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Abstract: The design of highly efficient organic/inorganic photocatalysts with visible-light response
has attracted great attention for the removal of organic pollutants. In this work, the polyacryloni-
trile (PAN) worked as the matrix polymer, while polyaniline (PANI) and Sb2S3–ZnO were used as
organic/inorganic photocatalysts. The heterojunction PAN/PANI–Sb2S3–ZnO photocatalyst was
prepared using electrospinning and surface ultrasound. PAN/PANI–Sb2S3–ZnO exhibited an ex-
cellent visible-light absorption intensity in the wavelength range of 400–700 nm. The maximum
removal efficiencies of PAN/PANI–Sb2S3–ZnO for four organic dyes were all greater than 99%. The
mechanism study showed that a dual Z-scheme could be constructed ingeniously because of the
well-matched bandgaps between organic and inorganic components in the photocatalyst, which
achieved efficient separation of photogenerated carriers and reserved photogenerated electrons (e−)
and holes (h+) with strong redox ability. The active species •OH and •O2

− played an important role
in the photocatalytic process. The composite photocatalyst also had excellent stability and reusability.
This work suggested a pathway for designing novel organic/inorganic composite photocatalysts
with visible-light response.

Keywords: photocatalyst; Sb2S3; PANI; ZnO

1. Introduction

With the rapid development of industrialization, the discharge of dye wastewater
has become one of the main sources of water pollution, which brings serious harm to the
ecological environment and human health [1–3]. Photocatalysis has been widely studied
for its low energy consumption, low cost, and absence of secondary pollution among many
organic dye treatment methods [4]. However, the common inorganic photocatalysts have a
narrow spectral absorption range and low utilization rate of visible light, which severely
limits their wide application [5]. Hence, developing highly efficient visible-light-driven
photocatalysts for environmental remediation has become an active research area.

In recent years, the organic conjugated polymers have attracted extensive attention
from researchers because of their excellent visible-light absorption range, adjustable band
gap, and great advantages compared with small molecules in forming and processing,
which opens up broader application prospects for the development of photocatalysts [5–7].
The delocalized π–π conjugated structures have been proven to induce a wide spectral
absorption range, which is beneficial to improve the fraction of the visible light used [8].
Among these delocalized conjugated materials, polyaniline (PANI) is a potential photocat-
alytic material due to its unique electrical conductivity, facile preparation, and chemical
stability [9]. When PANI is exposed to light, the energy absorbed by electrons transitions

Catalysts 2023, 13, 1391. https://doi.org/10.3390/catal13111391 https://www.mdpi.com/journal/catalysts

https://doi.org/10.3390/catal13111391
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/catalysts
https://www.mdpi.com
https://orcid.org/0000-0003-2260-2312
https://orcid.org/0000-0003-1314-9026
https://doi.org/10.3390/catal13111391
https://www.mdpi.com/journal/catalysts
https://www.mdpi.com/article/10.3390/catal13111391?type=check_update&version=2


Catalysts 2023, 13, 1391 2 of 20

from highest unoccupied molecular orbital (HOMO) to lowest unoccupied molecular or-
bital (LOMO) produced photogenic e−-h+ pairs [10–12]. The presence of e− or h+ at the
impurity level can improve the electrical conductivity of PANI, showing a photoelectric
conversion effect.

However, the single component photocatalyst is always limited by the quick combi-
nation of photo-generated e− and h+, which results in a poor quantum efficiency and low
photocatalytic activity [13–15]. To date, many efforts, such as non-metal doping, facet con-
trol, surface sensitization, and heterojunction construction, have been applied to limit the
recombination of photogenerated carriers [16–19]. Among these approaches, heterojunction
photocatalysts have been fabricated extensively to enhance the separation efficiency of pho-
toexcited electron–hole pairs [20–22]. Ge et al. reported the preparation of g-C3N4/PANI
composite photocatalysts, which displayed an enhanced photocatalytic activity for the pho-
todegradation of methylene blue (MB) dye [23]. Wang et al. synthesized the PANI/BiOCl
composite photocatalyst via BiOCl modified using PANI [24]. The photocatalytic activ-
ity of PANI/BiOCl composites was greater than BiOCl, which could be assigned to the
synergistic effect between PANI and BiOCl. Sb2S3 and ZnO are also common inorganic
photocatalysts. Sb2S3 has the advantages of a low cost, suitable band gap (1.5–2.2 eV), good
visible-light absorption capacity and charge transport performance [25–27]. ZnO, with a
band gap of 3.2 eV, has the advantage of a strong redox capacity of its photogenerated
charge carriers [28–30]. It could be seen that the band structures of Sb2S3 and ZnO were
both well-matched with PANI, so a heterojunction might be formed among PANI, Sb2S3,
and ZnO. Membrane photocatalysts have emerged as a powerful and attractive way to
remove dyes from water resources. Compared with a coating film, electrospinning has
been increasingly employed in fabricating nanofiber membranes with high porosity and a
large specific-surface area [31]. Meanwhile, the dispersity of functional nanoparticles on
membrane photocatalysts could influence the photocatalytic performance of photocatalysts.
Surface ultrasound is an effective method that can achieve uniform dispersion of functional
particles on the membrane surface [32].

Herein, a dual Z-scheme photocatalyst of PAN/PANI–Sb2S3–ZnO was designed using
electrospinning and surface ultrasound. The chemical structures, morphologies, and optical
and electrochemical performance of photocatalysts were systemically analyzed. The photo-
catalytic performance of PAN/PANI–Sb2S3–ZnO was evaluated using the degradation of
organic dyes under visible-light irradiation. The main active species were explored using
free radical trapping experiments. Furthermore, a novel dual Z-scheme photocatalytic
mechanism was proposed.

2. Results and Discussion
2.1. The Structure of the Composite Membranes

The FTIR spectra of PAN/PANI, PAN/PAN/PANI–Sb2S3, and PAN/PANI–Sb2S3–ZnO
are shown in Figure 1. The characteristic peak at 1450 cm−1 was attributed to the tensile
vibration of benzene ring C=C in PANI [33]. The peak at 1029 cm−1 was the vibration of
C–H bonds on disubstituted benzene in the PANI [33]. The peak at 2943 cm−1 corresponded
to the tensile vibration peak of –CH2 in PAN. The peak at 1308 cm−1 was attributed to the
in-plane flexural vibration of CH2 in PAN. Compared with PAN/PANI, both PAN/PANI–
Sb2S3 and PAN/PANI–Sb2S3–ZnO showed a new characteristic peak at 630 cm−1, which
was mainly attributed to the formation of Sb–S bonds, proving that Sb2S3 was successfully
doped in PAN/PANI [34]. However, the tensile vibration of the Zn–O bond at 443 cm−1 in
the fingerprint region [35] was not observed in PAN/PANI–Sb2S3–ZnO.

Figure 2 shows the XRD pattern of the samples. A diffraction peak appeared at the 2θ
of 25.5◦, corresponding to the semi-crystalline structure of the PANI [36]. The diffraction
peaks appeared at 2θ of 40.6◦, 43.8◦, 46.6◦, 49.1◦, 65.6◦, and 71.0◦ in PAN/PANI–Sb2S3,
which was attributed to the (611), (323), (631), (513), (624), and (045) crystal planes of Sb2S3.
Compared with PAN/PANI–Sb2S3, the PAN/PANI–Sb2S3–ZnO showed new diffraction
peaks at 31.7◦, 34.4◦, 36.2◦, 47.5◦, 56.6◦, 62.9◦, 67.9◦, 69.1◦, and 76.9◦, which corresponded
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to the (100), (002), (101), (102), (110), (103), (112), (201), and (202) crystal planes of ZnO. The
results showed that PAN/PANI–Sb2S3–ZnO had been successfully prepared [37].
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The surface chemical components of PAN/PANI, PAN/PANI–Sb2S3 and PAN/PANI–
Sb2S3–ZnO composites were further analyzed using XPS. Figure 3 shows the full XPS
spectra of the photocatalysts. It could be observed that the peaks appeared at 286 eV, 400 eV,
and 531 eV, which corresponded to the peaks of C 1s, N 1s, and O 1s, respectively. The
new peaks at 170 eV and 498 eV for PAN/PANI–Sb2S3 corresponded to the S 2p and Sb
3d peaks [38]. Compared with PAN/PANI–Sb2S3, PAN/PANI–Sb2S3–ZnO had new peaks
at 11 eV, 89 eV, 139 eV, and 1022 eV, which were attributed to the Zn 3d, Zn 3p, Zn 3s,
and Zn 2p, respectively [39]. The dispersion of ZnO on the surface of the fiber membrane
was proved.
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Figure 4a shows the high-resolution XPS spectra of the C 1s of PAN/PANI–Sb2S3–ZnO.
The peaks at 284.8 eV, 286.6 eV, and 288.6 eV corresponded to the C–H/C–C, C–N and
C=N [40]. The N 1s spectra was shown in Figure 4b. The peaks at 399.5 eV and 401.7 eV
represented the –NH and –N+ = structure [36]. The high-resolution spectra of O 1 s is
shown in Figure 4c, where the peak at 530.4 eV was attributed to oxygen ions in the Zn–O
bond and the peak at 532.3 eV was attributed to the presence of a C=O bond. Figure 4d
illustrates the spectra of Sb 2p. The peaks at 539.7 eV and 531.1 eV corresponded to Sb3+ 3d
3/2 and Sb3+ 3d 5/2, respectively [41]. Figure 4e shows the high-resolution spectra of S 2p.
The peaks at 163.1 and 162.1 eV were attributed to S 2p 1/2 and S 2p 3/2, respectively [41].
The high-resolution spectra of Zn 2p are shown in Figure 4f, where the peaks at 1045.1 eV
and 1021.9 eV corresponded to Zn 2p 1/2 and Zn 2p 3/2, respectively [42].
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2.2. The Morphologies of the Composite Membrane

Figure 5a shows an SEM image of the PAN/PANI. It could be seen that PAN/PANI
fibers had a relatively uniform diameter distribution. In Figure 5b, PAN/PANI–Sb2S3 fibers
were continuous and uniform, and the spheroidal Sb2S3 was dispersed on the fiber surface.
Compared with PAN/PANI–Sb2S3, ZnO nanoparticles with a smaller diameter were evenly
distributed along the fibers PAN/PANI–Sb2S3–ZnO (Figure 5c).
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Figure 5. SEM images of (a) PAN/PANI, (b) PAN/PANI–Sb2S3, and (c) PAN/PANI–Sb2S3–ZnO.

A TEM image of the PAN/PANI–Sb2S3–ZnO composite membrane is depicted in
Figure 6a. It could be seen that both Sb2S3 and ZnO had good interfacial contact with fibers.
Figure 6b–g showed the EDS images of PAN/PANI–Sb2S3–ZnO. The distributions of the
C, N, and O elements were uniformly dispersed. The distributions of the S, Sb, and Zn
elements were consistent with the distributions of Sb2S3 and ZnO in the TEM image, which
further proved the heterogeneous structures of composite photocatalysts.
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Figure 6. TEM (a) and EDS (b–g) images of the PAN/PANI–Sb2S3–ZnO membrane.

2.3. The Optical and Electrochemical Properties of Composite Membranes

The UV-vis DRS was used to analyze the optical properties of PAN/PANI, PAN/PANI–
Sb2S3, and PAN/PANI–Sb2S3–ZnO (shown in Figure 7). It could be observed that all the
samples showed a strong absorption capacity in the wavelength range of 400–700 nm. This
was mainly due to the π-conjugated structures in the PANI molecular chain, which could
provide a wide spectrum absorption range and high absorption coefficient [43–45]. It was
worth noting that the light absorption intensity of the photocatalyst decreased with the
addition of Sb2S3 and ZnO.
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The carrier separation efficiencies of PAN/PANI, PAN/PANI–Sb2S3, and PAN/PANI–
Sb2S3–ZnO were analyzed using PL spectroscopy, as shown in Figure 8a. It was observed
that PAN/PANI exhibited a strong fluorescence peak, indicating that PAN/PANI had a
high e−h+ recombination rate under light. The fluorescence peak of PAN/PANI–Sb2S3
was lower than that of PAN/PANI, indicating that the recombination of photogenerated
carriers was inhibited after the addition of Sb2S3. The main reason for this was that PANI
and Sb2S3 formed an effective heterojunction structure, which promoted carrier migration.
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PAN/PANI–Sb2S3–ZnO exhibited the weakest fluorescence peak, which indicated that the
addition of ZnO further inhibited the recombination of carriers and promoted the separation
of e− and h+. Time-resolved photoluminescence spectra (TRPS) were used to investigate
carrier lifetime. τ1 and τ2 represented the lifetimes of radioactive and nonradioactive
charges. As shown in Figure 8b, the average lifetimes (τ) of PAN/PANI, PAN/PANI–Sb2S3,
and PAN/PANI– Sb2S3–ZnO were 4.91, 5.02, and 5.45 ns, respectively. The average carrier
lifetime of PAN/PANI–Sb2S3–ZnO was longer than that of PAN/PANI and PAN/PANI–
Sb2S3, which proved that PAN/PANI–Sb2S3–ZnO had the highest separation efficiency for
photogenerated charge carriers.
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of PAN/PANI, PAN/PANI–Sb2S3, and PAN/PANI–Sb2S3–ZnO.

2.4. Evaluation of Removal Performance of Organic Dyes

Figure 9 shows the kinetic curves for RhB with the PAN/PANI, PAN/PANI–Sb2S3,
and PAN/PANI–Sb2S3–ZnO under simulated sunlight irradiation. Under 40 min simulated
sunlight irradiation, the degradation efficiency of RhB dye with PAN/PANI was only
37.39%, indicating that PANI with a conjugated structure had the lowest photocatalytic
degradation efficiency. After adding Sb2S3, the photocatalytic degradation efficiency of
PAN/PANI–Sb2S3 increased to 85.41%. The remarkable improvement of photocatalytic
performance might be because of the promoted carrier separation efficiency of the het-
erojunction structure in PAN/PANI–Sb2S3. The degradation efficiency of RhB dye with
PAN/PANI–Sb2S3–ZnO further improved to 99.2%. The corresponding kinetic parameters
are shown in Table S1. The determination coefficient values (R2) proved that the photocat-
alytic reaction process of the composites was consistent with the pseudo-first order kinetic
model [46,47]. The kapp values for PAN/PANI, PAN/PANI–Sb2S3, and PAN/PANI–Sb2S3–
ZnO were 0.0323, 0.0429 and 0.0598 min−1, respectively. The PAN/PANI–Sb2S3–ZnO
had a maximum kapp value and the lowest t1/2, which clarified the fastest photocatalytic
degradation rate. Considering that the self-degradation of organic dyes, amoxicillin was
selected as the target pollutant to further explore the photocatalytic degradation ability of
PAN/PANI–Sb2S3–ZnO (see Figure S1). Under simulated sunlight irradiation for 40 min,
the degradation efficiency of amoxicillin using PAN/PANI was only 38.12%. After adding
Sb2S3, the photocatalytic degradation efficiency increased to 86.45%. The highest degra-
dation efficiency of amoxicillin was obtained using PAN/PANI–Sb2S3–ZnO, with 94.13%
degraded. The results showed that PAN/PANI–Sb2S3–ZnO had the best photodegradation
ability for the pollutants.
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Figure 9. Kinetic curves from pseudo-first order kinetic model fitted to the experimental data of RhB
photodegradation reaction using PAN/PANI, PAN/PANI–Sb2S3, and PAN/PANI–Sb2S3–ZnO.

Figure 10a shows the effect of pH on the degradation of RhB, MB, MO, and CR
using PAN/PANI–Sb2S3–ZnO. With an increase in the pH value, the removal efficiency
of RhB and MB improved and the removal efficiency of MO and CR decreased. The
maximum removal efficiencies of 99.81% and 96.42% were achieved for RhB and MB at
pH = 10.0, and the maximum removal efficiencies of 86.77% and 80.54% were achieved
for MO and CR at pH = 2.0. As presented in Figure 10b, the isoelectric point of the
PAN/PANI–Sb2S3–ZnO membrane was at pH = 5.0 (pHpzc = 5.0). When pH < pHpzc,
PAN/PANI–Sb2S3–ZnO was positively charged. The removal efficiencies of anionic dyes
were relatively high because of the electrostatic attraction between PAN/PANI–Sb2S3–ZnO
and anionic dye. When pH > pHpzc, PAN/PANI–Sb2S3–ZnO was negatively charged.
The removal efficiencies of cationic dyes were relatively high because of the electrostatic
attraction between PAN/PANI–Sb2S3–ZnO and cationic dye.
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Figure 10. (a) Photocatalytic degradation efficiency of PAN/PANI–Sb2S3–ZnO photocatalyst for RhB,
MB, CR and MO at different pH values and (b) dependence of the Zeta potential of the PAN/PANI–
Sb2S3–ZnO membrane surface on pH.

Figure 11 shows the kinetic curves for RhB, MB, CR, and MO using PAN/PANI–
Sb2S3–ZnO. Under 40 min simulated sunlight irradiation, the degradation efficiencies of
PAN/PANI–Sb2S3–ZnO for RhB, MB, CR, and MO were 99.8%, 96.42%, 86.77%, and 78.54%.
Obviously, the degradation efficiencies of PAN/PANI–Sb2S3–ZnO for cationic dyes (RhB
and MB) were higher than those of anionic dyes (CR and MO). This was because the pH
values of the four organic dye solutions were all greater than the pHpzc of PAN/PANI–
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Sb2S3–ZnO, so the membrane was electronegative in the dye solutions. Under the effect of
electrostatic attraction, the negatively charged PAN/PANI–Sb2S3–ZnO was more favorable
to fully contact with cationic dyes, which was conducive to the photocatalytic degradation
process. The corresponding kinetic parameters are shown in Table S2. The kapp values of
cationic RhB and MB were higher than those of anionic CR and MO, which further proved
that PAN/PANI–Sb2S3–ZnO had a higher photocatalytic degradation rate for cationic dyes.
PAN/PANI–Sb2S3–ZnO exhibited a higher photodegradation rate for RhB and MB than
other reported heterostructure photocatalysts, as depicted in Table S3.
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Figure 11. Kinetic curves from pseudo-first order kinetic model fitted to the experimental data of RhB,
MB, CR, and MO photodegradation reaction under photocatalytic degradation using PAN/PANI–
Sb2S3–ZnO. [Reaction conditions: initial concentration = 12 mg/L, photocatalyst = 0.2 g, pH value for
MO and CR solutions = 2, pH value for RhB and MB solutions = 10, t = 40 min, simulated sunlight
irradiation].

The Langmuir–Hinshelwood (L–H) model (presented in Supplementary Materials)
was used to study the photodegradation kinetics of different initial concentrations of RhB
using PAN/PANI–Sb2S3–ZnO. The validated linear relation for curves of ln(C0/Ct) versus
t are shown in Figure S1. The kinetic parameters of photocatalytic degradation are shown
in Table S4, and the correlation coefficients (R2) were all greater than 0.98. It could be seen
that the kapp values decreased with the increasing initial concentration, which was possibly
due to the difficulty of penetration of light irradiations into a large concentration gradient.
When the initial concentration was 12 mg/L, the kapp values were the greatest.

The UV-vis absorbance changes of RhB, MB, CR, and MO dye solutions at different
photocatalytic times are illustrated in Figure 12. The maximum UV-vis absorbances for
RhB, MB, MO, and CR at 554 nm, 664 nm, 497 nm, and 460 nm were 2.2505, 1.9876, 2.9085,
and 1.8492, respectively. With the increase of irradiation time, the UV-vis absorption peaks
of the four organic dyes decreased. After 40 min simulated sunlight irradiation, the UV-
vis absorbance of RhB, MB, CR, and MO decreased to 0.0426, 0.0592, 0.1975, and 0.3584,
respectively, which proved that the organic dyes had been effectively degraded.
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Figure 12. UV-vis absorbances of (a) RhB, (b) MB, (c) CR, and (d) MO with the variation in the
irradiation time [Reaction conditions: initial concentration = 12 mg/L, photocatalyst = 0.2 g, solution
pH of MO and CR: 2, solution pH of RhB and MB: 10, t = 40 min, simulated sunlight irradiation].

Figure 13 depicts the LC-MS analysis of RhB intermediates after photodegradation for
5 min, 10 min, 15 min, and 20 min. The m/z value determined the molecular weight of the
intermediate product after photocatalytic degradation. It could be seen that after 5–20 min
of photocatalytic degradation, the main peak of the m/z value of RhB dye decreased from
355.11 to 128.95. The RhB intermediates (m/z > 240) of larger molecular weight had been
completely degraded into small molecules after 20 min of photocatalysis, which proved
the occurrence of a photocatalytic redox reaction. It was concluded that the photocat-
alytic degradation process mainly involved the de-ethylation of RhB, the cracking and
mineralization of chromophore [48].
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2.5. The Photocatalytic Mechanism of PAN/PANI−Sb2S3−ZnO Membrane

The main active species produced by the PAN/PANI–Sb2S3–ZnO membrane during
photocatalysis were investigated using free radical capture experiments, as shown in
Figure 14a. •O2

−, •OH, h+, and e− were quenched by adding BQ, t-BuOH, OA, and
AgNO3, respectively [49–51]. It was observed that the photocatalytic degradation efficiency
decreased after the addition of trapping agents. The dye removal efficiencies decreased
to 45.64% and 52.9% after adding t-BuOH and BQ, which indicated that •OH and •O2

−

were the main reactive species in the photocatalytic process. After adding OA and AgNO3,
the photocatalytic degradation effects were reduced to 76.03% and 87.64%, respectively,
indicating that h+ and e− played a supporting role in the photocatalytic reaction.
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Figure 14. Degradation efficiency of PAN/PANI–Sb2S3–ZnO for RhB in the presence of (a) dif-
ferent scavengers and (b) different anions [Reaction conditions: initial concentration = 12 mg/L,
photocatalyst = 0.2 g, pH value for RhB solutions = 10, t = 40 min, simulated sunlight irradiation].
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The aqueous environment contained a variety of anions that had unpredictable effects
on the photocatalytic activity. Thus, the influences of coexisting ions (NaCl (Cl−), NaNO3
(NO3

−), Na3PO4 (H2PO4
−), Na2SO4 (SO4

2−), and NaHCO3 (HCO3
−)), with a concentra-

tion of 30 mM in the PAN/PANI–Sb2S3–ZnO photocatalytic system, were evaluated. The
dye degradation was slightly affected by Na+ because of its inert nature [52]. As shown in
Figure 14b, after the addition of Cl− and NO3

−, the degradation efficiency of RhB did not
decrease significantly. When SO4

2−, H2PO4
−, and HCO3

− were added, the degradation
efficiencies for RhB dye decreased to 78.1%, 72.6%, and 68.2%, respectively. According
to the free radical trapping experiments, •OH and h+ were active species in the photo-
catalytic reaction process. •OH or h+ were consumed by SO4

2−, H2PO4
−, and HCO3

−,
and produced •SO4

−, •H2PO4, and •CO3
−, as shown in Equations (1)–(5). Although the

generated •SO4
−, •H2PO4, and •CO3

− as active species could degrade organic dyes, their
redox performance was lower than that of •OH and h+ [53].

SO4
2− + h+ → •SO4

− (1)

SO4
2− + •OH→ •SO4

− + OH− (2)

HCO3
− + •OH→ •CO3

− + H2O (3)

H2PO4
− + h+ → •H2PO4 (4)

H2PO4
− + •OH→ •H2PO4 + OH− (5)

To better understand the heterojunction structure, Tauc plots and Mott–Schottky
tests were conducted, as shown in Figure 15. The band gap energy was calculated using
Equation (6):

(αhv) = C
(
hv− Eg

)n (6)

where α is the light absorption coefficient, hν represents the incident photon energy, Eg is
the band gap energy, and C is the light speed. The calculated Eg for PANI, Sb2S3, and ZnO
was 2.80, 1.75, and 3.15 eV, respectively. The Mott–Schottky plots of PANI, Sb2S3, and ZnO
are shown in Figure 16d–f. The flat band potential values (Efb) of PANI, Sb2S3, and ZnO
acquired from the x-intercept in Mott–Schottky plots were approximately 0.43, −0.72, and
−0.47 (vs. Ag/AgCl reference). The normal hydrogen electrode potential (ENHE) could be
calculated with Equation (7):

ENHE = EAg/AgCl + 0.197 (7)

The highest occupied molecular orbital (HOMO) potential of PANI was equal to
its standard hydrogen electrode potential, while the conduction band (CB) potential of
Sb2S3 and ZnO was equal to the standard hydrogen electrode potential. Thus, the HOMO
potential of PANI was 0.63 eV, and the CB potential of Sb2S3 and ZnO was −0.52 eV and
−0.27 eV. According to Equation (8), the lowest unoccupied molecular orbital (LUMO)
potential of PANI was −2.17 eV, and the valence band (VB) potential of Sb2S3 and ZnO was
1.23 eV and 2.88 eV, respectively.

EVB/HOMO = ECB/LUMO + Eg (8)

Based on the above discussion, two possible photocatalytic mechanisms were pro-
posed. It was assumed that the composite photocatalyst conformed to the e−h+ migration
mechanism of the traditional type II heterojunction, as shown in Figure 16a. Under sim-
ulated sunlight irradiation, the electrons in PANI, Sb2S3, and ZnO absorbed light energy
and produced photogenerated e−–h+. The e− in the CB of PANI and Sb2S3 would migrate
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to the CB of ZnO, while h+ in the VB of Sb2S3 and ZnO would migrate to the VB of PANI;
thus, the separation efficiency of e−–h+ was promoted. However, the electrons and holes
accumulated in the CB of ZnO and VB of PANI both reduced the generation of reactive
oxygen species (•O2

− and •OH). At the same time, the CB position (−0.27 eV) was lower
than the standard redox potential of O2/•O2

− (−0.33 eV), so the electrons accumulated
in the CB of ZnO could not reduce O2 to form •O2

−. Moreover, the addition of TEMPOL
(•O2

− scavenger) did not affect the degradation rate of RhB with pure ZnO (Figure S2),
which further indicated that •O2

− did not play a role in the degradation of RhB by ZnO.
5,5-dimethyl-1-pyrrolineN-oxide (DMPO) was used as the spin trap to detect the •O2

−

produced under light using electron spin resonance (ESR), which further verified that
ZnO could not generate •O2

−. As shown in Figure S3, the signal of DMPO-•O2
− was not

observed in the systems with the photocatalysts of ZnO with light illumination, suggesting
that no •O2

− radicals were generated. In addition, the HOMO of PANI (0.63 eV) was
lower than the standard redox potential of H2O/•OH (2.7 eV) and OH−/•OH (1.99 eV), so
h+ in PANI could not react with H2O or OH− to form •OH. Therefore, according to the
traditional type II heterojunction mechanism, e− and h+ were the main photocatalytic active
species, which was inconsistent with the results of the free radical trapping experiments.
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Figure 16b shows the dual Z-type heterojunction mechanism of the composite pho-
tocatalyst. The e− of Sb2S3 and ZnO would migrate to the VB of PANI and recombine
with the h+ in PANI; thus, h+ in the VB of Sb2S3/ZnO and e− in the CB of PANI could be
preserved. The LUMO position of PANI was higher than the standard redox potential of
O2/•O2

− (–0.33 eV), and e− in the LUMO of PANI could react with O2 to form •O2
−. The

VB position of ZnO (2.88 eV) was higher than the standard redox potential of H2O/•OH
(2.7 eV) and OH−/•OH (1.99 eV), so h+ in the VB of ZnO could react with H2O or OH− to
produce •OH. •OH and •O2

− were the main photocatalytic reactive species in the assumed
dual Z-type heterojunction mechanism, which in agreement with the conclusion of the free
radical trapping experiment.

2.6. Reusability and Stability of PAN/PANI–Sb2S3–ZnO

The degradation efficiency after recycling the photodegradation experiments five
times is shown in Figure 17a. It could be seen that the degradation efficiency for RhB
dye was only slightly reduced, indicating that the photocatalyst had great reusability.
Figure 18b shows the FTIR of the PAN/PANI–Sb2S3–ZnO membrane before and after
recycling the photodegradation experiments five times. It was observed that the FTIR peak
had not significantly changed before and after the degradation reaction, indicating that
PAN/PANI–Sb2S3–ZnO had good stability.
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3. Experimental
3.1. Materials

Aniline (ANI), ammonium persulfate ((NH4)2S2O8), ZnO, Rhodamine B (RhB) (99%),
methylene blue (MB) (99%), Congo red (CR) (99%), methyl orange (MO) (99%), SbCl3, and
Na2S•9H2O were all purchased from Aladdin Industrial Corporation, Shanghai, China.
Sodium hydroxide (NaOH), hydrochloric acid (HCl, 36~38%), N, N-dimethylformamide
(DMF), polyacrylonitrile (PAN, Mw = 150,000 g/mol), and ethyl alcohol were obtained
from Beijing Chemical Works. Benzoquinone (BQ), oxalic acid (OA), and tert-Butanol
(t-BuOH) were ordered from Sinopharm Chemical Reagent Co. LTD (Shanghai, China).
Deionized (DI) water was obtained from the laboratory. All of these chemicals were of
analytical grade and utilized without further purification.

3.2. The Preparation of Composite Membranes
3.2.1. The Preparation of PANI

First, 4 mmol ANI was added drop by drop into 200 mL 1 M HCl solution and stirred
for 1 h as solution A. Then, 4 mmol (NH4)2S2O8 was dissolved in 200 mL 1 M HCl and
stirred for 1 h as solution B. Solution B was slowly added to solution A and stirred at 0 ◦C
in ice bath for 12 h. Finally, the prepared PANI was washed with anhydrous ethanol and
deionized water, and dried in oven at 60 ◦C.

3.2.2. The Preparation of Sb2S3

A total of 1.52 g SbCl3 was dissolved in 50 mL solution of 4 M HCl and 2.4 g Na2S was
dissolved in 100 mL solution of 2 M NaOH. After stirring at room temperature for 30 min,
SbCl3/HCl solution was slowly added into Na2S/NaOH solution, and stirring continued
for 1 h. Then, the suspension was heated at 100 ◦C in a 200 mL Teflon-lined autoclave for
12 h. At room temperature, the obtained Sb2S3 was separated using filtration, washed with
deionized water, and dried at 60 ◦C for 6 h.

3.2.3. The Preparation of PAN/PANI-Sb2S3 Fiber Membrane

PAN was selected to improve spinnability of PANI in this experiment. A total of 1 g
PAN and 0.2 g PANI were dissolved in 10 mL DMF and stirred at room temperature for
12 h to obtain PAN/PANI electrospinning precursor solution. Then, 2% w/v Sb2S3 was
added into PAN/PANI solution. The PAN/PANI-Sb2S3 precursor solution was obtained
through stirring for 12 h. Before electrospinning, the precursor solution was ultrasonically
treated for 1 h.

A 5 mL plastic syringe with an inner diameter of 0.6 mm was used as the spinneret
and 10 cm × 10 cm aluminum foil was used as the receiver in the electrospinning process.
Electrospinning was performed at a voltage of 16 kV, the distance between the syringe tip
and the receiver was 15 cm, and the feeding rate was set to 1 mL/h. During the experiment,
the ambient temperature was 20 ± 2 ◦C and the relative humidity was 10–20%.

3.2.4. The Preparation of PAN/PANI–Sb2S3–ZnO Membrane

To obtain the well-dispersed ZnO in PAN/PANI-Sb2S3, the surface ultrasonic method
was used to prepare the PAN/PANI–Sb2S3–ZnO membrane. The PAN/PANI-Sb2S3 fiber
membrane was immersed in the ZnO suspension (0.5% w/v) and ultrasound treatment for
1 h. The preparation process is shown in Figure 1.

3.3. Characterizations

The membranes’ morphologies were observed using FE-SEM (JSM-6700 F, JEOL, Shi-
madzu Corporation, Kyoto, Japan). TEM (JEM-2100 F, JEOL, Kyoto Japan) was used to
detected the internal structures and elements distribution of the membranes. The compo-
nent structures of membranes were characterized using Fourier transform infrared spec-
troscopy (FTIR-4100, JASCO, Kyoto, Japan) in the wave number range of 400–4000 cm−1.
The crystal structure was analyzed using a Siemens D5000 X-ray diffractometer (XRD) using
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copper target Kα ray, 40 mA current, 40 kV voltage, and 4◦ min−1 scan speed (Shanghai
Metash Instrument Co. Ltd., Shanghai, China). The surface chemical components of the
membranes were examined using an X-ray photoelectron spectroscope (XPS, ESCALab220i-
XL VG Science, Walser M, MA, USA). The absorption performance for dye solutions of
the samples was evaluated using UV-vis spectroscopy (UV-6100S, MAPADA, Shanghai
Metash Instrument Co. Ltd., Shanghai, China). The electron spin resonance (ESR) spectra
data were obtained using a Bruker EPR A 300-10/12 spectrometer for tracing the active
species. The pH values of dyes were adjusted in the range of 2.0–8.0 using HCl or NaOH.
Pen-type pH meter (pH8180-0-00, Hong Kong Xima Instrument Technology Co. Ltd.,
Shanghai, China) was used to measure the pH value of dye solutions. The surface zeta
potential of the membranes was determined using zeta potential analyzer (NanoZS90,
London, UK). UV-vis diffuse reflectance spectroscopy (UV-vis DRS) was obtained on a
Cary 500 spectrometer. The electrochemical properties of the membranes were investigated
using electrochemical workstations (CHI660D, Beijing Merry Change Technology Co. Ltd.,
Beijing, China). The composite membranes, Pt nod, and Ag/AgCl electrode were used
as the working, counter, and reference electrodes, respectively. The photoluminescence
(PL) spectra and time-resolved photoluminescence spectra (TRPS) were measured with an
Edinburgh FLS 980 apparatus at an excitation wavelength of 253 nm (Shimadzu, Kyoto,
Japan). A xenon lamp source (PLS-SXE300+/300UV) with a spectral range of 320–780 nm
was used to simulate sunlight (Beijing Merry Change Technology Co. Ltd., Beijing, China).
Chromatographic separation of the aliquots was performed using an Agilent 1290 infin-
ity LC (Agilent Technologies, Bellevue, WA, USA), an Agilent Eclipse Plus C18 column
(2.1 mm × 50 mm, 1.8 µm), and a mobile phase composed of 0.1% FA in water (A) and
0.1% FA in ACN (B). The flow rate was 0.3 mL/min, and the injection volume was 1 µL,
which was injected into the column using a thermostated HiP-ALS autosampler. For
profiling and identification of by-products formed during the photocatalytic process, the
separated peaks were analyzed using an Agilent 6550 QTOF (Agilent Technologies, Beijing,
China) providing high-resolution mass measurement.

3.4. Photocatalytic Degradation of Dyes

A total of 12 mg of dyes (RhB, MB, CR, MO) was dissolved in 1 L of distilled water to
obtain 12 mg/L dye concentration. The prepared fiber membrane (0.2 g) was immersed
in 60 mL organic dye solution (12 mg L−1) under dark condition for 30 min. Then, the
entire experimental setup was irradiated under visible light source for 60 min, and the light
intensity was approximately 20 mW (cm2)−1. The pH of dyes was adjusted using HCl or
NaOH. A UV-vis spectrophotometer was used to measure the concentrations of organic
dye solutions before and after degradation. The removal rate (R%) was calculated using
the following Equation (9):

R(%) =
C0 − Ct

C0
× 100% (9)

where C0 (mg L−1) and Ct (mg L−1) represent the initial and equilibrium concentration of
organic dyes, respectively.

3.5. Kinetic Model Analysis

The nonlinear kinetic model of pseudo-first order (Equation (10)) was fitted to experi-
mental data.

C0

C
= e−kappt (10)

where C0 is the dyes’ initial concentration, C is the dyes’ concentration at the time t (min),
and kapp is the apparent first-order rate constant. From kapp the half-life time (t1/2) was
obtained using Equation (11), as follows:

t1/2 =
ln2
kapp

(11)
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4. Conclusions

In this work, the novel dual Z-scheme organic/inorganic PAN/PANI–Sb2S3–ZnO
photocatalyst was designed using electrospinning and surface ultrasound. PAN/PANI–
Sb2S3–ZnO exhibited a wide spectral absorption range from ultraviolet to visible light.
Under 40 min irradiation, the PAN/PANI–Sb2S3–ZnO membrane almost achieved complete
degradation for RhB, MB, MO, and CR dyes. The photocatalytic mechanism showed that
PANI, Sb2S3, and ZnO formed a dual Z-type heterostructure, which not only achieved
efficient carrier separation, but also retained photogenerated e− and h+ with strong redox
capacity. It was also verified that •OH and •O2

– were the main active species during the
photocatalytic reaction. In addition, the PAN/PANI–Sb2S3–ZnO composite membrane also
had high stability and reusability. This work provided a research strategy for constructing
novel dual organic/inorganic photocatalysts with designable heterojunction structures.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/catal13111391/s1, Figure S1: Corresponding reaction rate dia-
gram of RhB with different initial concentrations by PAN/PANI-Sb2S3-ZnO, Figure S2: The degra-
dation of RhB by ZnO with or without TEMPOL. [Experimental conditions: Initial concentra-
tion = 12 mg/L, photocatalyst = 0.2 g, TEMPOL concentration = 10 Mm, pH value for RhB so-
lutions = 10, t = 40 min, UV light irradiation, Figure S3: ESR spectra of radical adducts trapped
by DMPO in ZnO for superoxide radical, Table S1: The pseudo-first order kinetic model kinetic
parameters of RhB photocatalytic experiments, Table S2: The pseudo-first order kinetic model ki-
netic parameters of RhB, MB, CR and MO photocatalytic experiments by PAN/PANI-Sb2S3-ZnO,
Table S3: Comparison of degradation rate of PAN/PANI-Sb2S3-ZnO with other photocatalysts toward
RhB and MB, Table S4: L-H model kinetic parameters for different initial concentrations of RhB by
PAN/PANI-Sb2S3-ZnO. References [54–59] are cited in the Supplementary Materials.
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