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Carbon nanotube film (CNTF) can be used for photocatalysis and water treatment due to its porous
structure, good stability and excellent electrical properties. In this work, TiO,/amorphous carbon/carbon
nanotube film (TCC) composite with uniform structure was prepared by a simple atomization spraying
method. Rhodamine B (RhB) was used to test the photocatalytic activity of TCC. TCC composite exhibits
good photocatalytic activity under ultraviolet light. In particular, the degradation efficiency of rhodamine
B (RhB) by TCC sprayed with 9 layers of TiO, (9TCC) increased by 1.45 times than of TiO, under ultraviolet
light. The enhanced photocatalytic activity of TCC is attributed to the CNTF, which can broaden the light
response range of TCC and improve the migration efficiency of electrons. The existence of amorphous
carbon will promote these advances. Moreover, the better hydrophilic properties would enhance the
catalytic performance happened on the solid-liquid interface. Finally, the photocatalytic mechanism and
degradation intermediates of the TCC composite were proposed.

© 2021 Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.
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Water pollution caused by industrialization has been recog-
nized as a severe challenge in the 21°" century [1]. Organic dye
pollution has caused great concern due to its widespread
application in industry. The discharge of high-color sewage can
reduce the penetration of light, thereby reducing the ability of
algae to produce food and oxygen [2]. At present, using photo-
catalysts was proposed as an environmentally friendly potential
strategy [3,4]. TiO,, which is widely used in various fields, is non-
toxicity, acid and alkali corrosion resistance and low cost [5].
However, the TiO, powder is easy to agglomerate and requires a
long precipitation time and efficient solid-liquid separation
technology [6]. In addition, the band gap of single-phase TiO, is
around 3.2 eV, not sensitive to visible light which limits its
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development [7]. Consequently, designing new TiO,-based photo-
catalysts to inhibit agglomeration, facilitate separation and
improve photocatalytic activity is very attractive and challenging
for sewage purification.

At present, loading TiO, on glass, silica and film materials is one
of the most effective methods to inhibit agglomeration and
facilitate separation [8], such as glass fiber, zeolite [9,10].
Compared with other substrates, thin film materials possess low
density and can float on water, making it close to the air and water
interface, enhancing the oxidation of the photocatalyst, which is a
prerequisite for an efficient photocatalytic process [11]. Among
these widely explored film substrates, CNTF displays excellent
response to entire range from ultraviolet to infrared light [12,13],
and its network channel can form an electrons transmission
channel, appearing excellent electronic properties [14-16], which
can be used to couple with TiO, to enhance light absorption,
promote the separation of photogenerated electrons and holes and
further improve photocatalytic activity.

In this work, the TCC composite was synthesized by a simple
atomization spray method, using CNTF as the substrate and resin as
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the linking agent for TiO, spraying. TCC composite was annealed to
carbonize the resin in the middle to amorphous carbon, coupling
the titanium dioxide and improving the conductivity of electrons
in the catalyst [17,18]. The TCC composite sprayed with nine layers
of TiO, can degrade 91.29% of RhB within 120 min. The total organic
carbon (TOC) content in the RhB solution before and after the
reaction was detected. TCC composite can completely mineralize
most of the RhB with a mineralization rate of 61.7%.

The crystal structure of TiO,, CNTF and 9TCC were studied by
XRD. As shown in Fig. S2a (Supporting information), the
characteristic peaks of TiO, at 260 =25.5°, 38.1°, 48.2°, 54.3° and
55.0° is corresponding to (101),(004), (200), (211) and (204) crystal
planes of anatase TiO, respectively, which are consistent with
JCPDS No. 21-1272 [19,20]. The diffraction peak of CNTF at
20 =26.3° is indexed to the (002) crystal plane of graphite material
[21]. After coupled with TiO,, the characteristic peak of TiO, in
9TCC can be observed. Since the peak of the carbon in 9TCC is not
obvious, we carry out further tests on the CNTF and 9TCC through
Raman analysis. In Fig. S2b (Supporting information), the peak of
TiO; at 144.96 cm™! (Eg), 639.37 cm™! (Eg), 517.56 cm ™! (Ajg, Big)
and 396.29 cm™! (B1g) can be clearly seen by the Raman spectrum
of 9TCC, among which the characteristic peak of anatase TiO, can
be obviously observed at 144.96 cm~! [22,23]. In addition, the
Raman spectroscopy is widely used to characterize the interaction
of carbon materials with other substances. Peak D at 1358 cm ™! is
the characteristic peak of defects around carbon atoms, and peak G
at 1586 cm™! is the stretching vibration of sp? hybridization of C
atoms. The smaller the Ip/Ig, the higher degree of graphitization of
carbon [24]. It can be observed from the Fig. S2b that the Ip/Ig of
TCC is greater than that of CNTF, mainly due to the amorphous
carbon formed after the resin carbonization.

The composition and valence of each element of 9TCC was
monitored by the X-ray photoelectron spectroscopy (XPS) high-
resolution spectrum analysis. It can be seen from the Fig. S2d
(Supporting information) that there are four states of C. The
binding energy from low to high is sp? and sp> hybridized C—C
bond at 284.8eV, C—O bond at 285. 8eV, C—O—C bond at
286.7 eV, and C=0 bond at 288.3 eV. The formation of these bonds
are mainly due to resin cross linking [25]. In Fig. S2e (Supporting
information), the peaks of 529.5 eV and 532.2 eV correspond to O
in TiO, and O in Ti,03, respectively. The peak of 531.1 eV can be
attributed to the O—H bond of TiO, [26]. In addition, the spectrum
of Ti 2p exhibits Ti 2pq 2 and Ti 2ps), energy levels. The difference of
the two energy levels is 5.8 eV, which is consistent with the
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literature [27]. The C—O bonds are also observed in the FT-IR
spectrum (Fig. S3 in Supporting information).

The microstructure of 9TCC was investigated by scanning
electron microscopy (SEM) and transmission electron microscopy
(TEM) analysis. Fig. 1a can observe the network structure of CNTF,
and Figs. 1b-d are the SEM images of 3, 9 and 11 layers of TiO,
sprayed. It can be concluded that the TiO, dispersion effect is
better, and each particle is about 10-50nm. While TiO, is
uniformly loaded on the CNTF framework, it also has certain
pores and sufficient reactive sites. With the growth of TiO,, the
TiO,, particles that did not adhere to the resin began to agglomerate
due to the high surface tension, as shown in Fig. 1d. We can observe
from Fig. S4 (Supporting information) that TiO, is supported on
CNTF. The lattice fringes of TiO, are clearly observed in Fig. 1e. The
lattice spacing of 0.35 nm is attributed to the (101) crystal plane of
TiO,, and the lattice spacing of 0.19 nm corresponds to the (200)
crystal plane [28]. It is important to see that TiO, is in good contact
with the carbonized resin, forming a good interface. In Fig. 1f, the
mapping spectrum of TCC also shows that the framework of CNTF
contains three elements: C, O, and Ti, which proves that TiO5 is
successfully loaded on CNTF.

The photocatalytic activity was evaluated by the degradation of
RhB under ultraviolet light irradiation. In Fig. 2a, the degradation
efficiency of RhB by spraying CNTF with different layers of TiO, in
120 min was detected. Among them, 9TCC displayed remarkable
photocatalytic activity, with a degradation rate of 91.29% in
120 min. We can see from Fig. 2b that the Rh B degradation
effciencies over the pure TiO, was 63%. The degradation rate of
9TCC is 1.45 times that of pure TiO, powder. The phenomenon of
CNTF has also been observed for comparison. Besides, the
photocatalytic degradation reactions follow the first-order model
(Langmuir-Hinshelwood kinetic) [29]: —In(Co/C) = kt, where Cy is
the initial concentration, Cis the concentration of RhB at the time t
and k is the apparent rate constant. In Fig. 2¢, the apparent reaction
rates of 9TCC (0.0233 min ') was 2.7 times as high as that of pure
TiO, (0.00859 min~!). The UV absorption spectrum of RhB in
Fig. 2d is consistent with the degradation curve of RhB by 9TCC.
What is more, we conducted recycle experiments to evaluate the
stability of the 9TCC. In Fig. 2e, the RhB could still reach 88% within
120 min after three cycles, indicating that it had good cycle
stability. Organic carbon degradation efficiency is an important
factor in the practical application of photocatalysts. In Fig. 2f, the
TOC before and after 9TCC degradation of RhB are 8.07 mg/L and
3.09 mg/L, respectively, and the mineralization rate is 61.71%,

Fig. 1. SEM images of pure CNTF (a), 3TCC (b), 9TCC (c) and 11TCC (d). (e) HRTEM images of 9TCC. (f) Elemental mapping images of 9TCC.
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Fig. 2. Degradation of RhB by (a) TCC with different layers of TiO, and (b) CNTF, TiO,, 9TCC. (c) First-order plots for the photo-degradation of RhB and (d) liquid phase UV
spectrum of 9TCC. (e) Cycling test of 9TCC; (f) TOC of 9TCC before and after the photo-degradation test.

which proves that the composite membrane can completely
mineralize most of RhB into H,O and CO.,.

In general, the photocatalytic process mainly includes: (i) Light
absorption, (ii) the generation and migration of electron-hole pairs
and (iii) the redox reaction of active sites on the surface [30]. We
will explore the reasons for the improvement of photocatalytic
activity from these aspects. First, the light absorption properties of
TiO, and 9TCC were researched by UV-vis diffuse reflectance
spectroscopy. In Fig. 3a, it can be seen that the characteristic
absorption edge of TiO, is about 400 nm, while 9TCC has a strong
absorption of light and responds to light in the entire ultraviolet-
visible region. The band gap can be calculated by the following
formula [31]: ahv A(hv—Eg)m/4, where « is the absorption
coefficient, h is Planck's constant, A is constant, m depends on the
semiconductor type. As shown in Fig. 3b, the calculated band gap
width (Eg) of TiO, and 9TCC are 3.28 eV and 3.03 eV. The smaller
band gap of 9TCC is beneficial to better utilization of light, in favor
of improving the photocatalytic activity. In addition, the electro-
chemical impedance spectroscopy (EIS) and transient photocur-
rent response were also evaluated. Photocurrent refers to the
situation in which electrons respond when the material is
irradiated with light, and the electrons and holes are separated,

migrate and form a current. Fig. 3¢ illustrates that TiO, and 9TCC
can form a stable current under the irradiation of a 300 W xenon
lamp. A higher current density of 9TCC was observed, indicating
that it has better separation of electron-hole pairs, which is
consistent with the photocatalytic degradation efficiency of RhB. In
Fig. 3d, the Nyquist plots of 9TCC and TiO, are displayed. The
equivalent circuit is shown in Fig. 3d in the upper left corner. R; is
the interface resistance between the photocatalyst and the carrier,
R. is the carrier migration resistance at the interface between the
electrolyte and the counter electrode, and R. is the carrier
migration resistance between the electrolyte and the photo-
catalyst. R, is an important parameter to characterize the
photocatalytic activity [32,33]. From the relevant parameters of
the equivalent circuit diagram (Table S1 in Supporting informa-
tion), it can be observed that the R, of 9TCC is the smallest,
indicating the lowest charge transfer resistance and the best
separation of electron-hole pairs.

Finally, we conducted a photoluminescence (PL) spectrum and
hydrophilicity test. The recombination of electrons and holes can
be detected by PL spectrum after the electron transition from
valence band to conduction band. In Fig. 3e, the PL spectrum shows
that all materials have an emission peak at 370 nm. The stronger

Fig. 3. (a) UV-vis-NIR diffuse-reflectance spectra and (b) converted Kubelka-Munk plot of TiO, and 9TCC. (c) Transient photocurrent response diagram and (d) Nyquist plots
of TiO, and 9TCC. (e) PL emission spectra of TiO, and 9TCC. (f) Contact angle of 9TCC. (g) Photodegradable RhB with scavenger agent. (h) Schematic diagram of photocatalytic

process of 9TCC.
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emission peaks of TiO, at 370 nm. Compared with TiO,, the peak of
9TCC is lower, which proves that it has a lower electron-hole
recombination rate. According to reports, the hydrophilicity of the
photocatalyst has a synergistic effect with the photocatalytic
activity [34], so we measured the contact angle of TCC. In Fig. 3f,
the contact angle of CNTF is 106.62°, and the contact angles of
3TCC, 5TCC and 9TCC are 87.78°, 64.6° and 9.68°, respectively. The
improved wettability of the TCC composite is attributed to the
hydroxyl group on the surface of TiO, [35]. The hydroxyl group can
improve the wettability of the composite in aqueous solution,
enhance the contact between the catalyst and the dye, and
potentially increase the catalytic ability of the composite [36].

In order to verify the band gap positions of semiconductor,
Mott-Schottky tests for TiO, and 9TCC were performed. Fig. S6a
and b (Supporting information) presents that the slope of TiO, and
9TCC are positive, which are typical n-type semiconductor. The
intercept between the Mott-schottky curve and the X-axis is the
flat band potential (Vgg) of the semiconductor. The minimum value
of the conduction band (CB) of the n-type semiconductor differs by
0.2V from the respective Vgg [37]. Therefore, the CB of TiO, is
—0.62 eV, and the VB is 2.66 eV calculated by Ecg = Evg — Eg [38]. The
CB and VB of the 9TCC are —0.48 eV and 2.55 eV, respectively. In
order to explore the main oxygen active substances in photo-
catalytic degradation, capture experiments were carried out with
ammonium oxalate, p-benzoquinone and tert-butanol as scav-
engers for h*, ‘0, and "OH. In Fig. 3g, the degradation rate of RhB
with scavenger added is exhibited. The inhibitory effect of adding
hydroxyl radical traps is the most obvious, which proves that ‘OH is
the main oxidizing species in the photodegradation process. Based
on the above results, the photocatalytic mechanism of TCC is
shown in Fig. 3h. The electrons of TiO, in VB can be excited to CB to
form photo-excited electrons, producing photo-excited holes in
VB. Amorphous carbon is used as an electron transport channel to
migrate the photo-excited electrons of TiO, to the CNTF, which
accelerating the separation efficiency of the photogenerated
carries and enhancing the photocatalytic reaction. For RhB
degradation, the VB potential of n-TiO, (Eyg =2.66eV vs. NHE)
can oxidize H,0O into ‘OH (E(COH/H,0) = 2.38 eV vs. NHE) [39].
Finally, RhB can be mineralized to CO, and H,0 by ‘OH.

RhB intermediates in photodegradation were analyzed by
HPLC-MS (Table S2 in Supporting information). The degradation
of RhB is shown in Fig. S7 (Supporting information) and begins
with N-de-ethylation reaction. The N,N-diethylrhodamine (DR)
and N-ethylrhodamine (EER) with m/z peaks of 415 and 387, and
rhodamine, a completely de-ethylated product are detected. The
discoloration of the RhB solution may be caused by the de-
ethylation process [40]. This experiment can also detect phthalic
anhydride and benzoic acid at the m/z peaks of 148 and 122, which
proves that the oxygen-active species can further attack the carbon
chain and cause a ring-opening reaction. Chain organic, such as
oxalic acid, maleic acid and p-hydroxybenzoic acid [41]. Finally, the
photocatalyst completely mineralizes small molecular organics
into H,O and CO,, which is consistent with the result of TOC.

In this work, we prepared a novel TCC composite film for the
degradation of RhB dyes. Compared with TiO,, TCC composite film
exhibited much enhanced photocatalytic activity. The CNTF can
enhance light absorption to improve the separation and mobility of
electrons and holes. The existence of amorphous carbon will
promote these advances. Besides, the better hydrophilic properties
would enhance the catalytic performance happened on the solid-
liquid interface. In addition, we analyzed the degradation pathway
of RhB by TCC based on the experimental results of TOC and
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HPLC-MS. The TCC composite film can oxidize the carbon on the
benzene ring of RhB to decompose it into small organic molecules,
and finally mineralize into H,O and CO,.
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