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ABSTRACT

In this study, boron oxide (B2O3) powder has been synthesized by the pyrolysis 
of polyvinyl borate precursor in air. For this purpose, polyvinyl borate precursor 
was synthesized through the condensation reaction of polyvinyl alcohol and boric 
acid, and then the polymeric precursor was pyrolyzed at 500°C. The as-prepared 
B2O3 particles were doped with iron (Fe) ions using the wet impregnation method. 
The photocatalytic activity of both undoped B2O3 and iron doped B2O3 (Fe-
B2O3) powders was studied by investigating the degradation of the model dye, 
methylene blue, under UV light irradiation. It was pointed out that iron doped B2O3 
powder exhibited enhanced photocatalytic activity compared to undoped one. In 
addition, various techniques of characterization such as FTIR, XRD, FESEM, 
EDX and UV–Vis spectroscopy were performed to confirm the synthesis of B2O3 
particles and the presence of iron ions in the crystal structure of the prepared 
photocatalyst. The novelty of this study was to research the photocatalytic 
performance of both B2O3 and Fe-B2O3 photocatalysts.
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1. Introduction

Currently, there has been great demand for boron and 
boron-related compounds such as B2O3, boron car-
bide (B4C) and boron nitride (BN) owing to their unique 
properties such as high temperature stability, chemical 
stability, hardness and wear resistance [1]. B2O3 is a 
common component for large-scale industrial applica-
tions such as flame retardants, fiberglass and optical 
glasses. B2O3 particles are also utilized in radiation 
shielding and dielectric applications [2]. B2O3 can be 
used as additives to improve textural and acid-base 
properties of common metal oxides [3]. B2O3 can also 
be utilized in the industry as a raw component for the 
processing of commercial alloys and it can be used as 
a precursor for the synthesis of common compounds 
like TiB2 and MoB2 [4]. In addition, the capability of B2O3 
for thermochemical energy storage has been studied. 
Although thermochemical energy storage systems are 
still at an experimental stage, they are important be-
cause they have the potential to store energy from re-
newable energy and waste heat sources [5].

Few studies on synthesis of B2O3 powder are avail-
able in the literature. B2O3 can be processed in bulk 
form through sintering at high temperatures using 
specialized equipment. Apart from the bulk shape, 
B2O3 can be processed in nanopowder form using 
ball milling, chemical vapor deposition or sonochemi-
cal techniques. Although the ball milling method is 

inexpensive and simple, it exhibits limitations with 
respect to the homogeneity of products synthesized. 
The sonochemical technique requires special, expen-
sive and toxic chemicals like the capping agent in the 
production of nanopowder B2O3 [2]. On the other hand, 
B2O3 nanoparticles can be processed under vacuum 
at high temperatures through the chemical vapor de-
position technique [1]. 

Apart from the specified techniques, B2O3 powder 
can be synthesized using polyvinyl borate precur-
sor through relatively low-temperature exothermic 
reactions [6-8]. The heat treatment of polyvinyl bo-
rate precursor provides the formation of B2O3 pow-
der, composed of submicron size particles. There are 
some advantages of the specified technique such as 
being relatively simple and inexpensive to process 
B2O3 powder in large quantities. Polyvinyl borate-like 
precursors, synthesized from nonhazardous and in-
expensive reactants, have received attention in the 
synthesis of B2O3 powder through a relatively low-tem-
perature process. In addition to B2O3, boron carbide 
structures can also be obtained by the heat treatment 
of the polymer precursor [7,8]. In order to increase 
the B2O3 content of the heat treatment product, the 
reaction mechanisms need to be fully understood. It 
is known that B2O3 synthesis reactions are governed 
by heterogeneous oxidation. The transport of the re-
actants through the oxide layer of B2O3 may limit the 
oxidation reaction [6]. It is not easy to control both 
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the B2O3 content and the morphology of the product 
powder. By changing the boron content of the precur-
sor and the pyrolysis temperature, it has been tried to 
change the crystal structure and B2O3 content in the 
powder product [7,8].  

Photocatalysis is known as a green method, espe-
cially for a series of environmental applications like 
the removal of organic dyes from the wastewater. In 
this method, semiconducting photocatalysts, such as 
TiO2, ZnO, SnO2 and SrTiO3, can produce reactive and 
oxidizing free radicals from the oxygen and the water 
by means of UV light, which succeed in a high degra-
dation for organic dye pollutants [9,10]. The specified 
photocatalysts have many advantages such as high 
photocatalytic activity, stability in aqueous medium, 
low cost and reusability. The semiconducting photo-
catalysts can produce photoinduced charge carriers, 
electron-hole pair, and the following powerful superox-
ide and hydroxyl radicals to provide the photocatalytic 
degradation of organic dye molecules under UV light 
irradiation [10,11]. 

There is a major drawback to the use of the semicon-
ductors as photocatalyst for the degradation of or-
ganic dye molecules in the treatment of wastewater. 
The recombination of the photoexcited electron-hole 
pairs reduces the photocatalytic degradation efficiency 
[9]. To suppress the specified drawback, various ap-
proaches like metal ion doping have been reported to 
enhance the photocatalytic efficiency by reducing the 
recombination rate of photoexcited electron-hole pairs 
[9, 10]. Photoinduced electrons in the conduction band 
and photoinduced holes in the valence band possess 
high reduction power and oxidation power, respective-
ly. The presence and the amount of the photoexcited 
charge carriers are significant prerequisites to realize 
the photocatalysis successfully [9]. In literature, metal 
ions possessing similar properties to elements of the 
photocatalyst have been studied since they are able 
to substitute elements in the photocatalyst during the 
doping process [10]. Among various metal ions such 
as Ag, Au, B, Zn, Ni, Ce, Cr and Al, Fe has been con-
sidered as an effective candidate for the doping of the 
semiconducting photocatalysts like TiO2 [12], Ag2S 
[13], CeO2 [14], ZnO [15] and C3N4 [16]. Fe doping 
might accelerate the separation of the photoinduced 
charge carriers, which gave rise to an increase in for-
mation of the oxidizing free radicals. Hence, Fe doped 
photocatalysts exerted enhanced photocatalytic per-
formance in the degradation of organic pollutants un-
der UV light irradiation. 

In literature, there is no study on the photocatalytic 
performance of pure B2O3 due to its low catalytic ef-
ficiency. On the other hand, B2O3 was combined with 
TiO2 [17], Bi2O3 [18], ZrO2 [19] and SiO2 [20] in com-
posite structure. With B2O3 contribution, the optical 
band gap of the photocatalyst systems changed and 
the light absorption spectrum of the composite pho-

tocatalysts exhibited a red shift. In general, the pho-
tocatalytic activity of the photocatalyst systems en-
hanced by the content of B2O3. In the scope of this 
study, B2O3 powder was synthesized by employing a 
relatively simple, inexpensive and low-temperature 
synthesis using polyvinyl borate precursor. Given the 
above consideration, the photocatalytic performance 
of pure B2O3 was studied for the first time by evaluat-
ing the degradation of methylene blue under UV light 
irradiation. Additionally, Fe doping was applied to B2O3 
particles for the first time to enhance its photocatalytic 
activity. 

2. Materials and methods

2.1. Preparation of B2O3 and Fe-B2O3 photocata-
lysts

Polyvinyl alcohol (PVA) (molecular weight 89000-
98000 g/mol and 99 mol.% hydrolyzed), boric acid 
(H3BO3), methylene blue and iron nitrate nonahydrate 
(Fe(NO3)3•9H2O) were obtained from Sigma-Aldrich. 
All chemicals were used without further purification. 
Polyvinyl borate (PVB) precursor was synthesized 
via the condensation reaction of PVA and H3BO3 in a 
B–OH: PVA–OH molar ratio of 1.4:1. PVA (2.0 g) was 
dissolved in 50 ml of distilled hot water (80°C) with 
constant stirring. At the same time, H3BO3 (2.0 g) was 
dissolved in 50 ml of distilled water by stirring. Then, 
the boric acid solution was added to the PVA solution 
with constant stirring for half an hour, which gave rise 
to PVB precursor in gel form. Afterwards, PVB precur-
sor after drying at 120°C was ground to powder. PVB 
precursor powders were placed in a porcelain crucible 
and pyrolyzed in a furnace at 500°C for 3 hours to ob-
tain B2O3 powders [7,8]. 

In accordance with the literature, the wet impregna-
tion method was used for the preparation Fe doped 
B2O3 (Fe-B2O3) [20]. In detail, appropriate amount of 
Fe(NO3)3•9H2O was dissolved in 100 ml of distilled 
water followed by addition of 2 g of B2O3 powder into 
the as-prepared solution under constant stirring for 
about 3 hours. Then, the resultant slurry was filtered 
off, washed with distilled water and dried at 100 °C for 
about 24 hours. Eventually, the obtained substance 
was ground and calcined at 500°C for 3 hours. Fe ion 
content of B2O3 was chosen as 2 wt.% [21].  

2.2. Methods of characterization

Fourier transform infrared (FTIR) spectroscopy was 
monitored by a IFS 66/S (Bruker) spectrophotometer 
to investigate the bonding structure of B2O3 and Fe-
B2O3 powders. XRD patterns of the prepared samples 
were recorded using a Rigaku Ultima IV diffractometer 
(Cu Kα source, λ = 1.54 Å) over a 2ϴ range from 10° 
to 50°. UV–Vis absorption spectra were obtained by a 
Thermo Scientific (Genesys 10S) UV-Vis spectropho-
tometer to analyze the optical properties of B2O3 and 
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Fe-B2O3 powders. A field emission scanning electron 
microscope (FESEM) (QUANTA 400F) equipped with 
EDX (Energy dispersive X-ray) Microanalysis Instru-
ment (JXA-8230) was used to obtain the micrographs 
of the prepared samples.

The photocatalytic activity of B2O3 and Fe doped B2O3 
powders was researched by the degradation of methy-
lene blue as a model reaction. In a typical analysis, 
B2O3 powder and Fe-B2O3 powder (1 g/l), separately, 
were dispersed into the dye (methylene blue) solution 
(10 mg/l). The test medium was held in the dark for 
30 minutes for an adsorption-desorption equilibrium 
between B2O3 and the dye molecules. Then, the dye 
solution was exposed to UV light (30 W, UVC) irradia-
tion. The distance between the UV light source and 
the reaction medium was 15 cm. The degradation of 
methylene blue, monitored by the Thermo Scientific 
(Genesys 10S) UV-Vis spectrophotometer, was tak-
en as a model reaction to analyze the photocatalytic 
performance of B2O3 and Fe-B2O3, respectively. After 
a fixed irradiation time period, samples of methylene 
blue solution (3 ml) were withdrawn from the test me-
dium and the quantitative determination of methylene 
blue was performed by measuring its absorption at 
665 nm with the UV–Vis spectrophotometer. Percent-
age degradation of the model dye was calculated by 
using the following relation [18]:

Percent degradation (%) = [(C0 – Ct) / C0] x 100      (1)

where C0 and Ct are the concentration of methylene 
blue initially and after UV light irradiation, respectively.

3. Results and discussion

3.1. FTIR analysis

FTIR spectrum of B2O3 powder and Fe-B2O3 powder 
are shown in Figure 1. FTIR spectrum of undoped B2O3 
shows a broad transmission band at around 3219 cm-1 

(Figure 1a), which was attributed to O-H vibration due 
to the presence of surface adsorbed water molecules 
or hydroxyl ions of PVB precursor [8,22]. The weak 
transmission peak at 2968 cm-1 was assigned to C-H 
stretching vibration of PVB precursor, which indicates 
that almost all of the PVB chains were degraded dur-
ing the pyrolysis [8,23]. Broad transmission bands be-
tween 1600-1250 cm-1 with a peak at 1421 cm-1 and 
between 1000-500 cm-1 were related to B-O stretch-
ing vibration, which suggested the formation of B2O3 
nanoclusters [8,23]. The transmission peak at 1143 
cm-1 was assigned to B-C stretching vibration (Figure 
1a), confirming the formation of boron carbide (B4C) 
structures together with B2O3 clusters [7,8]. In general, 
the spectrum of Fe doped B2O3 resembles to that of 
the undoped one (Figure 1b). FTIR spectrum of Fe-
B2O3 also consists of two broad transmission bands at 
around 1432 cm-1 and between 1000-400 cm-1, cor-
responding to B-O stretching vibration of B2O3 struc-
ture [8,23]. Some stronger vibration for Fe doped B2O3 
between 1000-400 cm-1 might be due to metal vibra-
tion in this region, which confirmed the presence of 
Fe ions within B2O3 structure [22]. In addition, trans-
mission peaks observed at 3216 cm-1, 2958 cm-1 and 
1182 cm-1 were related to O-H, C-H and B-C bonds, re-
spectively [7,8,23]. Also, the weak transmission peak 
at 1604 cm-1 was related to C-N stretching vibration. 
C-N structure might occur during the doping process 
of B2O3 with Fe(NO3)3•9H2O [24]. 

3.2. XRD analysis

Figure 2 exhibits XRD spectra of undoped B2O3 and 
Fe-B2O3 powders. The diffraction peaks seen at the 
angles 14.06°, 27.94° and 39.64° were in agreement 
with the cubic crystalline B2O3 structure (Figure 2a). 
The two peaks at the angles 27.94° and 39.64° were 
related to (310) and (420) crystal planes of the cubic 
B2O3 structure, respectively [3]. The broad diffrac-
tion peak centered at about 25.6° was attributed to 

Figure 1. FTIR spectra of (a) B2O3 and (b) Fe-B2O3.
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amorphous carbon phase, which might arise from the 
PVB precursor [3]. The diffraction peaks of Fe-B2O3 
appear almost at the same positions with only slight 
changes in position and intensity of the peaks due to 
Fe doping (Figure 2b). The diffraction peaks observed 
at the angles 14.38°, 27.82° and 39.70° agree with the 
cubic crystalline structure of B2O3. No additional peaks 
were observed on the XRD spectrum of Fe-B2O3. One 
of the possible reasons might be the formation of the 
solid solution by substituting B3+ or O-2 ions with Fe 
ions in the B2O3 lattice. Another possible reason might 
be the presence of finely dispersed iron oxides on the 
B2O3 surface [14]. XRD results proved that the py-
rolysis of PVB precursor gave rise to B2O3 crystalline 
structure with amorphous carbon phase and Fe dop-
ing did not result any change in the cubic crystalline 
structure of B2O3 due to the low quantity of the dopant 
atom.

3.3. Morphological analyses

Many models have been proposed to identify the reac-
tion mechanism of the B2O3 synthesis. Specifically, it 
was proposed that the transport of the reactants, oxy-
gen and boron, through the oxide layer limits the rate 
of the synthesis reaction. The specified model is based 
on the assumption that B2O3 particles are in regular 
spherical shape. However, similar to many studies in 
the literature, real B2O3 particles have a complex mor-
phology [6] (Figure 3). B2O3 powder was composed 
of irregular shaped particles with sizes in the range 
from 100 to 1000 nm and the incorporation of Fe ions 
did not change the irregular shape and the average 
size of the B2O3 particles. Hence, the proposed mod-
el failed in describing the reaction mechanism of the 
B2O3 synthesis [6]. SEM images of both samples show 

crystal layers on amorphous phase, which means that 
the precursor could not be completely converted to the 
B2O3 crystal phase (Figure 3). It was also observed 
by XRD and EDX analyses. XRD patterns of both 
samples illustrate diffraction peaks belonging to the 
amorphous carbon structure. EDX analysis was per-
formed to check on the elemental composition of both 
samples. EDX spectra revealed the presence of the 
B, O, and C elements on B2O3 and Fe-B2O3 particles 
(Figure 3). Additionally, the Fe element was observed 
on EDX spectrum of Fe-B2O3, which proved the pres-
ence of Fe ions within the B2O3 structure. Fe/B2O3 
weight ratio (1.86), obtained by EDX analysis, was 
comparable to the experimental ratio (Table 1).

3.4. Optical property

The optical properties of the photocatalyst powders 
were examined by UV–Vis absorption spectroscopy. 
Figure 4 illustrates the comparative UV–Vis absorption 
spectra of B2O3 and Fe-B2O3. Both B2O3 and Fe-B2O3 
powders exhibited high absorbance over the entire UV 
light and visible light regions of the electromagnetic 
spectrum. The optical band gap energy of the prepared 
samples was estimated using the Tauc plot, obtained 
from the absorbance as a function of the wavelength of 
the incident light. In order to calculate the optical band 
gap energy of B2O3 and Fe-B2O3 samples, (αhν)2 vs. 
the photon energy (hν) was plotted and then the lin-
ear part of the drawn curve was extrapolated to x-axis 
(Figure 5), which gave an estimate of the optical band 
gap energy of B2O3 and Fe-B2O3 samples [18]. Based 
on the Tauc plot analysis (Figure 5), the correspond-
ing optical band gap energies were estimated to be 
1.5 eV and 2.4 eV for B2O3 and Fe-B2O3, respectively. 
The increase in the optical band gap energy could 

Figure 2. XRD patterns of (a) B2O3 and (b) Fe-B2O3.
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be related to the following increase in charge carrier 
concentration, which hindered the lower energy states 

Figure 3. FESEM images and EDX spectra of (a) B2O3 and (b) Fe-B2O3.

Sample Boron 
(wt.%) 

Oxygen 
(wt.%) 

Carbon 
(wt.%) 

Iron 
(wt.%) 

B2O3 30.64 45.73 23.64 - 
Fe-B2O3 27.81 44.60 26.24 1.35 
 

Table 1. The percentage of constituent elements in B2O3 and Fe-
B2O3, respectively.

of the conduction band in B2O3. This phenomenon is 
known as the Burstein–Moss effect [25]. According to 
the literature, the mentioned increase in the band gap 
energy of B2O3 upon Fe doping could be corresponded 
to the quantization size effect, monitored as the B2O3 
particle size moves toward the Bohr radius value [26]. 
This assumption did not seem very likely since the 
average particle size of both B2O3 and Fe-B2O3 were 
quite larger than the Bohr radius value.
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3.5. Photocatalytic activity

UV-Vis absorption spectral variations during the pho-
tocatalytic degradation of methylene blue with B2O3 
and Fe-B2O3 powders, separately, are shown in Figure 
6. B2O3 powder doped with Fe ions was more photo-
active in the process of methylene blue degradation in 
comparison to undoped B2O3 (Figure 7). The photo-
catalytic activity of B2O3 improved slightly by incorpo-
rating Fe ions into B2O3 structure, which might be due 
the substitution of boron or oxygen ions by Fe ions in 

B2O3 crystal lattice [17]. Fe ion radius is similar to B3
+ 

and O2- ions in size. During the calcination process, 
Fe ions might penetrate into B2O3 structure and could 
easily be replaced by boron or oxygen ions [17,27]. 
B2O3 and Fe-B2O3 achieved almost 12% and 20% dye 
degradation, respectively, after 150 minutes (Figure 
7). The higher photocatalytic activity might indicate a 
more effective interfacial electron transfer between the 
conduction band of B2O3 and that of Fe ion, which pro-
vided better charge separation and therefore less re-
combination of photoinduced electrons with holes [27].

Figure 4. UV-Vis spectra of (a) B2O3 and (b) Fe-B2O3.

Figure 5. Tauc plots of (a) B2O3 and (b) Fe-B2O3.

Figure 6. UV–Vis spectra of methylene blue solution in the presence of (a) B2O3 and (b) Fe-B2O3.
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The rate of photocatalytic degradation was estimated 
by fitting the experimental data to the the pseudo-first 
order kinetic model [28]:

ln(C0/Ct) = kt                                 (2)

where C0 and Ct are methylene blue concentrations at 
times t = 0 and t = t, respectively and k is the apparent 
rate constant obtained by plotting ln (C0/Ct) against the 
irradiation time (t). The fairly good correlation between 
ln (C0/Ct) and t in both cases gave rise to high R2 val-
ues close to 1 (Figure 8), which confirmed that the 
photocatalytic degradation of methylene blue could 
be described by the pseudo first-order kinetic model 
[27,28]. The apparent rate constant of undoped B2O3 
was 0.0008 min-1. After incorporation of Fe ions into 
the B2O3 structure, the photocatalytic activity potential 
of B2O3 was greatly enhanced. Its rate constant value 
was 0.0014 min-1. The degradation rate of methylene 
blue for Fe-B2O3 was almost 1.75 times faster.

In accordance with the literature, a plausible mecha-
nism was proposed to describe the photocatalytic deg-

radation of methylene blue under UV light irradiation. 
Upon exposure of UV light, electrons in the valence 
band of B2O3 might excite to the conduction band of 
the photocatalyst, which provided the formation of the 
photoexcited electron-hole pair. Then, the photoexcit-
ed holes might react with water molecules to form hy-
droxyl radicals and the photoinduced electrons might 
interact with oxygen molecules to generate superoxide 
radicals. The highly active radicals could provide the 
degradation of the methylene blue molecules into H2O 
and CO2. Fe ions of Fe-B2O3 might form transfer chan-
nels for the photoinduced electron-hole pair, suppress-
ing the recombination of the specified charge carriers 
[27,29]. Hence, the doping mechanism significantly 
increased the photocatalytic efficiency of B2O3.

4. Conclusions

In the present study, B2O3 powder was synthesized by 
the pyrolysis of polyvinyl borate precursor and the as-
prepared B2O3 was doped by being substituted with 
Fe ions. FTIR, XRD, SEM, EDX and UV-Vis spectro-
copy revealed the formation of B2O3 structure and the 

Figure 7. The relative concentration (C/C0) of methylene blue vs. irradiation time for (a) B2O3 and (b) Fe-B2O3.

Figure 8. Photocatalytic degradation kinetics of methylene blue in the presence of (a) B2O3 and (b) Fe-B2O3
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presence of Fe species within the B2O3 lattice. Doping 
of B2O3 with Fe species did not alter the morphology 
and the crystal structure of the photocatalyst much. 
When compared with undoped B2O3, the photocatalyst 
modified with Fe ions showed a higher photocatalytic 
activity in methylene blue degradation, which might be 
due to the incorporation of Fe ions into the lattice of 
B2O3.  
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