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Flexible PAN-BiOI-AgI heterojunction nanofiber
and the photocatalytic degradation property
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Abstract: In this paper, flexible polyacrylonitrile (PAN) nanofibers are used as carriers to
prepare a one-dimensional bismuth oxyiodide-silver iodide (BiOI-AgI) photocatalyst. PAN-
BiOI-AgI is prepared on the surface of electrospun PAN nanofibers by the alternate growth
method and subsequent ion exchange method at room temperature. The results of XRD, TEM,
XPS, and UV-Vis diffuse reflectance spectroscopy indicate the heterojunctions formation. The
flexible PAN-BiOI-AgI heterojunction fibers show higher photocatalytic degradation efficiency
for rhodamine B than PAN-BiOI or PAN-AgI. The enhanced photocatalytic performance is
attributed to the fact that the heterojunction improves the photo-generated electron-hole separation
efficiency. After 60 min of visible light irradiation, the degradation efficiency is greater than
95%. Free radical capture experiments show that•O2− and h+ are the main groups involved in
the oxidation reaction.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

In the face of increasingly serious environmental pollution, the degradation of harmful substances
in water bodies has received more and more attention [1–7]. Semiconductor photocatalysis,
as an environmentally friendly green catalytic technology, can directly convert abundant solar
energy into chemical energy, which is an effective way to deal with environmental pollution
[8–15]. The use of solar energy to catalyze the degradation of pollutants is a practical way to deal
with toxic organic matter to solve environmental pollution. In particular, bismuth-based oxide
semiconductors have a wide visible light response range and good physical and chemical stability,
and have become a frontier and hot spot in the field of photocatalytic materials research [16–22].
Among them, the indirect band gap semiconductor bismuth oxyhalide (BiOX, X=Cl, Br, I)
materials have gradually become the focus of research due to their strong photochemical stability
and suitable energy band position [23–27]. The transition of the indirect band gap semiconductor
makes the photo-generated electrons in BiOX only pass through the k-space to transition back to
the valence band, which greatly reduces the photo-generated carrier current. The recombination
of electrons is beneficial to improve the separation efficiency of charges and the photocatalytic
activity of the material. Bismuth halide (BiOI) has become an efficient new semiconductor
photocatalytic material due to its unique electronic structure, layered atomic arrangement and
visible light absorption properties [28,29]. BiOI has a narrow band gap of about 1.8 eV and
strong absorption in the visible light region. It has attracted widespread attention. Due to the
morphology and structure of nano-flakes, BiOI has a high specific surface area and has higher
visible light catalytic activity than bulk. However, due to the lack of effective carriers for such
nano-sized catalysts, separation is difficult and may cause secondary pollution to the environment
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[21,30,31]. Moreover, due to the poor conductivity, the electron-hole carrier recombination
probability of pure phase BiOI is high, which is not conducive to the oxidation-reduction reaction
in the photocatalytic process.

Electrospinning technology is a simple and effective method to prepare one-dimensional
nanofibers [32–34]. Electrospun fibers possess high specific surface area and have received
extensive attention in the field of photocatalyst preparation. Specifically, electrospun fibers can be
prepared using precursor solutions containing polymers as well as photocatalyst nanoparticles to
act as photocatalysts. Alternatively, semiconductor heterojunctions can be prepared by combining
high-temperature heat treatment and solvothermal methods to accomplish photocatalysis [35].
Compared with direct doping of catalysts for electrospinning, the method of growing photocatalysts
on the surface of fiber-template is more beneficial to increase the catalyst loading. In particular,
electrospun PAN nanofiber is a favourable nano-photocatalyst carrier because of its unique
performance. Firstly, the electrospun PAN nanofibers possess the property of water-insoluble
which enables the stability when they are immersed in water. Secondly, the one-dimensional
fiber has a relatively high specific surface area and it fully contacts with the organic dyes in the
water when it is immersed in water. Finally, the disordered fibers form a macroscopic network
structure, and its flexibility is beneficial to the separation, recovery and reuse of the catalyst after
the photodegradation. Therefore, electrospun PAN nanofibers improve the photodegradation
efficiency, overcome the problem of agglomeration, and solve the difficulty of recycling.

In this paper, PAN nanofibers prepared by electrospinning method are used as carriers to grow
BiOI nanosheets on their surface by alternate growth method, and then AgI nanoparticles are
grown on BiOI surface by ion exchange method to form BiOI-AgI semiconductor photocatalytic
heterojunctions. PAN-BiOI-AgI nanofibers show good photocatalytic degradation performance.

2. Experimental section

2.1. Preparation of PAN nanofibers

To prepare PAN precursor solution, 15 g of PAN (Mw= 500000) as well as 100 mL N,N-
dimethylformamide (DMF) were weighed and PAN powder was slowly added into DMF under
stirring. The mixture was stirred magnetically for 24 h at 50 °C to dissolve sufficiently to form a
transparent polymer solution. The air humidity was adjusted to 40% for electrospinning. The
PAN solution was drawn into a 5 mL of syringe and 10 kV was applied, and the PAN nanofibers
were received at the aluminum foil electrode with a receiving distance of 15 cm and an injection
rate of 15 µL/min. The PAN fiber mats were collected after 48 h and dried in a vacuum drying
oven at 50°C for 24 h.

2.2. Preparation of BiOI-loaded PAN nanofibers

The catalytic material was prepared on the surface of PAN nanofibers obtained in the previous
step by using them as growth carriers. Alternate ion growth was performed by adsorbing Bi and
I sources on the surface of PAN fibers to obtain BiOI nanospheres. Specifically, Bi(NO3)3·5H2O
and KI solutions with the same molar concentrations were prepared, respectively. 240 mg of
Bi(NO3)3·5H2O and 83 mg of KI were weighed and ultrasonically dissolved in 50 mL of ultrapure
water to obtain solutions with a concentration of 10 mM, and the two solutions were labeled
as solution 1 and solution 2, respectively. 100 mg of the above PAN electrospun sample was
immersed in solution 1 and stirred magnetically for 5 min. The sample was then washed with
ultrapure water to remove the free particles from the surface of PAN fiber. Afterwards, it was
immersed into solution 2 and stirred for 5 min. These three steps are one cycle. By adsorbing
BiO+ ions as well as I− ions alternately, BiOI was generated on PAN surface. By controlling
the different numbers of cycles, the loading amounts of BiOI on the PAN surface were adjusted.
Here, the number of alternate growths was 5, 10 and 20. After growth, the fiber were washed
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with ethanol and dried in a vacuum drying oven at 60 °C. The samples were labeled as PB-1,
PB-2 and PB-3.

2.3. Preparation of PAN-BiOI-AgI semiconductor heterojunction nanofibers

After finishing the growth of BiOI on the PAN surface, AgI nanoparticles were grown on the
BiOI surface by ion exchange method. In order to control the AgI content, the final amount of
BiOI-AgI deposited on the PAN fiber surface was controlled by adjusting the concentration of
AgNO3. Specifically, 1 mg, 2 mg, 4 mg and 8 mg of AgNO3 were weighed and dissolved in
100 mL of ultrapure water to obtain different concentrations of AgNO3 solution. The PAN-BiOI
nanofibers prepared by the above method were immersed in the AgNO3 solution and stirred for 6
h at room temperature. Ag+ ions reacted with I− ions in BiOI to generate AgI on the surface of
BiOI. Four PAN-BiOI-AgI samples generated under different Ag+ concentration were labeled as
PBA-1, PBA-2, PBA-3, and PBA-4, and were used for visible light catalysis experiments.

2.4. Photocatalytic degradation

To characterize the catalytic properties of the photocatalyst, photocatalytic experiment of dye
degradation was carried out. A 150 W xenon lamp was employed as the light source and a
visible light filter (>420 nm) was placed at the light exit of the xenon lamp. RhB was used as the
photocatalytic object and its aqueous solution concentration was 10 mg/L. Specifically, 100 mg
of photocatalytic fiber was weighed and placed in 50 mL of RhB solution. It was stirred in the
dark for 30 min to reach adsorption equilibrium. Then, photocatalysis was carried out under
light radiation while stirring. Every 10 minutes, 4 mL of solution was removed and centrifuged,
and the absorbance at the wavelength of 554 nm was measured.

3. Results and discussion

3.1. Structure characterization of the samples

The XRD spectra of the PAN-loaded photocatalysts are given in Fig. 1. Compared to the bare
PAN fibers, PBA-1, PBA-2, PBA-3 all show the main characteristic peaks of BiOI, located at
29.71°, 31.72°, 45.51° and 55.26°, respectively. These peaks correspond to the (012), (110),
(200) and (212) crystal planes of BiOI, respectively (PDF Card No. 73-2062). As in the PAN-AgI
sample, two main peaks at 23.78° and 39.26° were also observed in PBA-1, PBA-2, and PBA-3,
corresponding to the (111) and (220) crystal planes of AgI (PDF Card No. 09-0374), respectively.
With the increase of AgI loading, BiOI is gradually covered by AgI and the intensity of the
characteristic peaks of BiOI gradually decreases. Meanwhile, the diffraction peaks of AgI
gradually increase. The above results indicate that crystalline BiOI and AgI are loaded on the
surface of the PAN fiber.

3.2. Morphologies and element distribution

The morphology of the fibers with different photocatalysts grown on the surface is shown in
Fig. 2. The morphologies of PAN-BiOI samples (PB-1, PB-2 and PB-3) grown on the PAN
surface with different number of cycles are given in Fig. 2(a)-(c). From the figures, it can be seen
that nanocrystals with different sizes are grown on the PAN fiber surface, which is originally
smooth with a diameter of about 200 nm. However, the morphology of the fibers and the amount
of loaded BiOI varied greatly with the increase of the number of cycles. When the number of
growths is 5, a small amount of granular BiOI is faintly visible on the surface, but with further
growths, the loading of BiOI on the surface gradually increases and flake morphology is gradually
formed. At the same time, the overall diameter of the fibers gradually increased with the increase
of BiOI loading. As can be seen in Fig. 2(c), the PAN surface carries a large number of flake
stacked BiOI nanosheets with a size of about 500 nm (inset). The flake BiOI loaded on the fiber
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Fig. 1. X-ray powder diffraction pattern of different samples.

surface provides the photocatalyst a large specific surface area. Further, after the ion-exchange
reaction on the PAN-BiOI surface, the morphology of the flake BiOI was change. From Fig. 2(d),
it can be seen that AgI nanocrystals were precipitated on the BiOI surface and the color of the
fiber changed from brown to pale yellow. This can also be demonstrated later in the elemental
analysis.

Fig. 2. SEM images of the PAN-BiOI fibers with different alternate growing cycles and the
fibers after growth of AgI (a) PB-1 (b) PB-2 (c) PB-3 (d) PBA-3.

The SEM image of PBA-3 and the elemental distribution are given in Fig. 3. Figure 3(b)-
(e) correspond to the distributions of Bi, O, I, and Ag elements within the area of Fig. 3(a),
respectively. As can be seen from the figures, the uniform distribution of Bi, O, and I elements
indicates that the flakes generated on the PAN surface are BiOI. As shown in Fig. 3(e), Ag element
is uniformly distributed within the scanned area. According to Fig. 3(b)-(e), the homogenous
distribution of elements is proved. Figure 3(f) gives the energy-dispersive X-ray (EDX) spectra
of PBA-3 and also proves the existence of Bi, O, I, and Ag. The atom ratio of Ag and Bi is
0.276:1 according to the quantitative analysis of EDX.

To further demonstrate the growth of AgI on the surface of BiOI, TEM characterization was
performed on the crushed PBA-3 samples. Figure 4(a) shows the dark field image of a local range.
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Fig. 3. SEM image and surface scan elemental mapping of PBA-3 (a)SEM image (b)Bi (c)
O (d) I (e) Ag (f) EDX spectra.

Figure 4(b)-(f) show the distribution analysis of C, I, Bi, O, and Ag elements. The distribution of
C on the fiber in Fig. 4(b) is caused by C in the PAN material. The other elemental distributions
in Fig. 4(c)-(f) demonstrate the presence of BiOI as well as AgI. In Fig. 4(f), Ag element shows
stronger intensity in some areas (e.g., bottom left corner), but Bi element shows much lower
intensity in the same area. This is the evidence that there are AgI growth points on the surface of
BiOI flakes.

Fig. 4. Local area dark-field TEM image and surface scanning element analysis. (a)
Dark-field TEM image (b) C (c) I (d) Bi (e) O (f) Ag.
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Bright-field high-resolution transmission electron microscopy (HRTEM) images of the discrete
PBA-3 fibers of the crushed sample are given in Fig. 5. The retained nanoparticles on the surface
of PAN fiber in Fig. 5(a) was selected as the analysis point. Two different lattice fingerprints
are observed in Fig. 5(b) with lattice spacing of 0.282 nm and 0.230 nm for BiOI and AgI,
corresponding to the crystalline planes (110) and (220), respectively. This indicates the formation
of BiOI and AgI heterojunctions on PAN fiber surface. The formation of heterojunctions is
attributed to the surface growth reaction of Ag+ ions capturing I− ions from BiOI and thus
generating AgI.

Fig. 5. HRTEM analysis of PBA-3 sample with heterojunction semiconductor structure (a)
Bright-field TEM image (b) lattice structure of heterojunction.

3.3. Chemical composition and electronic state of the photocatalyst

As shown in Fig. 6, the X-ray photoelectron spectra (XPS) of PBA-3 fiber were studied in order
to characterize the chemical composition and electronic states of the materials on the surface of
PAN fiber. The full survey spectrum is given in Fig. 6(a). Bi, O, I, C, N, and Ag elements are
observed in it. This is in accordance with the composition of PAN-BiOI-AgI. Figure 6(b)-(f)
show the XPS spectra of C 1s, I 3d, Bi 4f, Ag 3d, and O 1s, respectively. Figure 6(b) shows the
main peak of C 1s located at 285.7 eV, which is used to calibrate with the standard peak of C 1s
at 284.6 eV. This C peak is caused by the PAN fiber. Figure 6(c) shows two peaks at 620.0 eV
and 631.6 eV which are attributed to I 3d5/2 and I 3d3/2, respectively, corresponding to the I−
ions [36]. The peaks of 160.0 eV and 165.5 eV in Fig. 6(d) correspond to Bi 4f7/2 and Bi 4f5/2,
which are attributed to Bi3+ [22]. The peaks of 369.1 eV and 375.2 eV in Fig. 6(e) correspond
to Ag 3d5/2 and Ag 3d3/2, respectively, which indicate the presence of Ag+ [37]. Finally, the
XPS spectra of O 1s in Fig. 6(f) are non-single peaks. This indicates that there is more than
one chemical state of O in it. The peak at 529.4 eV corresponds to the lattice oxygen negative
ion, corresponding to the Bi-O bond of [Bi2O2] in the BiOI layer. And another one near 531.0
eV indicates the presence of -OH or adsorbed O on the fiber surface [38]. The above results
demonstrate the chemical valence states of various elements in PAN-BiOI-AgI.

The optical absorption properties of the different photocatalyst samples were characterized
by UV-vis diffuse reflectance spectroscopy as shown in Fig. 7(a). From the figure, all the
photocatalysts exhibit strong optical absorption in the visible wavelength range. Among them,
the absorption band edge of PB-3 fibers loaded with BiOI on PAN surface is larger than 600
nm, indicating a narrow band gap. In contrast, the absorption band edge of the PAN-AgI sample
directly loaded with AgI on PAN surface is located at a shorter wavelength position (∼470
nm), indicating a wide band gap. Further, when AgI was loaded on the surface of PAN-BiOI,
the absorption band edge of the PBA-3 fibers significantly shifted to a shorter wavelength,
indicating that a heterojunction was formed between the them. This contributes to the further
separation of photo-generated electron and holes in BiOI. The semiconductor band gap of a
photocatalytic material can be calculated by αhν=A(hν−Eg)n/2, where α, Eg, A, h, ν are the
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Fig. 6. X-ray photoelectron spectra of PBA-3 sample (a) Full survey spectrum (b) C 1s (c) I
3d (d) Bi 4f (e) Ag 3d (f) O 1s.

optical absorption coefficient, band gap width, proportionality constant, Planck’s constant, and
frequency, respectively. For direct bandgap semiconductors, where n= 1, and for indirect bandgap
semiconductors, n= 4 [37]. Here, AgI is a direct bandgap semiconductor and n takes the value of
1, and BiOI is an indirect bandgap semiconductor and n takes the value of 4. Therefore, to obtain
the bandgap values, PAN-BiOI and PAN-AgI should correspond to hν-(αhν)1/2 and hν-(αhν)2

for plotting, respectively. As shown in Fig. 7(b), the band gap value can be determined by the
intersection of the horizontal axis with the tangent line of the curve. In the graph, it is seen that
the band gaps of PAN-AgI and PB-3 are 2.75 eV and 1.89 eV, respectively. The band gap of
PBA-3 which is a composite of both components lies between PAN-AgI and PB-3. This indicates
the formation of heterojunctions between them, which is easier to obtain photo-generated carriers.

Fig. 7. (a) UV-Vis diffuse reflectance spectra of PAN-BiOI-AgI, PAN-BiOI and PAN-AgI
samples (b) hν-(αhν)n/2 curves of the samples.
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The valence band potential and conduction band potential of a semiconductor photocatalyst
can be calculated by the following formula [39]:

EVB = X − Ee + 0.5Eg

ECB = EVB − Eg

Among them, EVB is the top of the valence band of the semiconductor, X is the electronegativity
of the semiconductor, Eg is the forbidden band width of the semiconductor, and Ee is the surface
electron free energy of hydrogen atoms. Here, Ee is 4.5 eV, and the X values of BiOI and AgI
are 5.94 eV and 5.35 eV, respectively. Since the Eg values of PAN-AgI and PB-3 are 2.75 eV
and 1.89 eV, respectively, the EVB values of PAN-AgI and PB-3 are 2.23 eV (vs. NHE) and
2.39 eV (vs. NHE) after putting the constants into the formula. In addition, according to the
conversion relationship between the conduction band and the valence band, ECB = EVB − Eg, the
ECB values of PAN-AgI and PB-3 can be obtained as -0.53 eV (vs. NHE) and 0.49 eV (vs. NHE),
respectively.

3.4. Catalytic performance and catalytic mechanism of the photocatalyst

Figure 8(a) indicates the dark reaction and the performance of photocatalytic degradation. After
30 min of adsorption in the dark, the visible irradiation starts. During the period of -30 min∼10
min, it is shown that PAN-AgI has a stronger adsorption than PB-3, but the degradation rate
of PAN-AgI is lower than PB-3 after starting light irradiation, so the degradation curves of
PAN-AgI and PB-3 intersect. The photocatalytic degradation performance in the time period
from 0 min to 60 min is shown. The degradation rates of BiOI-loaded PB-3 fiber and AgI-loaded
PAN-AgI fiber are 73.4% and 55.1% at 60 min, respectively. When AgI was loaded on the BiOI
surface, the degradation rates of PBA-1, PBA-2, PBA-3, and PBA-4 all increased significantly,
and the photocatalytic efficiency of PBA-3 was closed to 100% at 60 min. The degradation rate
of PBA-3 is significantly higher than that of PB-3. Figure 8(b) shows the kinetic analysis of
the degradation reaction. The results show that the photocatalytic degradation conforms to the
Langmuir-Hinshelwood first-order apparent kinetic model [40]:

r =
dC
dt
= kk,C/(1 + k,C)

Here, r is the degradation rate (mg L−1h−1), C is the residual concentration (mg L−1), t is the
degradation time (h), k is the reaction constant (mg L−1h−1), k´is the absorption coefficient (L
mg−1). Due to the low initial concentration of the dye, the above equation can be approximated
to a first-order form:

− ln
(︃

C
C0

)︃
= kk,t = kappt

where C0 is the concentration at adsorption equilibrium and kapp is the slope that is also the
reaction constant. As shown in Fig. 8(b), the kapp values of PB-3, PAN-AgI, PBA-1, PBA-2,
PBA-3, and PBA-4 are 0.018 min−1, 0.007 min−1, 0.025 min−1, 0.036 min−1. 0.072 min−1 and
0.048 min−1, respectively. The photocatalytic constants of PBA-3 are 4 times and 10.3 times that
of PB-3 and PAN-AgI, respectively. This shows the heterojunctions formed by BiOI and AgI on
the PAN surface effectively improve the electron-hole separation efficiency and the photocatalytic
rate. In order to test the reusability of the photocatalyst, four cycles of photocatalytic experiments
were performed on PBA-3. From Fig. 8(c), it is seen that the photocatalytic performance did not
decrease significantly after repeated photocatalytic degradation of the solution with the same
concentration. The final degradation rate decay was less than 10%, indicating that the modified
fiber can be reused.
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Fig. 8. Photocatalytic degradation of RhB (a) Degradation curves of RhB by different
catalysts of PB-3, PAN-AgI, PBA-1, PBA-2, PBA-3, and PBA-4 (inset: photograph of actual
degradation process of RhB by PBA-3) (b) Linear fitting of first order kinetics of degradation
process of PB-3, PAN-AgI, PBA-1, PBA-2, PBA-3, and PBA-4 (c) The cyclic degradation
experiment of PBA-3. (d) The influence of different trapping agents on the degradation
efficiency of PBA-3.

The photocatalytic mechanism of electrospun fibers loaded with BiOI-AgI was investigated.
The internally generated photoactive groups were determined by adding different types of
capturing agents in the catalytic system. The type of specific active groups was determined by the
degree of photocatalytic activity reduction. Figure 8(d) shows that the addition of p-benzoquinone
(BQ), EDTA-2Na, and tert-butanol (TBA) to the system affected the degradation rate to different
degrees, respectively. BQ, EDTA-2Na, and TBA reduced the degradation rate to 0.561, 0.918,
and 0.857 of the original rate within 60 min, respectively. It is seen that a large amount of O2−

and a small amount of ·OH and h+ were produced on the photocatalyst surface.
As shown in Fig. 9, when the photocatalyst is irradiated by visible light, BiOI and AgI on the

PAN surface are excited and electrons jump from the valence band to the conduction band. Since
the conduction band potential of AgI (-0.53 eV) is more negative than that of O2/·O2−(-0.33 eV)
potential, the electrons reduce the O2 in water and produce the reactive group ·O2− to degrade

Fig. 9. The mechanism of photo-generated electron-hole separation, transfer and photocat-
alytic reaction.
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RhB. Meanwhile, because the conduction band potential of AgI is also more negative than that of
BiOI (0.49 eV), the photo-generated electrons migrate to the conduction band of BiOI. Because
the valence band potential of BiOI (2.39 eV) is more positive than that of AgI (2.23 eV), the
h+ of BiOI migrate to the valence band of AgI, thus forming a carrier cycle and also avoiding
the electron reduction of AgI to produce Ag. Then, h+ generated from the valence band of AgI
also partially mineralizes and degrades RhB. Because the VB value of BiOI is 2.39 eV, which
is slightly higher than the OH−/·OH oxidation potential of 2.38 eV, a small amount of ·OH is
produced in the system.

4. Conclusion

By cyclic growth and ion exchange methods, BiOI-AgI semiconductor photocatalytic hetero-
junctions are successfully loaded on the surface of electrospun PAN nanofibers. The results of
morphological characterization and elemental analysis show the photocatalysts are loaded on
the fiber surface in the form of flakes, and the loaded fiber possesses high specific surface area
and uniform elemental distribution. HRTEM, XRD and XPS results indicate that the physical
phases on the fiber surface are BiOI and AgI, and heterojunctions are formed between them. The
results of visible light photocatalytic experiments demonstrate that the photocatalytic efficiency
of BiOI-AgI heterojunctions is significantly higher than that of the single components. The
mechanism analysis illustrates that a large amount of ·O2− is generated in the photocatalytic
system, which plays the major role, while·OH and h+ play a supporting role. By adjusting the ion
exchange concentration, PAN-BiOI-AgI photocatalyst is able to completely degrade RhB solution
with a concentration of 10 mg/L within 60 min. The formation of heterojunctions significantly
improves the separation of photo-generated electron-hole. Moreover, no significant degradation
of the photocatalyst performance occurs after four cycles of photocatalytic experiments. In
conclusion, this photocatalytic BiOI-AgI loaded nanofiber based on electrospinning not only
forms heterojunctions and possesses a high specific surface area to improve photocatalytic
efficiency, but also its flexibility facilitates separation and recycling.
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