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A B S T R A C T

Novel In2O3/boron doped graphite-like carbon nitride (In2O3/g-C3N4B) heterojunction catalysts were success-
fully fabricated via a facile water-bath combined with calcination method. The resulting 5% In2O3/g-C3N4B
catalyst with a proper In2O3 and B content exhibits excellent visible-light photocatalytic activities. Its conversion
ratio for tetracycline hydrochloride (TH) and nitric oxide (NO) is 2.0, 1.9 times higher than that of In2O3, g-C3N4,
g-C3N4B, g-C3N4B-R (reference sample), respectively. And its CH4 evolution rate is 9.0, 3.6, 2.2, 2.5 times higher
than that of In2O3, g-C3N4, g-C3N4B, g-C3N4B-R, respectively. The remarkably enhanced photocatalytic prop-
erties are mainly attributed to the result that an appropriate boron and In2O3 modified the g-C3N4 promoted the
efficient separation and transfer of photoinduced electrons and holes from the heterojunction interface by the
band alignment between In2O3 and g-C3N4B. The probable mechanism on the activity enhancement was also
discussed. Moreover, 5% In2O3/g-C3N4B shows good activity stability as evidenced by three recycling reactions.
This work offers some useful insights to design and fabricate other highly efficient and stable g-C3N4-based
heterojunction multifunctional materials for energy conversion and environmental restoration applications in
the near future.

1. Introduction

Two dimensional (2D) graphitic carbon nitride (g-C3N4) photo-
catalytic material, as a promising organic semiconductor for H2 pro-
duction, pollutants treatment and CO2 reduction, has caused remark-
able attention recently because of its unique optical and electronic
properties that are very important in photocatalysis, non-toxicity and
convenient synthetic routes [1–8]. However, for the g-C3N4 with a band
gap (Eg) of ~2.7 eV, the poor photocatalytic efficiency induced by the
quick recombination of photo-induced electrons and holes limits its
practical applications [9–17].

To perfect the photocatalytic material, a great quantity of studies
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heterojunction by heating In(Ac)3 and g-C3N4 in autoclave and de-
monstrated effective charge separation on the heterointerface. Re-
cently, a kind of ternary composite photocatalyst by coupling two metal
oxides semiconductor (TiO2 and In2O3) with g-C3N4 was synthesized
and high visible-light photocatalytic activity was exhibited [39].

Naturally, a novel design is proposed that boron doping and the
introduction of In2O3 to g-C3N4 occur simultaneously. Whether the
synergistic effect is more excellent? Motivated by the above concerns,
in the present work the heterostructured In2O3/g-C3N4B catalysts were
prepared through a facile water-bath calcination method, and the in-
formation of morphology, structure and optical property of In2O3/g-
C3N4B catalysts was studied. The activities of In2O3/g-C3N4B catalysts
were researched by tetracycline hydrochloride (TH) degradation and
nitric oxide (NO) conversion, and carbon dioxide (CO2) reduction.
Based on experimental outcomes, the probable mechanism of activity
improvement for the In2O3/g-C3N4B catalysts was discussed.

2. Experiments

2.1. Catalysts synthesis

In2O3/g-C3N4B catalysts were fabricated via a simple water-bath
combined with calcination method. Boron doped g-C3N4 (g-C3N4B) was
prepared as follows: 2.0, 4.0, 10, or 20mg sodium tetraphenylboron
(C24H20BNa) and 10 g urea were dissolved into distilled water (10mL),
followed by stirring under 353 K for 5.0 h, and then the product was
calcined under 823 K for 2.0 h. After cooled naturally, yellow product
was grounded to obtain a powder sample. The synthesized B-doped g-
C3N4 catalysts are denoted as g-C3N4B-x, and x is the mass (mg) of
C24H20BNa introduced into the precursor solution. For comparative
study, a boron doped g-C3N4 reference sample (g-C3N4B-R) with the
highest activity in the literature (Angewandte Chemie International
Edition, 2013, 52, 1735–1738) [40] was also synthesized. To prepare
the In2O3/g-C3N4B composites, 0.01 g, 0.05 g, 0.10 g and 0.20 g of
In2O3 nanocrystals (commodity) and 1.0 g of the as-synthesized g-
C3N4B-4 were added into 10mL absolute methanol, respectively. The
resultant mixtures were ultrasonically treated for 5min and then dried
under 60 °C water-bath temperature. After being calcined at 723 K for
3 h, a series of In2O3/g-C3N4B catalysts with different weight con-
centration of In2O3, were denoted as 1%, 5%, 10% and 20% In2O3/g-
C3N4B, respectively. The Pt loading on catalysts was prepared by a
photo-deposition method [41].

2.2. Catalysts characterization

The crystalline phases of catalysts were analyzed by using a Bruker
D8 X-ray diffractometer. The specific surface area of catalysts were
measured by an ASAP2020 HD88 instrument at 77 K. Transmission
electron microscopy (TEM) and higher-magnification transmission
electron microscopy (HRTEM) images of catalysts were collected by a
JEOL JEM2100F microscope. The X-ray photoelectron spectroscopy of
catalysts was measured by a Thermo Scientific K-Alpha spectrometer.
At 400 nm excitation wavelength, the photoluminescence spectroscopy
was obtained by a CARY Eclipse fluorescence spectrophotometer. The
electron paramagnetic resonance spectra were recorded by a Bruker
model A300 spectrometer. Using BaSO4 as the reference, the UV–Vis
diffuse reflection spectroscopy (DRS) was done at a Varian Cary 500
Scan. Electrochemical measurements of g-C3N4, g-C3N4B and 5% In2O3/
g-C3N4B samples were also carried out by following the steps of this
reference [42].

2.3. Activity evaluation

Activity evaluation experiments were carried out under visible-light
(λ > 420 nm) irradiation, by adding 200mg photocatalysts into 40mL
of 5.0mg/L tetracycline hydrochloride (TH) solution. In order to

establish an adsorption–desorption equilibrium, the solution was
magnetically stirred for 0.5 h in the dark. After different irradiation
time, the concentration of TH solution was measured by using a spec-
trophotometer (TU-1901). The change of total organic carbon (TOC) of
5% In2O3/g-C3N4B reaction process was measured by using a TOC
analysis system (Shimadzu TOC-L CSH).

NO conversion was studied by a flow reactor system under visible-
light (λ > 420 nm) irradiation for 4 h. The photocatalyst (0.1 g) was
uniformly coated onto a dish with a diameter of 8.0 cm, and then it was
dried at 80 ◦C. Initial NO concentration is 400 ppb, and its flow rate is
3 L/min. After attaining the equilibrium of adsorption–desorption, the
Xe arc lamp was turned on, and the concentration of NO was con-
tinually measured by a chemiluminescence NO analyzer.

The photocatalytic reduction of carbon dioxide (CO2) into methane
(CH4) reaction was performed as follows. Typically, the disperse pho-
tocatalyst (50mg) of small glass cell bottom was located in a Pyrex glass
cell bottom, connected with a closed system. The reaction system vo-
lume was ~230mL. After vacuum-treating the reaction setup for three
times, the high purity CO2 gas entered into the reaction setup to attain
an ambient pressure, and the system air was replaced by CO2. And then,
the reactor was injected into 2.0 mL H2O by a liquid syringe. Next, the
reactor was placed in darkness for 2.0 h to reach an adsorption-deso-
rption equilibrium. Finally, the reactor was irradiated under
λ > 420 nm. Within a given time interval, the reaction cell was con-
tinually extracted gaseous product (0.5 mL) to check CH4 concentration
by a Shimadzu gas chromatograph (GC-2014, Ar carrier) during irra-
diation.

3. Result and discussion

3.1. Composition, morphology, and structure of catalysts

The crystalline phases of pure g-C3N4, g-C3N4B, 1% In2O3/g-C3N4B,
5% In2O3/g-C3N4B, 10% In2O3/g-C3N4B, 20% In2O3/g-C3N4B and pure
In2O3 samples were shown in Fig. 1. All the patterns except pure In2O3

show characteristic diffraction peak of g-C3N4 at about 2θ=27.4°,
which is ascribed to (0 0 2) reflection of the interlayer stacking peak of
conjugated aromatic systems [43]. Meanwhile, from the XRD patterns
in Fig. 2, it can be noticed that g-C3N4 diffraction peak (0 0 2) intensity
decreased with the increasing B content, but the B-doping process did
not change its crystal structure. It can be also observed from Fig. 1 that
the diffraction peaks at 21.5°, 30.5°, 35.6°, 51.0° are perfectly indexed
to the (2 1 1), (2 2 2), (4 0 0), (4 4 0) crystal planes in the cubic In2O3

(JCPDS No. 00-006-0416), respectively. Obviously, the diffraction
peaks of In2O3 are strengthened gradually with increasing In2O3

amount at the expense of those of g-C3N4B, confirming that the co-

Fig. 1. XRD patterns of (a) g-C3N4, (b) g-C3N4B, (c) 1% In2O3/g-C3N4B, (d) 5%
In2O3/g-C3N4B, (e) 10% In2O3/g-C3N4B, (f) 20% In2O3/g-C3N4B and (g) In2O3

samples.
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existence of both In2O3 and g-C3N4B crystalline phases of In2O3/g-
C3N4B samples. No other characteristic peaks are detected in the In2O3/
g-C3N4B samples, suggesting that no impurity species were formed in
addition to g-C3N4B and In2O3.

The results of specific surface area for g-C3N4, g-C3N4B, In2O3, and
In2O3/g-C3N4B samples were displayed in Table 1, and it can be seen
that the g-C3N4B (78–94m2/g) and In2O3/g-C3N4B samples (83–91m2/
g) show a higher specific surface area than that of g-C3N4 (46m2/g) or
In2O3 (37m2/g), which is beneficial for enhancing the photoactivity of
g-C3N4B and In2O3/g-C3N4B samples.

The morphologies of g-C3N4, g-C3N4B, In2O3, In2O3/g-C3N4B sam-
ples were shown in Fig. 3. It can be noticed that the g-C3N4 sample
shows a layered platelet-like shape [44] (Fig. 3A) and the g-C3N4B
sample possesses a thin, silk-like hybrid nanostructure [40] (Fig. 3B).
TEM images of pure In2O3 nanoparticles and In2O3/g-C3N4B hybrid
samples were shown in Fig. 3C and Fig. 3D, respectively. It can be seen
that many dark In2O3 nanoparticles tightly aggregates on the surface of
g-C3N4B, corroborating that In2O3/g-C3N4B heteroarchitectures are
successfully constructed. In addition, the HRTEM images (Fig. 4) of
In2O3 and 5% In2O3/g-C3N4B samples revealed the existence of In2O3

nanocrystals, and the lattice fringes with d spacing of 0.294 nm could
be assigned to the (2 2 2) crystal plane of cubic In2O3 [38].

These In2O3/g-C3N4B heterostructures were further also character-
ized by X-ray photoelectron spectroscopy. In the g-C3N4 and g-C3N4B
samples, the C 1s XPS spectrum (Fig. 5A) could be deconvoluted into
two peaks, the peak at 284.6 eV is attributed to carbon impurities, the
peak at 287.9 eV is attributed to an sp2-bonded carbon (CeC]N)
[40,45]. The N 1s XPS spectrum (Fig. 5B) could be deconvoluted into
three peaks at 398.4, 399.6, and 400.7 eV, which are ascribed to sp2-
bonded nitrogen in N-containing aromatic rings (CeN]C), the tertiary
nitrogen Ne (C)3 groups and the amino groups (CeNeH), respectively

[40,45]. However, In the 5% In2O3/g-C3N4B sample, the C 1s peak
binding energy (288.1 eV) and the N 1s peaks binding energy (398.7,
400.2, and 401.0 eV) are respectively higher than that of the g-C3N4 or
g-C3N4B sample, which are mainly attributed to the intense interaction
between In2O3 and g-C3N4B or the heterojunction formation in the
In2O3/g-C3N4B sample, showing a consistence with the result of the
above XRD and TEM analyses. As can be observed from Fig. 6A, an
obvious B 1s XPS peak with a binding energy of ~191.6 eV is seen for g-
C3N4B and 5% In2O3/g-C3N4B samples, corresponding to the co-
ordination of N-B-N [40]. In Fig. 6B, the In 3d5/2 and 3d3/2 signals of
In2O3 and 5% In2O3/g-C3N4B samples are at 444.4 eV and 451.9 eV
originating from In3+ [38,46].

The optical performance of g-C3N4, g-C3N4B, In2O3, In2O3/g-C3N4B
samples was shown in Fig. 7A. Comparing with g-C3N4, the photo-ab-
sorption ability of g-C3N4B is stronger and the absorption edge extends
towards visible-light region, as is also reported previously by Yan et al
[32]. The light absorption threshold of pure In2O3 is 450 nm, corre-
sponding to ~2.8 eV band gap (Fig. 7C), which is consistent with the
band gap of the In2O3 reported in literature [46]. Compared to g-C3N4

and g-C3N4B, the absorption band edges of In2O3/g-C3N4B photo-
catalysts are obviously blue-shifted with the increase of In2O3 content
(Fig. 7A), leading to an increase in band gap energy (Fig. 7B). More-
over, the light absorption range of In2O3/g-C3N4B is between the single
phases of In2O3 and g-C3N4B, indicating a strong interaction between
In2O3 and g-C3N4B produced a synergistic effect in the In2O3/g-C3N4B
photocatalyst [4], which is favorable to promote the separation and
migration of the photogenerated charges, thus improving photo-
catalytic activity.

3.2. Activity and stability

The activities of g-C3N4, In2O3, g-C3N4B and In2O3/g-C3N4B cata-
lysts with different In2O3 weight percentage were evaluated by the
degradation test of tetracycline hydrochloride (TH) (Fig. 8A). From
Fig. 8A, one can see that there is almost no change of TH concentration
under λ > 420 nm light irradiation for 3.0 h in a lack of catalyst,
showing that TH self-photodegradation can be ignored. Compared with
g-C3N4, all the three B-doped g-C3N4 catalysts display better photo-
catalytic activity (Fig. 9). After 3 h irradiation, the TH degradation ratio
of g-C3N4B-4 is 44.7%, which is 1.5 times that of g-C3N4. When In2O3 is
used as the photocatalyst, only ~25% of TH is degraded after 3 h,

Fig. 2. XRD patterns of (a) g-C3N4B-2, (b) g-C3N4B-4, (c) g-C3N4B-10 samples.

Table 1
The specific surface areas, pore sizes and pore volumes data of the as-prepared
catalysts calculated by BET and BJH methods.

Sample Specific surface area
(m2/g)

Pore size
(nm)

Pore volume
(cm3/g)

g-C3N4 46 26.7 0.216
g-C3N4B-2 78 25.9 0.532
g-C3N4B-4 94 27.4 0.561
g-C3N4B-10 85 26.3 0.541
1% In2O3/g-C3N4B-10 91 26.6 0.552
5% In2O3/g-C3N4B-10 89 27.6 0.548
10% In2O3/g-C3N4B-

10
87 26.5 0.545

20% In2O3/g-C3N4B-
10

83 26.1 0.538

In2O3 37 3.8 0.091

Fig. 3. TEM images of (A) g-C3N4, (B) g-C3N4B, (C) In2O3 and (D) 5% In2O3/g-
C3N4B.
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showing a poor photocatalytic property. Although g-C3N4B-4 exhibits
the better photodegradation activity compared with the undoped g-
C3N4, only less than ~45% of TH is degraded. In Fig. 8A, it can also be
observed that the higher photodegradation performance of TH is ob-
served in the presence of In2O3/g-C3N4B heterojunction catalysts re-
lative to 865 Tm
(O)Tj
5.9774 0 0 5.41.365 Tu1t7968 486.30865
7.9702 0 0 7.9702 172.6866ly



Obviously, the CH4 evolution rate of 5% In2O3/g-C3N4B (physical
mixture) is lower than that of the 5% In2O3/g-C3N4B heterojunction
catalyst, showing the merit of hybridization.

The stability of 5% In2O3/g-C3N4B was also studied by recycling the
catalyst for TH degradation, NO conversion, and CO2 photocatalytic
reduction into CH4 under λ > 420 nm light irradiation. It can be
clearly seen in Fig. 11 that there was no obvious deactivation on the
activity after three consecutive runs, and the crystal structure of 5%
In2O3/g-C3N4B remained no change after TH degradation, NO conver-
sion and CH4 evolution (Fig. 12), indicating the excellent stability of 5%
In2O3/g-C3N4B catalyst.

3.3. Scavenger in TH degradation

To elucidate the photocatalytic mechanism of In2O3/g-C3N4B cata-
lysts, the active species of HT photodegradation process were studied
by trapping experiments. Three different quenchers, AO (ammonium
oxalate), IPA (isopropanol), and BQ (benzopuinone) were employed as
h+ (hole), %OH (hydroxyl radical) and %O2

− (superoxide radical) sca-
venger [42,47], respectively. In Fig. 13, a slight variation with the
addition of IPA in the TH degradation efficiency is observed, indicating
that hydroxyl radical is not crucial activity species in TH degradation
process. However, TH degradation is suppressed by the AO and BQ
addition, implying that hole and superoxide radical play an important



degradation ratio can also be observed in N2 atmosphere, showing that
oxygen (O2) can mainly act as e− (electron) traps to produce super-
oxide radical (%O2

–).
Therefore, the reactions of TH photodegradation are proposed in

Eqs. (1)–(4):

Catalyst (In2O3/g-C3N4B)+ hν→ e−+h+ (1)

e−+O2→
%O2

– (2)

tetracycline hydrochloride+h+→ products (3)

tetracycline hydrochloride+ %O2
–→ products (4)

3.4. Photocatalytic activity enhancement mechanism of In2O3/g-C3N4B

In g-C3N4 framework, the boron (B) doping enhanced its light ab-
sorption and reduced its band gap, as shown in Fig. 7. Moreover, the
surface boron sites can serve as Lewis acids [40], improving the se-
paration efficiency of photo-induced electron-hole pairs, and promoting
the surface reactivity. Hence, a proper B-doping resulted in an obvious
activity enhancement of g-C3N4 (Fig. 8).

Based on the above results, the activity enhancement of In2O3/g-
C3N4B catalysts may mainly originate from the synergism of nonmetal
boron, cubic In2O3 and 2D g-C3N4, and the formation of heterojunctions
between In2O3 and g-C3N4B.

Compared with 20% In2O3/g-C3N4B (83m2/g), the 5% In2O3/g-

Fig. 8. Photocatalytic activity of TH degradation (A), NO conversion (B) and CH4 evolution (C) for (a) blank, (b) In2O3, (c) g-C3N4, (d) g-C3N4B-R (reference sample),
(e) g-C3N4B, (f) 1% In2O3/g-C3N4B, (g) 5% In2O3/g-C3N4B, (g') 5% In2O3/g-C3N4B (physical mixture), (h) 10% In2O3/g-C3N4B, (i) 20% In2O3/g-C3N4B catalysts.

Fig. 9. The photocatalytic degradation of tetracycline hydrochloride (TH) for g-
C3N4, (b) g-C3N4B-2, (c) g-C3N4B-4, and (d) g-C3N4B-10 catalysts under visible
light irradiation (λ > 420 nm) for 3 h.

Fig. 10. Evolution of TOC during the course of photocatalytic degradation of
tetracycline hydrochloride (TH) for 5% In2O3/g-C3N4B catalyst under visible
light irradiation.
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C3N4B (89m2/g) catalyst has comparable specific surface areas and
similar optical absorption (Fig. 7), but its photocatalytic activities in the
photocatalytic conversion of TH and NO, and photocatalytic reduction
of CO2 (Fig. 8) three aspects are obviously higher than those of 20%
In2O3/g-C3N4B, implying that there is another crucial factor influencing
its photocatalytic property. Therefore, the separation efficiency of
photo-generated carriers might play a crucial role in influencing the
activity of catalysts. For the sake of revealing the charge separation on
the interfaces of In2O3/g-C3N4B, the band potentials of g-C3N4B and
In2O3 were investigated.

The photocatalytic performance is generally believed to be tightly

related to the redox potential and band structure of catalysts. Therefore,
the activity enhancement mechanism for In2O3/g-C3N4B heterojunction
catalyst may be reasonably explained by the scheme depicted in Fig. 14.
According to theoretical calculation and previous reports
[33,38,42,48,49], the top valence band potential (EVB) and bottom
conduction band potential (ECB) for g-C3N4B and In2O3 are about
+1.82 and −0.85 V, +2.20 and −0.60 V (vs. NHE), respectively. This
indicates that the valence band top potential of In2O3 is more positive
than that of g-C3N4B, whereas the conduction band bottom position of
g-C3N4B is more negative than that of In2O3. When the In2O3/g-C3N4B
photocatalyst is irradiated by visible light with the greater energy than
the Eg (band-gap energy) of In2O3 and g-C3N4B, the e− (electron) in the
VB of In2O3 and g-C3N4B is excited to their CB, leading to the genera-
tion of hole in their VB. Then the band alignment between them can not
only drive the photo-generated electrons in g-C3N4B to transfer towards
the In2O3, but also drive the photo-induced holes in In2O3 transfer to-
wards the g-C3N4B by valence band offset. Due to noble metal Pt can act
as a superior acceptor and trapping site for photo-excited electrons, the
photoinduced electrons would quickly transfer to the loaded Pt metal
and then excited state electron can be quickly transfer to absorbed CO2,
forming the %CO2

− radical [50–52]. Meanwhile, the H+ react with the
excited electrons and form %H radicals. Finally, %CO2

− and %H radicals
react with each other to produce CH4 [51,52]. Thus the photo-gener-
ated electron-hole pairs will be separated effectively by an interface
formed in the heterostructure, leading to the activity improvement
eventually. Moreover, the phenomenon was also confirmed by below-
mentioned photoluminescence spectroscopy (Fig. 15A), photocurrent
tests and EIS (electrochemical impedance spectroscopy) results
(Fig. 16). The photo-generated electrons gathered in the conduction
band of In2O3 principally react with the surface hydroxyls and adsorbed
oxygen (O2) molecules, to ultimately form ·OH (hydroxyl radicals) and
·O2

− (superoxide radicals) reacting with the surface pollutants (TH,
NO) of In2O3. At the same time, the corresponding photo-generated
holes in the valence band of g-C3N4B can oxidize its surface pollutants
(TH, NO) directly. And the possible reaction path is also shown in
Fig. 14. Consequently, the heterojunction construction in the In2O3/g-
C3N4B catalyst promoted the efficient separation of photo-generated
electrons and holes, accelerating the photocatalytic reaction.

Photoluminescence (PL) emission spectroscopy is commonly per-
formed to further verify the enhanced photo-excited charge separation
efficiency [53]. The photoluminescence emission spectra of g-C3N4, g-
C3N4B, 5% In2O3/g-C3N4B catalysts recorded under an excitation wa-
velength of 400 nm are presented in Fig. 15A. As can be observed, the
peak positions of three catalysts are almost same, suggesting that there
is no new photoluminescence with the introduction of boron and In2O3.
The PL intensity of g-C3N4 is the highest among them, representing the
high recombination probability of excited electrons and holes. Upon

Fig. 11. Stability test of TH degradation, NO conversion and CH4 evolution for
5% In2O3/g-C3N4B recycling three times under visible-light irradiation
(λ > 420 nm).

Fig. 12. XRD patterns of 5% In2O3/g-C3N4B before (a) and after TH degrada-
tion (b), NO conversion (c) and CH4 evolution (d).

Fig. 13. The influence of various scavengers on the visible-light photocatalytic
activity of 5% In2O3/g-C3N4B towards the degradation of TH.

Fig. 14. The generation, transportation, and separation of visible-light-induced
charge carries over the In2O3/g-C3N4B catalyst.
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doping boron into g-C3N4 the PL intensity obviouly decreased, which is
in accordance with the reported result [32]. It should be noted that the
5% In2O3/g-C3N4B catalyst exhibits the lowest emission intensity, im-
plying that the charge separation is greatly enhanced due to the co-
operative effect of In2O3 and boron.

Fig. 15B shows the EPR (electron paramagnetic resonance) spectra
of g-C3N4, g-C3N4B, 5% In2O3/g-C3N4B catalysts. A Lorentzian line was
centered at g
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