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Abstract: Semiconductor materials as photocatalysts hold great prospects for renewable energy
substitutes and environmental protection. Nanostructured BiOX (X=Cl, Br, I) with favorable features
of a unique layered crystal structure and suitable band gaps has been demonstrated to be a promising
photocatalytic material. In this paper, a two-step synthesis route combining an electrospinning
technique and SILAR reaction has been accepted as a straightforward protocol for the exploitation of
BiOI/carbon nanofibers’ (CNFs) hierarchical heterostructures. As expected, the BiOI/CNFs presented
a much higher degradation rate of methyl orange than that of the pure BiOI under visible light. The
degradation rate of methyl orange reaches 85% within 210 min. The enhanced photocatalytic activity
could be attributed to the fact that conductive CNFs as substrate could effectively improve the
separation and transformation of photogenerated charges. Moreover, the fabricated BiOI/CNFs
after five cycles could be easily recycled without a decrease in photocatalytic activity due to their
ultra-long one-dimensional nano-structural property.

Keywords: BiOI; carbon nanofibers; photocatalysts; electrospinning

1. Introduction

Semiconductor photocatalysis provides an effective solution to energy supply and
environmental pollution [1]. Since TiO; was found to have photocatalytic activity, many
photocatalysts have been studied in recent years [2]. As novel semiconductor photocat-
alysts, bismuth oxyhalides (BiOX, X = Cl, Br, I) have been studied extensively because
of their unique properties and potential applications in photocatalysis [3-5]. In partic-
ular, bismuth iodide (BiOI) has a bandgap of about 1.8 eV, showing good visible light
catalytic activity. [6-8]. However, the photocatalytic performance of BiOl is still affected
by disadvantages such as the photogenerated charge carriers and the easy aggregation of
nanoparticles [9]. In order to meet practical application, the photocatalytic performance
should be further improved. At present, the methods to improve the catalytic performance
of BiOl include self-doped iodine [10] and surface modified precious metals such as Ag [11]
and Pt [12]. Another method is to form heterojunctions or nanocomplexes with other mate-
rials, such as BiOCl/BiOI [13,14], BiOBr/BiOlI [15,16], BiOI/TiO, [17,18], Agl/BiOI [19,20],
BiOI/Biy O3 [21,22] and ZnO/BiOI [23,24], both showing that heterojunctions can effectively
improve the light absorption range and promote the separation of photogenerated carriers.

As catalyst carriers in heterojunctions, carbon materials, including bulk carbon mate-
rials and nano-carbon materials, have high electrical conductivity, good charge transport
capacity, high mechanical strength and stable chemical and physical properties. Bulk
carbon materials include activated carbon, carbon black, etc. Nanometer carbon materials
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include fullerenes, graphene, carbon nanotubes and carbon nanofibers. As is known, bulk
nanomaterials are easy to be recycled and reused, but carbon nanomaterials have better
photocatalytic activity than bulk carbon materials due to their nano effect, quantum effect
and large specific surface area. The small aspect ratio of zero-dimensional fullerenes and
one-dimensional carbon nanotubes is not conducive to recovery [25-29]. Although 2D
graphene material has a large aspect ratio, it is easy to curl in practice, which reduces
photocatalytic activity and does not use recycling. Therefore, the carbon material used as
catalyst support in the construction of heterojunctions should have characteristics both
of small size and high specific surface area of nanomaterials and of easy settlement and
separation of macroscopic materials.

According to the above analysis, we report a successful attempt for the fabrication
of BiOI/CNF hierarchical heterostructures via a simple electrospinning technique and
a successive ion layer adsorption reaction (SILAR). The photocatalytic activity of these
heterostructures was investigated by measuring the degradation of MO as a test substance.
By changing the growth times of BiOI during SILAR, the catalyst load can be adjusted
accordingly. In addition, the photocatalytic activity of BiOI/CNFs heterojunction after
sedimentation was basically unchanged, showing stable recycling performance [30-33].

The above BiOI/carbon nanofibers” heterojunction system has the following advan-
tages: (1) One-dimensional carbon nanofiber structures with good electron transport ability
can effectively separate photogenerated electron hole pairs and improve photocatalytic
activity. (2) The carbon nanofibers have favorable recycling characteristics due to their
nanofibrous nonwoven structures, which can be easily separated from the solution system
by sedimentation without a decrease in photocatalytic activity. (3) The 3D open structures
and large surface areas of CNFs provide more active sites for the assembly of secondary
BiOI nanostructures with both high density and good dispersion.

2. Result and Discussion

The reaction process is cycled 20 times and the reactant concentration is controlled
within a certain range to ensure that the reactant is fully grown on the surface of CNFs.
To observe the microtopography of samples, the scanning electron microscopy (SEM)
images were detected. As can be seen in Figure 1a,b, as the concentration of the precursor
solution increases from 0.125 mM to 0.25 mM, the load on the surface of the CNFs increases
significantly and the diameter of the nanosheets increases. This is due to the fact that
slightly higher concentrations of the solution can provide sufficient BiO" and I"™ to generate
BiOl. As the concentration continues to rise to 0.5 mM, trace amounts of independent
nucleated BiOI nanosheets (Figure 1c) appear in the sample, the concentration continues to
rise to 0.75 mM and large BiOI agglomerations appear on the sample surface (Figure 1d).
Therefore, a precursor solution concentration of 0.25 mM may be the optimal concentration
for the synthesis of BiOI/CNFs.

According to the most suitable precursor reaction solution concentration of 0.25 mM,
the nanostructure of BiOI/CNF heterojunction prepared by different cycle growth times
of the official production is shown in Figure 2. Since the precursor solution is sprayed by
rotation during the electrospinning process, the arrangement of CNFs shown in Figure 2a
is random and disordered. As can be seen from the enlarged image, these CNFs have a
smooth surface and no secondary structure, with a diameter of about 200 nm. Figure 2b—d
show the composite nanofibers after growing BiOI nanosheets on the CNFs’ surface. It is
observed that the resulting material retained the configuration of the fibers after the SILAR
reaction. As the number of continuous SILAR reactions expands from 10 to 30, the loading
of BiOl nanosheets grown on the surface of CNFs also increases. As can be seen from the
high magnification SEM pattern in the illustration, the diameter of the BiOl nanosheet also
gradually increases. The composite nanofibers are about 1 um in diameter when grown for
30 cycles, which may cause the change in crystallization quality. Notably, BiOI nanosheets
grow closely on the surface of CNFs without agglomeration due to the consistency of active
growth sites on the CNF surface.
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Figure 1. SEM images of BiOl/CNFs with different reaction solution concentrations (a) 0.125 mM;
(b) 0.25 mM; (c) 0.5 mM; (d) 0.75 mM.

Figure 2. SEM images of (a) CNFs, (b) BiOI/CNFs-C10, (c) BiOI/CNFs-C20 and (d) BiOI/CNFs-C30.

Figure 3 has shown the transmission electron microscopy (TEM) and high-magnification
transmission electron microscopy (HRTEM) images of the BiOI/CNFs-C30 heterojunction.
It can be seen in Figure 3a that a large number of BiOI nanosheets are uniformly surrounded
by the surface of the CNFs, which match the SEM images of BiOI/CNF heterojunctions.
In Figure 3b, a clear boundary exists between amorphous and crystalline, which proves
the successful construct of the heterojunction, where the amorphous part consists of CNFs,
while those with distinct lattice diffraction streaks belong to BiOI nanosheets. The lattice
spacing of the BiOI nanosheets is 0.28 nm, which corresponds to the (110) atomic surface of
its tetragonal crystal form.
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Figure 3. (a,b) TEM images of and (c¢) HRTEM image of BiOI/CNFs-C30.

Figure 4 shows X-ray diffraction spectra (XRD) of CNFs, BiOI and BiOI/CNFs het-
erojunctions. The characteristic peak at 24° corresponds to CNFs’ (002) atomic plane. In
contrast to pure CNFs, in addition to the above peak, a series of special peaks appear at
29.6°,31.6°,37.3°,39.3°,45.3°, 51.3°, 55.1° of the BiOI/CNFs heterojunctions (solid circles
signed). These characteristic peaks correspond to the (102), (110), (112), (004), (200), (114)
and (212) surfaces of the tetragonal form BiOI (JCPDS 73-2-62), respectively. The XRD
spectral lines of pure BiOI samples also prove the above results. In addition, there are no
impurity peaks in all samples, which indicates that the samples are prepared successfully.
It can also be observed from the XRD pattern that as the number of continuous reaction
cycles increases, from BiOI/CNFs -C10 to BiOI/CNFs-C30, the BiOl loading also gradually
increases. The strength of the diffraction peaks of BiOI tends to be sharper and more promi-
nent, which indicates that the crystallinity of BiOI becomes better. According to the above
data, the synthesis of the BiOI/CNF heterojunction may promote visible light catalytic
activity, while good crystallinity of BiOI will further promote photocatalytic activity.
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Figure 4. XRD patterns of samples.

To determine the chemical state of each composition in the sample, all the samples
are tested by X-ray photoelectron spectroscopy (XPS). Figure 5a shows the full X-ray
photoelectron spectra of CNFs and BiOl/CNFs-C30 heterojunctions. There are C, N and
O elements in the CNFs. Besides the above elements, the Bi and I elements exist in the
BiOI/CNFs-C30 heterojunctions. Element N in both samples may have come from nitrogen
during testing. Figure 5b shows the O 1s energy spectrum of CNFs and BiOI/CNFs-C30
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heterojunctions. The binding energy of 531.1 eV belongs to I-O bonds in BiOl, and the
binding energy of 532.4 eV belongs to surface oxygen adsorption, which is the surface
hydroxy group and chemisorbed oxygen. Another characteristic peak of O 1s at a low
binding energy of 529 eV in BiOI/CNFs-C30 is caused by lattice oxygen of Bi-O bonds in
BiQl, as the energy spectrum of Bi 4F of BiOI/CNFs-C30. The binding energies locate at
158.3 eV and 163.6 eV due to Bi 4F;,, and Bi 4F5 /,, respectively, which are derived from the
Bi-O bond in BiOI (Figure 5c). The energy spectrum I 3d of BiOI/CNFs-C30 is shown in
Figure 5d, with characteristic peaks at 618.2 and 629.7 eV corresponding to I 3d3,, and I
3ds/p, respectively. These results indicate that the composite heterojunction was composed
of CNFs and BiOIL
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Figure 5. Full XPS spectrum of (a) CNFs and BiOI/CNFs-C30, High-resolution XPS spectra of (b) O
1s (¢) Bi 2p and (d) I 3d of BiOI/CNFs-C30.

The Fourier transform infrared (FT-IR) spectra of the sample CNFs and BiOI/CNFs-
C30 are shown in Figure 6. The vibration peaks located at 1220 cm~!, 1550 cm~! and
3440 cm ™! can be attributed to C-C stretching vibration, symmetric and asymmetric COO-
stretching vibration and OH- stretching vibration of the sample surface. Compared with
CNFs and BiOI/CNFs-C30, the characteristic peak in the low-frequency zone that is less
than 1000 cm ™! is typical of the Bi=O=Bi vibration of BiOI/CNFs-C30. This result indicated
that BiOI nanosheets were successfully compounded on CNFs, which is consistent with the
above analysis results.
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Figure 6. FTIR spectra of CNFs and BiOI/CNFs-C30.

In assessing the photocatalytic activity of the sample by degradation of the MO dye
solution under visible light, C and Cj are the concentrations of MO at a certain time
and initial time, respectively, and C/Cj is the degradation rate. As shown in Figure 7a,
the degradation rates of different samples CNFs, BiOI/CNFs-C10, BiOI/CNFs-C20 and
BiOI/CNFs-C30 were 11%, 37%, 62% and 85%, respectively. In Figure 7b, the kinetic
linear simulation curves show that the above degradation reactions followed a Langmuir—
Hinshelwood apparent first-order kinetics model. Due to the low initial concentrations of
the reactants, this could be simplified as the following equation:

In Cy/C = KKt = Koppt (1)

where C is the concentration (mg/L), t is the visible-light irradiation time, k is the reaction
rate constant [mg/(L min)] and K is the adsorption coefficient of the reactant (L/mg). kapp
is the apparent first-order rate constant (min~!). The order of photocatalytic activity is
BiOI/CNFs-C30 > BiOI/CNFs-C20 > BiOI/CNFs-C10, which is consistent with the ac-
tivity studies above. The photocatalytic activity of BiOI/CNFs-C30 is obviously higher
or close to the reported flexible photocatalysts due to the existence of a semiconductor
heterojunction to boost the separation of photoinduced charge carriers (Table 1). The
degradation of CNFs is caused by the adsorption of the dye molecules by inherent capa-
bility. Comparing BiOI/CNFs heterojunction and monomer BiOI powder, it can be seen
that the degradation rate of the heterojunction is higher than that of monomer, which is
due to CNFs in the heterojunction as electron-trapping substances. CNFs can effectively
transfer the photogenerated electrons of BiOl to the surface of the BiOI/CNFs heterojunc-
tion for photocatalytic reaction degradation of methyl orange, thereby improving BiOl
photocatalytic activity. In addition, the photocatalytic activity of BiOI/CNFs composite
nanofibers is related to the amount of BiOl. As the amount of load increases, the photocat-
alytic activity also increases. This suggests that the number of heterojunctions in BiOI/CNF
samples also affects their photocatalytic activity. The control experiment for BiOI/CNFs-
C30 was performed in the presence of the photocatalysts, but in the dark. These results
show that the adsorption-desorption equilibrium of MO in the dark is established within
30 min (Figure 8).



Catalysts 2022, 12, 1548

7 of 13

(@) Lo (b)1-6
144  « CNFs
0.8 . BiOI
| ~ 1 '« BIOI/CNFs-C10
| Q0] v BiOUCNFs-C20
o %1 1 S + BiOI/CNFs-C30
D | E’O.S-
|
0.4 4 | o= CNFs =l 0.6
| —o=BiOI
| —e—BiOI/CNFs-C10 0.4
029 | ——BiOI/CNFs-C20 5
| ——BiOI/CNFs-C30 :
0.0 T T T 0.0 T T T T
0 H 2 00 05 10 15 20
Time (h) Time (h)

Figure 7. (a) Photocatalytic degradation of MO and (b) kinetic linear simulation curves over different
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Table 1. The photocatalytic degradation parameters over the different nanofibers photocatalysts.

Photocatalyst Light Photocatalytic Results Year Refs.
. . the photodegradation
AgI_BlOI/PAN composite 300 W Xe lamp (A > 400 nm) efficiency of RhB can reach 2018 [34]
nanofibers ;
98.5% at 210 min
anatase—rutile/BiOI the degradation rate of MO
composite fibers 250 W xenon lamp reaches 54% within 12 h 2022 [35]
. . The RhB, MB and fuchsine are
Tlofl'x t/ B‘Ct)ll/ Athr 500 W xenon lamp (A > 420 nm)  degraded by 98% (60 min), 9% 2019 [36]
photocatalyst. (300 min) and 76% (300 min)
o To: o To: The degradation efficiency of
80 /OBloftli/fO oBiOl 300 W Xe lamp MO could reach 75.0% after 2012 [37]
particies irradiation for 390 min
. The degradation efficiency of
PAN/g-C3Na/BiOI 500 W Xe lamp (A > 400 nm) RhB could reach 98.0% after 2018 [38]
nanofibers . . .
irradiation for 90 min
The degradation efficiency of
. . antibiotic tetracycline could
ZIF-8@BiOI composites 250 W xenon lamp (A > 420 nm) reach 86.2% after irradiation 2022 [39]
for 90 min
the photodegradation
flower-like BiOI Artificial visible light efficiency of RhB can reach 2021 [40]
100% at 80 min
The degradation percentages
. . of Rhodamine B (RhB) and
BIOI/NHZ_MIL_HS(TI) 300 W xenon lamp (A > 420nm)  p-chlorophenol (P-CP) reached 2018 [41]
composite photocatalyst 99% (240 min) and 90% over
BNMT-9 (160 min)
Biz;O51, Hollow i 81% of MO can be eliminated
Microsphere 300-W Xe lamp at 180 min 2019 [42]
flower-like :
. . the degradation rate of CIP
>
BiOI/ B}OCQOH 300 W Xe lamp (A > 400 nm) reaches 87.2% within 125 min 2019 [43]
heterojunctions
This work 150 W xenon lamp (A > 420 nm) the degradation rate of MO

reaches 85% within 210 min




Catalysts 2022, 12, 1548 80of 13

1.1

0.7 -

0.6
-1

————
Time (h)

Figure 8. Degradation profiles of MO in the presence of different photocatalysts but in the dark.
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To further study the photocatalysis process, ammonium oxalate (AO), Cr(VI), Tert-
butyl alcohol (TBA) and benzoquinone (BQ) were, respectively, introduced as the scav-
engers to quench active holes (h*), active electron (e™), hydroxyl radicals (OH) and su-
peroxide radicals (O;) under visible-light irradiation. As shown in Figure 9 in the pres-
ence of AO or Cr(VI), the photodegradation of MO is inhibited remarkably compared
with no scavenger at the same conditions. Moreover, the photocatalytic degradation
rate also decreases significantly with the addition of BQ. However, after TBA is added
into the reaction system, there is almost no change in the photocatalysis property, in-
dicating that the photoelectrons, photogenerated holes and the O, all take part in the
photocatalytic reactions.
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Figure 9. Effect of scavengers on degradation of MO over BiOI/CNFs-30.
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According to the above experimental results and discussion, the photocatalytic mecha-
nism of BiOI/CNFs composite nanofibers is shown in Figure 10. As a photocatalyst, CNFs
and BiOI nanosheets have synergistic effects in BiOI/CNFs. The visible light catalytic
degradation of MO by composite nanofibers is as follows:

BiOI + hv — BiOl(eq, ~ — hyp*) )
ep +CNFs— CNFs(ey, ) 3)
CNFs(eg, ) + Oy — Oy 4)
Oy + HO — HOye + OH™ 5)
HOye + H,O — H,O; + OHe 6)
HyO, — 2 OHe (7)
OHe + MO — CO, + H,O (8)

OH-

or

H20
Visible light

%

Figure 10. Schematic diagram of the photocatalytic mechanism of BiOI/CNFs.

In order to further study the stability of the prepared catalyst, five cycle experiments
were carried out on BiOI/CNFs-C30 catalyst under the same experimental conditions, as
shown in Figure 10. It can be seen that the catalytic activity of BiOI/CNFs-C30 basically
did not change after five cycles (Figure 11). This indicates that BiOl/CNFs nanofibers has
shown excellent performance in the cycling test. At the same time, the one-dimensional
ultra-long aspect ratio of the composite nanofiber can be easily separated from the solution
after precipitation. In order to investigate the stability of the samples, we tested the SEM
and XRD of the samples after cycling. The results show that there is no obvious change in
the morphology of the samples after cycling and XRD also shows no change in the structure
of the samples. The above results show that the sample prepared in this paper has good
stability (Figure 12).



Catalysts 2022, 12, 1548

10 0f 13

l."‘&—a—lst b\_«_an L\_._:,rd b\—o-élth L —o=5th
09-9
08] \
{ @
0.7 1
S 0.6
&) 0.6

Q
L
\
o
\
= S 2
QO 0.5 )
' \
Q
\
9

(102)

Intensity (a.u.)

10 20 30 40 50 60 70 80

Figure 12. XRD patterns and SEM images (inside) of the BiOI/CNFs-C30 catalyst after the photocat-
alytic reaction.

3. Materials and Methods
3.1. Preparation of BiOI/CNFs Heterojunction Composite Nanofibers

First, 1.5 g PAN powder (molecular weight 6000) was dissolved in 10 mL N,N-
dimethylformamide (DMF) solution and stirred overnight with a magnetic stirrer until
the solution is clear. The clarified precursor solution was added to a syringe with a steel
needle tip, the needle was ~15 cm away from the aluminum foil receiving plate and a
high voltage static electricity of ~12 kV was applied to the needle. After a while, PAN
nanofiber was obtained from aluminum foil. The PAN nanofiber was calcined in a tubular
furnace and the calcination was maintained at a rate of 1 °C/min to 270 °C for 1 h. Then
they were carbonized in nitrogen at 1000 °C at a ramp rate of 5 °C/min and finally cooled
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to room temperature. Thus, electro-spun carbon nanofibers (CNFs) were obtained. The
CNFs were added to concentrated nitric acid and soaked for 48 h to expose the surface
functional groups. After that, the activated CNFs were washed with deionized water to a
neutral state.

Secondly, 0.25 mM Bi(NO3)3-5H,0 and KI solutions were prepared as solution A
and solution B, respectively. Each successive ionic layer adsorption and reaction (SILAR
reaction) consists of the following four steps: (1) Immersing CNFs into solution A to adsorb
BiO* ions; (2) Wash off the loose ions adsorbed on the surface with deionizing water;
(3) Immerse in solution B to adsorb I~ ions and react with BiO™ ions; (4) The unreacted
ions and loosely immobilized BiOI were washed away by deionizing water, as shown in
Figure 1 of the synthesis process. The samples were then cleaned with deionized water and
ethanol and dried in an oven at 60 °C. The cycle times of continuous ion layer adsorption
reactions are 10, 20 and 30, respectively, which are named BiOI/PAN-C10, BiOI/PAN-
C20 and BiOI/PAN-C30. Samples with the same number of reaction cycles and different
concentrations of precursor solution were prepared by the same method. The number
of cycles was fixed as 20 times and the concentrations of Bi(NO3)3-5H,0 and KI in the
precursor solution were 0.125 mM, 0.25 mM, 0.5 mM and 0.75 mM.

3.2. Characterizing Instruments

Scanning electron microscopy (SEM; Quanta 250 FEG, FEI, Hillsboro, OR, USA) and
transmission electron microscopy (TEM; JEOL JEM-2100, JEOL, Tokyo, Japan) were used to
characterize the morphology of the samples. X-ray diffraction (XRD, D/Max 2500, Rigaku,
Tokyo, Japan), Cu K« (0.1541 nm); X-ray photoelectron spectroscopy (XPS, VG-Escalab
LKII Instrument, VG, Waltham, UK), Mg KADES (hv = 1253.6 eV), pressure less than
8-10 Pa; Thermogravimetric analysis (TG, NETZSCH STA 449C, atmosphere); UV-Visible
diffuse reflection (UH4150, Hitachi, Tokyo, Japan).

3.3. Photocatalytic Test

Methyl orange (MO) was used as a simulated pollutant in the photocatalytic ex-
periments. The photocatalyst (0.1 g) was dispersed in different dye solutions (100 mL,
10 mg/L). In order to achieve adsorption and desorption equilibrium between the catalyst
surface and dye molecules, the mixed solution was placed in the dark for 1 h. The filter
(>420 nm) was placed under a xenon lamp at 150 W as a light source for photocatalytic
visible light and 4 mL of the reaction solution was drawn every 30 min for analysis. The
concentration of reaction solution was obtained by analyzing the absorption peaks of MO
reaction solutions at 553 nm using a UH4150 UV-visible diffuse reflectometer.

4. Conclusions

BiOI/C heterojunction composite nanofibers were successfully prepared by combin-
ing electrospinning technology with SILAR reaction. The content of BiOI in composite
nanofibers was changed by adjusting the cycle growth times of continuous ion layer ad-
sorption reaction. Photocatalytic experiments showed that BiOl/CNFs have enhanced
photocatalytic activity compared with BiOl and CNFs when MO was degraded by visible
light. With the increase of BiOI content, the photocatalytic properties showed a trend of
increasing first and then decreasing. The enhanced photocatalytic activity may be attributed
to the extended absorption in the visible light region due to the BiOl nanosheets and the
effective separation of the photogenerated carriers driven by the photoinduced potential
difference produced at the BiOI-CNF heterojunction interface. The thickening of BiOI shell
increases the transport distance of photogenerated carriers and finally leads to the catalytic
reaction of photogenerated carriers in the composite heterojunction instead of transporting
them to the surface. In addition, BiOI/CNFs are recycled several times due to their special
structure while maintaining catalytic activity in the liquid phase.
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