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ABSTRACT: A multicomponent composite membrane (P-S-T/
C) with three-phase interface heterostructure is ingeniously
designed. A polydopamine (PDA)-modified conductive carbon
fiber cloth (CFC) is used as the substrate. Activated poly(vinylidene
fluoride) (PVDF) with titanium dioxide (TiO2) and a silicon
dioxide (SiO2) aerogel are electrospun as the top layer. The three-
phase interface heterostructure was formed by TiO2, conductive
CFC, and the SiO2 aerogel. Its photocatalytic performance is
validated by photodegradation of organic dyes in a low-oxygen
(O2) water environment. On combining with the capillary
condensation of a bilayer structure, P-S-T/C exhibits excellent
removal capability for anionic and cationic dyes. Moreover, P-S-T/
C exhibits excellent stability and recyclability under simulated sunlight. The mechanism study indicates that the separated
photogenerated carriers diffuse to the composite membrane surface rapidly on the three-phase interface of P-S-T/C. The abundant
O2 adsorbed on the porous SiO2 aerogel surface acts as an electron (e

−)-trapping agent, which can also decrease the work function of
the composite materials. Superoxide radicals (•O2

−) play a dominant role in the reaction of photodegradation supported by a free
radical-trapping experiment. This work paves a way to design a membrane with photocatalytic performance by constructing the
interface heterostructure.

1. INTRODUCTION
Consumption of clean energy and water is a major obstacle for
the sustainable development of the human society nowadays.
Organic dyes are one of the major sources of water pollution.
Synthetic organic dyes with aromatic ring structure and
xenobiotic properties are noxious, highly carcinogenic, and
nonbiodegradable. These dyes are widely used in paper, textile,
pulp, dyeing, and other industries, and consequently cause
serious threats to the ecosystem.1−3 Conventional approaches
such as biological processes, advanced oxidation processes,
reverse osmosis, and electrochemical coagulation have been
employed to handle the issue of dye contamination. Never-
theless, these approaches still have some disadvantages,
including incomplete degradation, high consumption, complex
operation, and strict reaction conditions.4

Photocatalysis has been used in many fields like photo-
catalytic reduction of CO2,

5−7 photocatalytic hydrolysis for
hydrogen production,8−10 and photocatalytic degradation of
organic pollutants11,12 due to its merits of simple operation,
strong oxidation ability, and avoidance of secondary
pollution.13−15 Huang et al.8 synthesized copper nanoparticles
on graphene nanosheets (Cu/graphene) in vacuum; the
photocatalytic hydrogen evolution rate of Cu/graphene was
3.2 times that of pure Cu NPs. Anatase TiO2, as a
semiconductor photocatalyst,16,17 has been attracting wide
attention due to its potential application in solar energy storage

and conversion.18−20 In most reported research works, the
photocatalytic performance of the TiO2 photocatalyst was
improved via photogenerated carriers separated at a low band
gap rapidly. A range of strategies have been used, such as
charge separation, light absorption, and the active surface of
TiO2.

21 Meng et al.22 prepared the TiO2/Ni(OH)2 composite
photocatalyst via a simple wet chemical precipitation method,
which displayed remarkably boosted photocatalytic CO2

reduction activity due to the formation of a semiconductor
heterostructure. Yu et al.23 fabricated a hybrid TiO2/SiO2/g-
C3N4 composite photocatalyst with superstructure (UTSCN)
via the soft-template method, which exhibited the enhanced
synergistic effects of adsorption and photodegradation.
Compositing with two-dimensional carbon materials to
enhance the electronic conductivity is also an efficient avenue
to ameliorate the photocatalytic properties of TiO2. Then, e

−

trapping agents are added to restrain the recombination of e−−
h+ pairs. But the optimal photocatalytic performance cannot be
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achieved because the trapped e− is exhausted and only h+ plays
a dominant role in the photocatalytic reaction.24 Work
function is the energy required for transferring an e− from
the material’s surface, which is regulated by the surface defects,
ambient gases (such as O2), and types of materials.25 There are
some interesting research works suggesting that the work
function of materials will affect their photocatalytic perform-
ance.26,27 However, most photodegradation occurs in the low-
O2 environment of the aqueous solution, which will decrease
the photocatalytic performance. If O2 adsorbed on the
materials surface is used as an e− trapping agent to produce
•O2

− for photodegradation (one of the reaction paths of
photocatalysis), the work function of the materials may be
reduced, e− and h+ can also be fully utilized in the
photocatalytic process.
The combination of photocatalysis and adsorption is also an

effective method to improve the removal performance of
organic dyes. Chen et al.28 presented a new and effective
strategy to synthesize a ZnO@C-N-Co core−shell nano-
composite, which showed excellent synergistic adsorption/
photodegradation of organic pollutants. Wang et al.29

synthesized BiVO4/carbon sphere nanocomposites, which
showed excellent adsorption and photocatalytic performance
for organic dyes. However, the optimally photocatalytic
performance is restrained because of the exhaustion of trapped
e−. The stability and recyclability of composite photocatalysts
needed to be further improved.
In this work, a dual-layer composite membrane with a three-

phase interface heterostructure was fabricated. The top layer
was the poly(vinylidene fluoride) (PVDF)/TiO2 nano-
particles/SiO2 aerogel electrospinning membrane. The carbon
fiber cloth (CFC) substrate and PVDF top-layer composite
membrane were tightly bonded by active functional groups
(such as amine groups, catechol groups, and aromatic

moieties) in polydopamine (PDA).30,31 The photocatalytic
activity of the prepared composite membrane under simulated
sunlight was studied in detail. The capillary condensation in P-
S-T/C with dual-layer structure endowed its high adsorption
capability. The heterostructure formed by TiO2 nanoparticles
and the CFC substrate accelerated the diffusion of photo-
generated carriers to the surface of the membrane. The SiO2
aerogel could supply adsorbed O2 molecules, which acted as an
e− trapping center to minimize carrier recombination. The
work function of the composite materials was evaluated by
ultraviolet photoelectronic spectrum (UPS).

2. RESULTS AND DISCUSSION

2.1. Preparation of the Dual-Layer Composite
Membrane. 2.1.1. Modification of CFC Substrate. The
surface morphologies of the CFC substrate and m-CFC substrate
are shown in Figure 1a,b. After deposition of PDA, the surface
changed from smooth (CFC) to rough (m-CFC). The FTIR
spectra of CFC and m-CFC are illustrated in Figure 1c.
Compared with CFC, m-CFC displayed several enhanced peaks.
The peaks at 3500−3200 cm−1 are ascribed to the stretching
vibration of the free amino and hydroxyl groups in PDA.32 The
peaks at 1647.97 and 1606.68 cm−1 are attributed to the CC
and N−H vibrations, respectively. The peak at 1450.45 cm−1 is
assigned to the stretching vibrations of −C−N− in PDA.33,34

These results suggested that PDA was synthesized on the
surface of CFC.

2.1.2. Top Layer of the Composite Membrane. The FTIR
spectra of pristine PVDF powder and activated PVDF powder
are illustrated in Figure 1d. The wavenumbers of pristine
PVDF powder were assigned as follows: 1401.39 (scissoring of
CH2 groups), 1278.10 (CH2 rocking), 1183.26 (CH2/CH3
deformation), 1069.46 (CF2 symmetric stretching), and 841.84
cm−1 (rocking and asymmetric stretching of CH2/CF2).

35,36 In

Figure 1. SEM images of the CFC substrate (a) before and (b) after modification. (c) FTIR spectra of the CFC substrate before and after
modification with PDA. (d) FTIR spectra of pristine PVDF powder before and after activation in carbonate buffer.
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comparison to pristine PVDF powder, the enhanced peak at
1676.42 cm−1 is attributed to the CC stretching vibration of
the activated PVDF powder,37 which proved that the active
double bonds were formed during the activation process with
carbonate buffer.
The proposed mechanism for PVDF activation is shown in

Figure 2. The activated PVDF contained a double bond after
elimination of HF.38,39 The reaction for PVDF activation
contained several stages. Under high-alkalinity and high-

temperature conditions, the CH2 group in the PVDF chain
was deprotonated. The obtained anion was stabilized because
of the presence of fluorine (four e−-withdrawing atoms). Then,
F ions were the driving force for the formation of double
bonds. Finally, the nucleophilic attack of amino groups on the
modified CFC substrate resulted in nucleophilic substitution of
F in the sp2-hybridized carbon.40−42 The electrospun-activated
PVDF fibers were used as the top layer on modified CFC

substrate.

Figure 2. Activation process of PVDF in carbonate buffer.

Figure 3. Top layer of the composite membrane: SEM images of (a) PVDF/C, (b) P-TiO2/C, (c) P-SiO2/C, and (d) P-S-T/C; the diameter
distribution of (e) PVDF/C, (f) P-TiO2/C, (g) P-SiO2/C, and (h) P-S-T/C respectively. (i) TEM image of P-S-T/C and EDS elemental mapping
of C, O, F, Si, and Ti. (j) SEM image of the cross section of P-S-T/C.
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2.2. Structures of the Composite Membrane.
2.2.1. SEM and TEM Analysis. The morphologies of all of
the prepared top-layer membranes are depicted in Figure 3.
The viscosity and conductivity of the precursor solutions are
listed in Table S2. Figure 3a presents the top-layer morphology
of PVDF/C. The membrane exhibited a fibrous nonwoven
network with a fiber diameter of 92.00 ± 46.00 nm (Figure
3e). A large number of interconnecting pores and beaded
structures on the fiber surface were observed. After the
incorporation of TiO2 nanoparticles into PVDF fibers (Figure
3b), the beaded structures decreased, but some knots could
still be observed. The fiber diameter increased to 136.76 ±
38.15 nm (Figure 3f), which meant that viscosity contributed
more to fiber diameter than conductivity in the precursor
solution. In Figure 3c, after incorporation of the SiO2 aerogel
into PVDF fibers, the fiber diameter increased to 200.88 ±
86.93 nm (Figure 3g) and the beaded structures disappeared.
This was ascribed to an increase in viscosity and decrease in
electrical conductivity of the precursor solutions. In Figure 3d,
the top-layer morphology of P-S-T/C also is seen to exhibit the
porous nonwoven fabric network structure with a coarse
surface. The average diameter of the fiber increased to 195.01
± 57.35 nm (Figure 3h) in comparison to PVDF/C. It was the
result of the synergistic effect of viscosity and conductivity on
the precursor solutions.43,44

The TEM image and corresponding energy dispersive
spectroscopy (EDS) elemental mapping of P-S-T/C are
shown in Figure 3i. The TiO2 nanoparticles and SiO2 aerogel
were evenly distributed through the nanofiber. The distribu-
tions of C and F elements were observed in a typical C and F
mapping of the PVDF fibers. The distributions of O, Si, and Ti
elements were the same as those in the TEM image, which
further proved the uniform distribution of TiO2 nanoparticles
and the SiO2 aerogel in PVDF fibers. The signal of Si elements

was weaker than that of Ti elements because of the lesser
amount of the SiO2 aerogel than the TiO2 nanoparticles in the
precursor solution. Figure 3j reveals the cross section of the P-
S-T/C dual-layer composite membrane. It is visible that the
two layers could be tightly integrated.

2.2.2. XPS Analysis. XPS technique was carried out to
determine the surface chemical composition within 10 nm of
the composite membrane. Figure 4a shows the XPS survey
scan spectra of P-S-T/C, in which O (1s), C (1s), Si (2p), Ti
(2p), and F (1s) elements were identified. The high intense
peak of F was attributed to the high content of F in PVDF. The
low intense peaks of Ti and Si were attributed to their
relatively low contents compared to PVDF. Figure 4b
illustrates the main C 1s peak at 285.0 eV. The peak at
284.6 eV corresponded to the CC of activated PVDF,45 and
the peaks centered at 289.2, 284.8, and 283.1 eV were
attributed to −CF2, C−C/CH2, and CH, respectively.46 Figure
4c presents the Ti 2p high-resolution XPS spectra. The peaks
at 464.0 and 458.0 eV corresponded to the Ti4

+ 2p1/2 and Ti4
+

2p3/2 spin−orbital splitting photoelectrons at around 5.6 eV,
respectively, suggesting that the Ti elements existed as the Ti4

+

state.47,48 Figure 4d shows the high-resolution XPS spectra of
Si 2p. The peak at 101.5 eV was attributed to the Si(IV)
chemical state,49 implying that the SiO2 aerogel was on the
surface of P-S-T/C.
The theoretical and experimental values of the surface

atomic compositions in these samples were calculated as
shown in Table S3. The Si element content on the surface of
P-SiO2/C calculated by XPS was 4.34%, which matched well
with the theoretical added Si content in P-SiO2/C (4.24%).
This indicated that SiO2 aerogel was dispersed evenly in the
PVDF fibers. The Ti element content (1.69%) on the surface
of P-TiO2/C was much lower than its theoretical added
content in P-TiO2/C (13.85%); this was because the

Figure 4. XPS of P-S-T/C: (a) full-spectra scanning and high-resolution spectra for (b) C 1s, (c) Ti 2p, and (d) Si 2p.
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semiconductor TiO2 nanoparticles tended to disperse near the
conductive CFC substrate. For P-S-T/C, when the SiO2 aerogel
and TiO2 nanoparticles were added simultaneously, the Ti

element content on the surface (1.96%) was still lower than its
theoretical content in P-TiO2/C (12.86%). The content of the
SiO2 aerogel (5.59%) on the surface of P-S-T/C was much

Figure 5. LSCM images of the top-layer membranes of (a) PVDF/C, (b) P-SiO2/C, (c) P-TiO2/C, and (d) P-S-T/C.

Figure 6. (a, b) Photodegradation of RhB with different membranes and (c) the corresponding reaction rate plots [reaction conditions: initial
concentration = 12 mg L−1, photocatalyst = 0.4 g, pH = 6.0, simulated sunlight irradiation].
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higher than its theoretical added content in P-S-T/C (3.33%),
confirming that the SiO2 aerogel tended to disperse on the
surface of the fibers.
2.2.3. Roughness Analysis. Figure 5 shows the two-

dimensional (inset) and three-dimensional LSCM images of
all of the prepared top-layer membranes. These two-dimen-
sional images indicated that all top-layer membranes exhibited
the fibrous nonwoven network, matching well with the SEM
analysis (Figure 3). The topographies of the membrane
surfaces were characterized by root-mean-square (RMS)
roughness, which represented the average height fluctuation
across the entire LSCM scan size.50 Figure 5a shows the three-
dimensional LSCM image of PVDF/C with an RMS roughness
of ca. 0.843 μm. Compared with PVDF/C, the RMS roughness
slightly increased to ca. 1.090 μm for P-SiO2/C (Figure 5b)
and to ca. 1.121 μm for P-TiO2/C (Figure 5c). The
simultaneous addition of SiO2 aerogel and TiO2 nanoparticles
(Figure 5d) would greatly increase the RMS roughness to ca.
1.602 μm. The three-dimensional porous network architecture
could be observed obviously, which was consistent with the
surface morphology of the SiO2 aerogel in Figure S1. The
distributions of the SiO2 aerogel and TiO2 nanoparticles
observed by LSCM were in accordance with the results
obtained by XPS analysis.
2.3. Evaluation of Organic Dye Removal Perform-

ance. 2.3.1. Removal Performance of RhB. The effects of
different components in the composite membrane on the
removal of RhB were investigated in detail. The degradation
rates are summarized in Table S4. As shown in Figure 6a,b, the
CFC substrate could adsorb 13.64% of the RhB under dark
conditions within 30 min, while the PVDF/TiO2 single-layer
membrane could barely adsorb RhB. After combining with the
CFC substrate, the adsorption rate of the PVDF/C dual-layer
composite membrane increased to 16.73%, indicating that the
capillary condensation by the dual-layer architecture promoted
the RhB adsorption capability. After adding the SiO2 aerogel,
the adsorption rate of the P-SiO2/C composite membrane
continually increased to 20.46%. It was because more
adsorption space for organic dyes was provided by the
addition of the SiO2 aerogel.
Figure S2 depicts the curves of RhB removal by P-SiO2/C

with and without light within 90 min. No significant difference
in removal efficiency was observed, indicating that the
components for PVDF, SiO2, and the CFC substrate had no
photocatalytic performance. For the PVDF/TiO2 single-layer
membrane, the photodegradation rate gradually increased with

the increase of TiO2 contents. When the TiO2 contents
reached 3% (w/v), the degradation rate of RhB reached
61.78% within 60 min of simulated sunlight irradiation. With
further increase of TiO2 contents, the photodegradation rate
declined (Figure 6b). After combining with the CFC substrate,
the P-TiO2/C dual-layer composite membrane could remove
76.61% of RhB within 60 min of simulated sunlight irradiation.
The photocatalytic performance improved because the e−

conduction rate was accelerated by the interface bonding
between the CFC substrate and TiO2 nanoparticles. The RhB
removal rate of P-S-T/C further increased to 86.92% within 60
min. This indicated that the photocatalysis was enhanced by
the composition of the SiO2 aerogel, TiO2 nanoparticles, and
CFC substrate.
The photodegradation kinetics study for the composite

membrane were assumed to be identified with the Langmuir−
Hinshelwood (L−H) model and expressed as eq 151

= − =
+

r
C
t

kKC
KC

d
d 1 (1)

where r is the degradation rate, C (mg L−1) is the
concentration of RhB, t (min) is the running time of the
simulated sunlight irradiation, k (mg L−1 min−1) is the reaction
rate constant, and K (L mg−1) is the equilibrium constant. The
term kK could be regarded as an apparent rate constant kapp
(min−1). Therefore, eq 1 was expressed as eq 2

= − =
+

r
C
t

k C

KC
d
d 1

app

(2)

where KC ≪ 1 in lower-concentration solutions of RhB. The
above equation could be reduced to the first-order equation
and expressed as eq 3

= − =r
C
t

k C
d
d app (3)

To confirm the above assumption, the curve of ln(C0/Ct) vs t
and the kinetics constants are shown in Figure 6c and Table
S4, respectively. The linear relations of ln(C0/Ct) and t were
validated. The determined coefficients (R2) were all greater
than 0.95, confirming that the photodegradation kinetics fitted
well with the pseudo-first-order kinetic model. The kapp values
of P-T3, P-TiO2/C, and P-S-T/C were 0.0140, 0.0202, and
0.0302 min−1, respectively. The maximum kapp value of P-S-T/
C indicated the best photocatalytic performance.

Figure 7. (a) Photodegradation rates of RhB by P-S-T/C at different pH values [reaction conditions: initial concentration = 12 mg L−1,
photocatalyst = 0.4 g, pH = 2.0, 4.0, 6.0, and 8.0, simulated sunlight irradiation]. (b) Dependence of the ζ-potential of the P-S-T/C membrane
surface on pH values.
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2.3.2. Impact of pH on RhB Removal Performance. The
influence of pH on RhB removal by P-S-T/C is displayed in
Figure 7a. P-S-T/C could remove 72.48% of the RhB cationic
dye within 60 min at pH 2.0. The RhB removal rate increased
with increasing pH of the dye solutions, and the maximum
removal rate of 99.17% appeared at pH 8.0 within 60 min. The
ζ-potential of the composite membrane surface was observed
under the different pH values. As presented in Figure 7b, the
P-S-T/C membrane had an isoelectric point at pH = 3.5
(pHpzc-3.5).

52 At pH < pHpzc, the P-S-T/C membrane was
positively charged, and the electrostatic repulsion between the
membrane and RhB cationic dyes caused the decrease in
removal rate. At pH > pHpzc, the P-S-T/C membrane was
negatively charged, and the electrostatic attraction between the
membrane and RhB cationic dyes promoted the RhB removal
rate. The electrostatic attraction interactions gradually
increased with the increase of pH, and reached the maximum
removal rate of RhB at pH = 8.0.
The kinetics plots of P-S-T/C at different pH values are

investigated in Figure S3; the reaction kinetic constant reached
0.0726 min−1 at pH = 8.0, which further proved that the P-S-
T/C composite membrane had excellent removal efficiency for
RhB under alkaline conditions.
2.3.3. Selective Competitive Removal of Organic Dyes.

The removal rates of the P-S-T/C dual-layer composite
membrane for RhB and MB (cationic dyes) and MO (anionic
dyes) were compared at the same concentrations and at a pH
value of 8.0. As shown in Figure 8a, the adsorption capability in
a single organic dye without light was in the following order:
MB > RhB > MO. After 60 min of simulated sunlight
irradiation, the removal rates for 99.17% RhB, 99.69% MB, and
38.76% MO by P-S-T/C were achieved.

The selective synergistic adsorption/photodegradation be-
havior of the composite membrane in the ternary system of
RhB, MB, and MO was studied. P-S-T/C weighing 0.4 g was
added to 60 mL (4 mg L−1 RhB, 4 mg L−1 MB and 4 mg L−1

MO) of mixed solution, and the removal rates in the ternary
organic dye system for P-S-T/C were tested. As shown in
Figure 8b, the negatively charged P-S-T/C showed higher
removal rates for the cationic dyes at pH = 8.0, implying that
P-S-T/C could provide selective removal of cationic dyes.
According to the above analysis, the P-S-T/C composite

membrane showed excellent removal capability for cationic
dyes when the pH value was greater than pHpzc. Then, the pH
value of the MO solution was set at 2.0 and 3.5 (pHpzc) to
further investigate the removal capability of P-S-T/C for
anionic dyes. As shown in Figure 8c, after 60 min of simulated
sunlight irradiation, P-S-T/C could remove 91.37% of the MO
at pH = 3.5. At pH = 2.0, the removal rate for MO was more
than 99.99%, which was higher than that of RhB (72.48%)
under the same conditions. Therefore, when the pH value of
the organic dye aqueous solution was greater than pHpzc, the
negatively charged P-S-T/C surface favored adsorbtion of
positive cationic dyes. When the pH value was lower than
pHpzc, positively charged P-S-T/C could almost completely
remove anionic dyes. Compared with the reported photo-
catalysts in other researches, P-S-T/C showed excellent
photocatalytic performance for all types of organic dyes
(Table S5).53−59

2.3.4. Impact of RhB Initial Concentration on Its Removal
Performance. Figure S4 describes the influence of the RhB
initial concentration on the removal rate of P-S-T/C. The
removal rate of P-S-T/C decreased with increasing concen-
tration of the RhB. At a lower initial concentration, P-S-T/C
provided sufficient reactive active sites for RhB. With the

Figure 8. Different dye removal rates of the P-S-T/C dual-layer composite membrane in a (a) single and (b) ternary system [reaction conditions:
initial concentration = 12 mg L−1, photocatalyst = 0.4 g, pH = 8.0, simulated sunlight irradiation]. (c) Removal rates of MO at pH 2.0 and 3.5
[reaction conditions: initial concentration = 12 mg L−1, photocatalyst = 0.4 g, simulated sunlight irradiation].
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increase of the initial concentration, more RhB would compete
for the reactive active sites. In addition, as the initial RhB
concentration increased, more RhB molecules were adsorbed
onto the P-S-T/C surface. The RhB molecules also absorbed
light, which affected the arrival of light to the surface of the P-
S-T/C, thus reducing the efficiency of photocatalytic
degradation.60

2.4. Mechanism Analysis of RhB Removal. 2.4.1. Bru-
nauer−Emmett−Teller (BET) Analysis of the Top-Layer
Membrane. The porosity and specific surface area (SBET) of
the top-layer membrane were investigated by nitrogen (N2)
adsorption−desorption isotherms. As shown in Figure 9a, all of
these curves exhibited type IV isotherms. In comparison to the
PVDF matrix membrane, P-SiO2/C, P-TiO2/C, and P-S-T/C
exhibited typically a H3-type hysteresis loop. Especially for P-
S-T/C, the hysteresis loop had a larger closed area because of
the capillary condensation both in the architecture of the dual
layer and in the mesoporous region formed by the
accumulation of micro/nanoparticles on the membrane

surface.61,62 The N2 adsorption capacities of the different
composite membranes were as follows: PVDF/C < P-TiO2/C
< P-SiO2/C < P-S-T/C. The P-S-T/C composite membrane
exhibited the best N2 adsorption capacity.
The Barrett−Joyner−Halenda (BJH) pore-size distributions

of PVDF/C, P-TiO2/C, P-SiO2/C, and P-S-T/C are shown in
Figure 9b. The PVDF matrix membrane exhibited uniform
pores, which were concentrated at about 3 nm. P-SiO2/C and
P-TiO2/C exhibited different distributions of hierarchical pore
structure. P-S-T/C had the most obvious hierarchical pore
structure. It was attributed to the aggregations of the SiO2

aerogel and TiO2 nanoparticles. The above analysis further
clarified the improved roughness, which agreed with the LSCM
results. The hierarchical pore structure would provide efficient
transport pathways for the dye molecules in photodegrada-
tion.63 In addition, the SBET and pore volume of P-S-T/C
increased in comparison to the PVDF matrix membrane, as
seen in Table S6. It was due to the formation of the three-
dimensional porous network structure, which could provide

Figure 9. (a) N2 adsorption−desorption isotherms of the top-layer membrane and (b) their corresponding BJH pore-size distribution plots.

Figure 10. (a) UV−vis DRS and (b) corresponding plots of (αhν)2 vs (hν) for calculating the Eg of P-T3 and P-S-T/C; (c) Mott−Schottky plot of
P-S-T/C.
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more active adsorption sites and sufficient adsorption space for
organic dyes.
2.4.2. Optical and Electrochemical Characterization. To

compare the maximum light absorption wavelength and band
structure of P-T3 and P-S-T/C, the UV−vis DRS test was
performed. As shown in Figure 10a, P-S-T/C exhibited a wider
light absorption range in comparison to P-T3. It was ascribed
to the formation of the three-phase heterostructure between
the TiO2 nanoparticles, SiO2 aerogel, and conductive CFC
substrate. Tauc plots were used to estimate the band structures
of P-T3 and P-S-T/C (Figure 10b). The band-gap energy
could be calculated by eq 4

α = −hv C hv E( )n
g (4)

where α is the light absorption coefficient of the semi-
conductor, hν is the incident photon energy, C is the light
speed, n is 2 for the n-type semiconductor and 1/2 for the p-
type semiconductor, and Eg is the band-gap energy. According
to the above equation, the calculated Eg values of P-T3 and P-
S-T/C were 3.2 and 3.1 eV, respectively. The increase in light
absorption range and the decrease in band-gap energy of P-S-
T/C played a critical role in the improvement of photocatalytic
performance.
To better understand the mechanism of interfacial charge

separation and transfer, the Mott−Schottky test was
conducted. Figure 10c displays the Mott−Schottky plot of P-
S-T/C; the positive slope indicates its classic n-type conductive
behavior. The flat band potential value (Efb) acquired from the
x-intercept was about −0.79 eV (vs Ag/AgCl reference). The
value of Efb (vs Ag/AgCl) could be converted to ERHE, which is
the converted potential vs the reversible hydrogen electrode
(RHE), as shown in eq 5

= + +E E E0.059pHRHE Ag/Agcl Ag/Agcl
0

(5)

where EAg/AgCl is the experimentally measured potential (vs
Ag/AgCl reference), pH = 6, and EAg/AgCl

0 = 0.1976 at 25 °C.
The ERHE value of P-S-T/C was calculated to be −0.24 eV. For
an n-type semiconductor, the conduction band energy (ECB) is
negative (−0.1 eV) compared to its ERHE. Therefore, the ECB of
P-S-T/C was about −0.34 eV (vs RHE). According to eq 6,
the valence band energy (EVB) of P-S-T/C was 2.76 eV (vs
RHE)

= +E E EVB CB g (6)

where EVB is the valence band energy, ECB is the conductor
band energy, and Eg is the band-gap energy.64−67 The valence
band position of TiO2 was positive compared to the standard
redox potential of H2O/

•OH (2.2 eV) and OH−/•OH (1.99
eV), and the conduction band position of TiO2 was negative
compared to the standard redox potential of O2/

•O2
− (−0.33

eV). Therefore, the photogenerated h+ and e− could migrate to
the TiO2 surface to produce reactive active species for
photodegradation.

2.4.3. Active Species Analysis. To further investigate the
role of membrane components in the photocatalytic process, a
series of free radical-trapping experiments were performed at
pH = 8.0. BQ, t-BuOH, and OA served as scavengers to
quench •O2

−, and hydroxyl radicals (•OH) and h+,
respectively. The photodegradation rates of RhB after
inactivation of •O2

−, •OH, and h+ by P-S-T/C were denoted
as vq (

•O2
−), vq (

•OH), and vq (h
+), respectively. Compared

with the degradation rate of the membrane without scavengers,
the order for the photocatalytic reaction rates was vq (

•O2
−) <

vq (•OH) < vq (h+) < v (no scavengers) (Figure 11a). The
removal rates of RhB by P-S-T/C after inactivating •O2

−, •OH,

Figure 11. (a) Evolution of the photocatalytic activity of P-S-T/C in the presence of different scavengers for the degradation of RhB [initial
concentration = 12 mg L−1, photocatalyst = 0.4 g, pH = 8.0, simulated sunlight irradiation]. (b) EPR spectra of P-TiO2/C and P-S-T/C for
DMPO−•O2

− formed in irradiated methanol dispersion. (c) UPS spectra of P-TiO2/C and P-S-T/C. (d) High-resolution XPS O 1s spectra of P-
TiO2/C and P-S-T/C.
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and h+ were 42.13, 72.92, and 84.99%, respectively. It could be
seen that P-S-T/C exhibited the lowest photocatalytic
performance after inactivation of •O2

−, indicating that •O2
−

played the predominant role in the photocatalytic process. The
elimination of •OH and h+ inhibited the rate of photocatalytic
reaction and the degree of photodegradation for P-S-T/C.
•O2

− was mainly originated from O2, which acted as an e−

trapping agent to produce •O2
− and further generated •OH for

photodegradation.
The above studies showed that P-TiO2/C and P-S-T/C had

similar adsorption capabilities for RhB, while P-S-T/C with
addition of the SiO2 aerogel showed an improved photo-
degradation rate for RhB in comparison to P-TiO2/C. By
combining with free radical-trapping experiments, we proposed
a reasonable hypothesis that the addition of the SiO2 aerogel
would increase the O2 contents of the composite membrane,
which would bond with the separated e− to generate •O2

− via
photocatalysis.68,69 To compare the contents of •O2

− formed
by P-TiO2/C and P-S-T/C in the process of photodegradation,
EPR experiment was conducted in methanol using DMPO as a
capture agent. As shown in Figure 11b, the DMPO−•O2

−

signal intensity of P-S-T/C was higher than that of P-TiO2/C.
This result supported the above hypothesis.
The increase of adsorbed O2 by the SiO2 aerogel in the

composite membrane might result in the decrease of work
function of photocatalytic materials. Many studies had shown
that photocatalysts with low work function could be regarded
as e− donors and would facilitate escape of e− from the
material’s surface, and thus the activity of the reactive species
would be promoted.25,70 The work functions of P-TiO2/C and
P-S-T/C were characterized by UPS, as shown in Figure 11c.
The intercepts in the high-binding energy region (17−19 eV)
were 17.10 eV for P-TiO2/C and 17.19 eV for P-S-T/C,
respectively. The work functions of P-TiO2/C and P-S-T/C
were 4.11 and 4.02 eV after calculation, respectively. It could
be inferred that the addition of the SiO2 aerogel reduced the
work function of the composite materials. This might be due to
the abundant O2 contents of the SiO2 aerogel with the micro/
nano network structure. However, the generation of kinetics of
the reactive species on the surface/interface of the materials
lacks clarity in the current studies, and the mechanism still
needs to be further explored.

The high-resolution XPS O 1s spectra of P-TiO2/C and P-S-
T/C are shown in Figure 11d. The characteristic peaks at
529.3 and 531.4 eV for P-TiO2/C were attributed to the TiO2
lattice oxygen and surface hydroxyl groups, respectively. In
comparison to P-TiO2/C, the enhanced and broadened peak
of P-S-T/C at 531.4 eV was due to the increased contents of
hydroxyl groups on the material’s surface upon the addition of
the SiO2 aerogel.

68

2.4.4. Possible Mechanism of Organic Dye Removal. The
mechanism for organic dye removal includes two processes:
adsorption and photodegradation.

2.4.4.1. Adsorption. As shown in Figure 12a, the adsorption
mechanism was analyzed as follows. The capillary condensa-
tion by the architecture of the dual-layer composite membrane
endowed P-S-T/C the adsorption capability. Meanwhile, the
porous region, which was formed by TiO2 nanoparticles and
the SiO2 aerogel on the dual-layer composite membrane,
provided more adsorption space for organic dyes. The whole
process contained two parts: (1) the CFC substrate could
adsorb 13.64% of RhB under dark conditions within 30 min.
The PVDF/TiO2 single-layer membrane could barely adsorb
RhB. After combining with the CFC substrate, the adsorption
rate of the P-TiO2/C dual-layer composite membrane
increased to 20.42%. (2) The addition of the SiO2 aerogel
further improved the adsorption capability of the dual-layer
composite photocatalysts. The adsorption capability of P-S-T/
C was higher than P-TiO2/C. It was attributed to the micro/
nanoporous structure of the SiO2 aerogel, which provided
more adsorption space for organic dyes. Besides, the surface of
the SiO2 aerogel had a large number of hydroxyl groups, which
would form hydrogen bond interactions with the carboxyl
groups of RhB.

2.4.4.2. Photocatalytic Degradation. Research work had
shown that the photocatalytic process occurred near the
adsorption sites.71,72 In this research, photogenerated e− was
excited from the valence band of TiO2 and migrated to the
conduction band rapidly under simulated sunlight irradiation
(eq 7). (1) The valence band position of TiO2 (2.76 eV) was
more positive than the standard redox potential of H2O/

•OH
(2.2 eV) and OH−/•OH (1.99 eV), so the h+ in the valence
band would migrate to the semiconductor surface and convert
rich H2O molecules or surface hydroxyl groups to •OH (eq 8).
(2) Photogenerated e− played the photocatalytic role through

Figure 12. Schematic diagram of the RhB removal mechanism by the P-S-T/C dual-layer composite membrane.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c00686
ACS Omega 2022, 7, 17128−17143

17137

https://pubs.acs.org/doi/10.1021/acsomega.2c00686?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c00686?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c00686?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c00686?fig=fig12&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c00686?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


two paths. In the first reaction path, the photogenerated e−

separated under simulated sunlight directly reacted with the O2
molecules in aqueous solution around the TiO2, and formed
•O2

− (eq 9). This reaction was attributed to the fact that the
conduction band position of TiO2 (−0.34 eV) was more
negative than the standard redox potential of O2/

•O2
− (−0.33

eV). Part of •O2
− combined with H+ to form H2O2 (eqs 10

and 11), which could be decomposed into •OH (eq 12). The
second reaction path was that the photogenerated e− migrated
to the interface of the three-phase heterostructure, and reacted
with the adsorbed O2 molecules to form •O2

− (eq 9), then
further produced •OH (eqs 10−12).73 These active radicals
would degrade the organic pollutant molecules into small
molecules, e.g., H2O and CO2 (eq 13).

+ → ++ −TiO light h e2 (7)

+ → + + →+ • + + − •h H O OH H /h OH OH2 ads (8)

+ →− • −e O O2ads 2 (9)

+ →• − + •O H HO2 2 (10)

→ +•2HO H O O2 2 2 2 (11)

+ → +− • −H O e OH OH2 2 (12)

+ → ++ • − •h / O / OH RhB H O CO2 2 2 (13)

According to the above analysis, the photocatalytic mechanism
could be summarized as follows: (1) the heterostructure
coupled by the TiO2 nanoparticles, SiO2 aerogel, and CFC
substrate accelerated the separation of photogenerated e−−h+
pairs and inhibited their recombination; (2) the conductive

porous network architecture provided a convenient path for
the photogenerated charges’ transport;74 and (3) the addition
of the SiO2 aerogel increased the contents of O2 and hydroxyl
groups on the P-S-T/C surface, which could be used as e− and
h+ trapping agents, and further accelerated the photocatalytic
reaction process. The photodegradation mechanism for P-
TiO2/C is shown in Figure S5, and the photodegradation
mechanism for P-S-T/C with the three-phase interface
heterostructure is shown in Figure 12b.

2.5. Stability of the Dual-Layer Composite Mem-
brane. The morphologies of P-TiO2/C and P-S-T/C after
degradation for five cycles are shown in Figure 13a,b.
Compared to their morphologies before degradation (see
Figure 3b,d), no obvious difference was observed. As revealed
in Figure 13c, the WCA of P-S-T/C before and after
degradation was 134.1 ± 1.5 and 135.3 ± 1.3°, respectively.
As shown in Figure 13d, the P-S-T/C still showed high
photocatalytic performance under simulated sunlight irradi-
ation after five cycles, which was higher than that of the
photocatalysts reported so far.75,76 All of these indicated that
P-S-T/C had excellent cyclic stability.

3. CONCLUSIONS

In this work, an O2-rich membrane with a three-phase interface
heterostructure was prepared. The capillary condensation by
architecture of the dual-layer composite membrane endowed
its adsorption capability, and the porous region provided more
adsorption space for organic dyes. The study of the
photodegradation mechanism indicated that the separated
photogenerated carriers diffused to the composite membrane
surface rapidly on the three-phase interface of P-S-T/C. The
abundant O2 adsorbed on the porous SiO2 aerogel surface

Figure 13. SEM images of P-TiO2/C (a) and P-S-T/C (b) after degradation. (c) WCA and the photograph of the surface of P-S-T/C before and
after photodegradation. (d) Reusability of P-S-T/C for the degradation of RhB [initial concentration = 12 mg L−1, photocatalyst = 0.4 g, pH = 8.0,
simulated sunlight irradiation].
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acted as the e− trapping agent, which could also decrease the
work function of the composite materials. The removal rates of
P-S-T/C were higher than 99.17% for cationic dyes at pH =
8.0 and higher than 99.99% for the anionic organic dye at pH =
2.0 within 60 min. The P-S-T/C could be used as a universal
photocatalyst to remove organic dyes by controlling the pH
values. This work established a controlled strategy for
optimizing the composite membrane with photocatalytic
performance by designing a three-phase heterostructure.

4. EXPERIMENTAL SECTION
4.1. Materials. Anatase phase titanium dioxide (TiO2)

nanoparticles (nanopowder, particle size <25 nm, metal basis),
Na2CO3 (Mw − 105.99 g/mol), rhodamine B (RhB), methyl
orange (MO), methylene blue (MB), dopamine (DA), and
Tris(hydroxymethyl)-aminomethane were all purchased from
Aladdin Industrial Corporation, Shanghai, China. Hydrophilic
silicon dioxide (SiO2) aerogel (NAF-880, particle size 1−10
μm) was obtained from Xiamen Namet New Material
Technology Co. Ltd. Poly(vinylidene fluoride) (PVDF)
(Solef 6010, Mw − 600 000 g/mol) was supplied by Solvay
Advanced Polymers. N,N-dimethylformamide (DMF), ace-
tone, hydrochloric acid (HCl, 36−38%), and sodium
hydroxide (NaOH) were purchased from Beijing Chemical
Works. Conductive carbon fiber cloth (CFC) (HCP330N) was
purchased from Shanghai Hesen Electric Co. Ltd. Tert-butanol
(t-BuOH), oxalic acid (OA), and benzoquinone (BQ) were all

purchased from Sinopharm Chemical Reagent Co. Ltd. 5,5-
Dimethyl-1-pryrroline-N-oxide (DMPO, Mw − 113.16 g/mol,
98%) was purchased from Saen Chemical Technology Co. Ltd.
Deionized water was obtained from the laboratory. These
chemicals were all of analytical grade and used without further
purification.

4.2. Modification of the CFC Substrate. The Tris buffer
was gradually added into 400 mL DA solutions (2 mg mL−1)
and adjusted to pH 8.5 for DA polymerization at alkaline
conditions.77 Then, the CFC substrate was soaked in the above
solutions for 12 h; the modified CFC (m-CFC) substrate was
washed with deionized water several times and dried in the
oven at 40 °C overnight.

4.3. Modification of the CFC Substrate. The PVDF
powder was immersed in a suspension of carbonate buffer (0.5
mg mL−1) and stirred at 55 °C for 12 h. The modified powder
was cleaned by deionized water and ethanol three times,
subsequently dried in the oven at 40 °C overnight, and the
activated PVDF powder was obtained.
10% (w/v) activated PVDF powder was dissolved in an

acetone/DMF (3/7, v/v) mixed solution and stirred for 12 h
to receive the homogeneous PVDF solution. The different
contents of TiO2 nanoparticles (1, 2, 3, 4%, w/v) were added
to the PVDF solutions and stirred for 24 h as the precursor
solutions of PVDF/TiO2. For comparison, 0.1 g of hydrophilic
SiO2 aerogel was dispersed into the PVDF solutions and stirred
for 2 h to receive the PVDF/SiO2 precursor solutions. PVDF/

Scheme 1. Schematic Illustration of the Preparation Process of the Dual-Layer Composite Membrane
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SiO2/TiO2 precursor solutions were prepared by adding 0.1 g
of hydrophilic SiO2 aerogel and TiO2 nanoparticles (3%, w/v)
successively. All electrospinning precursor solutions were
ultrasonically processed for 30 min before use.
4.4. Preparation of the Dual-Layer Composite

Membrane. The as-prepared dual-layer composite membrane
included two parts: the substrate was CFC and the top layer was
the electrospun composite nanofibrous membrane. The above
precursor solutions were placed into a 5 mL plastic syringe
(with an inner diameter of 0.6 mm). The PVDF, PVDF/SiO2,
PVDF/TiO2, and PVDF/SiO2/TiO2 precursor solutions were
electrospun on the CFC substrate. The parameter for
electrospinning was as follows: the feeding rate of the solutions
was 0.5 mL h−1, the applied voltage was 16 kV, and the
distance between the tip and the grounded collector was ∼17
cm. The electrospinning process was carried out at 20 ± 2 °C
with 10−15% relative humidity. All of the prepared dual-layer
composite membranes were dried at room temperature for 24
h to remove the residual organic solvents for further study. The
solutions’ compositions for different samples are shown in
Table S1 and the preparation process of the dual-layer
composite membrane is shown in Scheme 1.
4.5. Characterizations. The structures of the CFC

substrate before and after modification, and PVDF powder
before and after activation in carbonate buffer were
characterized by Fourier transform infrared spectroscopy
(FTIR, FTIR-4100, JASCO, Japan) in the range of 400−
4000 cm−1. The surface morphologies of the top-layer
membrane were observed by field emission scanning electron
microscopy (FE-SEM, JSM-6700 F, JEOL, Japan). Before SEM
examination, all samples were sputtered three times with
platinum for 70 s under vacuum conditions. The internal
structures and the corresponding elemental mapping of the
composite membrane were detected by a transmission electron
microscope (TEM, JEM-2100 F, JEOL, Japan). The viscosity
and conductivity of the electrospinning precursor solutions
were determined by a viscometer (NDJ-1, Yutong, China) and
conductivity meter (DDS-11A, Shengci, China). The surface
property of the composite membrane was analyzed by laser
scanning confocal microcopy (LSCM, 2EXT). The average
diameter of the electrospun nanofibers was calculated by
ImageJ software. Brunauer−Emmett−Teller (BET, Autosorb-
iQ2, Quantachrome Instruments, China) was used to
determine the porosity and specific surface areas of the
composite membranes. The X-ray photoelectron spectroscope
(XPS, ESCALab220i-XL VG Science, Walser M. M.) was used
to analyze the surface chemical elements of the composite
membrane. The photodegradation test was carried out using a
spherical xenon lamp (350 W, XD-300, China) and the
absorbance values of the RhB solutions were monitored by
UV−vis spectroscopy (UV-6100S, MAPADA, China). The pH
of the organic dye solutions was measured by a Pen type pH
meter (pH8180-0-00, Hong Kong Xima Instrument Technol-
ogy Co. Ltd.). Before the pH examination, the pH of the
organic dye solutions was adjusted using HCl or NaOH from
2.0 to 8.0, while other conditions remained unchanged. The
surface ζ-potential of the membrane was determined by a
nanoparticle size and ζ-potential analyzer (NanoZS90,
England). UV−vis diffuse reflectance spectroscopy (UV−vis
DRS) was done using a Cary 500 spectrometer. The
electrochemical properties were investigated by an electro-
chemical workstation (CHI660D, China). The as-prepared
dual-layer composite membrane, a Pt nod, and an Ag/AgCl

electrode were used as the working, counter, and reference
electrodes, respectively. Electron paramagnetic resonance
spectroscopy (EPR) was used to investigate the formation of
free radicals during the photocatalytic reaction by using a
Bruker EleXsys EPR spectrometer (E500, Germany), and
DMPO was used as the spin-trapping agent at room
temperature under simulated sunlight. The ultraviolet photo-
electronic spectrum (UPS) was used to determine the work
function of the composite materials by using pHI5000
VersaProbe III (Scanning ESCA Microprobe) SCA (Spherical
Analyzer). The hydrophobic property of the membrane surface
was measured by the water contact angle (WCA) with a drop
shape analyzer (DSA100, Kruss, Germany).

4.6. Adsorption and Photocatalytic Measurement.
The dual-layer composite membrane (0.4 g) was immersed in
a 12 mg L−1 organic dye solution (60 mL) and stirred in the
dark condition for 30 min. Then the mixer was irradiated for
60 min in a beaker under simulated sunlight (350 W), and the
intensity of the light was ∼20 mW (cm2)−1. The concen-
trations of RhB, MB, and MO before and after degradation
were obtained at wavelengths of 552, 664, and 463 nm by a
UV−vis spectrophotometer, respectively. The removal rates (R
%) of organic dyes were calculated as follows

=
−

×R
C C

C
% 100%t0

0 (14)

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