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In this study, a carbon membrane-mediated CdSe and TiO, ternary film (CdSe/C/TiO,) was prepared to
degrade methylene blue (MB). Carbon membrane and CdSe were introduced to the surface of a TiO,
nanofiber film via an in situ hydrothermal deposition process successively. The investigation shows that
the carbon membrane not only provides a charge transfer channel to promote the transfer of electron
from the conduction band of CdSe to that of TiO,, but also improves the poor conduct between the
TiO, film and electrolyte. The synergies between the carbon membrane and CdSe can make the ternary
system harvest more visible light energy and facilitate the charge transfer property of TiO,. The current
density of CdSe/C/TiO, was about 9 folds higher compared with that of pure TiO, under UV and visible
light irradiations. This ternary hybrid exhibits a superior activity during the photoelectrochemical (PEC)
degradation of MB, and 92.43% can be removed after 120 min irradiation, which is improved by 21.14%

rsc.li/rsc-advances than that of TiO,.

1. Introduction

Waste discharge from chemical industries is threatening to the
health of human beings." The waste-related environmental
problems need to be solved urgently.>® In the past few years,
numerous traditional ways have been employed in disposing
water pollution including absorption, photocatalysis, electro-
catalysis, and microbiological degradation.*® However, the
above-mentioned solutions suffer from high cost, low efficiency,
secondary pollution, and so on.”™ At present, compared with
photocatalysis and electrocatalysis, photoelectrocatalytic
degradation has received considerable attention owing to its
low cost, sustainability and high efficiency, which can decom-
pose the organic pollutants into H,O and CO, completely.*>”
Until now, numerous photoelectrocatalysts have been devel-
oped for the photoelectrochemical (PEC) processes, such as
TiO,, ZnO, and MnO,.**** Among them, TiO, has been widely
investigated for its physical and chemical stability, non-toxicity
and available properties.”***

However, there are still limitations for the practical appli-
cations of TiO,: (1) its inherent band gap of 3.0-3.2 eV leads to
poor visible light capture ability; (2) fast recombination of the
charge carriers results in an inefficient photoexcitation process;
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(3) the powder form of TiO, makes it hard to reuse for the
separation problems.?*** In the last few decades, various strat-
egies have been employed to improve the activity of TiO,. For
example, metal doping (Au, Ag, Pt, Ni, etc.),*** coupling with
narrow-gap semiconductors (ZnSe, CdSe, CdS, etc.),”** and
introducing carbon-based materials.**

Investigations demonstrate that the combination of TiO,
with narrow band gap semiconductors to form heterojunctions
is an effective strategy to achieve wider range of light absorption
and faster separation of charge carrier simultaneously.**’
Recently, CdSe with a suitable conduction band position and an
ideal band gap (1.7 eV) has been widely used for the sensitiza-
tion of TiO,. The hybrids can be applied in H, evolution, CO,
reduction and pollutants degradation.*®** Xu et al. used CdSe/
TiO, powder to degrade MB, and the removal efficiency was
90.5% after 5 h of irradiation.*” Although the above-mentioned
heterojunction can promote charge transfer and improve the
light harvesting ability of TiO,, the question that remains is
CdSe, a small-diameter-particle, randomly combined with TiO,
cannot solve the problem of poor contact between the TiO,
photoanode and the electrolyte, which is proved to be the key
point in improving the PEC efficiency.

Carbon materials (graphene, carbon quantum dots, carbon
nanofibers, carbon membrane, etc.) have been widely employed
to improve the PEC activity of TiO,.***” They not only provide
a carrier transport channel to accelerate the carrier transfer but
also promote the contact properties between TiO, and electro-
Iyte.**** Gao et al. used y-graphene to enhance the activity of
TiO, nanotube arrays, and the degradation rate of rhodamine B
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was increased slightly (1.35 times).”* Liu et al. used carbon
quantum dots to facilitate the charge transfer between
Cdys5ZnysS and TiO, nanorod film (CZS/C/TiO, NRF), the
photocurrent density was boosted to 8.19 pA cm 2% It is
confirmed that carbon materials can greatly improve the PEC
activity of TiO, with excellent PEC performance. However, gra-
phene and carbon nanofibers are difficult to prepare, and
carbon quantum dot is hard to separate during the preparation
and it easily falls off from the substrate. Recently, Zhang et al.
used a simple strategy to introduce a carbon membrane on TiO,
nanotube arrays, and this nanofilm can be easily separated and
reused for its excellent stability.”® Even so, there are few
researches on the use of carbon membranes in PEC
degradation.

In this study, a carbon membrane-bridged CdSe and TiO,
ternary film (CdSe/C/TiO,) was prepared via an in situ hydro-
thermal deposition process successively. We found that the
carbon membrane, as a carrier-transfer-channel, can accelerate
the electron migration from the conduction band of CdSe to
that of TiO,, and improve the poor contact between TiO, and
electrolyte. The current density of CdSe/C/TiO, (45.36 pA cm™?)
was about 9 times compared with that of pure TiO, (5.42 pA
em ™ ?) under UV and visible light irradiations, and the perfor-
mance of the ternary CdSe/C/TiO, film was tested in the pho-
toelectrocatalytic degradation of MB. The results reveal that the
degradation efficiency of CdSe/C/TiO, (92.43%) significantly
increased by 21.14% than that of the pure TiO,. Finally, the PEC
mechanism over the CdSe/C/TiO, nanofiber film was proposed
based on the PEC analyses and free radical capture
experiments.

2. Experimental processes
2.1 Preparation of the CdSe/C/TiO, nanofiber film

A TiO, nanofiber film was obtained via a hydrothermal process,
followed by acidification and annealing treatments. As shown in
Scheme 1, a Ti sheet (20 x 40 x 0.2 mm) was first chemically
polished using a mixed acid solution consisting of HF, HNO;
and H,O0 to remove surface impurities. Subsequently, 2 g NaOH
was dissolved in 25 mL of ethylene glycol and 25 mL of deion-
ized water, and stirred for 30 min. Then, the polished Ti sheet
was put into a Teflon-lined stainless steel vessel with the above
solution together, sealed and heated at 180 °C for 24 h. Here-
after, the sample was acidified in HCI (0.25% wt) for 24 h.

=

5 mL HF NaOH
20 mL HNO, > H,0
25 mL H,0

Ethylene glycol

Polishing process Hydrothermal reaction

180°C24h

Scheme 1 Preparation processes of the CdSe/C/TiO, nanofiber film.
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Finally, the TiO, nanofiber film was obtained after calcination
at 350 °C for 2 h at a heating rate of 5 °C min™".

A carbon membrane was coated on the TiO, nanofilm via
a simple hydrothermal process. 0.432 g glucose and 0.042 ¢
ascorbic acid were added into 50 mL of H,O under stirring.
Subsequently, the TiO, nanofiber film and above mixture were
sealed in a Teflon-lined stainless steel vessel, and heated at
80 °C for 12 h to obtain the C/TiO, nanofiber film.

The CdSe/C/TiO, ternary film was prepared via a hydro-
thermal process too. 0.0237 g Se powder was dissolved in 40 mL
of diethylenetriamine (solution A), and then CdCl, was dis-
solved in 10 mL of H,O (solution B). Subsequently, solution A
and solution B were mixed under stirring and then transferred
into a Teflon-lined stainless steel vessel. Further, the above C/
TiO, nanofiber film was immersed into this mixture, sealed and
maintained at 160 °C for 12 h. After cooling naturally, the film
was washed using deionized water and ethanol, and dried at
room temperature to obtain the CdSe/C/TiO, ternary nanofiber
film.

2.2 Characterization

The ESIt provide details of characterization, PEC measure-
ments and PEC performance test.

A-Anatase TiO2

Ti-Titanium Substrate - Ti
1
CdSe/C/TiO:
';f A A A A A
<
-
£ | cdse/Tio: l
2 N N R
<%}
=
C/Ti
N e R L J
TiO:

1 .ll 1 L N .
d T v T v T v T

20 30 40 50 60 70 80
2Theta (degree)

Fig.1 XRD patterns of the samples.
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Fig. 2
images for Ti, O, C, Cd and Se.

3. Results and discussion

Fig. 1 presents the X-ray diffraction (XRD) patterns of the
sample. The characteristic diffraction peaks of anatase TiO, are
observed in all the samples. Peaks at 25.69°, 48.79°, 54.77°,
55.94°, 63.14° and 76.37° belong to the crystal surfaces of (101),
(200), (105), (211), (213) and (215) of anatase TiO,, respectively
(JCPDS no. 75-1537).* Moreover, the peaks located at 40.17°,
53.00° and 70.66° are assigned to the Ti sheet substrate (JCPDS
no. 44-1294). Besides, the signals of the carbon membrane and
CdSe are not observed due to the low content and poor

1874 | RSC Adv, 2021, 11, 11872-11881

Element Weight(%) Atom(%)

CK 3.90 8.50
0K 38.28 62.67
TiK 47.78 26.13
SeL 3.62 1.20
CdL 6.42 1.50
Total 100.00

(A—C) SEM images of all samples: (A) pure TiO,, (B) C/TiO,, and (C) CdSe/C/TiO,; (D) EDS of CdSe/C/TiO,; (E-I) elemental mapping

crystallinity of CdSe and the amorphous nature of carbon, but
they can be observed by EDS and XPS.**>*

As shown in Fig. 2A-C, the TiO, film is composed of a large
number of nanofibers intertwined to form a stable structure
(nanofiber film), which is conducive to the light scattering and
harvesting abilities of the TiO, film. This network structure
becomes rougher when the carbon membrane is loaded
(Fig. 2B). As shown in Fig. 2C, the CdSe nanoparticles are
obviously supported on the C/TiO,. Notably, the film-shape is
easier for cyclic utilization than the powder form of TiO,, which
is beneficial for the practical application. According to the EDS

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3

(Fig. 2D) and elemental mapping (Fig. 2E-1), it is obvious that
there are signals of Ti, O, C, Cd and Se. It is confirmed that the
carbon membrane and CdSe co-exist on the surface of the TiO,
film with good dispersion.

The microstructure of the CdSe/C/TiO, nanofiber film is also
investigated by TEM. As shown in Fig. 3A, nanofibers of TiO,
with a reticular structure can be clearly observed, and it is well
preserved after the deposition of the carbon membrane and
CdSe. The HRTEM image in Fig. 3B clearly reveals that the inter-
planar spacing of the crystal lattice is 0.35 nm, which is
consistent with the (101) plane of anatase TiO,. Besides, the
carbon membrane is loaded on the surface TiO,, and the
thickness of the carbon membrane is about 2-3 nm. It is clearly
seen that the CdSe particles are supported outside the carbon
membrane, and the spacing of 0.35 nm belongs to the (101)
plane of CdSe. Above TEM analysis further confirms the co-
existence of carbon and CdSe on the surface of the TiO,
nanofilm.

X-ray photoelectron spectroscopy (XPS) is an important
technique to confirm the elements and their states over the
surface of the materials.> As shown in the survey spectrum
(Fig. 4A), the signals of Ti, O, C, Cd and Se can be detected. The
corresponding high resolution spectra are shown in Fig. 4B-F.
The spectrum of C 1s can be fitted into three peaks at 284.6,
286.1 and 288.1 eV in Fig. 4B, and they are attributed to the C-C,
C-0 and C=0, respectively.*® As shown in Fig. 4C, the peaks at
458.3 and 464.0 eV correspond to Ti 2p3/, and Ti 2p,,,, respec-
tively.*” The three peaks at around 529.6, 530.1 and 530.7 eV are
ascribed to Ti-O, C=0 and C-OH in the spectrum of O 1s
(Fig. 4D), respectively, revealing the presence of carbon in this
composite.”® Moreover, the double peaks at 404.6 and 411.3 eV
in Fig. 4E are designated to 3ds,, and 3d;, of Cd** > The peak at
50.7 eV in Fig. 4F indicates the existence of Se*~.®® Above proofs
further confirm that the carbon membrane and CdSe co-exist on
the surface of the TiO, nanofiber film.

Fig. 5A shows the UV-Vis absorption properties of the
samples. All the samples exhibit absorption at the edge of
386 nm, corresponding to a band gap energy of 3.2 eV, which
results from the inherent absorption of anatase TiO,.** This

© 2021 The Author(s). Published by the Royal Society of Chemistry
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membrane

(A) TEM and (B) HRTEM images of the CdSe/C/TiO, nanofiber film.

interlacing network structure of TiO, leads to the irregular
scattering effects of incident light, enhancing the light har-
vesting ability (Fig. 2A). After introducing CdSe particles, the
absorption of CdSe/TiO, in the visible light range clearly got
enhanced owing to the narrower band gap of CdSe. Carbon
membrane can also capture visible light and further enhance
the absorption capacity of the samples because of its unique
optical properties.®* These results indicate that the combination
of carbon membrane and CdSe endows the ternary composite
(CdSe/C/TiO,) with excellent visible light absorption ability.

The photoluminescence (PL) spectra were obtained to illus-
trate the charge recombination efficiency, as shown in Fig. 5B.
Under excitation at 220 nm, they all share same emission
shapes around 400 and 465 nm. The emission intensity of C/
TiO, and CdSe/TiO, are lower than that of the TiO, nanofiber
film. After introducing the carbon membrane and CdSe, the PL
emission intensity of CdSe/C/TiO, obviously decreased, sug-
gesting that the recombination of electrons and holes is
inhibited in this CdSe/C/TiO, heterojunction.

Fig. 6A presents the photocurrent density of the samples.
The photocurrent density elevates quickly after the light illu-
mination, and then decreases rapidly to 0 pA cm™> under dark
conditions, indicating that all the electrodes have very sensitive
optical response. C/TiO, (29.52 pA cm ™ 2) and CdSe/TiO, (16.16
uA cm™?) both exhibit higher photocurrent density than TiO,
(5.42 pA em™?). In addition, the current density of the CdSe/C/
TiO, film is 45.36 pA cm™?, which is 9 folds enhancement
compared to that of TiO,, which indicates that more electrons
can be effectively transferred from the CdSe/C/TiO, photoanode
to the Pt counter electrode, which accelerates the separation of
electrons and holes.

As displayed in Fig. 6B, open-circuit potential (V,) is used to
further reveal its photoelectric property. When the Xe lamp is
switched on, the photoelectrodes produce high photovoltages
with better photosensitivity and stability, which benefits from
the balance of accumulation and recombination of the charge
carriers on the surface of the catalyst. Compared with pure TiO,,
all the samples exhibit higher electric potential than TiO,.
Among them, the ternary composite CdSe/C/TiO, exhibits the

RSC Adv, 2021, 11, 11872-11881 | 11875
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Fig.4 (A) XPS survey spectrum of the CdSe/C/TiO, ternary nanofiber film, and high resolution spectra of (B) C 1s, (C) Ti 2p, (D) O 1s, (E) Cd 3d and
(F) Se 3d.

highest V,., indicating that the charge separation efficiency is shows better PEC performance, achieving the highest current
the best and more electrons can be accumulated. In addition, density than the others at an overpotential of 0.5 V. The
the linear sweep voltammetric curves (LSV) is recorded to synergistic effects of the carbon membrane and CdSe leads to
determine the PEC property, as shown in Fig. 6C. CdSe/C/TiO,

11876 | RSC Adv, 2021, 11, 1872-11881 © 2021 The Author(s). Published by the Royal Society of Chemistry
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an obvious enhancement of its PEC behavior. The result is
consistent with the above photocurrent density and V,, results.

To further understand the generation and accumulation
properties of the carriers for all the samples, electrochemical
impedance spectroscopy (EIS) was performed on different
electrodes. The diameter of the semicircle in the Nyquist
diagram expresses the resistance during charge transfer

Wavelength (nm)

(A) UV-Vis diffuse reflectance spectra (DRS) of all samples and (B) PL spectra with the excitation wavelength of 220 nm.

processes.® Clearly, as shown in Fig. 6D, the resistance of TiO,
is the largest, and the diameter of each composite is smaller
than that of their single component. In particular, the diameter
of CdSe/C/TiO, is the smallest, indicating that the electron
transfer resistance is lowest and the charge transfer in the
electrode is the fastest; therefore, the ternary composite
possesses excellent PEC properties. In summary, the unique
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(A) Transient photocurrent responses; (B) open circuit potential (versus SCE); (C) linear sweep voltammetry curves; (D) electrochemical

impedance spectroscopy for pure TiO,, C/TiO,, CdSe/TiO, and CdSe/C/TiO, nanofilm.
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Fig. 8 The photoelectrocatalysis degradation of MB by CdSe/C/TiO,
after the addition of h*, *OH and "O,~ scavengers.

No additive  AO IPA

electron transfer property of the carbon membrane, as well as
the synergistic effect with CdSe, can effectively inhibit the
charge recombination and achieve higher PEC performance.
To further demonstrate the PEC property, the degradation
efficiency of MB is illustrated in Fig. 7A and B, and the raw data
for MB degradation is shown in Fig. S1.T Clearly, CdSe/C/TiO,

1878 | RSC Adv, 2021, 11, 1872-11881

can significantly achieve the removal of MB. Without the cata-
lyst, only 2.13% of MB can be degraded after 120 min of light
irradiation, indicating that MB can hardly induce self-
degradation. Pure TiO, can only decompose 71.29% of MB,
while the degradation efficiency of MB can reach 84.64%,
83.45% and 92.43% over C, CdSe, CdSe and C-modified
samples, respectively. Therefore, the ternary CdSe/C/TiO,
exhibits the best PEC activity with an improvement of 21.14%
compared with pure TiO,. In addition, the degradation kinetics
of MB can be described as a pseudo-first-order reaction using
the following formula:

In(CICy) = —kt )

where C, is the initial concentration of MB, C is the concen-
tration of MB at given time ¢, and k is the kinetic rate constant.®

As shown in Fig. 7C, the kinetic rate constants for TiO,, C/
TiO,, CdSe/TiO, and CdSe/C/TiO, electrode are approximately
9.33 x 1077, 14.18 x 107 °, 12.67 x 10> and 18.93 X
107> min~*, and marked as k, k,, ks and k,, respectively. The
order of rate constants is k, > k, > k3 > ky, indicating that the
CdSe/C/TiO, ternary composite has a faster degradation rate
than the others. Furthermore, stability is also a key indicator of
industrial applications of the catalyst. As shown in Fig. 7D,

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 The PEC mechanism of the MB degradation over the CdSe/C/TiO, nanofiber film.

when the catalyst is cycled four times, it is found that there is no
significant decrease, indicating that the catalyst is stable.

Furthermore, PEC experiment was performed using different
scavengers to reveal the role of the active substances. Here, 1,4-
benzoquinone (BQ), ammonium oxalate (AO) and isopropanol
(IPA) were used as the trapping agents for the superoxide radical
scavenger ("O,7), hole scavenger (h'), and hydroxyl radical
scavenger ("OH), respectively.** Fig. 8 shows the results of the
trapping experiment. It is clear that the degradation rate of
CdSe/C/TiO, is 92.43% in the absence of the capture agent.
When BQ and AO are added, the degradation rates decrease to
69.36% and 73.11%, respectively, indicating that ‘0O, and h*
are the major active substances during the MB degradation.
When IPA is added, the degradation rate is also affected, but the
effects of "OH is relatively low.

According to the above-mentioned conclusions, a tentative
mechanism is proposed to understand the degradation process.
As shown in Fig. 9, electrons can be transferred from the valence
band (VB) to the conduction band (CB) in TiO, and CdSe under
light excitation. Holes from the VB of TiO, migrate to the VB of
CdSe through the carbon membrane because of the potential
difference, and then electrons transfer from the CB of CdSe to
the CB of TiO, through the carbon membrane. Therefore, the
carbon membrane plays a vital role as a carrier-transfer-channel
between TiO, and CdSe. Subsequently, electrons will transport
into the metal Ti through the TiO, nanofiber film, and contin-
uously migrate to the Pt cathode under the bias potential. ‘O,
is generated from the reaction between the electron and the
oxygen adsorbed on the surface of the cathode, and it can
participate in the MB degradation process. Moreover, the
carbon membrane can improve the interfacial contact between
the semiconductor and the electrolyte, which promotes the
contact between the holes and the organic pollutants during the
degradation reaction, resulting in more h* to degrade MB.%
This mechanism can be expressed by:

© 2021 The Author(s). Published by the Royal Society of Chemistry

CdSe/C/TiO, — CdSe (h*)/CITiO, (e7) (2)
TiO, (e7) + Pt — TiO, + Pt (e7) (3)
Pt(e?)+ 0, —» 'O,” + Pt (4)

h* + OH/H,O0 — "OH (5)

‘0, /h*/"OH + MB — CO, + H,0 (6)

4. Conclusion

In summary, a CdSe/C/TiO, nanofiber film was developed for
the photoelectrocatalytic degradation of MB. The CdSe/C/TiO,
ternary composite exhibits a better PEC performance compared
with its binary hybrids. The current density of the CdSe/C/TiO,
nanofilm is about 9 times higher than that of pure TiO, under
UV and visible light irradiations. V,. and EIS results show that
the CdSe/C/TiO, nanofiber film has better charge transfer
capacity because the carbon membrane not only can greatly
accelerate the carrier transfer as a carrier-transport-channel but
can also improve the problem of the poor contact between the
semiconductor and the electrolyte. The photoelectrocatalytic
degradation of MB by CdSe/C/TiO, is significantly increased by
about 21.14% than that of pure TiO,. Therefore, the synergistic
effects of the carbon membrane and CdSe endows the ternary
composite sample CdSe/C/TiO, with excellent PEC perfor-
mance. This study presents a great contribution to the prepa-
ration of highly efficient PEC degradation materials.
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