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The performance of semiconductor photocatalysts has been limited by rapid electron—hole recombination.
One strategy to overcome this problem is to construct a heterojunction structure to improve the survival
rate of electrons. In this context, a novel g-CsN4/TiO,/CuO double-heterojunction photocatalyst was
developed and characterized. Its photocatalytic activity for hydrogen production from water—methanol
photocatalytic reforming was explored. Methanol is always used to eliminate semiconductor holes. The
g-C3N,4/TiO,/CuO double-heterojunction photocatalyst with a narrow bandgap of ~1.38 eV presented
excellent photocatalytic activity for hydrogen evolution (97.48 pumol (g h)™Y) under visible light irradiation.
Compared with g-C3sN4/TiO, and CuO/TiO,, the photocatalytic activity of g-CzN4/TiO,/CuO for
hydrogen production was increased approximately 7.6 times and 1.8 times, respectively. Below 240 °C,
the sensitivity of g-CsN4/TiO,/CuO to ammonia was approximately 90% and 46% higher than that of g-
C3N4/TiO, and CuO/TiO,, respectively. The enhancement of the photocatalytic activity and gas sensing
properties of the g-C3N4/TiO,/CuO composite resulted from the close interface contact established by
the double heterostructure. The trajectory of electrons in the double heterojunction conformed to the
S-scheme. UV-vis, PL, and transient photocurrent characterization showed that the double
heterostructure effectively inhibited the recombination of e /h* pairs and enhanced the migration of
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1. Introduction

With rapid economic development, the demand for clean
energy is constantly increasing.' Therefore, the exploitation of
renewable clean energy is a focus of attention globally.
Hydrogen has been widely studied because it is nontoxic,
pollution-free and renewable and has a high calorific value.** To
date, many encouraging methods have been obtained, such as
chemical, physical-chemical or electrocatalytic hydrogen
evolution.*” Therefore, photocatalytic technology for hydrogen
production has received more attention because it is clean,
inexpensive, and environmentally friendly.® Since the initial
report of water splitting for hydrogen evolution based on photo-
assisted electrochemical technology in 1972, photocatalysis has
been accepted as a prospective method for hydrogen produc-
tion.® Although prominent progress has been made in photo-
catalytic techniques, how to effectively inhibit the rapid
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recombination of photogenerated electrons and holes is still
a problem to be solved.*

One strategy to reduce the electron-hole recombination of
semiconductors is to add a sacrificial agent (hole scavenger) to
the reaction solution. The efficiency of photocatalysts for
hydrogen production in pure water is not ideal. Methanol is the
most commonly used sacrificial agent and can eliminate the
holes that are generated after electron transition. More
surviving electrons are used in the reduction reaction to
produce hydrogen. The hydrogen atoms result partly from water
cracking and partly from the dehydrogenation of hole scaven-
gers. Methanol is considered a possible candidate fuel with
several advantages: a simple molecular structure, a high
hydrogen carbon ratio and the ability to extract it from biomass
energy.

It is also one of the common methods to enhance the density
and survival rate of photogenerated electrons by constructing
heterojunctions.”*> To make better use of sunlight, many
researchers are looking for photocatalytic semiconductors with
low band gap energy.”® Graphitic carbon nitride (g-C3N,) is
a burgeoning photocatalyst and has a narrow band gap,
physical-chemical stability, and low cost characteristics.
Nevertheless, the practical application of bare g-C;N, is still
hindered by the problems of a high electron-hole recombina-
tion rate and low quantum efficiency."* In general, the
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construction of a heterojunction between g-C3N, and other
semiconductors can enhance g-C;N, photocatalytic perfor-
mance. Heterojunctions encourage light excitation of e /h*
pairs and prolong their life for separation. However, although
titanium dioxide (TiO,,~3.2 eV) has a wide band gap and low
visible light utilization, its catalytic performance is still high.*
As shown in preceding records, the band gap of TiO, was
opportunely matched with the band gap of g-C;N,.** Combining
TiO, with g-C;N, to produce a new composition can increase the
flat plate potential and reduce the band gap of the composite.
This is conducive to the electronic transition between hetero-
geneous interfaces. In addition, the photoelectrons (e”) in the
conduction band (CB) of g-C;N, can be diverted to the CB of
TiO,. The process can control the rapid recombination of
electrons and holes. In addition, metal oxides have great coca-
talytic properties due to their excellent conductivity, such as
Ce0,/g-C3N,4,"”  NiO/TiO,,"® ZnO/In,03," CuO/Zn0,** CuO/
WO3;,* etc. Among these metallic oxides, copper oxide (CuO) has
become a research hotspot in the preparation of heterojunction
photocatalysts attributable to the low toxicity of raw materials
and absorption ability in the visible light spectrum. As a p-type
semiconductor with a narrow band gap, CuO has shown excel-
lent photocatalytic performance. Studies have shown that
putting CuO into the structure of TiO, can result in an increase
in photocatalytic activity owing to the internal electric field.** In
recent years, the S-scheme (step-scheme)*?* photocatalytic
system was considered an interpretation to explain the result
that presented to decrease the recombination rate, energy
separation of generated charges and retaining excellent redox
ability. Vairamuthu Raj et al.*® researched g-C3;N,/TiO,/CuO S-
scheme composites as effective photocatalysts in the field of
photocatalytic degradation. However, the g-C;N,/TiO,/CuO
catalysts H, evolution of the photocatalytic performance has not
been verified.

On this basis, we designed and constructed g-C3N,/TiO,/CuO
heterojunction structures. In this structure, TiO, and g-C;N, are
n-type semiconductors, and CuO is a p-type semiconductor.
Therefore, this special structure contains double p-n hetero-
structures at the same time. The double p-n heterobonding
electron transition provides sufficient space, which can effec-
tively reduce the recombination rate of electron holes, prolong
the electron lifetime and improve the performance of H,
production. The cross section of the p-n heterojunction also
has a certain synergistic effect. Double heterojunctions can
independently control e~ and h" injection/extraction while
maintaining a high photogenerated carrier migration rate.”®
Therefore, this work provides unique insight into the design of
a multicomponent photocatalyst heterojunction mechanism.

2. Experiment section
2.1 Materials

Tetrabutyl titanate (TBOT) and melamine (MA) were purchased
from Shanghai Ron Chemical Technology Co., Ltd. Titanium
dioxide (P25, 20 nm) was purchased from Macklin Co., Ltd.
Anhydrous ethanol, concentrated hydrochloric acid (HCI,
32 wt%) and methanol were obtained from Sinopharm
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Chemical Reagent Co., Ltd. Copper acetate (Cu(CH3COO),) was
procured from Tianjin BASF Chemical Co. Ltd. All chemicals
were of analytical purity without further purification.

2.2 Synthesis

2.2.1 Synthesis of g-C;Ny, TiO, and CuO. MA powder (5 g)
was placed and heated at 500 °C for 2 h in a muffle furnace.
When cooled, the g-C;N, sheet was obtained and ground into
powder in a mortar. TiO, powder was prepared in triplicate by
a sol-gel strategy. First, TBOT (17 mL) was added into a 200 mL
beaker. Then, anhydrous ethanol (40 mL) was added dropwise
to the beaker through a peristaltic pump (2 rpm), and the
resulting solution I was continuously stirred for 30 min. Ethanol
(60 mL) and deionized water (2.5 mL) were added to the second
200 mL beaker. When the pH of the resulting mixing solution II
was adjusted to 1-2 with HCI (32 wt%), solution II was added to
solution I slowly by a peristaltic pump (2 rpm) to form solution
III. After stirring for 2 h, solution III was allowed to stand for
24 h to obtain the colloid and then dried overnight to acquire
the TiO, precursor. Next, the precursor was calcined for 2 h to
prepare powder. Cu(CH;COO), powder (2.51 g) was added to
deionized water (50 mL) and stirred for 15 min to form
a homogeneous solution, which was heated at 100 °C and
continuously stirred until evaporation. The obtained solids
were dried overnight and ground to powder in a mortar. Then,
the powder was calcined at 500 °C in air for 2 h to acquire CuO
powder.

2.2.2 Synthesis of g-C3;N,/TiO, and CuO/TiO,. The previ-
ously prepared g-C;N, powder (1 g) and TiO, powder (1 g) were
added to deionized water (50 mL) and stirred evenly. The mixing
solution was heated at 100 °C and stirred successively to evap-
oration. Afterward, the obtained sample was dried overnight in
an oven and ground to powder. g-C3N,/TiO, was acquired by
calcining the powder at 500 °C in air for 2 h. The g-C;N, powder
was replaced with the previously prepared CuO powder, and the
above steps were repeated to obtain the CuO/TiO,, catalyst.

2.2.3 Synthesis of g-C3N,/TiO,/CuO. g-C3N,/TiO, powder (1
g), Cu(CH;COO), powder (2.51 g) and deionized water (50 mL)
were blended together. The mixed solution was heated to
evaporation at 100 °C. The mixture was dried in an oven over-
night and calcined in air at 500 °C for 2 h to obtain g-C;N,/TiO,/
CuO powder.

2.3 Catalyst characterization

The phases and crystal structure characteristics of the catalysts
were examined by X-ray diffraction (XRD, D8-advance, bruker-
axs). The chemical functional groups of the samples were
explored by Fourier transform infrared spectroscopy (FTIR,
Nicolet 5700, Thermo Nicolet Corporation) in the range of 4000
to 500 cm ' with a PerkinElmer spectrophotometer. The
micromorphology and elemental mapping were observed by
scanning electron microscopy (SEM, FEI Sirion 200). Trans-
mission electron microscopy (TEM, FEI Tecnai G2F 20) and
selected area electron diffraction (SAED) were used to charac-
terize the morphology and the crystal structure of the fabricated
photocatalyst. X-ray photoelectron spectroscopy (XPS, AXIS

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Supra) was carried out to analyze the chemical bonds of
substances and valence state. The Brunauer-Emmett-Teller
(BET) specific surface area and pore structure properties of the
photocatalysts were obtained employing a quantachrome
instrument nitrogen adsorption apparatus at 75 K. The optical
absorption characteristics and band gap calculation were
measured by ultraviolet visible diffuse reflectance spectroscopy
(UV-vis, Shimadzu, UV3600). At an excitation wavelength of
320 nm, room-temperature photoluminescence emission
spectra (PL, Edinburgh, FLS9800) were measured to study the
suppression of the e /h* recombination rate. The instanta-
neous photocurrent response was tested by an electrochemical
workstation (Edinburgh, FLS9800) via the standard three-
electrode configuration, including the Ag/AgCl electrode with
K,S,05 (0.05 M) and Na,SO, (0.5 M) as the electrolyte.

2.4 Photocatalytic performance

A closed gas circulation/evacuation system was used to collect
the amount of H, generated by the water-methanol solution in
the presence of the above photocatalysts. In a standard photo-
catalytic process, photocatalyst (0.05 g), methanol (25 mL) and
deionized water (25 mL) were added to a 0.2 L hermetic quartz
container and blended together. The resulting solution was
stirred under dark conditions for at least 30 minutes to achieve
desorption and adsorption equilibrium. Afterward, the air was
completely expelled from the airtight quartz container by N, in
40 min. The reactant solution was kept at ~6 °C and irradiated
under a 300 W Xe lamp during the whole photocatalytic process.
The gaseous products were measured by gas chromatography
(Beijing Zhongjiao Jinyuan Technology Co., Ltd, GC-7920) with
a TDX-01 column and thermal conductivity detector (TCD).
Gaseous products were taken every 30 min for detection, and
the experimental period was not less than 6 h.

2.5 Gas sensitivity test

First, a certain amount of catalyst was scattered into absolute
ethanol to form a ropy solution. Afterward, an appropriate
amount of catalyst-containing solution was applied to the
ceramic tube. The ceramic tubes were fixed on the welding
table by spot welding, and electrifying resistances were
formed through a resistance wire. The coated electrodes were
put in a dehumidifier for 24 h. Then, each sensor board was
installed in a homemade poison gas chamber with a volume of
18 L. The sensor plate was attached to the gas sensing test
system (WS-30, Winse) to obtain response signals of the
sensor in terms of resistance. Ammonia (100 ppm) was
injected into the gas chamber and converted to steam on
a high-temperature platform. There was a small fan in the air
chamber, which could diffuse the steam evenly. The response
value of the sample to ammonia was detected at 260 °C and
calculated using (1)*

Response = R,/R, (1)
where R, represents the sensor resistance in bare air and R,

represents the sensor resistance in measurement gases.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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3. Results and discussion
3.1 Crystal phase and functional group analysis

The XRD spectrum analysis patterns of the prepared catalysts are
shown in Fig. 1. In the pattern of pure CuO, diffraction peaks for
CuO (JCPDS Card No. 00-089-5895) at 35.44°, 38.58°, 48.72°,
53.56°, 57.99°, 61.49°, 65.91° and 67.60° could be observed, cor-
responding to the (002), (111), (112), (020), (202), (113), (310), and
(220) monoclinic crystalline planes, respectively?® The all
diffraction peaks of CuO could be evidently observed in g-C;N,/
TiO,/CuO and CuO/TiO,, which proves that CuO is successfully
introduced into the g-C;N,/TiO,/CuO and CuO/TiO, catalysts.
This is also confirmed in the following FTIR spectra. The
diffraction peaks at 25.50°, 37.76°, 48.04°, 55.06° and 62.76°
could be ascribed to the TiO, (101), (004), (200), (211) and (204)
planes, respectively.? This confirms that the crystal form of TiO,
is anatase. And the diffraction peaks of TiO, are disappeared in
the spectra of g-C3N,/TiO,/CuO and CuO/TiO,, except the (101)
diffraction peak. We speculate the peaks of TiO, are covered by
the diffraction peaks of CuO. The two diffraction peaks at 13.6°
and 27.7° in the XRD spectrum of g-C3N, correspond to the (100)
and (002) peaks, respectively. The characteristic peak of (100) is
related to the stacking of periodic array motifs of tris-triazine in
the plane, while the (002) peak is due to the long-range planar
stacking of aromatic rings.** Simultaneously, there are other
miscellaneous peaks caused by incomplete condensation of
melamine. No characteristic peaks of g-C3N, are found in the XRD
images of g-C3N,/TiO, and g-C3N,/TiO,/CuO. There are several
possibilities for this phenomenon. One reason is that the char-
acteristic peaks of g-C;N, are covered by the strong peaks of TiO,.
Another probable reason might be that g-C;N, is decomposed by
TiO,.* The third is that it may be due to the high dispersion of g-
C;N, in the composites.”” However, the uniform loading of C
and N elements in the EDS spectrum confirms the existence of g-
C;N,. The crystallite sizes are 22.86, 11.17, 13.23, 20.52, 5.33 and
19.39 nm for CuO, g-C3N,, g-C3N,/TiO,, CuO/TiO,, and g-C3N,/
TiO,/CuO, respectively. And they are calculated from X-ray line
broadening (w) according to the Scherrer formula (2):*?

D =0.89 Mw cos 0 (2)

where A is the X-ray wavelength and A = 0.15406 nm. D presents
the crystallite size, # is the peak position and w is FWHM
(radians).

The FTIR spectra of the CuO, g-C;N,, g-C3N,/TiO,, CuO/TiO,,
and g-C;N,/TiO,/CuO catalysts are displayed in Fig. 2. For g-C3;N,,
the bands related to the breathing of triazine units and stretching
vibration of N-H are perceived at 802 and 3117 cm™ "*' Inter-
estingly, these two peaks at the corresponding positions almost
disappear in the g-C;N,/TiO,/CuO catalyst, which may be due to
another calcination at 500 °C in the preparation of the catalyst. At
1200-1650 cm ', four other distinct peaks are observed at 1094,
1332, 1464, and 1611 cm ™', which are derived from the repre-
sentative stretching modes of the C-N heterocycles.** Similarly,
compared with g-C;N,, the strength of the four typical peaks of g-
C;3N, becomes weaker in the g-C3N,/TiO,/CuO catalyst. The band
at 532 cm ™! is ascribed to vibrations of Cu-O bonds.** Moreover,

RSC Adv, 2022, 12, 13381-13392 | 13383
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C3N4/T|02/CUO

no other bands are found in the range of 605 to 660 cm™*. The
existence possibility of the Cu,O phase is completely excluded.**
The prime characteristic peak of g-C3N, almost appears in the g-
C3N,/TiO, complex, which confirms its successful synthesis.
Similarly, the successful synthesis of CuO/TiO, and g-C3N,/TiO,/
CuO is indicated through the retaining characteristic peaks of
CuO and g-C3N,.

3.2 Morphology and element distribution of g-C3;N,/TiO,/
CuO

SEM and EDS were conducted to investigate the morphology and
element distribution of the g-C;N,/TiO,/CuO catalyst. From
Fig. S1(b-f),T it can be unambiguously observed that the disper-
sion of C and N elements is completely uniform, which confirms
that g-C;N, is equally supported on the composite catalyst. At the
same time, Ti seems to have agglomerated, while Cu is evenly

13384 | RSC Adv, 2022, 12, 13381-13392
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dispersed on the surface of TiO, under the influence of selective
deposition. CuO and g-C3;N, clusters are tightly wrapped around
TiO, because of the selective deposition method and direct
contact with the TiO, surface, resulting in the establishment of
a double heterojunction due to the synergistic effect between the
three components and the balance of the Fermi level.

The successful preparation of g-C;N,/TiO,, CuO/TiO,, and g-
C;3N,4/TiO,/CuO heterojunction photocatalysts are further veri-
fied by TEM and SAED images. Fig. 3(a and b) are the TEM
image of g-C3N,/TiO, catalyst. In Fig. 3(b), the lattice stripe with
d = 0.3557 nm can be obtained by measuring the grid spacing,
which corresponds to the (101) crystal plane of TiO, (JCPDS
PDF#21-1227).* In Fig. 3(d), it can be seen that CuO is directly
contact with TiO, in CuO/TiO, photocatalyst. CuO particles are
smaller on the left and TiO, particles are larger on the right. In
Fig. 3(e), the lattice stripes with d = 0.3520 nm and d =
0.1757 nm are measured, which correspond to the (101) crystal
plane of TiO, and the (112) crystal plane of CuO (JCPDS Card
No. 00-089-5895), respectively.?® The TEM of g-C;N,/TiO,/CuO is
exhibited in Fig. 3(g-h), which indicate that the g-C3N,/TiO,/
CuO material is a heterojunction nanocomposite with
combined geometry. In Fig. 3(h), the lattice stripes with d =
0.3520 nm and d = 0.2899 nm are obtained by measuring the
grid spacing, which correspond to the (101) crystal plane of TiO,
and the (—110) crystal plane of CuO. Heterojunction structure
of g-C3N,/TiO,/CuO can enlarge the active sites and enhance the
dynamic sites of reactant molecular adsorption. This is
conducive to the separation of electron-hole, resulting in
significant photocatalytic activity.?® Fig. 3(c) shows the SAED
diagram of g-C;N,/TiO, heterojunction, indicating the forma-
tion of single crystal heterojunction composites. Fig. 3(f and i)
show the SAED diagram of CuO/TiO, and g-C;N,/TiO,/CuO
heterojunction, which exhibit the formation of polycrystalline
heterojunction composites. The existence of g-C;N, was not
detected in the TEM images of g-C3N,/TiO, and g-C3N,/TiO,/
CuO, which are consistent with the results of XRD.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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3.3 Valence and chemical bond analysis of g-C;N,/TiO,/CuO

The valence state and chemical bond of the g-C3N,/TiO,/CuO
catalyst were analyzed by XPS characterization analysis. As
shown in Fig. 4(a), the presence of Cu, C, N, Ti and O elements
can be clearly distinguished in the full spectrum diagram.
Fig. 4(b) displays the spectrum of Cu 2p. The bands at 933.2 and
953.5 eV are attributed to Cu 2p;z, and Cu 2py,, respectively,
and the other three shake-up satellite peaks appear at 941.6,
943.5 and 962.3 eV, which indicate that Cu®" is formed.®
Meanwhile, there is no characteristic peak of Cu’. To verify the
chemical bond of g-C;N, in g-C3N,4/TiO,/CuO, high-resolution
spectra of C 2s and N 1s are obtained, as shown in Fig. 4(c)
and (d). Three peaks are observed at 284.7, 285.3, and 288.5 eV
in the XPS spectrum of C 1s (Fig. 4(c)). The first two peaks
belong to polluted C, while the latter corresponds to the
N=C-N binding mode. The three peaks at 398.9, 400.0, and
401.1 eV in the XPS spectral profile of N 1s (Fig. 4(d)) are
explained to N=C-N,N-(C)3, and N-H chemical bond, respec-
tively.’” The Ti 2p spectrum (Fig. 4(e)) shows two prime peaks at
458.5 and 464.2 eV corresponding to the respective contribu-
tions of Ti 2p,, and Ti 2p;,, which imply that Ti exists by Ti**
formation.* As seen from Fig. 4(f), the peaks of O 1s at 529.8
and 531.5 eV are derived from the contribution of the -OH and
Ti-O-Ti chemical bonds, respectively. Since g-C3N,/TiO,/CuO is
calcined in an air atmosphere, more oxygen vacancies are
produced, leading to a clear peak shift of O 1s.*

© 2022 The Author(s). Published by the Royal Society of Chemistry

3.4 Textural properties

The N, adsorption-desorption isotherm and pore size distri-
bution characteristics for the as-prepared catalysts are exhibited
in Fig. 5. The specific surface areas of g-C3N,/TiO, and CuO/
TiO, are only 28.51 and 6.34 m* g™, respectively, while that of
the g-C3N,/Ti0,/CuO ternary catalyst is 3.38 m? g~ and lower
than those of the other two catalysts, as shown in Table 2, which
is caused by the combination of CuO deposition and g-C3;N,
pore coverage.'® As expected, the g-C3N,/TiO,/CuO catalyst also
gives the lowest pore volume of 0.009 cm?® g™, corresponding to
a pore diameter of 10.71 nm, which is higher than those of the
other two catalysts. A large aperture can increase the refractive
index of incident light to improve the utilization of light. This is
consistent with the photocatalytic capacity of H, production
below. On the other hand, g-C;N,/TiO,, CuO/TiO,, and g-C3N,/
TiO,/CuO catalysts all display type IV isotherm while presenting
a discrete hysteresis loop (H3 type) under the relative pressure
(P/Py, 0.40-1.0) range. The phenomenon are caused by the slit-
like pores and capillary condensation exist in the mesoporous.*

3.5 H, production performance and gas sensitivity of
different catalysts

The photocatalytic performances of g-C3N,, CuO, g-C3N,/TiO,,
CuO/TiO,, and g-C3N,/TiO,/CuO for H, production are revealed
in Fig. 6. The CuO and g-C3;N, catalysts exhibit low hydrogen
evolution rates of 13.33 and 6.01 pmol (g h) ™", respectively. This
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Fig. 4 XPS spectra of g-C3N4/TiO,/CuO sample: (a) survey XPS spectrum, (b) Cu 2p, (c) C 1s, (d) N 1s (e) Ti 2p, (f) O 1s.

is affected by the properties of CuO and g-C;N,. The combina-
tion of CuO or g-C3;N, with TiO, further improves the H,
production rate to 53.56 pmol (g h)~' and 12.87 pmol (g h) %,
respectively. The H, generation rate of the CuO/TiO, hetero-
junction catalyst is 4.0 times that of CuO, while g-C;N,/TiO,
gives a hydrogen evolution rate of 2.1 times that of g-C;N,. The
heterojunction would be a dominating factor for the promotion
of H, production capacity. The photocatalytic performance of g-
C3N,/TiO,/CuO was further explored to inspect whether the
double heterojunction can promote the H, generation capacity.
As seen in Fig. 6, in the case of double-heterostructure
construction, the H, evolution rate exhibits a palpable
enhancement and obtains a first-rank value at g-C;N,/TiO,/CuO

13386 | RSC Adv, 2022, 12, 13381-13392

(97.48 umol (g h)™"). Compared with g-C3N4/TiO, and CuO/
TiO,, the photocatalytic activity of g-C;N,/TiO,/CuO for H,
production is increased by 7.6 times and 1.8 times, respectively.
In order to verify the commercial prospects of g-C3;N,/TiO,/CuO
double-heterostructure photocatalyst, the hydrogen production
performance of g-C3N,/TiO,/CuO was compared with that of
commercial P25 photocatalyst. The result show that the H,
generation rate of the g-C;N,/TiO,/CuO catalyst is 3.8 times that
of P25. And the comparison photocatalytic H, production
performance of relevant g-C;N, and CuO-based heterojunction
photocatalysts in recent years are exhibited in Table 1.
Because of the excellent H, production ability of the g-C;N,/
TiO,/CuO catalyst, it is important to explore its cycle stability. As

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Comparison photocatalytic H, production performance of relevant g-CsN4 and CuO-based heterojunction photocatalysts

Activity
Photocatalysts Cocatalysts Sacrificial agents Light source (wavelength/nm) (umolh™" g™ Ref.
Si0,/g-C3N,/CdS QDs None Na,S and Na,SO; Visible light 225.1 41
TiO,/g-C3N, Pt Methanol 450 W Xe lamp 74.7 42
g-C3N,/CdS None Lactic acid 300 W Xe lamp (4 > 400 nm) 392.84 43
2-C3N,/CeO, Pt Lactic acid 300 W Xe lamp (A > 420 nm) 73 44
CuO/Mo0O; None Methanol Visible light 98.5 45
CuO/Cds None Lactic acid 300 W Xe lamp (A > 420 nm) 3317.5 46
CuO/ZnO None Na,S0, Three tungsten lamps (200 W, 410-800 340 47
nm)

CuO/WO;/Cds None MB 300 W Xe lamp 44.5 48
CuO/Ag-TiO, Ag Methanol 450 W Hg lamp (200-800 nm) 180 49
2-C3N,/TiO,/CuO None Methanol 300 W Xe lamp 97.48 This work

Table 2 The pore characteristics of g-C3zN4/TiO,, CuO/TiO,, and g-
CgN4/TIOz/CUO

Surface area Pore size
Catalyst (m’ g ) Viw (cm*g ™) (nm)
g-C3N,/TiO, 28.51 0.065 9.11
CuO/TiO, 6.34 0.012 7.35
g-C3N,/Ti0,/Cu0 3.38 0.009 10.71

shown in Fig. 7, in the 24 h (4 continuous cycles) H, evolution
process, the stability of the double-heterojunction g-C;N,/TiO,/
CuO photocatalyst decreases with the passage of time and the
increase in cycle times. The hydrogen evolution rate decreases
from 97.48 umol (g h) " in the first cycle to 60.05 pumol (g h) " in
the fourth cycle. After that, the H, generation rate of the g-C;N,/
TiO,/CuO catalyst basically stabilizes. We speculate that the
reason for this outcome is the carbon deposition of the catalyst
owing to strong light. Furthermore, the loss due to the catalyst
being stirred to the inner wall of the reactor cannot be ignored.
The above results indicate that the successful construction of
double heterojunctions can effectively improve the photo-
catalytic functioning of H, production. Thus, promoting the
stability of the g-C3N,/TiO,/CuO catalyst and exploring the

© 2022 The Author(s). Published by the Royal Society of Chemistry

mechanism of the double heterojunction in the photocatalytic
process of H, production are important issues.

The double-heterojunction g-C3N,/TiO,/CuO semiconductor
was tested by ammonia sensitivity performance. As shown in
Fig. 8, g-C3N,/TiO, has a very weak response to ammonia.
Meanwhile, the response value of CuO/TiO, is also weak. The
establishment of a double heterojunction significantly
improves the response value of the g-C;N,/TiO,/CuO semi-
conductor to ammonia. The maximum response value of g-
C3N,4/TiO,/CuO to ammonia is approximately 1.9. The reasons
for the improvement of ammonia sensitivity are summarized as
electrical effects, synergistic effects and structural effects. The
conductivity of the material is affected by the interface barrier
formed by the heterojunction.®® Heterojunctions are con-
structed for direct contact of each component to form syner-
gistic effects.>*

3.6 Analysis of electron hole recombination rate

Fig. 9(a) shows the UV-vis opical spectra of g-C3N,/TiO,, CuO/
TiO,, and g-C3N,/TiO,/CuO. As a result of introducing g-C;N,
with a narrow band gap, the absorption edge of g-C;N,, TiO,
reaches nearly 460 nm. Due to the loading of CuO, the light
absorption ranges of the CuO/TiO, and g-C;N,/TiO,/CuO
heterojunction catalysts are obviously widened, whose
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absorption edges are up to nearly 730 nm. The extension of the
absorption edge in the visible range can be explained by
surface plasmon resonance.” Because of the d to d trajectory
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transition of Cu®" in CuO NPs, it is more likely to prolong
visible light absorption.** Moreover, compared with the CuO/
TiO, catalyst, the g-C3N,4/TiO,/CuO catalyst further promotes
the absorption of visible light. This also provides evidence for
the inference that double heterojunctions are conducive to the
improvement of catalyst performance. In addition, the band
gap width of these synthetic photocatalysts can be calculated
from the Tauc diagram.** In Fig. 9(b), the light absorption
ranges of g-C3;Ny4 TiO,, TiO,/CuO, and g-C3N,/TiO,/CuO are
2.71, 1.50, and 1.38 eV, respectively. The introduction of
a double heterojunction is conducive to modifying the band
gap and broadening the optical absorption range. Obviously,
the improvement of light absorption capacity is an important
factor to improve H, evolution capacity.

The separation of photogenerated electron holes and the
transfer of electrons are significant factors to evaluate photo-
catalytic activity. Fig. 10(a) shows the PL spectra of the g-C3N,/
TiO,, CuO/TiO,, and g-C3N,/TiO,/CuO samples. The separation
efficiency of photogenerated electron holes can be verified from
the figure. The PL intensity of g-C3;N,/TiO,/CuO is clearly lower
than that of g-C;N,/TiO, and CuO/TiO,, which means a lower
electron-hole recombination of g-C;N,/TiO,/CuO. This result

© 2022 The Author(s). Published by the Royal Society of Chemistry
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further confirms that the g-C3;N,/TiO,/CuO double hetero-
junction is successfully constructed. As shown in Fig. 10(b),
during the instantaneous photocurrent test process, when the
light source is turned off, it immediately returns to the initial
state. The process can be repeated, which means the excellent
structural stability of the catalyst.>® Moreover, the transient
photocurrent density of g-C;N,/TiO,/CuO is 2.0 times higher
than that of g-C3N,/TiO, and 1.3 times higher than that of CuO/
TiO,. This is mainly because the ternary heterojunction struc-
ture effectively promotes electron charge separation and
improves light absorption.* The density and transfer velocity of
photogenerated electrons are increased. Therefore, the increase
in photocurrent can be mainly due to effective photogeneration,
separation, and transfer. Which is conducive to photocatalysis
process.

3.7 Explanation of electron trajectory by S-scheme

Fig. 11 exhibits the H, production mechanism of the g-C;N,/
TiO,/CuO photocatalyst in water-methanol. The double p-n
heterostructure of g-C;N,/TiO,/CuO was constructed to ensure
high electron mobility. The recombination rate of electron hole

pairs is reduced, and the H, evolution rate is increased. The
visible light is first absorbed by the surface layer of the g-C3;N,
material. Then, the g-C;N, layer is penetrated by visible light to
compel electrons that jump from the VB to CB. When the inci-
dent light becomes scattered light, it will refract between the g-
C;3N, and TiO, layers owing to the existence of a protective layer.
Meanwhile, the CuO material will produce an electron resonance
swing effect owing to light excitation and then generate electron
hole pairs via Landau damping attenuation. As shown in Fig. 11,
we can explain the trajectory of electron-hole pairs between
semiconductors by the S-scheme. The band edge locations of the
g-C3Ny, TiO, and CuO catalysts are determined by the empirical
formula Ecg = x — E. — 0.5. Where E¢g is the edge energy of CB,
E. is the free electron potential (~4.5 eV),*® and x indicates the
Mulliken absolute electronegativity of atomic components. For
instance, g-C3N, = x ~4.72 €V, CuO = x ~5.81 eV, and TiO, = x
~5.81 eV.”” Eventually, the Ecg values of g-C;N,, TiO, and CuO
are —1.13, —0.29 and 0.65 eV, respectively. Likewise, Eyg is the
edge potential of the VB, and the calculation formula is Eyg = Ecg
+ E;.°® Ey is the bandgap energy of the as-defined semiconductor
(g-C3Ny = 2.7 eV, E, of TiO, = 3.2 eV, and E, of CuO = 1.32 €V), 50
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the Eqg values of g-C3N, TiO, and CuO are 1.57, 2.91, and
1.97 eV, respectively.

Based on the above discussions, the CB of CuO is higher
than that of g-C;N, and TiO,, which means that some electrons
may migrate from the CB of g-C;N, and TiO, to the CB of CuO.
Then, the electrons of CuO are drivably transferred to the VB of
TiO, and g-C;N, based on the S-scheme mechanism.”® The S-
scheme heterojunction consists of reduction photocatalysts
(RP, high CB and VB positions) and oxidation photocatalysts
(OP, low CB and VB positions) with staggered band structures.
RP has a smaller work function than OP, which leads to the
spontaneous migration of electrons in RP to OP by van der
Waals forces. An electron depletion layer is formed near the RP
interface, resulting in its positive charge. Similarly, an electron
stacking layer is formed near the OP interface, resulting in its
negative charge. Meanwhile, RP and OP generate an internal
electric field that accelerates the transfer of photon-generated
carrier. In the S-scheme, the electrons stored in the CB of RP
are reduced, and the holes in the VB of OP are oxidized. The S-
scheme retains the strong redox ability of the photocatalysts,
which is attributed to partly meaningless electron-hole
recombination.®® The Fermi energy of OP and RP should
correspond to the same energy level to achieve the balance of
the Fermi energy level. The photogenerated electrons in the CB
of OP are shifted to combine with holes in the VB of RP by band
bending and Coulomb force. In the g-C;N,/TiO,/CuO ternary
catalyst, TiO, and g-C;N, are used as RP and CuO as OP. Here,
CuO acts as an electron acceptor and plays a bridging role. CuO
not only functions as a structural defect to capture electrons but
also plays an electronic medium role to promote electron-hole
pair separation. These electrons will remain in the VB of g-C3;N,
and TiO, and combine with their holes. This facilitates the
separation of original electron hole pairs on g-C;N, and TiO,,
thus improving the H, production rate of the material.
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4. Conclusion

A novel ternary heterostructure g-C3N,/TiO,/CuO photocatalyst
was successfully developed and used in water-methanol for
hydrogen evolution under visible light irradiation. Benefiting from
the synergistic effect of the S-scheme and the double p-n hetero-
structures, g-C3N,/TiO,/CuO photocatalyst presented considerable
H, generation performance. Based on the S-scheme, the electrons
in the CB of CuO and the holes in the VB of g-C;N, and TiO, are
recombined. Useless electrons and holes are recombined. Band
bending, internal electric field, and Coulomb attraction are the
main factors that trigger this phenomenon. This study further
explained the mechanism of the S-scheme, and the ternary catalyst
provides an idea for further design and synthesis with a low
electron-hole recombination rate and strong redox properties. We
believe that more efforts should be made to improve the stability
of photocatalysts in order to obtain better performance of
hydrogen production. At the same time, the preparation of small
particle size, high specific area and excellent morphology of the
photocatalysts are the next step forward direction.
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