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Abstract: At present, TiO2 is one of the most widely used photocatalytic materials. However, the nar-
row response range to light limits the photocatalytic performance. Herein, we reported a successful
construction of self-doped R-WO3/R-TiO2/CC nanocomposites on flexible carbon cloth (CC) via
electrochemical reduction to increase the oxygen vacancies (Ovs), resulting in an enhanced separation
efficiency of photo-induced charge carriers. The photocurrent of R-WO3/R-TiO2/CC at −1.6 V
(vs. SCE) was 2.6 times higher than that of WO3/TiO2/CC, which suggested that Ovs could improve
the response to sunlight. Moreover, the photocatalytic activity of R-WO3/TiO2/CC was explored
using methylene blue (MB). The degradation rate of MB could reach 68%, which was 1.3 times and
3.8 times higher than that of WO3/TiO2/CC and TiO2/CC, respectively. Furthermore, the solution
resistance and charge transfer resistance of R-WO3/R-TiO2/CC were obviously decreased. Therefore,
the electrochemical reduction of nanomaterials enabled a promoted separation of photogenerated
electron–hole pairs, leading to high photocatalytic activity.

Keywords: photocatalysis; electrochemical reduction; photocatalytic degradation; TiO2; WO3

1. Introduction

The rapid industrial development and urban construction aggravate water pollution,
such as organic pollutants, which adds to the pressures on water treatment [1,2]. Traditional
wastewater treatment methods still have their shortcomings. For example, physical meth-
ods can only transfer harmful substances instead of completely eliminating the pollutants;
on the other hand, the sensitivity and efficiency for treatment of low concentrations of
organic pollutants are relatively low. In recent years, increasing attention has been paid to
novel water treatment technologies, such as electrochemical oxidation and photocatalytic
oxidation [3].

Photocatalytic oxidation mainly refers to the conversion of organic pollutants to non-
toxic substances such as carbon dioxide, water, and inorganic substances via an oxidation
and decomposition reaction under light and normal temperature/pressure [4]. Titanium
dioxide (TiO2) has become one of the most important photocatalysts, because of its high
photocatalytic activity and good chemical stability, along with its low cost, non-toxicity,
and strong photocorrosion resistance [5–12]. However, inherent properties of TiO2, such as
the large band gap, small response range to light, and recombination of electron–hole pairs,
hinder large-scale application, so it is necessary to explore new photocatalysts to obtain
optimal photocatalytic performance [13–16].

A variety of methods have been proposed to improve photocatalytic performance.
Ion doping on/in the semiconductor surface, gap, or lattice generates defects and changes
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the degree of crystallinity, which retards the recombination of charge carriers [17–20].
In addition, noble metal deposition on the surface of TiO2 materials can promote the
separation of photoinduced electron–hole pairs by changing the electron distribution [21].
Surface photosensitization is another strategy to adsorb dye molecules on the exterior of
photocatalytic materials, and visible light could be absorbed by the dyes, thus widening
the light absorption range of materials. In comparison, semiconductor composites can
make use of the heterojunction formed by different materials, so a semiconductor with a
wide band gap can be sensitized by the narrow band gap semiconductor, so as to improve
the photocatalytic performance as a result of the synergistic effects [19,20].

Various transition metal oxides have been or can be potentially applied to form a
composite with TiO2, such as WO3, ZnO, and Cu2O [22–32]. In contrast, WO3 is widely
used in the photocatalytic degradation of organic pollutants due to its good photocorrosion
resistance, narrow band gap, and admirable conductivity [33–35]. The combination of
narrow-band-gap semiconductor WO3 and wide-band-gap semiconductor TiO2 enlarges
the light absorption range, inhibits the recombination of photogenerated electrons and
holes, accelerates the transport and separation of charges, and enhances the photocatalytic
efficiency [36]. In addition, the self-doped effect with a lattice defect formed by oxy-
gen vacancies is beneficial to improve the photocatalytic performance of semiconductors.
For metal oxides, the lattice oxygen atoms can be partially removed by an electrochem-
ical reduction to produce oxygen vacancies (Ovs), which expedite the charge transfer
and separation.

Considering the difficulty of separating and recovering the TiO2 powder from the
solution after the degradation reaction, TiO2 can be coated on the substrate in order to
improve the reusability and reduce the cost of the separation process [37]. Moreover,
TiO2 loaded on large-area-functionalized carbon fibers to form nanocomposites has many
advantages. Carbon fibers can act as the pollutant concentration agent and supporting
material, and the photogenerated electrons of TiO2 can rapidly transfer along carbon fibers
so as to speed up the purification process and obtain high photocatalytic efficiency [38].

In this paper, a cathodic reduction self-doping method was proposed to introduce
Ovs into WO3/TiO2/CC composite films to obtain R-WO3/R-TiO2/CC. The doping of the
composite materials can be easily completed within a few minutes and the number of Ovs
could be adjusted by the applied potentials. It was found that the catalytic performance of
R-WO3/TiO2/CC was substantially higher than that of its counterparts, WO3/TiO2/CC
and TiO2/CC.

2. Results and Discussion
2.1. XRD Analysis

Figure 1 shows the X-ray diffraction pattern of WO3/TiO2/CC and R-WO3/R-TiO2/CC
composites. It can be seen that the peaks with 2θ degrees of 27.45◦, 36.09◦, 41.23◦, 44.05◦,
54.32◦, 56.64◦, 62.74◦, 64.04◦, 69.01◦, and 72.41◦ correspond to (1 1 0), (1 0 1), (1 1 1), (2 1 0),
(2 1 1), (2 2 0), (0 0 2), (3 1 0), (3 0 1), and (3 1 1) of the TiO2 crystal plane (PDF NO. 21−1276).
Moreover, the peaks at 23.64◦, 24.37◦, 28.87◦, 29.06◦, 41.99◦, 44.55◦, and 50.89◦ correspond to
(0 2 0), (2 0 0), (1 1 2), (1 −1 2), (−2 −2 2), and (3 2 0), (3 2 2) of the WO3 (PDF NO. 20−1323)
crystal plane. In addition, the XRD of as-prepared nanocomposite contains the character-
istic diffraction peaks of both TiO2 and WO3, which indicates that WO3/TiO2/CC and
R-WO3/TiO2/CC composite photocatalytic materials were successfully prepared.

2.2. SEM and Photocurrent Response of WO3/TiO2/CC
2.2.1. SEM Characterization

Figure 2A shows quadrangular prism-shaped TiO2 nanorods with a smooth lateral
surface and spinal top, which is densely grown on carbon fiber. From Figure 2B–F, one can
see that the surface of TiO2 became rougher, and the thickness of WO3 gradually increased
with the augmentation of the current density, which indicates a successful deposition
of WO3 on TiO2. When the cathodic current density is −16 mA/cm2, TiO2 nanorods
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are uniformly covered with a layer of WO3 film, as shown in Figure 2F. The thickness
of the deposition layer may affect the photoelectrochemical performance. Thinner WO3
film can provide fewer photoinduced electrons, while thicker WO3 film may prevent light
transmission and reduce the light utilization of TiO2, resulting in a decrease in photocurrent.
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Figure 2. SEM images of WO3/TiO2/CC prepared by different cathodic current densities (A) 0;
(B) −8 mA/cm2; (C) −10 mA/cm2; (D) −12 mA/cm2; (E) −14 mA/cm2; (F) −16 mA/cm2.

2.2.2. Photocurrent Response of WO3/TiO2/CC

In order to investigate the optimum separation efficiency of photoinduced electron–
hole pairs for WO3/TiO2/CC, the photocurrent response was measured in 0.5 mol/L of the
NaOH electrolyte without any sacrificial reagents. The nanomaterials were constructed by
a constant cathodic current that changed from −8 mA/cm2 to −16 mA/cm2. Chronoam-
perometry was used to test the photocurrent of the as-prepared materials with a time
interval of 200 s and a voltage of +0.245 V (vs. RHE). Figure 3 showed the transient pho-
tocurrent generated under the illumination of visible light, and the maximum photocurrent
density almost reached 60 µA/cm2. This is due to the increasing amount of WO3 that
served as active sites to improve the photocurrent. However, excessive WO3 will reduce
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the specific surface area. Hence, the optimal current density for the electrodeposition of
WO3/TiO2/CC nanocomposite is −12 mA/cm2.
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2.3. SEM and Photocurrent Response of R-WO3/R-TiO2/CC
2.3.1. SEM Characterization

Figure 4A–F shows the SEM images of R-WO3/R-TiO2/CC prepared by the reduction
at different potentials. Apparently, the R-WO3/R-TiO2/CC still maintains the rod-like
morphology. With the increase in voltage reduction, the surface roughness is almost the
same as that of WO3/TiO2/CC. Compared to WO3/TiO2/CC, the R-WO3 film becomes
thinner than the original WO3 and more WO3 is reduced at −1.355 V (vs. RHE). The
formation of oxygen vacancies may be conducive to the separation and transmission of
photogenerated electron–hole pairs, so as to improve the photocurrent.
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2.3.2. Photocurrent Response

The oxygen vacancies (Ovs) can affect the photoeletrochemical properties of nanocom-
posites. The photocurrent response test of R-WO3/R-TiO2/CC was carried out by chronoam-
perometry at different voltages in 0.5 mol/L of the NaOH solution under visible light
illumination, as shown in Figure 5A. With the increase in cathodic voltage from −1.0 V to
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−1.6 V, the photocurrent density is remarkably enhanced with the peak value of about 160
µA/cm2 under −1.6 V to prepare nanomaterials. This increase in photocurrent density
is attributed to the generation of more Ovs at a high cathodic voltage, which is beneficial
to the separation of photoinduced charge carriers. However, when the voltage exceeds
−1.6 V, the photocurrent density begins to decay. In comparison, the photocurrent density
of R-WO3/R-TiO2/CC is dramatically higher than that of WO3/TiO2/CC, which indicates
the electrochemical reduction of WO3 promoted the photogenerated electron–hole pairs in
the visible region.
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Figure 5. Comparison of photocurrent responses of R-WO3/R-TiO2/CC under visible light irradia-
tion at different cathodic voltages (vs. RHE) (A) and different nanomaterials (B).

Figure 5B shows the comparison of the photocurrent response for CC, TiO2/CC,
WO3/TiO2/CC, and R-WO3/R-TiO2/CC. The flexible CC shows a horizontal line, suggest-
ing no photo response. The photocurrent of TiO2/CC and WO3/TiO2/CC is
20 µA/cm2 and 54 µA/cm2, respectively. Notably, the average photocurrent of R-WO3/
R-TiO2/CC is up to 142 µA/cm2, which is 7.1 and 2.6 times higher than that of TiO2/CC
and WO3/TiO2/CC. It proves that the oxygen vacancy (Ovs) can enhance the charge trans-
fer and separation, thus improving the photocatalytic performance. In an alkaline solution,
photogenerated holes migrate to the anode surface and accumulate gradually under visible
light irradiation. At the same time, OH− ions are adsorbed on the electrode surface, so
photogenerated holes and OH− ions will undergo an oxidation reaction. OH− ions lose
electrons and form hydroxyl radicals, and then the positive photocurrent will flow in the
external circuit. The general reactions may be as follows:

Photoanode:
TiO2 + hv→ TiO-ecb

− + TiO2-hvb
+

TiO2-hvb
+ + OH− − e− → TiO2-OH·

TiO2-hvb
+ + H2O→ TiO2-OH· + H+

Cathode (counter electrode):

2H2O + 2e− → H2 + 2OH−

where e− and h+ denote the photogenerated electron and hole, and the subscripts vb and
cb represent the valence band and conduction band of TiO2, respectively.

2.3.3. TEM Characterization

R-WO3/R-TiO2/CC and WO3/TiO2/CC nanomaterials under optimal experimental
conditions were tested by a transmission electron microscope (TEM). It can be seen from
Figure 6A that the thickness of WO3 loaded on the surface of TiO2 is about 13 nm, and some
nanoparticles (red dotted line) were deposited on the outermost layer (Figure 6B). The
lattice fringes, with a spacing of 0.362 nm, corresponded to the (200) plane of WO3, which
is evidenced by XRD. In contrast, the electrochemically reduced treatment of R-WO3/
R-TiO2/CC maintained the basic morphology of the nanorod (Figure 6C). The thickness
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of R-WO3 decreased, which was approximately 3 nm. The experiment results show that
a constant cathode voltage reduction will narrow the thickness of R-WO3, which may be
due to the escape of hydrogen bubbles, resulting in the exfoliation of WO3. Moreover, the
nanocomposites exhibited an irregular lattice of WO3 due to the formation of oxygen vacan-
cies (Figure 6D). Moreover, both WO3 and TiO2 were reduced concurrently, which possibly
produced low valance W5+ and Ti3+ in the process of the cathodic potential reduction.

Catalysts 2021, 11, x FOR PEER REVIEW 6 of 16 
 

 

R-WO3/R-TiO2/CC and WO3/TiO2/CC nanomaterials under optimal experimental 

conditions were tested by a transmission electron microscope (TEM). It can be seen from 

Figure 6A that the thickness of WO3 loaded on the surface of TiO2 is about 13 nm, and 

some nanoparticles (red dotted line) were deposited on the outermost layer (Figure 6B). 

The lattice fringes, with a spacing of 0.362 nm, corresponded to the (200) plane of WO3, 

which is evidenced by XRD. In contrast, the electrochemically reduced treatment of R-

WO3/R-TiO2/CC maintained the basic morphology of the nanorod (Figure 6C). The thick-

ness of R-WO3 decreased, which was approximately 3 nm. The experiment results show 

that a constant cathode voltage reduction will narrow the thickness of R-WO3, which may 

be due to the escape of hydrogen bubbles, resulting in the exfoliation of WO3. Moreover, 

the nanocomposites exhibited an irregular lattice of WO3 due to the formation of oxygen 

vacancies (Figure 6D). Moreover, both WO3 and TiO2 were reduced concurrently, which 

possibly produced low valance W5+ and Ti3+ in the process of the cathodic potential reduc-

tion. 

  

  

Figure 6. TEM and HR-TEM of WO3/TiO2/CC (A,B) and R-WO3/R-TiO2/CC (C,D). 

2.3.4. XPS Analysis 

The surface composition and valence states of nanomaterials were further investi-

gated by X-ray photoelectron spectroscopy (XPS). The XPS survey spectra in Figure 7A 

showed that both R-WO3/R-TiO2/CC and WO3/TiO2/CC contain W, Ti, C, and O elements. 

The C 1s peaks of both samples originated from the carbon cloth. According to the high-

resolution XPS spectrum, the reduced nanomaterials exhibited two characteristic peaks at 

35.5 eV and 37.6 eV attributed to the peaks of W 4f7/2 and W 4f5/2, respectively. In addi-

tion, the Ti 2p XPS spectra of both nanomaterials displayed two obvious peaks at 458.9 eV 

and 464.2 eV corresponding to the characteristic peaks of Ti 2p3/2 and Ti 2p1/2.Compared 

to the original WO3/TiO2/CC, the self-doped R-WO3/R-TiO2/CC exhibited a negative shift 

for binding energy for the peaks of W 4f and Ti 2p. 

The XPS spectra of W 4f could be deconvoluted into two corresponding doublets, W6+ 

and W5+. In addition, it can be seen that Ti 2p included two valence states of Ti3+ and Ti4+, 

indicating both WO3 and TiO2 can be reduced simultaneously, which is consistent with 

Figure 6. TEM and HR-TEM of WO3/TiO2/CC (A,B) and R-WO3/R-TiO2/CC (C,D).

2.3.4. XPS Analysis

The surface composition and valence states of nanomaterials were further investigated
by X-ray photoelectron spectroscopy (XPS). The XPS survey spectra in Figure 7A showed
that both R-WO3/R-TiO2/CC and WO3/TiO2/CC contain W, Ti, C, and O elements. The
C 1s peaks of both samples originated from the carbon cloth. According to the high-
resolution XPS spectrum, the reduced nanomaterials exhibited two characteristic peaks at
35.5 eV and 37.6 eV attributed to the peaks of W 4f7/2 and W 4f5/2, respectively. In addi-
tion, the Ti 2p XPS spectra of both nanomaterials displayed two obvious peaks at 458.9 eV
and 464.2 eV corresponding to the characteristic peaks of Ti 2p3/2 and Ti 2p1/2.Compared
to the original WO3/TiO2/CC, the self-doped R-WO3/R-TiO2/CC exhibited a negative
shift for binding energy for the peaks of W 4f and Ti 2p.

The XPS spectra of W 4f could be deconvoluted into two corresponding doublets, W6+

and W5+. In addition, it can be seen that Ti 2p included two valence states of Ti3+ and
Ti4+, indicating both WO3 and TiO2 can be reduced simultaneously, which is consistent
with the results of HR-TEM analysis. The experimental results strongly prove that the
electrochemical method of cathode voltage reduction can form oxygen vacancies.
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2.4. Optical Properties and Energy Band Structure of Materials
2.4.1. Optical Properties

Figure 8A shows the ultraviolet-visible diffuse reflection spectrum (DRS) of WO3,
WO3/CC, TiO2/CC, and R-WO3/R-TiO2/CC materials. It can be observed that TiO2/CC
has a strong absorption under ultraviolet light, but the absorption is extremely small
under visible light; pure WO3 has an absorption in the visible region with a wavelength
of less than 480 nm. Compared with WO3/CC, the absorption in the visible region has a
significant red shift, which may be caused by the absorption of visible light by the carbon
fiber cloth. In contrast, R-WO3/R-TiO2/CC presents an obvious absorption in the visible
light region, and its absorption band edge reaches about 650 nm, which broadens the
spectral response range. For sunlight, ultraviolet light only accounts for about 5%, while
visible light accounts for 43%. When TiO2 and reduced WO3 are combined in R-WO3/
R-TiO2/CC, the absorption wavelength of light can extend into the visible light range, thus
improving the effective utilization rate of light and photocatalytic performance.

The Tauc plot (Figure 8B) can be converted by UV-Vis DRS, and the semiconductor
band gap width can be calculated by the following formula:

(αhν)1/n = A
(
hν− Eg

)
(1)

where α is the absorbance index, h is the Planck constant, v is the frequency, Eg is the band
gap of the semiconductor, and A and n are constants. When n is 1/2 or 2, the nanomaterial is
a semiconductor of direct or indirect electronic transition in the band gap, respectively [39].
According to formula (1), taking (αhv)1/n as ordinate and hv as abscissa, the Tauc plot can
be obtained, as depicted in Figure 6B. The intersection of the TiO2 curve for the tangent
and abscissa is 3.0 eV, i.e., the band gap of the TiO2 material is 3.0 eV, which is consistent
with the XRD of rutile TiO2 [40]. Moreover, the band gap of WO3 is 2.46 eV, which suggests
that WO3 can diminish the forbidden band width of nanocomposite [40].
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2.4.2. Energy Level Structure

The positions of the valence band (VB) and the conduction band (CB) of nanomaterials
can be computed by the following empirical formulas:

EVB = X− Ee + 1/2Eg (2)

ECB = EVB − Eg (3)

where EVB is the VB potential, Ee is the electron energy (usually 4.5 eV), ECB is the CB
potential, Eg is the band gap width, and X is the absolute electronegativity of the TiO2 and
WO3 semiconductor, which can be calculated by the geometric average electronegativity of
each atom of the compound by the following formula.

Gn = ∑n
i=1 fi

√
n

∏
i=1

x fi
i =

∑n
i=1 fi

√
x f1

1 x f2
2 x f3

3 ...x fn
n (4)

where Gn is the geometric average electronegativity, xi is the electronegativity, and fi is the
number of atoms in the compounds.

The electronegativity of the Ti atom, O atom, and W atom is 3.45 eV, 7.54 eV, and
4.40 eV, respectively [41]. Therefore, the absolute electronegativity of TiO2 and WO3 is
5.81 eV and 6.59 eV. According to formulas (2) and (3) above, the VB position of TiO2
is 2.81 eV and the CB position is −0.19 eV. Correspondingly, the VB position of WO3 is
3.32 eV and the CB position is 0.86 eV. It can be concluded that the photogenerated holes
will transfer from TiO2 to WO3 because the VB of TiO2 is higher than that of WO3, which
will improve the separation efficiency of photoinduced charge carriers.

2.5. Electrochemical Properties
2.5.1. Electrochemical Impedance Spectroscopy

In order to investigate of electron transfer across the interface between nanomaterials
and the electrolyte, electrochemical impedance spectroscopy (EIS) is a useful technology
that can provide information regarding the resistance and capacitance. As shown in
Figure 9, the three nanomaterials exhibit similar semicircles dominated by charge transfer
in the Nyquist complex plane with a potential of +0.445 V (vs. RHE) under visible light
irradiation. Compared with TiO2/CC and WO3/TiO2/CC, the Nyquist graph of R-WO3/
R-TiO2/CC displays that its semicircle corresponds to a smaller diameter, indicating that
the impedance of charge transfer is smaller and can more easily conduct electrons.

The equivalent circuit of different nanomaterials is also fitted under visible light irra-
diation depicted in Figure 9. The R1 corresponds to the total resistance of the electrolyte
and the metal oxides. R2 is assigned to the impedance of charge transport in the nanomate-
rials. Compared to the solution resistance of TiO2/CC, the 3.5 Ω of R-WO3/R-TiO2/CC is
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much smaller than 4.3 Ω of TiO2/CC. Similarly, the solution resistance of WO3/TiO2/CC
decreases. Moreover, the charge resistance changes from 215 Ω of TiO2/CC to 205 Ω of
R-WO3/R-TiO2/CC, indicating faster ion and electron transport [41]. Clearly, R-WO3 with
high conductivity can boost electron transfer during the electrochemical reaction. This is
conducive to the rapid transfer of the photogenerated electrons to the external circuit and
the prevention of the recombination of photogenerated charge carriers.
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2.5.2. Mott-Schottky Test

The donor density and flat band potential of the semiconductor were studied by the
Mott–Schottky (M–S) method. Figure 10 shows the M–S curves of TiO2/CC and R-WO3/
R-TiO2/CC. The slope of TiO2/CC is positive, indicating TiO2 is an n-type semiconductor.
In comparison, the type of the WO3 semiconductor can be converted from n-type to p-type
under the applied electric field, that is, the slope of the R-WO3/R-TiO2/CC composite
material is positive between −1.3 V and −1.0 V, while the slope is negative when the
voltage is between −0.9 V and −0.7 V.

The donor density is calculated by the following formula [31]:

C−2 =
2

eε0εr Nd

(
E− EFB −

kT
e

)
(5)

where C is the capacitance of space charge layer, e is the electronic charge (e = 1.602 × 10−19 C),
ε0 is the vacuum dielectric constant (ε0 = 8.854 × 10−14 F·cm−1), εr is the relative dielectric
constant of a material, k is the Boltzmann constant (1.381 × 10−23 J·K−1), T is the absolute
temperature, E is the electrode potential, EFB is the flat band potential, and Nd is the donor
carrier density. When C−2 is zero, the intersection point is equivalent to the flat band
potential (EFB), which is found to be −1.25 V for R-WO3/R-TiO2/CC. The value of EFB
drifted negatively to −0.3 V compared to that of the TiO2/CC nanomaterials.

Since kT/e at room temperature is approximately 25 mV, which can be negligible, we
can obtain the formula as follows:

Nd =
2

eε0εr

[
d
(
C−2)
dE

]−1

(6)

According to the above formula (6), supposing that εr is known for most of the
semiconductors, the Nd of the nanocomposite can be calculated from the tangent slope and
the εr of the nanomaterials.

From Figure 10, the EFB of TiO2/CC is −0.95 V. Furthermore, considering that re-
duced WO3 has a more negative charge, R-WO3 represents an n-type semiconductor, hence
−1.25 V of EFB for WO3/TiO2/CC is chosen. Compared with TiO2/CC, the flat band
potential of R-WO3/R-TiO2/CC is negatively shifted by 0.30 V, which suggests an increase
in the semiconductor Fermi level. Subsequently, the semiconductor conduction band also
shifts negatively, the energy level of electrons becomes higher and more unstable, and the
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electrons in the conduction band are more easily lost and undergo an oxidation reaction.
For the solution, the particles in the solution obtain the electrons on the semiconductor
conduction band and undergo the photoreduction reaction more easily. From the ther-
modynamic point of view, the more negative flat band potential of the nanocomposites
implies that the electrons excited on the conduction band after irradiation have a stronger
reduction ability.

Assuming that the ε of TiO2 is 110, as reported in the literature [15], the Nd of TiO2/CC
is 4.27 × 1022 cm−3.
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2.6. Photocatalytic Activity Analysis

Figure 11A shows the photocatalytic degradation of the methylene blue (MB) pollutant
under visible light with a 420 nm cutoff filter with different photocatalysts. The degradation
rate after illumination is calculated according to the following formula:

The degradation rate =
A0 − At

A0
× 100% (7)

where A0 and At are the absorbances of methylene blue solution for 0 min and
t min, respectively.

After 3 h of visible light irradiation for the carbon cloth, the photocatalytic degradation
rate of MB is only 15%, which is due to the photolysis. The MB degradation rate for
TiO2/CC and WO3/TiO2/CC is about 31% and 56%, respectively. Notably, the degradation
rate for R-WO3/R-TiO2/CC is 68%. These results demonstrate the improvement of the
photocatalytic activity when the nanocomposites are utilized. Among them, R-WO3/
R-TiO2/CC exhibits the highest photocatalytic degradation rate due to the narrow band
gap of WO3, which enlarges the light response range and hinders the recombination of
photogenerated electron–hole pairs, thus enhancing the charge transport and separation
and improving the photocatalytic performance.

1 
 

 
Figure 11 Figure 11. Photocatalytic degradation of the different composites with error bars (A) and pseudo-
first-order kinetic curve (B).
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Figure 11B shows the quasi-first-order kinetic curves of the photocatalytic degrada-
tion rate for CC, TiO2/CC, WO3/TiO2/CC, and R-WO3/R-TiO2/CC. The equation can
be gained by the least-square method for curve fitting. According to the fitting curve,
the degradation rate constant k of the above materials is 0.01063 min−1, 0.00843 min−1,
0.00282 min−1, and 0.00119 min−1, respectively. The rate constant k of R-WO3/R-TiO2/CC
composites is 1.3 times and 3.8 times that of WO3/TiO2/CC and TiO2/CC composites, as
shown in Table 1.

Table 1. Equation of quasi-first-order dynamics.

The Sample Kinetic Equation

CC Y = 0.00183 + 0.00119 X
TiO2/CC Y = −0.03657 + 0.00282 X

WO3/TiO2/CC Y = 0.04365 + 0.00843 X
R-WO3/R-TiO2/CC Y = 0.08403 + 0.01063 X

2.7. Photocatalytic Mechanism Analysis

Figure 12 shows the photocatalytic mechanism of R-WO3/R-TiO2/CC for MB degrada-
tion under visible light irradiation. According to the relative position of the semiconductor
VB and CB, the CB of WO3 is lower than that of TiO2, and the excited state electrons of
TiO2 will be spontaneously injected into the CB of WO3, thus WO3 acts as an acceptor for
the photogenerated electron. Meanwhile, the VB of WO3 is higher than that of TiO2, and
the photogenerated holes of WO3 will readily transfer to the VB of TiO2 [42]. Later, O2
can be scavenged by electrons to yield O2−. In the meantime, OH− can react with holes to
produce OH•. Both O2− and OH• as active species are able to oxidize MB, achieving the
purpose of degradation [43].
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3. Experimental
3.1. Materials and Characterizations

Carbon cloth was purchased from Shanghai Three Musk Deer Industry Co., Ltd.,
(Shanghai, China). Tetrabutyl titanate, sodium tungstate, ammonium acetate, and methy-
lene blue were purchased from Aladdin Bio-Chem Technology Co., Ltd., (Shanghai, China).
All other reagents were of analytical grade and used without further purification. Deionized
water (>18.4 MΩ cm−1) was used for all solution preparations. The photoelectrochemical
measurements were performed in Na2SO4 or NaOH electrolytes.

The X-ray diffraction pattern (XRD) was measured with a Bruker D8 Advance diffrac-
tometer (Karlsruhe, Germany). Scanning electron microscopy (SEM) was determined by
a MIRA3 LMU microscope (Brno, Czech Republic) at 15.0 kV. The transmission electron
microscopy (TEM) was measured with FEI Tecnai F20 (Hillsboro, OR, USA). the X-ray pho-
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toelectron spectroscopy (XPS) was detected by the ESCALAB 250Xi (Waltham, MA, USA).
The UV-Vis diffuse reflectance spectrum (DRS) was tested by the UV2600 spectropho-
tometer (Shimadzu, Japan). The phototelectrochemical performance was measured by the
CS electrochemical workstation (Wuhan Corrtest Instrument Corp., Ltd., Wuhan, China).
Light intensity is measured with an irradiatometer (Model: FZ-A) purchased from Beijing
Normal University Photoelectric Instrument Factory (Beijing, China). The three-electrode
system was established with R-WO3/TiO2/CC as the working electrode, a saturated
calomel electrode (SCE) as the reference electrode, and Pt foil as the auxiliary electrode.

3.2. The Preparation of TiO2/CC Nanomaterials

TiO2 was prepared on carbon cloth (CC) by hydrothermal method. Firstly, the CC
was immersed for ultrasonic cleaning for 10 min in acetone, ethanol, and distilled water.
Subsequently, the CC was dried at 60 ◦C and calcined at 500 ◦C for 5 h in a tube furnace.
Next, 30 mL of concentrated hydrochloric acid was slowly poured into 30 mL of distilled
water under agitation. Then 1.5 mL of the tetrabutyl titanate solution was dropped into
the hydrochloric acid solution with a pipette, which was stirred for 15 min. Finally, the
pretreated CC was placed into the 50 mL Teflon-lined stainless-steel autoclave and the
above solution was added to initiate the deposition at 150 ◦C for 15 h. After the reaction
was completed and cooled to an ambient temperature, the CC was taken out and washed
with distilled water, and then dried in a 60 ◦C oven to obtain the TiO2/CC material.

3.3. The Preparation of WO3/TiO2/CC Nanomaterials

WO3 was coated on TiO2/CC by the electrochemical deposition method. Ethylene-
diaminetetraacetic acid (EDTA), Na2WO4, and CH3COONH4 were accurately weighed
and dissolved to prepare a mixed solution with a concentration of 0.30 mol/L. The three-
electrode system was constructed by TiO2/CC, platinum foil, and SCE, which were used
as the working electrode, counter electrode, and reference electrode, respectively. The
immersion area of the TiO2/CC electrode was 1 cm × 2 cm in the above mixed solution,
and then the electrochemical deposition was carried out for 10 min under the cathodic
current from −8 mA/cm2 to −16 mA/cm2, and dried in an oven to obtain WO3/TiO2/CC.
Finally, the WO3/TiO2/CC was annealed at 450 ◦C for 2 h.

3.4. The Fabrication of R-WO3/TiO2/CC Nanomaterials

The R-WO3/TiO2/CC was fabricated via an electrochemical reduction. In a typical
experiment, WO3/TiO2/CC, a platinum sheet electrode, and saturated calomel (SCE) were
immersed in 0.1 mol/L of a Na2SO4 solution with an area of 1 cm × 2 cm. The cathodic
voltage varied from −0.755 V to −1.755 V (vs. RHE) for 10 min. After the electrochemical
reduction, the composite material was rinsed and then dried at 60 ◦C. Finally, the optimum
conditions of R-WO3/TiO2/CC were determined by a photoelectrochemical performance
test and SEM analysis.

3.5. Photocatalytic Performance Test

The photocatalytic performance was tested by analyzing the degradation rate of the
methylene blue (MB) solution as the target pollutant under the irradiation of a 300 W
xenon lamp with a 420 nm cutoff filter. Then, 5 mg/L of the MB in a 50 mL solution was
loaded in a double-layer quartz beaker. Three 2 cm × 1 cm nanocomposites were placed
side by side in the center of the solution. Before the start of degradation, the pollutant
solution was placed in dark conditions for 30 min to achieve the equilibrium of adsorption–
desorption with the nanocomposites. Subsequently, the light intensity was adjusted to
AM 1.5 G (100 mW/cm2) to irradiate the MB solution. During the degradation process,
the solution was measured every 30 min until the end of the reaction. The relationship
between concentration and absorbance was Ct/C0 = At/A0. The absorbance was examined
at 664 nm using a visible spectrophotometer.
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3.6. The Measurement of Photoelectrochemical Properties

The photochemical properties of the as-prepared materials were tested using a three-
electrode system in 0.5 mol/L of the NaOH electrolyte. A xenon lamp was used as the
simulated light source, and the photocurrent response of the materials was tested by the
chronoamperometry method of an electrochemical workstation under +0.425 V (vs. RHE).
In addition, electrochemical impedance spectroscopy (EIS) for the nanomaterials was
at a frequency range of 100 kHz to 0.01 Hz in 0.5 mol/L NaOH with +0.425 V and a
5 mV amplitude. The Mott–Schottky (M–S) test with a frequency of 5000 Hz at 10 mV of
amplitude was carried out to further calculate the carrier density of the nanomaterials in
0.5 mol/L of the Na2SO4 solution.

4. Conclusions

In summary, oxygen-deficient R-WO3/R-TiO2/CC photocatalytic nanomaterial with
a three-dimensional structure was successfully prepared on flexible carbon cloth by hy-
drothermal and electrochemical methods. The electrodeposited WO3 was able to narrow
the energy gap of the nanocomposite, promoting the absorption of visible light. Moreover,
reduced WO3 produced oxygen vacancies, which reduced the resistance of the solution and
the charge transfer, thus enhancing the photocurrent density up to 142 µA/cm2. The results
indicated that the reduced WO3 further improved the separation efficiency of photoinduced
charge carriers to impede the recombination of electrons and holes. More importantly, the
as-prepared nanomaterials were used to degrade the MB under visible light irradiation.
The degradation rate of R-WO3/R-TiO2/CC was 68%, higher than that of WO3/TiO2/CC
(56%) and TiO2/CC (31%), which reflected the fact that the formation of heterojunction
microstructure prolonged the lifetime of photogenerated electron–hole pairs between WO3
and TiO2, thus increasing the photocatalytic activity. This study provides new insight into
the development of nanocomposite photocatalysts with visible light activity.
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