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Abstract
In this study, B4C/ZnO composite photocatalysts were obtained by the heat treatment of polyvinyl borate composite,
synthesized using the crosslinking reaction of polyvinyl alcohol and boric acid in the presence of ZnO nanoparticles. The
photocatalytic activity of B4C/ZnO was evaluated by photocatalytic degradation of a model dye, methylene blue. The
relationship between the photocatalytic degradation of methylene blue and the temperature of the reaction medium, and the
pH of the reaction medium was also studied. The structural and optical properties of B4C/ZnO photocatalyst were
characterized by Fourier transform infrared (FTIR) spectroscopy, X-ray powder diffraction (XRD) analysis, fluorescence
spectroscopy, scanning electron microscopy (SEM), and UV–Vis absorption spectroscopy. The B4C and B4C/ZnO
composite nanoparticles were synthesized successfully, which was proven by the FTIR, XRD, and SEM analyses. The
photocatalytic degradation experiments illustrated that the photocatalytic activity of the composite photocatalysts was higher
than that of B4C on the photocatalytic degradation of the model dye. The heterojunction structure formed between ZnO and
B4C might have decreased the recombination rate, which was determined by the fluorescence spectroscopy. The B4C/ZnO
composites possessed wider optical bandgap compared to pure B4C, which was determined by Tauc’s plot analysis. When
compared with pure B4C, approximately three times faster degradation rate was obtained by the B4C/ZnO composite. After
four cycles of the photocatalytic degradation experiments, approximately 26% loss in the photocatalytic degradation
efficiency was observed. Based on the scavenger experiments to reveal the photocatalytic degradation mechanism, the
photoinduced holes, the superoxide radicals, and the hydroxyl radicals were the main active species for the degradation of
methylene blue.
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Graphical abstract
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Highlights
● Combining ZnO with B4C narrowed the optical band gap energy, exhibiting a red shift.
● The recombination rate of ZnO and B4C was reduced.
● ZnO enhanced the photocatalytic degradation efficiency of B4C.
● A threefold increase in the reaction rate of the photocatalytic degradation was obtained with the composite.
● Both the hydroxyl and superoxide radicals contributed significantly to the photocatalytic degradation reaction.

1 Introduction

Boron carbide (B4C) is an important nonoxide ceramic with
low density, high modulus, wear resistance, impact resistance,
high thermal stability, high neutron absorption, and high
hardness properties [1, 2]. B4C also has high melting tem-
perature, low thermal expansion coefficient, and high chemical
resistance. The specified features have made B4C suitable for
wide application in military, electronic and nuclear industries
as neutron-absorbing materials, electrode materials, wear-
resistant materials, and cutting tools [3, 4]. When compared
with micro-scale materials, sub-micron scale or nano-sized
materials exhibit different properties. Similarly, nano-size B4C
has superior properties and more homogeneous crystal struc-
ture compared to micro-size B4C. Researchers have been
trying to reduce the size of the bulk B4C to obtain enhanced
features. The B4C nanoparticles have the potential to replace
the conventional materials used for tools, molds and wearing
parts. The B4C nanoparticles have been studied as an agent in
the cancer treatment. They are utilized as biosensors [5]. In
addition, the B4C nanoparticles have been utilized as reinfor-
cement for ceramic and metal-based composites to improve
the wear resistance of the matrix materials [4].

Various techniques such as ball milling of bulk B4C [2],
magnesiothermal reduction of B2O3 in the presence of
carbon [6], chemical vapor deposition of B2O3-activated
carbon suspension on the Co-B catalyst nanoparticles [7],
carbothermal reduction of B2O3 [8], laser fragmentation of
large B4C particles dispersed in ethyl acetate [9], mechan-
ochemical processing of boron oxide with magnesium in the
presence of carbon [4], carbothermal reduction of boric acid
[5], high-temperature heating of amorphous boron and
carbon [10] have been used to prepare the B4C nano-
particles. However, the mass production of the B4C nano-
particles has been limited by its complex synthesis
techniques. Also, toxic precursors and chemicals are
required to prepare the B4C nanoparticles [1, 2]. Most of
these reactions are highly endothermic, requiring high
temperature to increase the reaction rate, and time con-
suming and expensive. Also, the B4C nanoparticles pro-
duced using these techniques are mostly coarse grained.
Hence, they need to be ground following their reaction [4].
When examined in detail, the magnesiothermal reduction of
B2O3 is insufficient to produce high-purity B4C powders
due to magnesium contamination. The carbothermal
reduction of B2O3 or H3BO3 in the presence of a carbon
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source at a high temperature (T > 1750 °C) results in a
product with significant residues of free carbon. The B4C
nanoparticles can be synthesized directly through high-
temperature heating of amorphous boron and carbon.
However, the specified technique requires high-temperature
heating above 1500 °C, long reaction time, and expensive
raw materials, making this technique economically unsui-
table. Although the chemical vapor deposition technique
can produce high purity B4C nanoparticles, the high costs of
gaseous reactants and process equipments render this
technique unfavorable for the commercial-scale B4C nano-
particle production [11]. Due to the problems of currently
applied methods such as low yield and expensive material
or processing cost, different techniques have been studied to
produce the B4C nanoparticles on a large scale [10].

Researchers have been studying on the use of a single-
source solid precursor to obtain B4C nanoparticles through a
simple and straightforward technique [12]. Synthesis of B4C
using a polymer–precursor is an alternative technique to
obtain the nanoparticles with a low-temperature process.
The polymer-precursor technique provides high reproduci-
bility compared to conventional B4C production methods
[13]. In addition, the final properties of B4C synthesized
using the polymer-precursor technique can be modified by
changing the precursor’s composition and the process
parameters [14]. In this context, different polymer-
precursors have been used for synthesizing B4C nano-
particles such as poly(resorcinol borate) [11], poly(6-nor-
bornenyldecaborane-co-decaborane) copolymer [12],
polyvinylpyrrolidone-boric acid [13], boric acid-sucrose
[3], xerogel [15] and polyvinyl alcohol-boric acid [16–19]
have been utilized to synthesize the polymer-precursor. The
synthesis of B4C through the pyrolysis of a polymer-
precursor in an inert atmosphere overcomes the problem of
the free carbon residue in the final product. This technique
also provides to prepare the B4C nanoparticles through a
low-temperature synthesis path. In this technique, the
synthesis of the polymer-precursor is important and mostly
hydrothermal reactions are conducted to synthesize the
polymer-precursor. Afterward, the polymer-precursor is
pyrolyzed in an inert medium to obtain the B4C nano-
particles [17].

It is not easy to find a low-cost, stable, and efficient pho-
tocatalyst, active under natural sunlight or visible light. B4C
as a metal-free semiconducting material is a promising new
class of photocatalyst that has not been studied much. This
material’s attractive electronic structure, chemical and physi-
cal stability, and low cost render it potentially useful in a
variety of applications as a photocatalyst [19]. According to
the density functional theory calculations conducted in the
literature, there are crystal defects and distortions in the crystal
structure of B4C, which gives rise to a decrease in its optical
bandgap energy. It means that B4C as a photocatalyst can

benefit more from the natural sunlight and the visible light.
Meanwhile, the more intense crystal defects and distortions
lead to a large number of midgap energy states between the
valence band and the conduction band of B4C, which can
reduce the photocatalytic activity by promoting the recombi-
nation of the photogenerated electron–hole pairs [20]. When
compared with the conventional semiconductors, B4C, p-type
semiconductor, exhibits a longer lifetime (~1ms) of the
photogenerated charge carriers due to its unique structure of
the icosahedron unit. Considering the features mentioned,
B4C can be a potential photocatalyst material induced by the
natural sunlight or the visible light. There are only a few
studies on the photocatalytic activity of B4C in the literature.
B4C nanoparticles can provide sufficient photocatalytic effi-
ciency only when doped with a metal atom such as Fe, Co,
Ni, Cu, and Zn [21], or combined with another semiconductor
such as C3N4 [22], TiO2 [23], Bi7O9I3 [24] and BiOI [25].
Combining B4C with a semiconductor photocatalyst in the
composite heterojunction structure can reduce the recombi-
nation rate of the photoexcited charge carriers, which leads to
an improvement in the photocatalytic efficiency [26]. Owing
to the heterojunction structure formed between B4C and
another semiconductor, the separation of the photogenerated
electron-hole pairs could be achieved and the number of
active species, charges, and/or radicals, required for the
photocatalytic activity could be increased [23, 25].

ZnO has been preferred as a photocatalyst due to its high
optical and photocatalytic activity, natural abundance, non-
toxic feature, and low cost [26, 27]. Owing to its wide optical
band gap (~3.2 eV), ZnO can be excited only by UV light (λ
< 387 nm). Hence, its photocatalytic activity is limited to the
UV light irradiation [27]. In addition, the recombination rate
of the photoexcited charge carriers is also high, resulting in
low photocatalytic efficiency. The specified negative features
affect the practical application of pure ZnO in wastewater
treatment [26]. To solve the specified problems, the formation
of an internal electric field within the photocatalyst through a
heterojunction structure has been proven as an effective
method to promote the separation of the photogenerated
charge carriers. Considering the energy band structure, com-
bining ZnO with another semiconductor is expected to sup-
press the recombination of the photoinduced charge carriers
on the semiconductors. In order to form a heterojunction
structure with ZnO, it is required to select a suitable p-type
semiconductor. Within the scope of this study, the B4C
nanoparticles were obtained by the heat treatment of a poly-
mer precursor, synthesized using the crosslinking reaction of
polyvinyl alcohol and boric acid. ZnO, n-type semiconductor,
was coupled with the p-type semiconductor, B4C, to form
composites with the heterojunction structure. The photo-
catalytic activity of the as-prepared samples was evaluated by
monitoring the photocatalytic degradation of methylene blue
under UVA light. Combining B4C with ZnO has been found
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to be an effective method to improve the photocatalytic
activity of B4C. No studies on the photocatalytic activity of
B4C/ZnO have been reported in the literature.

2 Experimental

2.1 Materials and methods

In order to obtain B4C and the B4C/ZnO heterojunction
structure, polyvinyl borate (PVB), precursor polymer, was
synthesized. Polyvinyl alcohol (PVA) (molecular weight
89000–98000 g/mol and 99 mol% hydrolyzed) and boric
acid (H3BO3), obtained from Sigma-Aldrich, were used to
synthesize PVB. All these chemicals were used as received.
The precursor polymer (PVB), which contains B-O-C
functional groups along its chain structure, was synthe-
sized using the condensation reaction of PVA and boric acid
in a PVA-OH:H3BO3 molar ratio of 4.2:1. In detail, a cer-
tain amount of PVA (2.47 g) was dissolved in distilled hot
water (50 ml) at 80 °C. Meanwhile, 0.795 g of boric acid
was added into a separate beaker, including distilled water
(50 ml). After dissolving PVA and boric acid separately,
boric acid solution was added to the PVA solution under
stirring. It was kept under stirring for 30 min., resulting in a
white slime. Then, the white slime was collected on a pet-
ridish and dried at 120 °C. After drying, it was ground to
powder. The precursor polymer (PVB) was converted to
B4C nanoparticles by a heat treatment under Ar flow for 3 h.
The white slime powders were placed in a ceramic crucible
and heated in a tube furnace (Protherm, PTF Series) with a
heating rate of 10°/min under Ar flow until it reached the
desired temperature. The heat treatment of the precursor
polymer at 600 °C for 3 h yielded a black powder in the
foam form. The resulting black foam was allowed to cool
naturally under Ar flow. After cooling, the black foam was
ground to powder [18, 28].

In B4C/ZnO synthesis, the method followed for pure B4C
synthesis was applied. In a typical experiment, PVA
(2.47 g) was dissolved in distilled hot water (50 ml) at
80 °C. ZnO nanoparticles, obtained from Sigma-Aldrich,
were added into the PVA solution. As-prepared suspension
was kept under stirring for 60 min. The suspensions,
meeting the previously adjusted mole ratio of B/ZnO with
1/0, 1/0.25, 1/0.5, 1/1, and 0/1, respectively, were prepared.
On other hand, boric acid (0.795 g) was dissolved in dis-
tilled water (50 ml). Then, it was added to the suspension. It
was kept under stirring for 30 min, which gave rise to the
formation of the PVB/ZnO composite in the white slime
form. Then, the white slime was collected and dried at
120 °C. After grounding, it was heated in the tube furnace
under Ar flow at 600 °C for 3 h. The heat treatment of the
PVB/ZnO composite yielded B4C/ZnO heterojunction

nanostructures in the black powder form [18, 28]. In order
to distinguish among the samples, they were labeled as B4C
(x%)/ZnO (x= 100, 80, 67, 50, 0), respectively.

2.2 Structural, morphological, and optical
characterization

Fourier transform infrared (FTIR) spectroscopy of the as-
prepared samples, B4C(100%)/ZnO, B4C(80%)/ZnO, B4C
(50%)/ZnO, and B4C(0%)/ZnO, was carried out using
Nicolet 6700 (Thermo Scientific) model spectrophotometer
in the range of 400–4000 cm−1. FTIR spectra were used to
characterize the chemical bonds of both B4C and ZnO.
X-ray diffraction (XRD) patterns of the samples were
monitored with a Riguku Ultima IV model X-ray dif-
fractometer by using a CuKα source at a scan rate of 1°/min.
The crystal structure of B4C in the presence and in the
absence of ZnO nanocrystals was investigated. The mor-
phology of the samples was studied using a QUANTA
400 F model field emission scanning electron microscope.
For the fluorescence spectroscopy analysis, the sample
powders were dispersed in distilled water using an ultra-
sonic bath. The fluorescence spectrum of the samples was
measured using a Lumina model fluorescence spectro-
photometer (Thermo Scientific). The spectrum data were
collected at an excitation wavelength of 325 nm and mon-
itored in the wavelength range of 350 nm to 600 nm.

2.3 Characterization of the photocatalytic
performance

Photocatalytic activity of B4C/ZnO composites was eval-
uated by photocatalytic degradation of a model dye,
methylene blue, in an aqueous solution. A 12W UVA lamp
(310–400 nm) was used for the photocatalytic degradation
test. Prior to the UV light irradiation, 0.3 g of the photo-
catalyst sample was added to a beaker, including 60 ml of
methylene blue solution (10 mg/l). The dye solution was at
its natural pH (about 6.7). Then, the suspension was stirred
in the dark for 30 min. to attain the adsorption-desorption
equilibrium. The suspension was irradiated by using the
UVA lamp under magnetic stirring. The distance between
the UV light and the surface of the suspension was set to
5 cm. After every 20 min. of the UV light irradiation, a
sample (2 ml) was taken from the suspension. Then, the
sample was centrifuged at 7000 rpm for 1 min. to separate
the photocatalyst particles and the clarified dye solution was
analyzed using the UV–Vis spectrophotometer (Genesys
10S, Thermo Scientific). The absorbance of the model dye
at 664 nm was utilized to calculate the photocatalytic
degradation efficiency by using the following Eq. (1) [29]:

Photocatalytic degradation efficiency %ð Þ ¼ A0 � Að Þ=A0 ð1Þ
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at which A0 is the absorbance of the dye solution before the
UV light irradiation and A is the absorbance of the dye
solution after the UV light irradiation. For the recycle test,
the B4C(50%)/ZnO composite nanoparticles were isolated
from the degraded dye solution using centrifugation and
they were re-dispersed in a new dye solution after drying.
Four subsequent degradation cycles were performed. In
addition, to reveal the degradation mechanism of the
photocatalyst samples, ammonium oxalate (1 mM) as a
hole scavenger (h+), potassium persulfate (1 mM) as an
electron (e−) scavenger, tert-butanol (1 mM) as hydroxyl
(•OH) radical scavenger and ascorbic acid (1 mM) as an
superoxide (•O2

−) radical scavenger were added into the
dye solution of the B4C(50%)/ZnO composite, separately.
As a process parameter, the effect of the ambient
temperature and the ambient pH was also studied with the
B4C(50%)/ZnO composite. The reaction temperature was
increased to 42 °C and 62 °C, respectively. In addition, pH
of the dye solution was adjusted to 3 and 10 using HCl and
NaOH, respectively.

3 Results and discussion

3.1 FTIR analysis

The FTIR spectrum of the as-prepared samples, B4C
(100%)/ZnO, B4C(80%)/ZnO, B4C(50%)/ZnO, and B4C
(0%)/ZnO, are shown in Fig. 1. According to the FTIR
spectrum of pure ZnO (Fig. 1a), transmittance peaks
observed at ~400 cm−1, 487 cm−1, and 522 cm−1 were
assigned to the Zn-O stretching vibration. The transmittance
peak at 880 cm−1 was assigned to the symmetric bending of
the H-O-H bond. The broadband at around 3420 cm−1 and
the sharp peak at 2984 cm−1 were attributed to the O-H
vibration of surface adsorbed water molecules [30]. B4C

was obtained by the heat treatment of the polymer-pre-
cursor, PVB, synthesized using polyvinyl alcohol (PVA)
and boric acid (H3BO3). According to the literature, the
hydroxyl group of PVA can react easily with H3BO3

through the condensation reaction to form B–O–C bond of
the polymer-precursor. During the heat treatment process,
first B2O3 and carbon phases were formed and then the B4C
crystals were formed through the carbothermal reduction
reaction of the B2O3 phase with the carbon phase [16].
According to the FTIR spectrum of pure B4C (Fig. 1b), the
peaks observed at 1386 cm−1 and 1249 cm−1, which are the
characteristic transmittance peaks of the B–O and B-C
bonds, respectively, seemed to overlap [31]. In addition, the
peak at 1186 cm−1 was attributed to the B-C stretching
vibration [19]. The transmittance peaks belonging to the
B-C bond proved the formation of the B4C structures. These
values agreed with the previous studies from the literature
[19, 31]. The presence of the peak belonging to the B-O
bond demonstrated that a part of the B2O3 phase could not
be converted to the B4C structure during the carbothermal
reduction reaction due to the relatively low heat treatment
temperature. According to Fig. 1c, d, the characteristic peak
of B-C appeared at 1249 cm−1 shifted to 1214 cm−1 and
1218 cm−1 for B4C(80%)/ZnO and B4C(50%)/ZnO,
respectively. Moreover, the peak intensity of the B-C bond
increased and sharpened compared to the corresponding
peak of pure B4C. It means that almost all of the B2O3

structure was converted to the B4C structure in the presence
of the ZnO nanoparticles. ZnO could act as a catalyst to
enhance the rate of the carbothermal reduction reaction.
Also, ZnO could act as a crystal seed to improve the
crystallinity of the B4C structure.

3.2 Morphology analysis

Sphere-like structures of different sizes, varying from
100 nm to 1 µm, were observed on the SEM image of B4C
(Fig. 2a). The SEM images also revealed that the crystal
structure of B4C was formed to a certain extent. According
to the SEM images of the B4C(80%)/ZnO, B4C(67%)/ZnO,
and B4C(50%)/ZnO composites (Fig. 2b–d), the crystal-
linity of B4C seemed to be enhanced in the presence of the
ZnO nanoparticles. In parallel with the increase in the ZnO
content of the composite, the crystallinity of B4C appeared
to be increased. Similar results were found in the XRD
pattern of the composite samples. It means that ZnO could
act as a seed crystal to enhance the crystallinity of B4C
during its carbothermal reduction reaction. The SEM ima-
ges of the composite samples also revealed that there was a
good interaction between the composite constituents, which
was essential in terms of the stable heterojunction structure
and the reduction in the recombination rate of the photo-
induced charge carriers. It is not easy to distinguish the ZnO

Fig. 1 FTIR spectrum of a pure ZnO, b pure B4C, c the B4C(80%)/
ZnO composite, and d the B4C(50%)/ZnO composite
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and B4C nanoparticles on the SEM images (Fig. 2b–d).
Figure 2e illustrates the ZnO nanoparticles in cylindrical
shape. The cylindrical structures about 50 nm in diameter
and 250 nm in length were imaged in an agglomerate
structure.

3.3 XRD analysis

In order to evaluate the crystal structure of the B4C
(100%)/ZnO, B4C(80%)/ZnO, B4C(50%)/ZnO, and B4C
(0%)/ZnO samples, XRD patterns were examined as
illustrated in Fig. 3. Figure 3a shows XRD pattern of pure
B4C obtained by the heat treatment of the polymer pre-
cursor, PVB, at 600 °C for 3 h. There is a broad diffraction
peak between 20° and 30°, which was assigned to the
amorphous carbon phase. It is understood that the for-
mation of B4C resulting from the carbothermal reduction
reaction (2) of B2O3 is not fully completed at this rela-
tively low temperature [18]. The broad diffraction peak
was also attributed to the onset of crystallization of the

amorphous carbon phase [28]. There is only one diffrac-
tion peak centered at 27.7°, which might belong to the
rhombohedral crystal structure of B4C [32]. Apart from
the specified peak seen at 27.7°, the appearance of the
peaks assigned to the rhombohedral B4C crystal was not
noticed. The complete conversion of the B2O3 phase and
the amorphous carbon phase to the B4C crystal was pre-
dicted to occur at higher temperatures.

2B2O3 þ 7C ! B4Cþ 6CO ð2Þ

On the XRD pattern of the B4C(80%)/ZnO, B4C(50%)/
ZnO composites (Fig. 3b, c), there are diffraction peaks at
20.7°, 22.9, 23.7°, 28.5°, 35.4°, 39.1°, and 42.6°, and might
be indexed to (101), (003), (012), (110), (104), (113), and
(024) planes of the rhombohedral B4C crystal (JCPDS file
No. 26-232). The appearance of the diffraction peaks
attributing to the rhombohedral B4C crystal was noticed
with the composites. In addition, no peak assigned to the
amorphous carbon phase was observed on the XRD pattern
of the composites, which means that B4C was synthesized
successfully from the carbothermal reduction of B2O3 in the
presence of the ZnO nanocrystals. ZnO might act as a cat-
alyst to lower the crystallization temperature of B4C. When
compared with the studies conducted on the synthesis of
B4C from the polymer precursor, B4C crystals have been
obtained relatively at lower heating temperatures in the
presence of the ZnO nanoparticles [16, 18, 28]. As shown in
Fig. 3d, the diffraction peaks observed at 31.7°, 34.4°,
36.1°, 47.5°, 56.6°, 62.8°, 66.3°, 67.9°, 69.0°, and 72.5°,
belonging to (100), (002), (101), (102), (110), (103), (200),
(112), (201), and (202) planes, can be attributed to the
hexagonal wurtzite structure of ZnO (JCPDS card No. 89-
7102). The characteristic diffraction peaks of ZnO can also
be seen on the XRD spectrum of the composites at varying
peak intensities.

Fig. 3 XRD pattern of the a B4C(100%)/ZnO, b B4C(80%)/ZnO,
c B4C(50%)/ZnO, and d B4C(0%)/ZnO samples

Fig. 2 SEM images of the a B4C(100%)/ZnO, b B4C(80%)/ZnO, c B4C(67%)/ZnO, d B4C(50%)/ZnO, and e B4C(0%)/ZnO samples
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3.4 Fluorescence study

The fluorescence study was conducted to investigate the
photochemical property of the photocatalyst samples. The
photocatalysts can generate electron–hole pairs after
absorbing the light. Meanwhile, certain parts of the photo-
induced charge carriers recombine by releasing energy in
the form of fluorescence emission. Lower intensity of the
fluorescence emission implies that the recombination rate of
the photoexcited charge carriers is also low [27]. The
fluorescence spectrum of pure B4C and the B4C(80%)/ZnO
heterojunction composite exhibited emission peaks at
around 470 nm and 540 nm (Fig. 4a, b), which might result
from the recombination of the photoexcited electron–hole
pair through the nonradiative relaxation process related to
defects of B4C [23]. The intensity of the emission centered
both at 470 nm and 540 nm was slightly decreased with the
heterojunction structure. On the fluorescence spectrum of
pure ZnO, the emission peaks observed at around 414 nm
and 546 nm were assigned to the Zn interstitial defects and
the antisite defect of pure ZnO, respectively (Fig. 4d). The
oxygen vacancy defect might be responsible for the emis-
sion peak observed at around 434 nm with pure ZnO. The
reason for the specified emission peak might be the
recombination of the photoexcited hole with the charge of
the oxygen vacancy defect [33]. The B4C(50%)/ZnO com-
posite exhibited lower fluorescence emission peak at
434 nm, which supported the idea that combining B4C with
ZnO reduced the recombination rate of the photoexcited
charge carriers on the photocatalysts. Due to the interaction
of ZnO with B4C in the composite structure, the fluores-
cence spectrum of pure ZnO exhibited a red shift.

3.5 UV–Vis absorption study

The UV–Vis absorption spectra of the as-prepared samples
are illustrated in Fig. 5. The spectra indicated that pure ZnO

nanoparticles mostly absorbed light in the UV region below
400 nm. When the ZnO nanoparticles were combined with
the B4C nanocrystals within the composite structure, the
absorption band of ZnO enlarged to the visible region
depending on the composition of B4C. Hence, the B4C/ZnO
composites might be a suitable candidate as a photocatalyst
under natural sunlight. The Tauc’s relation (3) was used to
estimate the optical band gap energy of the as-prepared
photocatalyst samples [34]:

αhvð Þ2¼ A hv� Eg
� � ð3Þ

where α is the absorption coefficient, hv is the photon
energy, A is a constant and Eg is the optical band gap,
respectively. The optical band gap energy was estimated by
extrapolating the linear part of the (αhv)2 vs. (hv) curve to
the x-axis (Fig. 6). The optical band gap energy was found
to be 1.70 eV, 1.85 eV, 1.95 eV, 2.85 eV, and 3.25 eV for
B4C(100%)/ZnO, B4C(80%)/ZnO)B4C, B4C(67%)/ZnO,
B4C(50%)/ZnO)B4C, and B4C(0%)/ZnO, respectively.
According to the results, combining ZnO with B4C
narrowed the optical band gap energy, exhibiting a red shift.

3.6 Photocatalytic performance

Figure S1 exhibits UV–Vis absorption spectra of methylene
blue in the presence of as-prepared samples. The absorption
intensity decreased gradually with time under the UVA light
irradiation. The photocatalytic degradation efficiency of all
samples was illustrated in Fig. 7. Pure ZnO (B4C(0%)/ZnO)
resulted in the highest photocatalytic activity. 99.2% of the
model dye was degraded at 80 min. Among the composite
samples, B4C(50%)/ZnO exhibited the highest photo-
catalytic activity. The methylene blue degradation effi-
ciency for B4C(100%)/ZnO, B4C(80%)/ZnO, B4C(67%)/

Fig. 5 UV–Vis absorption spectrum of a B4C(100%)/ZnO, b B4C
(80%)/ZnO, c B4C(67%)/ZnO, d B4C(50%)/ZnO, and e B4C(0%)/ZnO
samples

Fig. 4 The fluorescence spectrum of the a B4C(100%)/ZnO, b B4C
(80%)/ZnO, c B4C(50%)/ZnO, and d B4C(0%)/ZnO samples
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ZnO, and B4C(50%)/ZnO is about 40.6%, 59.5%, 65.6%,
and 73.9%, respectively, at 80 min. When compared with
the literature, Rana et al. (2021) obtained 35.4% of photo-
catalytic norfloxacin degradation with pure B4C under
visible light at 90 min. [24] and Lv et al. (2021) obtained
almost 20% of bisphenol S degradation with the BiOI/B4C
composite (50/50 wt/wt) under visible light at 30 min [25].
According to the literature data, it is clear that higher
photocatalytic degradation efficiency was obtained with
both pure B4C and the composite structure (B4C(50%)/
ZnO). Figure 8 illustrates the proposed energy band struc-
ture and the photocatalytic degradation mechanism of the

B4C/ZnO heterojunction structure [35–38]. Due to the dif-
ference in work functions, combining B4C and ZnO in the
heterojunction structure could cause electrons to move from
ZnO with low work function (5.2 eV) to B4C with high
work function (5.4 eV) until their Fermi levels align, lead-
ing to the formation of an electrostatic field at the interface
of the heterojunction [37, 39]. The valence band and the
conduction band of the photocatalysts might bend, which
results to the formation a depletion layer around the het-
erojunction interface. When the heterojunction composite
absorbs the UV light with photon energy equal or higher
than the bandgap of the composite constituents, electrons

Fig. 6 Tauc’s plot for the a B4C(100%)/ZnO, b B4C(80%)/ZnO, c B4C(67%)/ZnO, d B4C(50%)/ZnO, and e B4C(0%)/ZnO samples
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can be excited from the valence band into the conduction
band, giving rise to the formation of holes in the valence
band. The electrostatic field around the depletion layer of
the heterojunction structure might force the photoexcited
electron–hole pairs to separate [37, 38].

The photoexcited electrons on the conduction band of
B4C could transfer to the conduction band of ZnO and the
photogenerated holes on the valence band of ZnO could
trasfer to the valence band of B4C. Then, the photoexcited
electron-hole pairs can participate in the photocatalytic
degradation reactions. According to the redox potentials of
the couple O2/·O2

−, which is −0.33 eV vs. NHE, surface
adsorbed O2 molecules can be reduced by the photoinduced
electrons of both B4C and ZnO to superoxide anion radicals
(·O2

−) [35]:

O2 þ e� ! O�
2 ð4Þ

On the other hand, surface adsorbed H2O molecules can
be oxidized by the photoinduced holes of ZnO to hydroxyl

radicals (·OH) since the valence band potential of ZnO is
more positive than the redox couple H2O/·OH for the for-
mation of hydroxyl radicals (2.27 eV) according to the
following equation [35]:

H2Oþ hþ ! OHþ Hþ ð5Þ
The conduction band potential of both B4C and ZnO is

more negative than the redox potential (0.695 eV) for the
formation of hydrogen peroxide (H2O2) from superoxide
anion radicals. Hence, the superoxide radicals could react
either with dissolved organic molecules or with hydrogen
ions (H+) to generate hydrogen peroxide radicals (H2O2),
which can also trap the photoinduced electrons to generate
additional hydroxyl radicals [36]:

O�
2 þ 2Hþ þ e� ! H2O2 ð6Þ

H2O2 þ e� ! OHþ OH� ð7Þ

The hydroxyl radicals are strong oxidants, able to
degrade organic molecules into harmless small molecules
[36, 37]:

OHþmodel dye ! degradation products ð8Þ
On the basis of the proposed photocatalytic degrada-

tion mechanism (Fig. 8), it was concluded that the B4C/
ZnO heterojunction structure promotes the separation of
the photoexcited charge carriers between the composite
consitituents, reducing the recombination rate and
improving the photocatalytic activity. When compared
with pure B4C (B4C(100%)/ZnO), there was an
enhancement in the photocatalytic activity of the B4C
(80%)/ZnO, B4C(67%)/ZnO, and B4C(50%)/ZnO com-
posites (Fig. 7), supporting the idea that the charge
separation was achieved successfully at the interface of
the heterojunction structure.

The photocatalytic degradation of methylene blue in the
presence of the as-prepared samples might fit the pseudo
first-order reaction (9), given below [40]:

ln C0=Cð Þ ¼ kt ð9Þ
where C0 is the concentration of the dye solution before the
UV light irradiation, C is the concentration of the dye
solution after the UV light irradiation and k is the
degradation rate constant. The plot of ln(C/C0) vs.
irradiation time was used to determine the degradation rate
constants (Fig. S2). The rate constant for B4C(100%)/ZnO,
B4C(80%)/ZnO, B4C(67%)/ZnO, B4C(50%)/ZnO, and B4C
(0%)/ZnO was found to be 0.0065, 0.0126, 0.0143, 0.0178
and 0.0717 min−1, respectively (Table 1). Compared to pure
B4C, a threefold increase in the reaction rate of the
photocatalytic degradation was obtained with the B4C
(50%)/ZnO composite.

Fig. 7 The photocatalytic performance of the a B4C(100%)/ZnO,
b B4C(80%)/ZnO, c B4C(67%)/ZnO, d B4C(50%)/ZnO, and e B4C
(0%)/ZnO samples under the UVA light irradiation

Fig. 8 The proposed photocatalytic degradation mechanism of the
B4C/ZnO heterojunction structure [37, 38]
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3.7 Reusability study

After the first cycle of the degradation experiment, the B4C
(50%)/ZnO composite nanoparticles were separated from
the dye solution and then dried. The dried B4C(50%)/ZnO
nanoparticles were used for the subsequent photocatalytic
degradation cycles. According to Fig. 9, a consistent
reduction was observed in the photocatalytic degradation
efficiency of the B4C(50%)/ZnO composite for the sub-
sequent cycle tests. 47.9% of the model dye was degraded at
80 min. after four-cycle runs. The photocatalyst nano-
particles were isolated from the dye solution and dried.
They were used in the next photocatalytic degradation
reaction without applying any chemical or physical treat-
ments. The aim was to determine how long the photo-
catalyst could maintain its effectiveness without any
cleaning. After four cycles, approximately 26% loss in the
photocatalytic degradation efficiency was observed. The
active surface area of the photocatalyst nanoparticles might
reduce as a result of the adsorbed methylene blue mole-
cules, blocking the active surface area, and thus the pho-
tocatalytic degradation efficiency might reduce. On the
other hand, this decrease in the photocatalytic degradation
efficiency could be assigned to the photocorrosion in the
recycle tests. The photoinduced holes might result in the
photoinduced dissolution of Zn2+ ions on the ZnO crystals,
which greatly affect the photocatalytic activity [41].

3.8 Effect of scavengers on the photocatalytic
performance

The effect of different scavengers was studied to reveal the
photocatalytic degradation mechanism of the B4C(50%)/
ZnO composite. The photoexcited electron-hole pairs,
superoxide, and hydroxyl radicals are the probable active
species involved in the photocatalytic degradation of
organic molecules. To determine the contribution of the
specified active species to the photocatalytic degradation,
electron, hole, and radical scavengers were added separately
to the reaction medium. According to Fig. 9, the addition of
the electron scavenger slightly increased the photocatalytic
degradation efficiency from 73.9% to 76.6% and the

addition of the hole scavenger slightly reduced the degra-
dation efficiency from 73.9% to 70.4%. These results
revealed that the photoexcited holes were slightly more
active compared to the photoexcited electrons in the pho-
tocatalytic degradation reactions. The photocatalytic
degradation efficiency reduced considerably when the
superoxide radical scavenger and the hydroxyl radical sca-
venger were added separately to the reaction medium.
Methylene blue was degraded 16.1% and 22.2% within
80 min by the B4C(50%)/ZnO composite in the presence of
the superoxide radical scavenger and the hydroxyl radical
scavenger, respectively (Fig. 9). Based on the scavengers’
test, it is clear that both the hydroxyl and superoxide radi-
cals contributed significantly to the photocatalytic degra-
dation reaction of methylene blue.

3.9 Effect of pH on the photocatalytic performance

The degradation of the dye molecules takes place on the
surface of photocatalyst and the adsorption of the dye
molecules on the photocatalyst is an important step in the
photocatalytic degradation reaction. It is a known fact that
the dye molecules, exhibiting high adsorption rate, can
degrade faster. Since methylene blue is a positively charged
organic dye, it can be adsorbed on the surfaces of the
photocatalyst if the pH of the solution is above the photo-
catalyst’s point of zero charge [42, 43]. According to Fig.
10, higher pH value (pH= 10) could make the surface of
the B4C(50%)/ZnO composite become negatively charged
and promote the electrostatic attraction between the photo-
catalyst and the dye molecules, enhancing the photo-
catalytic degradation efficiency. 97.1% of methylene blue
was degraded after 80 min. of UVA irradiation at pH = 10.
In addition, if the pH value of the solution is above 7, there
can be more hydroxide ions, reacting with the photoexcited
holes to generate additional hydroxyl radicals [42]. Since
the valence band potential of ZnO is more positive than the
redox potential of the couple H2O/·OH, which is 2.73 eV at
pH= ~11, surface adsorbed water molecules can be
reduced at the surface of ZnO when the pH value is above 7
[44]. The combined effect of increased adsorption affinity
of the dye molecules to the photocatalyst surface and
additional hydroxyl radicals might be the reason for the
increase in the photocatalytic degradation efficiency.

On the other hand, lower pH value (pH= 3) could make
the surface of the photocatalyst become positively charged
and inhibit the electrostatic attraction between the B4C
(50%)/ZnO nanoparticles and the dye molecules, which
might reduce the photocatalytic degradation efficiency.
Methylene blue was degraded 63.1% after 80 min. of UVA
irradiation at pH= 3. According to the literature, the redox
potential of the couple H2O/·OH for the formation of
hydroxyl radicals, which is 1.23 eV at pH= ~1, is more

Table 1 The photocatalytic degradation rate of methylene blue in the
presence of the as-prepared samples

Sample k (min−1) R2

B4C(100%)/ZnO 0.0065 0.9900

B4C(80%)/ZnO 0.0126 0.9096

B4C(67%)/ZnO 0.0143 0.9393

B4C(50%)/ZnO 0.0178 0.9639

B4C(0%)/ZnO 0.0717 0.6092
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negative than the valence band potential of both ZnO and
B4C [44]. In terms of reaction thermodynamics, there is no
hindrance to the formation of radicals on the catalyst surface
in an acidic medium.

3.10 Effect of temperature on the photocatalytic
performance

If the reaction temperature of the photocatalytic degradation
increases, the mobility of the charge carriers decreases and
the number of charge carriers increases, which can dominate
the mobility reduction. That is, more photoinduced
electron–hole pairs can reach to the photocatalyst surface, at
which they reduce and oxidize surface adsorbed O2 and
H2O molecules, respectively. Hence, the temperature rise
can improve photocatalytic efficiency [45]. On the other
hand, the photoexcited charge carriers can recombine faster
at high temperatures. According to the literature, an increase

in the reaction temperature caused an increase in the
recombination rate of the photoexcited charge cariers and a
decrease in the photocatalytic activity [46]. The dye mole-
cules must be adsorbed to the surface before they are
degraded by the photocatalyst. It is a known fact that the
adsorption reaction is an exothermic process and the deso-
rption reaction is an endothermic process. That is, the
temperature rise favors the desorption of the dye molecules
from the photocatalyst surface [45]. When the reaction
temperature increases to 42 °C and 62 °C, the dye molecules
might desorb faster from the surface of the B4C(50%)/ZnO
composite. After 80 min. of UVA irradiation, the photo-
catalytic degradation efficiency of the B4C(50%)/ZnO
composite reduced to 70.7% and 63.6% at 42 °C and 62 °C,
respectively (Fig. 10). According to the above discussion,
the temperature rise might dominate the recombination of
the charge carriers and suppress the adsorption of the dye
molecules on the photocatalyst surface.

Fig. 10 (i) The photocatalytic degradation efficiency of the B4C(50%)/
ZnO composite at the pH of a 6.7 (natural pH), b 3 and c 10 under the
UVA light irradiation; (ii) The photocatalytic degradation efficiency of

the B4C(50%)/ZnO composite at a 22 °C, b 42 °C, and c 62 °C under
the UVA light irradiation

Fig. 9 (i) The reusability results of the methylene blue degradation
experiment in the presence of the B4C(50%)/ZnO composite; (ii) The
photocatalytic performance of a B4C(50%)/ZnO composite without a
scavenger, b B4C(50%)/ZnO composite with the hole scavenger,

c B4C(50%)/ZnO composite with the electron scavenger, d B4C(50%)/
ZnO composite with the superoxide radical scavenger, and e B4C
(50%)/ZnO composite with the hydroxyl radical scavenger under the
UVA light irradiation
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4 Conclusion

B4C/ZnO composite photocatalysts were prepared through
the heat treatment of the polymer precursor, polyvinyl
borate composite, synthesized through the condensation
reaction of polyvinyl alcohol and boric acid in the presence
of the ZnO nanoparticles. The photocatalytic degradation
efficiency of the composites was higher than that of pure
B4C under the UV light irradiation. The B4C(50%)/ZnO
composite exhibited the highest photocatalytic degradation
efficiency among the composite samples, prepared.
According to the reusability experiments, after four cycles
of the photocatalytic degradation tests, ~26% loss in the
photocatalytic degradation efficiency was observed. Sca-
venger experiments revealed that the photoinduced holes,
the superoxide radicals, and the hydroxyl radicals actively
participated in the photocatalytic degradation of methylene
blue. SEM images illustrated the stable interaction between
the composite constituents. FTIR analysis exhibited the B-C
bonds of B4C and XRD pattern exhibited the characteristic
diffraction peaks of B4C, proving that B4C and B4C/ZnO
composites were synthesized successfully. B4C and ZnO
might have formed a heterojunction structure to suppress
the recombination rate of the photoinduced charge carriers.
The reduction in the recombination rate of the composites
was determined by the reduction in the fluorescence emis-
sion peaks of the composites.
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