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3/C3N5 for efficient full-spectrum
light-simulated solar photocatalytic hydrogen
generation

Rui Wang,ac Kexin Zhang,a Xin Zhong b and Fubin Jiang *ab

The development of photocatalysts with high activity and low cost is still a major challenge. Since its

synthesis in 2019, C3N5 has become an emerging photocatalytic material and has been widely studied. In

this work, we report on the preparation of LaCoO3/C3N5 nanosheets and the use of LaCoO3 instead of

precious metals to improve photocatalytic hydrogen production activity. First, LaCoO3 was successfully

prepared by the sol–gel method and then a series of high-efficiency Z-type LaCoO3/C3N5

heterojunction photocatalysts were synthesized by the solvothermal method. Various characterization

techniques (XRD, FT-IR, SEM, TEM, EDS, XPS, UV-Vis DRS, BET, ESR) confirmed the formation between

LaCoO3 nanoparticles and C3N5 nanosheet heterostructures and interface interactions. In the

photocatalytic water split test, 50 wt% LaCoO3/C3N5 showed the highest photocatalytic activity of 956.11

mmol h�1 g�1, which was 3.21 and 1.59 times that of LaCoO3 and C3N5, respectively. This work not only

designs an inexpensive and efficient LaCoO3/C3N5 photocatalytic system for water splitting or other

photocatalytic applications, but also provides ideas for constructing new material photocatalytic systems.
1. Introduction

With the rapid development of industry and the increasing
industrialization of the economy and society, human demand
for energy is increasing. Photocatalysis is an effective method
for converting solar energy into chemical energy. To date, the
most extensive research has involved solar photovoltaic cells
and photocatalytic hydrolysis to produce hydrogen and carbon
dioxide. Among them, photocatalytic water hydrogen produc-
tion is an effective green and sustainable method with the
potential to solve our current energy dilemma.1–3

Graphite carbon nitride is a typical metal-free organic poly-
mer semiconductor photocatalyst.4–7 The reason why it is widely
used is that it has the advantages of a suitable band gap, high
chemical stability during the visible light response and easy
preparation.8–11 Karthik Shankar's research group12 changed the
synthesis method to synthesize a new type of carbon nitride
material, C3N5 is used for methylene blue degradation experi-
ments. Compared with the previous C3N4, C3N5 has many
advantages, when used as the electron transport layer (ETL) of
halide perovskite solar cells, the performance of C3N5 is better
than that of g-C3N4, especially for generating open-circuit light
sity, Beijing, 100875, China. E-mail: j@

and Sciences, Beijing Normal University,

nology, Xi'an Jiao Tong University, Xi'an,

24036
voltages up to 1.3 V. The narrow band gap and two-dimensional
structure of C3N5 make it an interesting air and high-
temperature resistant semiconductor in optoelectronic appli-
cations, while its electronic-rich properties and on-chip cavity
make it attractive for environmental applications. Siyun Qi
et al.13 demonstrated from rst-principles calculations that
C3N5 multilayers can serve as promising candidates to product
hydrogen via photocatalytic water splitting reaction. Dazhong
Sun et al.14 demonstrated the most potential for overall water
splitting to be the easiest to synthesize experimentally via
formation energy calculation of 18 structures. At present, the
research on C3N5 photocatalytic water splitting is still in the
stage of computational chemistry. In this article, our systematic
experiments verify the photocatalytic action and mechanism of
C3N5 and its complexes.

Recently perovskite-type semiconductor materials have
aroused great interest among researchers.15–22 Because of their
adjustable band gap, strong photocorrosion resistance and
sufficient oxygen vacancies, they have become very promising
photocatalysts.23–28 With these characteristics, they are excellent
materials for solar cells and photocatalytic reactions, and they
have attracted great attention from researchers.

According to previous experimental reports, we believe that
C3N5 is a potential photocatalytic hydrogen production catalyst.
We used it to degrade water under full-spectrum light irradia-
tion. A series of photocatalysts were prepared by combining
perovskite and C3N5. First, C3N5 was prepared by the method
reported by the Karthik Shankar group, and the perovskite
photocatalytic material LaCoO3 was prepared by the sol–gel
© 2022 The Author(s). Published by the Royal Society of Chemistry
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method. Then, the perovskite was loaded on C3N5 by ultrasonic
dispersion, overnight stirring, and the solvothermal method.
LaCoO3/C3N5 photocatalysts with different mass percentages of
10 wt%, 30 wt%, 50 wt%, 70 wt%, and 90 wt% were added. Aer
that, the photocatalytic performance of C3N5 under full-
spectrum light irradiation and the optimal doping ratio of the
catalyst aer doping were tested by photocatalysis. In addition,
we carried out XRD, SEM, TEM, EDS, XPS, PL, FT-IR, UV-Vis
DRS, EPR.
2. Experimental section
2.1. Materials

Lanthanum nitrate hexahydrate (purity > 99.99%), cobalt nitrate
hexahydrate (purity > 99.99%), citric acid (purity > 99%), and
urea (purity > 99%) were used. All other reagents used in this
study were analytically pure and used without further purica-
tion. Deionized water was used for all of the experiments.
2.2. Catalyst preparation

2.2.1. Preparation of C3N5

(1) Synthesis of melem (2,5,8-triamino-s-heptazine). A certain
amount of melamine was heated in a covered alumina crucible
at 425 �C overnight. A light yellow powder was obtained,
crushed and suspended in deionized water. The suspension was
reuxed for several hours to remove unreacted melamine and
other impurities. The resulting white product was collected by
centrifugation and dried at room temperature.

(2) Synthesis of 2,5,8-trihydrazino-s-heptazine. Take 1.6 g (7.5
mmol) of the product melem from the previous step in 15 mL
(0.25 mol) of 55% hydrazine hydrate aqueous solution, and seal
it in a 25mL Teon lined autoclave. The autoclave was heated in
an oven at 140 �C for 24 hours and then cooled, and the ob-
tained light yellow solution suspension was transferred to
a 100 mL beaker. Add 10%HCl to keep the pH between 1–2. The
solution was ltered to remove unreacted solid residues con-
taining residues. The ltrate was precipitated by adding 10%
NaOH solution and maintaining the pH between 7.5–8.5. The
resulting solid was dissolved in HCl again, ltered and repre-
cipitated in NaOH, repeated three times. Finally, the obtained
solid was washed several times with deionized water and
ethanol and dried under vacuum.

(3) Synthesis of C3N5 polymer. The C3N5 polymer was synthe-
sized by heating 2,5,8-trihydrazino-s-heptazine (2,5,8-
trihydrazino-sheptazine) at a temperature of 450 �C and
a heating rate of 2 �C at 450 �C for 2 hours. The obtained orange
powder can be used in subsequent experiments without further
manipulation.

2.2.2. Preparation of LaCoO3. (1) Calculate the required
mass of the reactants in strict accordance with a ratio of cobalt
nitrate, lanthanum nitrate and citric acid at 1 : 1 : 2. The above
three reactants were weighed and dissolved in 10 mL of
secondary water to obtain a purple-red solution. During the
preparation process, other ions should be preventing from
mixing into the solution, and the instrument should be rinsed
with water twice before use.
© 2022 The Author(s). Published by the Royal Society of Chemistry
(2) Transfer the solution from the previous step to a round-
bottom ask, heat it in a water bath at 80 �C, and stir it
magnetically until the solution becomes a purple sol.

(3) Pour the sol obtained in the previous step into a clean
ceramic crucible and dry it at 120 �C in a blast drying box to
obtain a swollen purple dry gel, which is ground for later use.

(4) The obtained solid was calcined in a muffle furnace at
400 �C for 4 hours and then at 700 �C for 4 hours. Aer the
machine was naturally cooled, black LaCoO3 powder was
collected.

2.2.3. Preparation of the LaCoO3/g-C3N4 composites.
LaCoO3/C3N5 with different weight ratios was prepared by the
solvothermal method. Certain amounts of LaCoO3 and C3N5

were separately dispersed in 10 mL of absolute ethanol and
sonicated for 30 minutes. Then, the LaCoO3 suspension was
slowly added to the C3N5 ethanol solution under stirring, and
the mixed solution was sonicated again for 30 minutes. Subse-
quently, the mixed solution was stirred at ambient temperature
for 12 hours, transferred to a hydrothermal kettle and heated at
120 �C for 6 hours. Finally, the resulting mixture was centri-
fuged and dried at 80 �C for 12 hours. LaCoO3/C3N5 nanosheet
samples with different LaCoO3 contents of 10, 30, 50, 70 and
90 wt% were prepared according to the above method.
2.3. Characterization

The crystal structures and phase composition of the obtained
samples were determined by means of a Shimadzu Maxima X-
ray diffractometer (XRD 7000) with Cu Ka radiation at
a current of 30 mA and a voltage of 40 kV. The surface
morphologies and microstructures of the samples were char-
acterized by scanning electron microscopy (SEM, HITACHI S-
4800) and transmission electron microscopy (TEM, FEI Talos
F200S) in conjunction with energy dispersive spectroscopy
(EDS). X-ray photoelectron spectroscopy (XPS) analysis was
performed with a ThermoFisher electron spectrometer (XPS,
ESCSLAB 250Xi) equipped with a monochromatized micro-
focused Al Ka X-ray source, and the binding energy was refer-
enced to the C 1s peak at 284.6 eV. Fourier transform infrared
(FT-IR) spectroscopy was carried out by using an infrared
spectrometer (Shimadzu IRAffinity-1). Using a UV-2600 spec-
trophotometer (Shimadzu, Japan) (BaSO4 as the reection
standard), the optical properties of the prepared samples were
tested by UV-Vis DRS. PL spectroscopy was performed at room
temperature on an FS5 uorescence spectrophotometer with
a 500 W xenon lamp light source and an excitation wavelength
of 300 nm. In a standard three-electrode system, a CHI660E
electrochemical workstation was used with platinum mesh as
the counter electrode, silver/silver chloride electrode as the
reference electrode, and 5mg each LaCoO3, g-C3N4 and LaCoO3/
g-C3N4-20wt% were dissolved in 800 mL of distilled water, 200 mL
of isopropanol and 30 mL of Naon mixed solution. Aer
ultrasonic treatment, it was dropped on the glassy carbon
electrode as a working electrode. Use 0.1 mol L�1 Na2SO4

solution as the electrolyte. The width of the excitation and
emission slit is 5 nm. The H2 yield was detected on a Shimadzu
gas chromatograph (GC-2014C) by manual injection. The
RSC Adv., 2022, 12, 24026–24036 | 24027
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Fig. 2 XRD patterns of C3N5, LaCoO3 and 30, 50, 70 wt% LaCoO3/
C3N5 powder.
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View Article Online
electron spin resonance spectrum was measured by an electron
paramagnetic resonance spectrometer (Bruker E500).

2.4 Photocatalytic experiment

The photocatalytic activity of the as-prepared samples was
evaluated by hydrogen production by light-driven water split-
ting. In this article, all water splitting experiments were per-
formed at room temperature with magnetic stirring during light
irradiation. The light source was a 300 W xenon lamp (PLS-
SXE300) using full-spectrum (250 < l < 1200 nm) simulated
sunlight to perform the photocatalysis experiments. The
specic operation parameters were as follows: First, 0.03 g of
the prepared catalyst was placed in a custom-made quartz
round-bottom ask and sonicated to suspend it in 30 mL of
10% CH3OH aqueous solution in the dark, and nitrogen gas was
passed through the solution for 30 min to remove the dissolved
oxygen. A gas chromatograph equipped with a molecular sieve
column and TCD detector was used to monitor the H2 precipi-
tation rate every hour. We used a manual injection method with
a gas injector. It is worth mentioning that each material was
subjected to three photocatalytic experiments to eliminate
unexpected factors and enhance the reliability of the experi-
mental data.

3. Results and discussion
3.1 Scanning electron microscopy (SEM) analysis

Fig. 1(a) and (b) show the structure of C3N5. The overall struc-
ture resembles a layered structure, with many layers converging
into a large at structure. In Fig. 1(c), the pure LaCoO3 prepared
by the sol–gel method is a collection of many nanoscale ellip-
soids. Each ellipsoidal particle has a uniform particle size, and
the particles grow tightly together to form a two-dimensional
Fig. 1 (a and b) C3N5, (c) LaCoO3, and (d) 50% LaCoO3/C3N5 scanning e

24028 | RSC Adv., 2022, 12, 24026–24036
nanolayered structure. From Fig. 1(d), we can observe that the
LaCoO3 nanoparticle layer is divided into small pieces, and
these small pieces grow vertically on the C3N5 nanosheets. This
structure can contribute to the photocatalyst's absorption of
light, the effective separation of electron and hole pairs and the
migration of electrons and holes.
3.2 X-ray diffraction (XRD) analysis

The crystal structures of pure LaCoO3, C3N5 and C3N5/LaCoO3

with different weight ratios were characterized by X-ray
diffraction (XRD), as shown in Fig. 2. The X-ray powder
diffraction characteristic curve of C3N5 shows a main peak at
27.4�, which can be attributed to the (0 0 2) crystal plane of
lectron microscopy images.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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C3N5.26 Each XRD diffraction peak of LaCoO3 is highly
consistent with the crystal phase of JCPDS no. 84-0848, and
there are no other diffraction peaks, indicating that the
prepared sample is pure LaCoO3.27–32 Interestingly, aer the
combination of LaCoO3 and C3N5, the peak intensity of
LaCoO3 is slightly reduced, but the characteristic peak of C3N5

cannot be clearly observed in the compound 70 wt% LaCoO3/
C3N5, which may be due to its low crystallinity and lower
amount of C3N5 doping.
Fig. 3 (a) TEM image and (b) HRTEM image of LaCoO3; (c) TEM image and
composite material, (f) HRTEM image.

© 2022 The Author(s). Published by the Royal Society of Chemistry
3.3 Transmission electron microscope (TEM) analysis

We used TEM and HRTEM to further explore the characteristics
of the catalyst morphology, element composition, composition
structure, and particle size. In Fig. 3(a), LaCoO3 shows an
obvious ellipsoidal structure, and the particle size distribution
range of the ellipsoid is 70–140 nm. In the HRTEM image of
Fig. 3(b), we can observe that the spacing between adjacent
lattice fringes is xed, and the distance between adjacent lattice
fringes can be obtained by measurement, that is, the plane
(d) HRTEM image of C3N5; (e) TEM image of the LaCoO3/C3N5-50wt%

RSC Adv., 2022, 12, 24026–24036 | 24029
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Fig. 4 50% LaCoO3/C3N5 mapping image.
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spacing is approximately 0.27 nm, consistent with the crystal
plane (1 0 4). As shown in Fig. 3(c) and (d), the C3N5 trans-
mission electron microscope shows a clear layered structure,
resembling laver. In Fig. 3(e) and (f), crystal lattice plane sepa-
ration can be observed at the interface between LaCoO3 and
C3N5. We can observe that the plane spacing between adjacent
lattice fringes is approximately 0.27 nm, which is consistent
with the crystal plane (1 0 4). Fig. 4 shows the element distri-
bution image of 50% LaCoO3/C3N5. The distribution of different
elements can be seen from the gure.
3.4 X-ray photoelectron spectroscopy (XPS) analysis

To determine the chemical state of the elements, the surface
chemical composition and the interaction between LaCoO3 and
C3N5, we performed XPS spectroscopic characterization, and
the results are depicted in Fig. 5. All binding energies were
corrected at 284.8 eV relative to the C 1s peak. The 50 wt%
LaCoO3/C3N5 composite material is comprised of La, Co, O, C
and N. The high-resolution C1s spectrum of pure C3N5 can be
divided into two main peaks at approximately 284.8 eV and
288.0 eV. The C 1s peak at 284.8 eV is attributed to the C–C bond
in sp3, and the peak at 288.0 eV is attributed to the sp2-type
C]N bond. The high-resolution N 1s spectrum of the C3N5

sample shown in Fig. 5(c) can be divided into three main peaks.
We specied the N 1s peak with the lowest binding energy
(398.6 eV) for the C–N bond and the central peak (399.3 eV) for
the sp2-type C]N bond.33–35 The peak with the largest binding
energy is at 401.0 eV, which comes from the amorphous CN
network. The nitrogen is surrounded by three carbons.
24030 | RSC Adv., 2022, 12, 24026–24036
However, a relatively strong sp2 peak is formed due to the
N]C–N type aromatic carbon, which constitutes C3N5, which is
similar to the skeleton of carbon nitride. The HR-XPS spectrum
of the core energy level in the N 1s region aer peak splitting
shows two peak components, located at 398.7 and 400.25 eV.
The peak with a binding energy of 398.7 eV is attributed to the
tertiary nitrogen N–(C)3 and the secondary C]N–C nitrogen
present in the aromatic ring structure, while the other peak at
400.2 eV is attributed to the presence of the main residues –NH2

and bridging CN]N in NC. The two XPS peaks located at 531.6
and 532.4 eV in the O 1s region are related to the adventitious
oxygen and –OH groups adsorbed on the surface.

The spectrum of the pure LaCoO3 sample can be divided into
three peaks: the one with the lowest binding energy (approxi-
mately 528.9 eV) is caused by lattice oxygen atoms on the
surface, and the other (approximately 531.3 eV) is attributed to
hydroxyl oxygen. The high-resolution O 1s spectrum of LaCoO3/
C3N5 shows two main features at 528.9 eV and 531.7 eV, which
are attributed to lattice oxygen atoms and hydroxyl oxygen on
the surface, respectively. It is worth mentioning that the
hydroxyl–oxygen bond peak position in the 50 wt% LaCoO3/
C3N5 spectrum increased by 0.4 eV, which indicates that the
chemical environment changed aer being combined with
LaCoO3. The typical high-resolution XPS La 3d spectrum of
a 50 wt% LaCoO3/C3N5 sample shows two shoulder peaks. The
vibration characteristics are located at 830–840 eV and 850–
857 eV. The peaks can be divided into two distinct peaks at
833.7 eV and 837.3 eV and 850.4 eV and 854.2 eV, corresponding
to the binding energies of La 3d5/2 and La 3d3/2, respectively,
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) XPS full spectrum of LaCoO3/C3N5-50wt% and pure LaCoO3, C3N5; high-resolution spectra of (b) C 1s and (c) N 1s of LaCoO3/C3N5-
50wt% and pure C3N5; high-resolution XPS spectra of (d) O1s (e) La 3d and (f) Co 2p of LaCoO3/C3N5-50wt% and pure LaCoO3.

Fig. 6 FT-IR spectra of C3N5, LaCoO3 and 30, 50, 70, and 90 wt%
LaCoO3/C3N5.
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conrming the existence of La3+ in the crystal structure.28–30 For
the high-resolution Co 2p spectrum of the 50 wt% LaCoO3/C3N5

sample. Fig. 5f, there are two main peaks at 780.2 eV and
795.3 eV, which are attributed to the typical shaking of the Co3+

structure at 787.2 eV.30,31 In short, the XPS results further proved
that the LaCoO3/C3N5 composite material was successfully
obtained.

3.5 Fourier infrared spectroscopy (FT-IR) analysis

The FT-IR results of pure LaCoO3, C3N5 and LaCoO3/C3N5 with
different mass ratios are shown in Fig. 6. For pure C3N5, the
characteristic peaks at 1257.64, 1332.22, 1419.67 and
1637.63 cm�1 consistently have aromatic CN tensile vibration
modes. The peak at approximately 3151.82 cm�1 is attributed to
the tensile and exural vibrations of N–H, which are derived
from uncondensed terminal amino groups. In addition, the
respiratory vibration of C3N5 has a characteristic absorption
peak at 808.21 cm�1. The characteristic peak of LaCoO3 at
594.10 cm�1 is related to the bending and tensile vibration of
Co–O, which corresponds to the perovskite structure. As the
content of C3N5 in the LaCoO3 sample increases, the peak of the
composite material gradually becomes sharper.33,34

3.6 UV-Vis diffuse reectance spectrum (UV-Vis DRS)
analysis

As shown in Fig. 7(a), the solid ultraviolet diffuse reectance
spectra of C3N5, LaCoO3 and 50 wt% LaCoO3/C3N5 composite
materials were measured in the range of 250–600 nm by UV-Vis
diffuse reectance spectroscopy. It is worth noting that for pure
LaCoO3, almost all ranges of light can be absorbed, showing
excellent photoelectric properties. The LaCoO3/C3N5 composite
© 2022 The Author(s). Published by the Royal Society of Chemistry
material has similar absorption characteristics to LaCoO3.
Compared with pure LaCoO3, the absorption edge of the
LaCoO3/C3N5 composite shows a redshi, which indicates that
the absorption of the LaCoO3/C3N5 composite can absorb more
visible light by moving.

The band-gap energy (Eg) of the semiconductor is deter-
mined according to the Kubelka–Munk equation, as shown
below:

(ahy)1/n ¼ A(hy � Eg) (3.1)
RSC Adv., 2022, 12, 24026–24036 | 24031
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Fig. 7 (a) Solid ultraviolet diffuse reflection of LaCoO3, C3N5 and LaCoO3/C3N5 composites; (b) C3N5 (c) LaCoO3/C3N5-50wt% (d) band gap
energy (Eg) of LaCoO3.

Table 2 Parameters of surface physicals structure of LaCoO3, C3N5
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Here, a, h, y, A, Eg, and n represent the absorption coefficient,
Planck's constant, incident light frequency, constant, band-gap,
and integer, respectively. The value of n mainly depends on the
electronic transition structure of different semiconductors. If
the band gap is a direct transition, then n ¼ 1/2; if the band gap
is an indirect transition, then n ¼ 2. Fig. 7(b) shows the calcu-
lated detailed band-gap Eg values of C3N5, LaCoO3 and LaCoO3/
C3N5-50wt%, which are approximately 2.40 eV, 2.80 eV and
1.82 eV, respectively. The Eg value obtained from the composite
material is relatively small. In addition, the VB and CB poten-
tials of the semiconductors can also be obtained from the
following empirical formula:

ECB ¼ c � Eq � 0.5Eg (3.2)

EVB ¼ ECB + Eg (3.3)

Among them, ECB and EVB represent the edge potentials of
semiconductors CB and VB, respectively. c is the
Table 1 LaCoO3 and C3N5 conduction band valence band positions

Sample c (eV) ECB (eV) EVB (eV) Eg

LaCoO3 5.64 �0.26 2.54 2.80
C3N5 4.59 �1.11 1.29 2.40

24032 | RSC Adv., 2022, 12, 24026–24036
electronegativity of the semiconductor. According to ref. 35–37,
the c values of pure LaCoO3/C3N5 can be obtained, which are
approximately 4.59 eV and 5.64 eV, respectively. Eq is the energy
of a free electron with a hydrogen scale (�4.5 eV relative to
NHE), and Eg is the band-gap energy of the semiconductor.

The values of c, ECB, and EVB were calculated and are dis-
played in Table 1. The results show that the CB edge potential of
C3N5 (�1.11 eV) is more negative than that of LaCoO3 (�0.26
eV), while the potential edge of VB LaCoO3 (2.54 eV) is more
positive than that of C3N5 (1.29 eV).
3.7 Brunauer–Emmett–Teller (BET) surface area and
Barrett–Joyner–Halenda (BJH) pore size distribution analysis

The parameters of surface physicals structure of the prepared
50 wt% LaCoO3/C3N5 is shown in Table 2. The specic BET
and 50 wt% LaCoO3/C3N5

Catalyst
BET surface
area (m2 g�1)

Total pore volume
(cm3 g�1)

Diameters of
pore (nm)

LaCoO3 62.5 0.08 2.26
C3N5 56.2 0.06 6.60
50 wt% LaCoO3/C3N5 194.5 0.21 2.40

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 (a) The photocatalytic H2 release rate of LaCoO3, C3N5 and
LaCoO3/C3N5 composite materials used for water splitting under full-
spectrum light irradiation as a function of irradiation time; (b) average
hydrogen per hour for different materials productivity; (c) 50%
LaCoO3/C3N5 long-term stability test for 20 h.

Fig. 9 Use of pure C3N5, LaCoO3 and LaCoO3/C3N5-50wt% complex
in (a) aqueous dispersion (for BMPO-O2�) and (b) aqueous dispersion
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surface area of LaCoO3 and C3N5 were 62.5 and 56.2 m2 g�1,
respectively. Aer the combination, the specic BET surface
area of 50 wt% LaCoO3/C3N5 was 194.5 m2 g�1, which was 3.1
times higher than that of LaCoO3. The increase surface area of
© 2022 The Author(s). Published by the Royal Society of Chemistry
the combination of LaCoO3 and C3N5 was benecial for
increasing the active sites, which may improve catalytic activity.
3.8 Evaluation of photocatalytic performance

First, to evaluate the inuence of light and catalyst on the
experiment, a blank control experiment was carried out
without light or a photocatalyst. Photocatalysis plays an
important role in improving the efficiency of photocatalysis.
Under these experimental conditions, the photolysis efficiency
without a photocatalyst is negligible, which indicates that
water containing 10% methanol is stable under visible light
irradiation. To rule out the possibility of methanol reforming
in the full spectrum, an anhydrous control experiment was
carried out. We used 30 mL methanol and LaCoO3/50% C3N5

catalyst for the photocatalysis experiments, and the results
showed that no hydrogen is produced. This indicates that the
methanol in the experiment is a hole sacricial agent that
consumes holes to promote photocatalytic hydrogen
production.
(for DMPO-cOH) in xenon lamp full-spectrum illumination.

RSC Adv., 2022, 12, 24026–24036 | 24033
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Then, under full-spectrum (250–1200 nm) 300W xenon lamp
irradiation, synthetic LaCoO3, C3N5 and LaCoO3/C3N5 nano-
particles with different mass ratios were tested in an aqueous
solution containing 10% (volume) methanol as a sacricial
reagent. As shown in Fig. 8(a) and (b), a gas chromatograph was
used to detect H2 emissions. We conducted three parallel tests
on all samples and calculated the average H2 escape rate, which
can eliminate unexpected factors and obtain more convincing
data. Obviously, LaCoO3, C3N5 and LaCoO3/C3N5 composites
prepared with different mass ratios had different levels of
hydrogen generation through photolysis. The H2 release rates of
pure LaCoO3 and C3N5 were 298.17 mmol h�1 g�1 and 601.83
mmol h�1 g�1, respectively. The LaCoO3/C3N5-50wt% composite
material has the largest photocatalytic activity, and the average
hydrogen production per hour is 956.11 mmol h�1 g�1, which is
3.21 and 1.59 times that of LaCoO3 and C3N5, respectively. As
shown in Fig. 8(c), even aer four consecutive cycles, the pho-
tocatalytic efficiency did not show a signicant loss, which
shows that under the full-spectrum irradiation of xenon lamps,
the heterojunction photocatalyst is engaged in the photo-
catalytic hydrolysis process and it is highly stable.
3.9 Electron spin resonance spectrum (ESR) analysis

To understand the mechanism more deeply, electron spin
resonance (ESR) spectroscopy was applied. As shown in
Fig. 9(a), aer 10 minutes of exposure to the full-spectrum light
of the xenon lamp, LaCoO3 and LaCoO3/C3N5-50wt% DMPO
radical cOH signals can be observed, but there is no obvious
sign of the pure C3N5 cOH signal. There is no DMPO-cOH signal
in C3N5 because cOH cannot be generated by holes in C3N5's VB
ðEVB ¼ 1:67 eV; Eq

OH�=OH ¼ 1:99 eV vs: NHEÞ. The observa-
tion of the DMPO-cOH signal of the LaCoO3/C3N5-50wt%
composite shows that the photogenerated holes stay in the VB
of LaCoO3 and are not transferred to the VB of C3N5. In Fig 9(b),
aer exposure to the full-spectrum light of the xenon lamp for
10 minutes, the BMPO-O2� signal was observed for the
composite sample of C3N5 and LaCoO3/C3N5-50wt% in the
aqueous suspension. The O2� signal of LaCoO3 was observed.
The results show that the photogenerated electrons in the
composite samples of C3N5 and LaCoO3/C3N5-50wt% have
sufficient reducing power to reduce O2 to form superoxide
radical anions (O2�) ðEq

O2=O2� ¼ �0:33 eV vs: NHEÞ.
The EPR results show that photogenerated electrons and

holes exist in C3N5 CB and LaCoO3 VB, respectively, and the
charge transfer does not follow the conventional type II heter-
ojunction mechanism. Therefore, it can be reasonably consid-
ered that the charge transfer path is the Z scheme mechanism.
As semiconductors, LaCoO3 and C3N5 both have a band-gap.
When the photon energy is equal to or greater than the
forbidden bandwidth, the photogenerated electrons transition
from the VB of C3N5 and LaCoO3 to CB and generate holes in the
valence band (eqn (4)). Then, the electrons on LaCoO3 quickly
recombine with the holes on C3N5 through the heterostructure
(eqn (5)). The water and holes combine to produce hydrogen
ions and oxygen (eqn (6)), and the hydrogen ions further
combine with electrons on the conduction band of g-C3N4 to
24034 | RSC Adv., 2022, 12, 24026–24036
produce hydrogen (eqn (7)). The specic process of photo-
catalysis is as follows:

LaCoO3/C3N5 + hv / e(LaCoO3)
� + h(LaCoO3)

+ + e(C3N5)
� +

h(C3N5)
+ (4)

e(LaCoO3)
� + h(C3N5)

+ / recombination (5)

H2O +2h(LaCoO3)
+ / 1

2
O2 + 2H+ (6)

2e(C3N5)
�+ 2H+ / H2 (g) (7)

4. Conclusion

In this paper, a new C3N5 material was synthesized using the
construction of a heterojunction. Starting from the improve-
ment of the semiconductor properties of LaCoO3 and C3N5,
a composite photocatalyst was successfully prepared, and the
photocatalytic activity was signicantly improved. X-ray
diffraction (XRD) and Fourier transform infrared spectroscopy
(FT-IR), scanning electron microscope (SEM), transmission
electron microscope (TEM), energy dispersive spectroscopy
(EDS), X-ray photoelectron spectroscopy (XPS), ultraviolet
visible diffuse reectance spectroscopy (UV-Vis DRS), transient
photocurrent response test, electron spin resonance spectrum
(ESR) were applied for a series of characterizations. The char-
acterization results showed that the LaCoO3 prepared by us
exists as 50–100 nm nanospheres, and C3N5 has a layered
structure. The apparent shape of the two was good, conrming
the interaction between the heterostructure and the interface of
the LaCoO3 nanoparticles and C3N5 nanosheets. In the photo-
catalytic water split test, 50 wt% LaCoO3/C3N5 showed the
highest photocatalytic activity of 956.11 mmol h�1 g�1, which
was 3.21 and 1.59 times that of LaCoO3 and C3N5, respectively.
Even aer four consecutive cycles, the photocatalytic efficiency
did not show a signicant loss, which indicates that the heter-
ojunction photocatalyst is highly stable during the photo-
catalytic hydrolysis process under the full-spectrum irradiation
of xenon lamps. For the LaCoO3/C3N5 photocatalytic water
splitting system, a Z-type catalytic mechanism was proposed to
© 2022 The Author(s). Published by the Royal Society of Chemistry
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explain the signicant increase in photocatalytic activity. The
novel and effective LaCoO3/C3N5 photocatalyst used in this
work can be used in systems for water splitting or other pho-
tocatalytic applications. This work not only designs an inex-
pensive and efficient LaCoO3/C3N5 photocatalytic system for
water splitting or other photocatalytic applications, but also
provides ideas for constructing new material photocatalytic
systems.
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29 R. R. Soĺıs, et al., Synergism between peroxymonosulfate and
LaCoO3-TiO2 photocatalysis for oxidation of herbicides.
Operational variables and catalyst characterization
24036 | RSC Adv., 2022, 12, 24026–24036
assessment, J. Chem. Technol. Biotechnol., 2017, 92(8),
2159–2170.

30 B. Dong, et al., Highly Efficient LaCoO3 Nanobers Catalysts
for Photocatalytic Degradation of Rhodamine B, J. Am.
Ceram. Soc., 2010, 93(11), 3587–3590.

31 J. Guo, P. Li and Z. Yang, A novel Z-scheme g- C3N4/LaCoO3

heterojunction with enhanced photocatalytic activity in
degradation of tetracycline hydrochloride, Catal. Commun.,
2019, 122, 63–67.

32 H. Lan, et al., Microstructure of carbon nitride affecting
synergetic photocatalytic activity: Hydrogen bonds vs.
structural defects, Appl. Catal., B, 2017, 204, 49–57.

33 L. Wang, et al., Experimental study on the high performance
of Zr doped LaCoO3 for solar thermochemical CO
production, Chem. Eng. J., 2020, 389, 124426.

34 J. Luo, et al., Utilization of LaCoO3 as an efficient co-catalyst
to boost the visible light photocatalytic performance of g-
C3N4, Sep. Purif. Technol., 2018, 201, 309–317.

35 C. Belver, et al., Innovative W-doped titanium dioxide
anchored on clay for photocatalytic removal of atrazine,
Catal. Today, 2017, 280, 21–28.

36 Y. Hong, et al., In situ synthesis of direct solid-state Z-scheme
V2O5/g-C3N4 heterojunctions with enhanced visible light
efficiency in photocatalytic degradation of pollutants, Appl.
Catal., B, 2016, 180, 663–673.

37 J. Zhu, et al., Enhancing CO2 catalytic activation and direct
electroreduction on in situ exsolved Fe/MnOx nanoparticles
from (Pr,Ba)2Mn2�yFeyO5+d layered perovskites for SOEC
cathodes, Appl. Catal., B, 2020, 268, 118389.
© 2022 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra03874a

	Z-scheme LaCoO3/C3N5 for efficient full-spectrum light-simulated solar photocatalytic hydrogen generation
	Z-scheme LaCoO3/C3N5 for efficient full-spectrum light-simulated solar photocatalytic hydrogen generation
	Z-scheme LaCoO3/C3N5 for efficient full-spectrum light-simulated solar photocatalytic hydrogen generation
	Z-scheme LaCoO3/C3N5 for efficient full-spectrum light-simulated solar photocatalytic hydrogen generation
	Z-scheme LaCoO3/C3N5 for efficient full-spectrum light-simulated solar photocatalytic hydrogen generation
	Z-scheme LaCoO3/C3N5 for efficient full-spectrum light-simulated solar photocatalytic hydrogen generation
	Z-scheme LaCoO3/C3N5 for efficient full-spectrum light-simulated solar photocatalytic hydrogen generation
	Z-scheme LaCoO3/C3N5 for efficient full-spectrum light-simulated solar photocatalytic hydrogen generation
	Z-scheme LaCoO3/C3N5 for efficient full-spectrum light-simulated solar photocatalytic hydrogen generation
	Z-scheme LaCoO3/C3N5 for efficient full-spectrum light-simulated solar photocatalytic hydrogen generation

	Z-scheme LaCoO3/C3N5 for efficient full-spectrum light-simulated solar photocatalytic hydrogen generation
	Z-scheme LaCoO3/C3N5 for efficient full-spectrum light-simulated solar photocatalytic hydrogen generation
	Z-scheme LaCoO3/C3N5 for efficient full-spectrum light-simulated solar photocatalytic hydrogen generation
	Z-scheme LaCoO3/C3N5 for efficient full-spectrum light-simulated solar photocatalytic hydrogen generation
	Z-scheme LaCoO3/C3N5 for efficient full-spectrum light-simulated solar photocatalytic hydrogen generation
	Z-scheme LaCoO3/C3N5 for efficient full-spectrum light-simulated solar photocatalytic hydrogen generation
	Z-scheme LaCoO3/C3N5 for efficient full-spectrum light-simulated solar photocatalytic hydrogen generation
	Z-scheme LaCoO3/C3N5 for efficient full-spectrum light-simulated solar photocatalytic hydrogen generation
	Z-scheme LaCoO3/C3N5 for efficient full-spectrum light-simulated solar photocatalytic hydrogen generation
	Z-scheme LaCoO3/C3N5 for efficient full-spectrum light-simulated solar photocatalytic hydrogen generation

	Z-scheme LaCoO3/C3N5 for efficient full-spectrum light-simulated solar photocatalytic hydrogen generation
	Z-scheme LaCoO3/C3N5 for efficient full-spectrum light-simulated solar photocatalytic hydrogen generation
	Z-scheme LaCoO3/C3N5 for efficient full-spectrum light-simulated solar photocatalytic hydrogen generation
	Z-scheme LaCoO3/C3N5 for efficient full-spectrum light-simulated solar photocatalytic hydrogen generation
	Z-scheme LaCoO3/C3N5 for efficient full-spectrum light-simulated solar photocatalytic hydrogen generation


