature device while maintaining
magnetic stirring throughout the entire process. Add an
appropriate amount of sample and secondary water to a 300
mL quartz round-bottom flask. After adding 20mL of anhydrous
methanol, seal and vacuum at low temperature to introduce N2

for 60 min. The hydrogen production rate was recorded by gas
chromatography, and each sample consisted of five parallel
experiments with the entire process maintained at room
temperature.

The formula for calculating the apparent quantum efficiency is
as follows:

=
×

×

AQY(%)
2 number of evolved hydrogen molecules

number of incident photos

100% (1)

3. RESULTS AND DISCUSSION
3.1. Structure and Performance. Here, we synthesized

LaNi0.6Fe0.4O3 and LaNi0.6Fe0.4O3/g-C3N4 composites in a
simple way. The synthesis process of the photocatalyst is shown
in Figure S1.

The crystal structures of the prepared samples were analyzed
by X-ray diffraction (XRD) patterns. The crystal structure and
phase purity of the LaNi0.6Fe0.4O3 powder are shown in Figure 1.

The characteristic peaks of LaNi0.6Fe0.4O3 corresponded to
those reported in JCPDS card No. 88−0637 in the database. An
analysis of the spectrum indicated the absence of significant
impurities in the product. Due to the partial substitution of Fe
for Ni, the peak intensity of the sample decreased, and the peak
gradually broadened. A clear transition from the orthorhombic
Pnma (PDF #88−0641) to the trigonal R3̅c (PDF #88−0633)
crystal structure was observed when the proportion of Fe
reached 0.4, as in LaNi0.6Fe0.4O3.

30 These results indicated that
the lattice parameters changed, which was attributed to the
different ionic radii of the cations and the resulting distortion of
the Fe/Ni octahedra and lattice contraction, which neutralized
the charge imbalance. Upon combining the LaNi0.6Fe0.4O3 with
g-C3N4, a new peak for g-C3N4 appears at 27.7° (0 0 2), and the
intensities of the peaks for LaNi0.6Fe0.4O3 decreased signifi-
cantly. This provided evidence for the successful preparation of
the nanocomposite heterostructure material.27 The types and
contents of the catalysts were determined. The ICP test results
are shown in Table 1, where Ni:Fe ≈ 6:4, which verified the
actual ratio between Co and Fe in LaNi0.6Fe0.4O3. Other target
products with doping ratios are listed in Figure S2.

Figure 2a shows that LaNi0.6Fe0.4O3 contained multiple
ellipsoidal particles with a uniform particle size distribution. As

Figure 1. XRD patterns of the as-prepared LaNi0.6Fe0.4O3 and
LaNi0.6Fe0.4O3/g-C3N4 photocatalysts.
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shown in Figure 2b−d, the LaNi0.6Fe0.4O3 nanoparticles were
dispersed on the surface of g-C3N4 in particulate form and grew
in the form of clusters, forming a three-dimensional nanostruc-
ture. This staggered structure exhibited a large surface area,
allowing both the surface and the interior to receive the light
source, thereby increasing the number of active sites for
photocatalytic hydrogen production via water splitting. The
specific area, average pore size, and average particle size of the
samples were measured by the BET technique. Figure S3 shows
that the nitrogen adsorption analytical isotherms of La-
Ni0.6Fe0.4O3 and LaNi0.6Fe0.4O3/g-C3N4 are inconsistent with
the desorption curves and there is a hysteresis ring. In line with
the characteristics of the type IV adsorption equilibrium
isotherm, all are mesoporous materials. Table S1 shows that
the pore size of the sample is concentrated in the range of 2−3
nm, which belongs to mesopores, which is also consistent with
the above adsorption and desorption isotherm analysis results.
The specific surface areas of LaNi0.6Fe0.4O3 and LaNi0.6Fe0.4O3/
g-C3N4 are 101.69 and 162.79 m2 g−1, respectively. The specific
surface area of LaNi0.6Fe0.4O3/g-C3N4 is 1.6 times that of
LaNi0.6Fe0.4O3. The combination of the two is beneficial for

increasing the number of active sites so as to improve the
photocatalytic water splitting activity.

TEM and HRTEM were used to determine the morphology,
elemental composition, structural composition, and particle
sizes of the catalyst, and their impacts on the catalytic
performance were investigated. As shown in Figure 3a,
LaNi0.6Fe0.4O3 exhibited distinct elliptical particles with sizes
of 60−70 nm. In Figure 3b, well-crystallized LaNi0.6Fe0.4O3
nanoparticles are observed with clear lattice spacings (d-
spacings), and the distances between the adjacent lattice fringes
are consistent. The interplanar spacing of approximately 0.272
nm corresponded to the crystal plane (1 0 4). The g-C3N4
exhibited a layered structure, with LaNi0.6Fe0.4O3 nanoparticles
dispersed on the surface, consistent with the images in Figure 3c.
Lattice plane separation was observed at the interface, as in
Figure 3d,e, the interplanar spacing of approximately 0.27 nm
indicated the (1 0 4) planes. The crystal plane indexes (1 0 4)
and (1 1 0) obtained from the XRD data correspond to the
distinct diffraction peaks (2.70A and 3.65A) in the SAED
pattern, as shown in Figure 3f. Figure 3g presents energy-
dispersive X-ray spectroscopy (EDS) data, which confirmed the
elemental composition of LaNi0.6Fe0.4O3 and the absence of
other elements. The elements La, Ni, Fe, C, N, and O were
uniformly distributed in the LaNi0.6Fe0.4O3/g-C3N4-70 wt %
catalyst.

The atomic force microscopy (AFM) images enabled high-
resolution visualization of themicronano surfacemorphology, as

Table 1. Elements in LaNi0.6Fe0.4O3/g-C3N4-70% and the
Percentage Content of Each Element After Pickling

element La Ni Fe C N

percentage content (wt %) 6.4 3.5 2.4 30.2 40.6

Figure 2. SEM images of (a) LaNi0.6Fe0.4O3, (b) g-C3N4, and (c, d) LaNi0.6Fe0.4O3/g-C3N4-70 wt % composites.
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shown in Figure 4. Brighter regions in the image corresponded
to greater surface heights, while the darker regions represented

flatter surface sections, and the color scale is located on the right
side of the image. The AFM image shows the overall topography

Figure 3. (a) TEM image and (b) HRTEM image of LaNi0.6Fe0.4O3; (c) TEM image, (d,e) high-magnification TEM images, and (f) selected area
electron diffraction (SAED) pattern of LaNi0.6Fe0.4O3/g-C3N4-70 wt %; (g) SEM image of LaNi0.6Fe0.4O3/g-C3N4-70 wt % and energy-dispersive X-
ray (EDS) images showing the C, N, O, Fe, Ni, and elemental distribution.

Figure 4. (a−c) AFM image and (d, e) profile image of the LaNi0.6Fe0.4O3/g-C3N4-70 wt %.
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of the scanned area, and the height distribution curves were
extracted for specific locations. The black height curves in the
image correspond to the height distribution at the positions
indicated by the black lines in the AFM image. With the AFM
data, we observed a well-grown nanoheterostructured catalyst
(LaNi0.6Fe0.4O3/g-C3N4-70 wt %). Spherical LaNi0.6Fe0.4O3
nanoparticles were found to grow steadily on the layered g-
C3N4 substrate, with heights measuring approximately 61.5 and
4 nm, respectively. This observation was consistent with the
SEM and TEM data, confirming that the prepared g-C3N4 was a
suitable substrate. The AFM images provided valuable insights
into the morphology and height distribution of the catalyst and
contributed to a comprehensive understanding of the micro-
nano structure.

We determined the surface elemental chemical states with X-
ray photoelectron spectroscopy (XPS), as shown in Figure 5.
The C 1s peak was corrected to a binding energy of 284.8 eV.
The LaNi0.6Fe0.4O3/g-C3N4-70 wt % composite material
consisted of La, Ni, Fe, O, C, and N elements. The high-
resolution N 1s spectrum of the g-C3N4 sample, shown in Figure
5b, can be divided into three major peaks at 399.1, 400.7, and
401.6 eV. The main peak at 399.1 eV is attributed to the sp2-
hybridized nitrogen (C�N�C) of the heptazine-triazine ring,
while the peaks located at 400.7 and 401.6 eV correspond to the
tertiary nitrogen N−(C)3 groups and surface amino functions
(C−N−H). After the formation of heterojunction, the amino
group increases, increasing the active site.43 In the high-
resolution Fe 2p spectrum shown in Figure 5f, there were two

Figure 5. X-ray photoelectron spectroscopy (XPS) full spectrum. (a) and (b) N 1s; (c) C 1s; (d) O 1s; (e) La 3d and Ni 2p, and (f) Fe 2p magnified
high-resolution spectra for LaNi0.6Fe0.4O3, g-C3N4, and LaNi0.6Fe0.4O3/g-C3N4-70 wt %.

Table 2. XPS Binding Energy of LaNi0.6Fe0.4O3, g-C3N4, and LaNi0.6Fe0.4O3/g-C3N4-70 wt %

Fe 2p

Ni 2p Fe 2p3/2 Fe 2p1/2 O 1s

LaNi0.6Fe0.4O3 770.3 709.8 722.8 528.5 (45%) 531.9 (47%)
771.7 712.9 724.8

LaNi0.6Fe0.4O3/g-C3N4-70 wt % 772.3 710.2 722.4 528.9 (37%) 531.3 (62%)
772.8 712.4 724.4
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shoulder peaks at 709.84 and 712.99 eV, 722.87 and 724.87 eV,
which corresponded to the binding energies of the Fe 2p3/2 and
Fe 2p5/2 states, respectively. After doping with Fe, the
proportion of M2+/M3+ increased, which enriched the oxygen
vacancies (OVs) and inhibited direct electron−hole recombi-
nation (Table 2.).30,31 The high-resolution O 1s XPS data
contained two main peaks near 528.54 and 531.17 eV, as shown
in Figure 5d. The spectrum of the pure LaNi0.6Fe0.4O3 sample
was deconvoluted into three peaks: the peak with the lowest
binding energy (approximately 528.54 eV) was due to the lattice
oxygen atoms on the surface; the next peak (approximately
531.17 eV) was due to the adsorbed oxygen on the surface; and
the peak with the highest binding energy (approximately 533.19
eV) was due to the adsorption of water. The high-resolution O
1s spectrum of LaNi0.6Fe0.4O3/g-C3N4-70 wt % exhibited two
main peaks at 528.91 and 531.91 eV, which were attributed to
surface lattice oxygen atoms and surface adsorbed oxygen,
respectively.31 The peak positions for the surface adsorbed
oxygens in the LaNi0.6Fe0.4O3/g-C3N4-70 wt % spectrum
increased by 0.7 eV, and the peak areas were increased,
indicating that the adsorbed oxygen content in LaNi0.6Fe0.4O3/
g-C3N4 was significantly increased after binding of the g-C3N4
with LaNi0.6Fe0.4O3. The less obvious characteristic peak of Ni
2p is located at 770 eV.32,33 The La 3d spectrum shown in Figure
5e for the LaNi0.6Fe0.4O3/g-C3N4 sample exhibited two shoulder
peaks with vibrational features in the binding energy ranges of
833−837 eV and 850−854 eV. These shoulder peaks were split
into two distinct peaks at 833.44 and 837.06 eV, and at 850.06
and 854.06 eV, which corresponded to the binding energies of
La 3d5/2 and La 3d3/2, respectively. This confirmed the presence
of La3+ ions in the crystal structure.34

The Fourier transform infrared (FT-IR) spectra of
LaNi0.6Fe0.4O3, LaNi0.6Fe0.4O3/g-C3N4-70 wt %, and g-C3N4
are shown in Figure 6. For pure g-C3N4, the characteristic peaks

at 1508.4 cm−1, 1541.2 cm−1, and 1558.6 cm−1 corresponded to
the stretching vibrational modes of the aromatic CN groups.
Another characteristic absorption peak appeared at 810 cm−1,
which corresponded to the vibrational modes of g-C3N4
(triazine units) and surface N−H groups. In the 2000−400
cm−1 region of the FT-IR spectrum, only two obvious
absorption bands were observed for LaNi0.6Fe0.4O3. The
vibration peaks at 700 and 760 cm−1 arose from the Ni−O

bending and tensile vibrations of the perovskite structure. The
peak splitting was attributed to the Jahn−Teller effect of Ni3+,
which caused local deformation in the lattice.11 With increasing
g-C3N4 content in the LaNi0.6Fe0.4O3 sample, the characteristic
peak for the composite material gradually becomes sharper. The
distinct and sharp peak at around 807 cm−1 was originated from
representative tri-s-triazine units. In addition, compared with the
spectrum of g-C3N4, the spectrum of the LaNi0.6Fe0.4O3/g-C3N4
sample showed a blueshift to 810 cm−1 for the triazine units.28

This indicated a decrease in the number of hydrogen bonds in
the g-C3N4 structure, which could facilitate the transfer of charge
carriers in the g-C3N4.

Prior research has shown that the electronic bandgap energy
of a material determines its photocatalytic activity. Studying the
positions of the conduction band (CB) and valence band (VB)
of the sample is also of great significance for understanding the
mechanism of photocatalytic decomposition of water and
hydrogen evolution. In most cases, ECB can obtain approximate
flat band values through Mott−Schottky curve measurements,
but even such approximations are not very accurate. In
combination with the bandgap graph obtained from the
Kubelka−Munk function, the EVB is easily derived. As shown
in Figure 7a, the solid UV diffuse reflectance spectra of pure
LaNi0.6Fe0.4O3, g-C3N4, and LaNi0.6Fe0.4O3/g-C3N4 were
measured by using a solid UV diffuse reflectance spectrum.
The LaNi0.6Fe0.4O3/g-C3N4 composite material exhibited
absorption properties similar to g-C3N4 and LaNi0.6Fe0.4O3
absorbed light in almost all cases, indicating that the
LaNi0.6Fe0.4O3 has excellent photoelectric properties. The
absorption edge of the LaNi0.6Fe0.4O3/g-C3N4 composite
material was red-shifted compared to that of pure g-C3N4,
indicating that the LaNi0.6Fe0.4O3/g-C3N4 composite material
can absorb more visible light. The bandgap energy of a
semiconductor is as follows:

=h A h E( ) ( )n1/
g (2)

where α, h, υ, A, Eg, and n represent the absorption coefficient,
Planck’s constant, incident light frequency, constant, the
bandgap, and an integer, respectively. Figure 7b reveals that
the bandgap energies (Eg) of LaNi0.6Fe0.4O3 and LaNi0.6Fe0.4O3/
g-C3N4 were approximately 2.65 and 1.93 eV, respectively. The
composite material exhibited a smaller bandgap energy (Eg)
value. The valence band (VB) and conduction band (CB)
energies of semiconductors can also be obtained with the
following empirical formulas:

=E E E0.5CB g (3)

= +E E EVB CB g (4)

According to the literature, the values for pure LaNi0.6Fe0.4O3
and g-C3N4 are approximately 6.60 and 4.63 eV, respectively.30

Eθ is the energy of free electrons (approximately 4.5 eV relative
to NHE), and Eg is the bandgap energy of the semiconductor. As
shown in Figure 7c,d, the positive slope of theM-S plot indicates
that LaNi0.6Fe0.4O3 is a typical n-type semiconductor.35 To
ensure accuracy, we also tested the parameters at 2000 and 3000
Hz, as shown in Figure S4. Figure 7e verified that the numerical
value of EVB matched that of the Kubelka−Munk function
calculation.

Table 3 shows the calculated values for the ECB and EVB. The
results show that the ECB of g-C3N4 (−1.42 eV) was smaller than
the ECB of LaNi0.6Fe0.4O3 (−0.36 eV), while the EVB of

Figure 6. Fourier transform infrared (FT-IR) spectra of g-C3N4,
LaNi0.6Fe0.4O3, and LaNi0.6Fe0.4O3/g-C3N4-70 wt %.
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LaNi0.6Fe0.4O3 (2.29 eV) was larger than the EVB of g-C3N4 (1.68
eV). The Mott−Schottky (M-S) curves for LaNi0.6Fe0.4O3 and
g-C3N4 exhibited positive slopes, indicating they are n-type
semiconductors, which is consistent with reported results.35 In
addition, the flat band potentials (Ef) of g-C3N4 (−1.32 V vs Ag/
AgCl) and LaNi0.6Fe0.4O3 (−0.26 V vs Ag/AgCl) were obtained
from Mott−Schottky (M-S) plots. Based on the voltage
difference of approximately 0.1 V between the ECB and Ef for

an n-type semiconductor, the ECB values were calculated as
−1.42 and −0.36 eV (relative to NHE) for g-C3N4 and
LaNi0.6Fe0.4O3, respectively. Therefore, this was consistent with
the data obtained using the empirical formulas to calculate ECB
and EVB. By properly constructing the LaNi0.6Fe0.4O3/g-C3N4
heterojunction, it was possible to establish a band structure that
enabled S-scheme charge transfer. When the two semi-
conductors come into contact with each other, the electrons
in g-C3N4 spontaneously migrate to LaNi0.6Fe0.4O3. This results
in an electron depletion region and an electron accumulation
region near the interface of g-C3N4 and LaNi0.6Fe0.4O3,
respectively. This results in the formation of an internal electric
field from g-C3N4 to LaNi0.6Fe0.4O3. This internal electric field

Figure 7. (a) UV−vis diffuse reflectance spectra (DRS) of LaNi0.6Fe0.4O3, g-C3N4, and LaNi0.6Fe0.4O3/g-C3N4; (b) the bandgap energy (Eg) diagram
of LaNi0.6Fe0.4O3 and LaNi0.6Fe0.4O3/g-C3N4; (c, d) the Mott−Schottky (M-S) plots collected at 1000 Hz; and (e) the valence band (VB) X-ray
photoelectron spectra (XPS) for LaNi0.6Fe0.4O3 and g-C3N4.

Table 3. LaNi0.6Fe0.4O3 and g-C3N4 Bandgaps

sample χ (eV) ECB (eV) EVB (eV) Eg

LaNi0.6Fe0.4O3 6.60 −0.36 2.29 2.65
g-C3N4 4.63 −1.42 1.68 3.10
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accelerates the transfer of photogenerated electrons from
LaNi0.6Fe0.4O3 to g-C3N4. When two semiconductors touch
each other, their Fermi energies should align to the same level.
This causes the Fermi levels of the lower band and the g-C3N4 to
bend up and down, respectively, prompting the photogenerated
electrons in the lower CB and the holes in the g-C3N4 VB to
recombine in the interface region. The Coulomb attraction
between holes and electrons facilitates the recombination of
photogenerated electrons in the CB of LaNi0.6Fe0.4O3 and holes
in the VB of RGO at the interface. The photogenerated electrons
retained in CB of g-C3N4 and photogenerated holes in VB of
LaNi0.6Fe0.4O3 can be reduced and oxidized, respectively.

Electrochemical impedance spectroscopy was used to
investigate the carrier migration resistance.36 On this basis, the
impedance responses were determined for the catalyst
(LaNi0.6Fe0.4O3/g-C3N4-70 wt %), pure LaNi0.6Fe0.4O3, and g-
C3N4. In the impedance plots for pure g-C3N4 and pure
LaNi0.6Fe0.4O3, the intersection of the semicircular curves with
the X-axis was larger than that of the composite photocatalyst.
This indicates a higher resistance to charge carrier migration in
the pure LaNi0.6Fe0.4O3 and g-C3N4 samples. Conversely, the
charge transfer resistance of the catalyst (LaNi0.6Fe0.4O3/g-
C3N4-70 wt %) was lower than that of LaNi0.6Fe0.4O3 and g-
C3N4. Notably, the catalyst (LaNi0.6Fe0.4O3/g-C3N4-70 wt %)
exhibited the lowest charge transfer resistance, as shown in
Figure 8a. These results indicated that the LaNi0.6Fe0.4O3/g-
C3N4-70 wt % composite photocatalyst had a higher hydrogen

production rate and more effectively suppressed the recombi-
nation of photogenerated electron−hole pairs. EIS can also
prove that for the S-scheme heterojunction system, if the arc
radius of the composite material is the smallest, the photo-
catalytic activity is the worst, indicating that the S-scheme
heterojunction is conducive to reducing the charge transfer
resistance and promoting the carrier separation.

The efficiency for separation and transfer of the photo-
generated electrons and holes was evaluated with photo-
luminescence (PL) spectroscopy.37 The height of the peak in
the fluorescence spectrum is directly related to the recombina-
tion rate for photogenerated electrons and holes, and a higher
intensity indicates a higher recombination rate.38 Figure 8b
shows the different results for fluorescence excitation of
LaNi0.6Fe0.4O3, g-C3N4, and the LaNi0.6Fe0.4O3/g-C3N4 compo-
site materials with 300 nm illumination. With 300 nm excitation,
the fluorescence response of the LaNi0.6Fe0.4O3/g-C3N4
composite material was significantly lower than that of pure g-
C3N4 and pure LaNi0.6Fe0.4O3, indicating that the fluorescence
response signal of LaNi0.6Fe0.4O3/g-C3N4-70 wt % composite
material is the lowest. The results also showed that the
heterojunctions exhibit the lowest rate for recombination of
the photogenerated electrons and holes, which enhanced the
photocatalytic decomposition of water. In addition, the
fluorescence band edge of the LaNi0.6Fe0.4O3/g-C3N4 composite
material was blue-shifted compared to that of the pure g-C3N4
composite material, indicating an electronic interaction between

Figure 8. (a) Electrochemical impedance spectra (EIS) plot; (b) photoluminescence (PL) spectra; (c) photocurrent response spectra; (d) time-
resolved fluorescence spectra of LaNi0.6Fe0.4O3, g-C3N4, and LaNi0.6Fe0.4O3/g-C3N4-70 wt %.
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LaNi0.6Fe0.4O3 and the g-C3N4 composite material. The
photoluminescence spectrum confirmed that the recombination
of the photogenerated electrons and holes in LaNi0.6Fe0.4O3/g-
C3N4 was strongly suppressed, mainly due to the migration of
the photogenerated electrons in the conduction band of
LaNi0.6Fe0.4O3 to the valence band. The g-C3N4 forms an S-
scheme heterojunction under full wavelength light irradiation,
which effectively suppressed the direct recombination of
electron−hole pairs.

The transient (on/off) photocurrent response (Figure 8c)
revealed the current responses of LaNi0.6Fe0.4O3, g-C3N4, and
LaNi0.6Fe0.4O3/g-C3N4 under illumination. Pure LaNi0.6Fe0.4O3
and g-C3N4 exhibited relatively weak photocurrent responses
under illumination. In contrast, LaNi0.6Fe0.4O3/g-C3N4 showed
a significantly stronger, faster, and stable photocurrent response.
The photocurrent response remained unchanged after multiple
cycles, without attenuation or time delays. The photocurrent
density of the LaNi0.6Fe0.4O3/g-C3N4 composite material was
0.018 mA·cm−2, which was higher than that of LaNi0.6Fe0.4O3
(0.012 mA·cm−2) and g-C3N4 (0.005 mA·cm−2), indicating the
strongest transient photocurrent response. This means that it
has a higher charge separation efficiency, whichmeans that more
electrons and holes can participate in the photocatalytic
reaction. The photogenerated electrons diffused toward the
back to form a photocurrent, and the holes were absorbed by
hole receptors in the electrolyte. Therefore, the composite
catalyst (LaNi0.6Fe0.4O3/g-C3N4-70 wt %) showed highly

efficient separation of the photogenerated electron−hole
pairs.39

We used time-resolved fluorescence spectroscopy to
determine the lifetimes of photogenerated charge carriers in
the samples. The average lifespan of the sample was calculated
via multiple exponential fittings, as shown in Figure 8d. The
average photogenerated carrier lifetime of the LaNi0.6Fe0.4O3/g-
C3N4-70 wt % composite photocatalyst was 7.72 ns, which was
significantly longer than that of LaNi0.6Fe0.4O3 (4.28 ns). The
longer fluorescence lifetime indicates an improvement in the
charge separation efficiency, which is useful for photocatalytic
reactions.

As shown in Figure 9a, hydrogen evolution was detected with
gas chromatography, and the experiments were conducted in
triplicate for all samples, as shown in Figure 9c, to eliminate any
unexpected factors and obtain more convincing data. The
heterostructure materials exhibited different hydrogen evolution
rates with varying doping ratios of g-C3N4. Since the calculated
errors were 0.02% or lower, the repeatability and reproducibility
of the data were confirmed. Clearly, the prepared g-C3N4,
LaNi0.6Fe0.4O3, and LaNi0.6Fe0.4O3/g-C3N4-65 , 70 , and 75 wt %
composite materials exhibited varying amounts of photocatalytic
hydrogen evolution, and the hydrogen evolution rates were 0.08
mmol·h−1·μmol−1, 0.36 mmol·h−1·μmol −1, 0.58 mmol·
h−1·μmol −1, 0.39 mmol·h−1·μmol −1, and 0.55 mmol·
h−1·μmol−1 (3.73 mmol·h−1·g−1, 18.06 mmol·h−1·g−1, 28.85
mmol·h−1·g−1, 34.50 mmol·h−1·g−1, and 27.60 mmol·h−1·g−1),
respectively. LaNi0.6Fe0.4O3/g-C3N4-70 wt % exhibited the

Figure 9. (a) Photocatalytic hydrogen evolution rates of LaNi0.6Fe0.4O3, g-C3N4, and LaNi0.6Fe0.4O3/g-C3N4-65, 70, and 75 wt % as a function of
irradiation time under full spectrum illumination; (b) long-term stability test of LaNi0.6Fe0.4O3 under continuous illumination; (c) average hydrogen
evolution rates during water splitting by LaNi0.6Fe0.4O3, g-C3N4, and LaNi0.6Fe0.4O3/g-C3N4-65, 70, and 75 wt % under full illumination; (d) long-term
stability test of LaNi0.6Fe0.4O3/g-C3N4-70 wt % under continuous illumination for 25 h.
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highest photocatalytic activity, with an average hydrogen
evolution rate of 34.50 mmol·h−1·g−1, which was 2.0 times and
9.2 times higher than that of LaNi0.6Fe0.4O3 and g-C3N4,
respectively. Even after 5 consecutive cycles, the photocatalytic
efficiency of the catalyst was not significantly decreased,
indicating its high stability during the photocatalytic water
splitting process under xenon lamp irradiation. Similarly, we also
compared the photocatalytic activities of LaNiO3 and LaNiO3/
g-C3N4 (Figure S5). The AQYs (apparent quantum yields) of
LaNi0.6Fe0.4O3/g-C3N4-70 wt % at 300, 420, 450, 500, and 600
nm were 3.85%, 3.65%, 3.80%, 3.31%, and 3.30%, respectively,
as shown in Figure 10. What’s more, there was no distinct

change in the XRD patterns and FT-IR images of
LaNi0.6Fe0.4O3/g-C3N4-70 wt % before and after five cyclic
photocatalytic experiments, as observed in Figure S6,
respectively. The results further confirmed the former
conclusion that our synthesized LaNi0.6Fe0.4O3/g-C3N4-70 wt
% nanoparticles had good stability and sturdy crystal structure.
3.2. Mechanism Analysis. Electron paramagnetic reso-

nance (EPR) spectroscopy was used to confirm the S-scheme
mechanism for the LaNi0.6Fe0.4O3/g-C3N4 photocatalyst, 5,5-
dimethylpyrroline-N-oxide (DMPO) was used as a spin trap to
detect the spin distribution of hydroxyl radicals (•OH), and 5-
tert-butoxycarbonyl-5-methyl-1-pyrroline-N-oxide (BMPO)
was used as a spin trap to detect the spin distribution of
superoxide radicals (•O2

−). The holes and electrons created by
light successfully drive the formation of hydroxyl radicals and
superoxide radicals. EPR spectroscopy provides valuable
information on the presence and behavior of these free radicals,
enabling an investigation of the photocatalytic mechanism.40,41

The EPR spectra of BMPO-•O2
− and DMPO-•OH were

measured for LaNi0.6Fe0.4O3, g-C3N4, and LaNi0.6Fe0.4O3/g-
C3N4 during irradiation, as shown in Figure 11a,b. The BMPO-
•O2

− signal of LaNi0.6Fe0.4O3/g-C3N4 was significantly higher
than that of pure g-C3N4, while the BMPO-•O2

− signal for pure
LaNi0.6Fe0.4O3 was almost absent (Figure 11a). Figure 11b
shows that although the DMPO-•OH signal of the pristine g-
C3N4 was very weak, the DMPO-•OH signal of the composite
photocatalyst LaNi0.6Fe0.4O3/g-C3N4 was significantly stronger
than that of LaNi0.6Fe0.4O3.

42 The relative peak intensities for
the DMPO-•OH radicals formed by LaNi0.6Fe0.4O3 and
LaNi0.6Fe0.4O3/g-C3N4 exhibited ratios of 1:2:2:1. The weaker
EPR signals for BMPO-•O2

− from the pristine LaNi0.6Fe0.4O3

and g-C3N4 were attributed to their negative potentials relative
to O2/•O2

−. However, for the composite photocatalyst
LaNi0.6Fe0.4O3/g-C3N4, the BMPO-•O2

− signal was signifi-
cantly stronger.43 Therefore, we speculate that •O2

− may have
originated from the conduction band (CB) of LaNi0.6Fe0.4O3 in
the LaNi0.6Fe0.4O3/g-C3N4 heterojunction, and due to the rapid
consumption of the photogenerated holes in g-C3N4, it
significantly enhanced the charge carrier separation efficiency.
As shown in Figure 11c, no BMPO-•O2

− or DMPO-•OH was
observed on the catalyst surface under dark, indicating that •O2

−

and •OH were produced on the catalyst surface during
illumination. We calculated a g-value of 2.002 for the
LaNi0.6Fe0.4O3/g-C3N4-70 wt % complex, indicating the
presence of oxygen vacancies in the complex, as shown in
Figure 11d. Fe doping increases the presence of oxygen
vacancies and inhibits the recombination of electron holes.
After the formation of the heterojunction, the oxygen vacancy is
also greatly increased, which will optimize the presence of the
built-in electric field and promote improved performance.

Ultraviolet photoelectron spectroscopy (UPS) was used to
confirm the redox potentials of LaNi0.6Fe0.4O3 and g-C3N4, and
the work functions were found to be 4.18 and 3.88 eV,
respectively. As shown in Figure 12, the cutoff energies for
LaNi0.6Fe0.4O3 and g-C3N4 were 17.04 and 17.34 eV,
respectively. It is evident that the Fermi level (Ef) of g-C3N4
was lower than that of the LaNi0.6Fe0.4O3 catalyst, indicating a
more negative Ef for g-C3N4. When LaNi0.6Fe0.4O3 came into
contact with g-C3N4, photoexcited electrons from g-C3N4
migrated to LaNi0.6Fe0.4O3 until their Fermi levels aligned,
resulting in a built-in electric field generated at the interface.
This built-in electric field separated the electron−hole pairs and
suppressed recombination, thereby enhancing the photo-
catalytic activity. This led to an increase in the electron density
on the surface of LaNi0.6Fe0.4O3 and a decrease in the electron
density on the surface of the g-C3N4. The built-in electric field
generated at the interface between LaNi0.6Fe0.4O3 and g-C3N4
separated the electron−hole pairs with strong redox potentials.
The valence band (EVB) energies calculated for g-C3N4 and
LaNi0.6Fe0.4O3 were 6.18 and 6.79 eV, respectively (Table 3).
Consequently, the EVB values for g-C3N4 and LaNi0.6Fe0.4O3
were 1.68 and 2.29 eV, respectively, relative to the reversible
hydrogen electrode (RHE). The conduction band (ECB)
energies were −1.42 and −0.36 eV for g-C3N4 and
LaNi0.6Fe0.4O3, respectively. These results indicated that the S-
scheme nanoheterojunction between LaNi0.6Fe0.4O3 and g-
C3N4 was formed because their band structures were aligned.
This was attributed to the higher electron energy distribution
and increased electron density on the surface of LaNi0.6Fe0.4O3,
while the electron energy distribution on the surface of g-C3N4
was lower, which was consistent with the XPS results. Figure 12
presents the band structures of g-C3N4 and LaNi0.6Fe0.4O3
obtained from the UPS spectra, which confirmed their strong
binding. This was consistent with the XPS analysis results, as
well. The successful construction of the S-scheme hetero-
junction enabled efficient charge separation and transfer,
thereby enhancing the photocatalytic hydrogen evolution.

Based on the analyses and results presented above, a
mechanism was developed for photocatalytic hydrogen
evolution with LaNi0.6Fe0.4O3/g-C3N4. As shown in Figure 13,
LaNi0.6Fe0.4O3 and g-C3N4 had well-matched band structures,
indicating an S-scheme staggered n-n heterojunction. As
depicted in Figure 13a, prior to the contact between the two
phases, LaNi0.6Fe0.4O3 exhibited a lower Ef energy level and band

Figure 10. Apparent quantum yields of the composite materials at
different wavelengths.
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position than g-C3N4. Therefore, when LaNi0.6Fe0.4O3 was in
close proximity to g-C3N4, the free electrons within g-C3N4 were
spontaneously transferred to LaNi0.6Fe0.4O3 through the inter-
face until their Ef energy levels aligned precisely. This resulted in
the formation of an S-scheme heterojunction, enabling efficient
charge separation and transfer, as illustrated in Figure 13c.

If it is a type II heterojunction, the hole of LaNi0.6Fe0.4O3 will
transfer to g-C3N4 to generate the •OH radical, and its peak
value should be the highest. However, the fact that
LaNi0.6Fe0.4O3/g-C3N4 has the strongest DMPO-•OH signal
indicates that the heterojunction retains the high oxidation
capacity of the holes in LaNi0.6Fe0.4O3 and inhibits electron−
hole recombination. This result proves that LaNi0.6Fe0.4O3/g-
C3N4 is an S-scheme heterojunction rather than a type II
heterojunction. The specific photocatalytic process was as
follows:

+

+ + ++ +

hvLaNi Fe O /g C N

e (LNF) h (LNF) e (g C N ) h (g C N )

0.6 0.4 3 3 4

3 4 3 4

(5)

+ +e (LNF) h (g C N ) Recombination3 4 (6)

+ ++ +H O 2h (LNF) 1/2 O 2H2 2 (7)

+ +2e (g C N ) 2H H (g)3 4 2 (8)

In this process, the strongly reducing electrons remained in
the conduction band (CB) of LaNi0.6Fe0.4O3 and provided a
strong driving force for the reduction of protons (H+) to H2 in
water. The valence band (VB) position of g-C3N4 retains
strongly oxidizing holes, which were consumed by protons (H+)
in the water containing the sacrificial agent CH3OH. The
LaNi0.6Fe0.4O3/g-C3N4 composite material exhibited a high
efficiency for the separation of photoexcited electron−hole pairs
due to the availability of fast charge transfer pathways. The S-
scheme heterojunction enhanced the close contact between
LaNi0.6Fe0.4O3 and g-C3N4, exposed more active sites, and
promoted the evolution of H2. Therefore, the thin film
nanostructure increased the active surface area of the photo-
catalyst, thereby shortening the diffusion distance of the charge
carriers. This increased the charge transfer rate and enhanced
the performance of photocatalytic water splitting for H2
production.

4. CONCLUSION
The Fe-doped LaNi0.6Fe0.4O3/g-C3N4 S-scheme nanohetero-
junction composite photocatalyst was prepared via the sol−gel
method. It exhibited a high density of active sites, efficient
charge separation, and abundant oxygen vacancy. While the
oxygen vacancy provides more photogenerated charge carriers,
the 2D/2D structure enhances the bonding of the hetero-
junction, generating an inherent electric field and promoting the
separation of e− and h+. Based on the capture test (EPR) of •OH

Figure 11. (a) Water dispersion of BMPO-•O2
− and (b) water dispersion of DMPO-•OH under full spectrum xenon lamp irradiation; (c) EPR

spectra and (d) g-values of LaNiO3, LaNi0.6Fe0.4O3, and LaNi0.6Fe0.4O3/g-C3N4-70 wt % composites from the bottom up.
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free radicals, it can be seen that the enhanced activity is
attributed to the S-scheme carrier migration mechanism in the
heterojunction, which promotes the rapid adsorption of H+ by

the abundant amino sites in/g-C3N4, thus effectively generating
H2. The presence of the Fe dopant was confirmed by the XRD
and EDS spectra. The chemical states of the elements in the

Figure 12. Ultraviolet photoelectron spectra (UPS) of (a,b) LaNi0.6Fe0.4O3 and (c,d) g-C3N4.

Figure 13. Schematic band diagrams for LaNi0.6Fe0.4O3 and g-C3N4 (a) before contact, (b) after contact, and (c) charge transfer across the S-scheme
heterojunction of LaNi0.6Fe0.4O3/g-C3N4 during the reaction.
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photocatalyst were determined with X-ray photoelectron
spectroscopy (XPS). Structural characterization with SEM and
TEM revealed that the LaNi0.6Fe0.4O3 nanoparticles measured
approximately 60 nm and exhibited spherical shapes, while g-
C3N4 had a layered structure with a consistent morphology.
LaNi0.6Fe0.4O3 composite nanoparticles and g-C3N4 nanosheets
were observed, and the composite material was highly
hydrophilic. During irradiation, the maximum photocatalytic
activity of LaNi0.6Fe0.4O3 was 18.06 mmol·h−1·g−1, which was
21.2 times higher than that of LaNiO3. Moreover, the highest
photocatalytic activity of the LaNi0.6Fe0.4O3/g-C3N4-70 wt %
was 34.50 mmol·h−1·g−1, which was 40.6 times higher than that
of LaNiO3 and 9.2 times higher than that of g-C3N4. The
photocatalytic activity of LaNi0.6Fe0.4O3/g-C3N4-70 wt % was
significantly higher than that of other catalysts.27,28,44 This study
demonstrated an inexpensive and highly efficient La-
Ni0.6Fe0.4O3/g-C3N4 photocatalytic system, which utilizes a
built-in electric field at the interface to promote charge
separation, thereby facilitating the photocatalytic production
of H2. These findings can be applied to water splitting and other
photocatalytic processes and provide insight into the develop-
ment of novel S-scheme photocatalytic materials.
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