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sive attention for many promising ap-

plications, such as wearable energy-
harvesting systems, liquid crystal displays
(LCD), personal digital assistants (PDA), fu-
ture paper displays.' * Flexible substrates
including metal mesh, polycarbonate (PC),
and polyethylene terephthalate (PET) are
usually used to support semiconducting
materials to achieve the required perfor-
mances of such stretchable devices.* How-
ever, until now, few studies were performed
on the investigation of individual semicon-
ductor material itself with flexibility and por-
tability. Thus, the synthesis of flexible materials
with highly aligned structure is significantly
important, which might offer us a new direc-
tion to develop a potential route for flexible
devices.

As a new type of flexible substrate, car-
bon cloths exhibit some unique properties
over polymer and metal sheets, such as high
strength, high conductivity, and good cor-
rosion resistance. Many studies have been
made to synthesize multifunctional 1D
nanostructures on carbon cloth with en-
hanced performance, where the carbon
cloth was used only as the substrate.”~’
In fact, a carbon cloth consisting of carbon
fibers orienting in two directions could
be readily removed by postheating treat-
ment, resulting in many other free-standing
and flexible cloths without changing its
microstructure. The obtained flexible cloths
usually possess strong adsorption ability
due to the specifically woven structure
tracing from the removed carbon fiber,
which renders it a possible excellent scaf-
fold for dye or contamination loading.
In addition, the free-standing or flexible
characteristics enable it to be transferred

F lexible devices have attracted exten-
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ABSTRACT Flexible and transferable Ti0, nanorods cloths (TNRCs) were synthesized from a fast

and catalyst-free microwave heating route by using carbon cloth as an efficiently sacrificial

template. The as-synthesized TNRCs were assembled by numerous aligned Ti0, nanorods with

diameters of about 100 nm. The good transferability and flexibility make it possible to be transferred

to any substrate for further device applications. As an example, we transferred the TNRCs to a FTO

substrate to make dye-sensitized solar cells, which exhibited an improved efficiency of around 2.21%

assisted by TiCl, treatment. The transferable TNRCs were also configured as high-performance

photodetectors. llluminated by UV light with a wavelength of 365 nm, the current was found

significantly enhanced, and an /yy//y,y of about 60, a rise time of nearly 1.4 s, and a decay time of

6.1 s were obtained. Moreover, they were also configured as flexible and recyclable photocatalysts

with good photocatalytic performance for the degradation of methylene blue solution under UV

light irradiation.
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nanorods

onto another substrate for further device
investigation.

As a wide bang gap semiconductor, TiO,
has been studied in many fields, for exam-
ple, as photocatalysts, dye-sensitized solar
cells (DSSCs), photodetectors, and gas
sensors because of its outstanding physi-
cal and chemical properties. With large
specific surface areas, one-dimensional
(1-D) TiO, nanostructures gained special
attention in recent years due to their ex-
cellent performance in many well-known
research areas. Especially, 1-D nanostruc-
ture assembled free-standing TiO, struc-
tures attracted great interest because of
their transferable features for special ap-
plications. For example, TiO, nanowire or
nanobelt membranes have been obtained
via alkaline hydrothermal synthesis, followed
by filtration and hot-press processes.® '°
Vertically oriented TiO, nanotube arrays
were used to fabricate such free-standing
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Figure 1. Scheme for fabricating TNRCs using a carbon
cloth as template.
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nanotube membranes by the selective dissolution of
the metal substrate.'"""2

In this paper, using carbon cloth as an efficiently
sacrificial template, we reported the first synthesis of
flexible TiO, nanorod cloths (TNRCs) from a fast and
catalyst-free microwave heating route with postheating
treatment at 800 °C. The overall process is illustrated in
Figure 1, involving the treatment of carbon cloths
using TiCl, solution, the growth of aligned TiO, nano-
rods on the carbon cloths via a microwave heating
process, and the postannealing treatment of the TiO,/C
cloths to the final hollow nanorod assembled TiO,
cloths. Seriously, by microwave heating treatment,
the reaction time of TNRCs was reduced to only 1 h com-
pared with the traditional hydrothermal treatment,
with longer reaction time."® The single-crystal nanorod
orderly assembled TNRCs reported here exhibited
good optoelectronic performance with wonderful
transferability when applied to dye-sensitized solar
cells, photodetectors, and flexible, recyclable photo-
catalysts. With special 3-D structures, the as-obtained
TNRCs were able to be transferred to any substrate for
further device applications. We believe that the TNRCs
will open up new vistas in other research fields.

RESULTS AND DISCUSSION

The compositions of the as-synthesized products
before and after high-temperature heating treatment
were studied by using X-ray diffraction (XRD), and the
corresponding patterns are depicted in Figure 2. In the
two patterns, all of the diffraction peaks, except the
one marked with a star in the pattern of the product
before annealing, agree well with the tetragonal TiO,
rutile phase (JCPDS 77—441,a=b=0.4602 nm and c =
0.2965 nm). The weak and broad peak at around 26°
obviously comes from the carbon cloth.

Figure 3a shows an optical image of the TNRCs with a
length of 4 cm under a transparent ruler, suggesting
that it was possible to synthesize the TNRCs on a very
large scale. The uniform color distribution indicates its
uniformity after heating treatment. Interestingly, the
as-obtained TNRCs still preserve the good flexibility of
the carbon cloth (Figure S1), as can be easily seen from
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Figure 2. XRD patterns of the microwave-assisted hydro-
thermally treated samples (a) before and (b) after calcina-
tion at 800 °C.

5m

Figure 3. (a) Optical images of TNRCs under a ruler. Inset
shows the optical image of the TNRCs under bending. (b, c)
Top view and cross-sectional SEM images of the TNRCs,
respectively. (d) Optical image of the flexible carbon cloths
partly grown with TiO, nanorods. (e, f) Top view and cross-
sectional SEM images of the TiO,/carbon cloths.

the optical image shown in Figure 3a, inset. Figure 3b
depicts a top view scanning electron microscopy (SEM)
image of the as-obtained TNRCs, revealing that the
flexible TiO, cloths, woven orderly by many TiO, fibers,
still keep the texture structure of the carbon cloth
template (Figure S2). The inset of Figure 3b gives a
higher magnification SEM image of several TiO, fibers,
further displaying that numerous rod-like subunits
grew vertically on the surface of each TiO, fiber. A
cross-section view SEM image of the tip of an individual
TiO, fiber is shown in Figure 3¢, where the numerous
rod-like subunits can be easily seen. These TiO, nano-
rods, with diameters of around 200 nm and a length of
1—2 um, grew vertically aligned with very high density
(Figure S3). For the structure, the hollow cavity of the
fiber obviously comes from the removal of the inner
carbon fiber after heating treatment. The microstructure
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Figure 4. (a) Photocurrent—voltage for DSSC made of TNRCs with (trace a) and without TiCl, post-treatment (trace b). (b) IPCE
curves of DSSC and the transmittance of FTO substrate (trace c). (c) Electrochemical impedance of the two photoanodes in
turn; inset shows the equivalent circuit. (d) Bode phase plots of the former two in the same order.

of the TiO, nanorod was studied by using high-resolution
transmission electron microscopy (HRTEM), and the cor-
responding image is shown in Figure S4. Two sets of
parallel fringes with a spacing of 0.325 and 0.297 nm in
the image were obtained, corresponding to the (110) and
(001) planes of the rutile TiO, phase. Combined with the
inset fast Fourier transform (FFT) pattern, the results
confirmed the formation of single-crystalline TiO, nano-
rods with the axis direction along the [001] direction.
To get clearer information about the formation of
the TNRCs, we further investigated the structures of the
TiO,/carbon cloth precursor before postannealing
treatment. Figure 3d is an optical image of the TiO,/
carbon cloth precursor, indicating the good flexibility
of the precursor. The SEM images of the TiO,/carbon
cloth precursor are shown in Figure 3e and inset. From
the SEM results, we can see that there is no obvious
difference between the TiO,/carbon cloth precursor
and the TNRCs, which suggests that the whole reaction
process did not damage the woven and flexible cloth
structure. It should be mentioned that, during the
growth process, the TiCl, pretreatment is the key step
for the formation of the final flexible cloth. With the
pretreatment of the TiCl, solution, the TiO, nanorods
grew uniformly on each carbon fiber (as shown in the
inset of Figure 3e and f). The size and microstructure of
the TiO, fiber in Figure 3f are almost the same as those
of the TiO,/carbon fiber in Figure 3¢, implying that
the original nanorod fiber structures were perfectly
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preserved after the high-temperature treatment. How-
ever, without the TiCl, treatment, only randomly dis-
tributed TiO, nanorods were found deposited on the
carbon fibers (Figure S5).

Due to the specifically woven structure and the merit
of transferability, the as-synthesized TiO, cloths have
potential applications in dye-sensitized solar cells or
some other related fields. As an example, we demon-
strated here the use of the TNRCs as photoanodes for
DSSCs by transferring the TNRCs to the FTO substrate.
Figure 4a shows the photocurrent density—voltage
(J—V) characteristics of DSSCs fabricated using TNRC
photoanodes with and without 40 mL TiCl, post-treat-
ment under the AM 1.5 solar conditions with an
intensity of 100 mW cm™2. A conversion efficiency of
2.21% was achieved for the device, with a short-circuit
current density (J;)) of 418 mA-cm ™2 and an open-
circuit voltage (V,,) of 0.74 V. A roughly 40% enhanced
photocurrent was observed for the TiCl, post-treated
photoanode, which can be further reflected in IPCE
curves shown in Figure 4b. In the wavelength range
between 450 and 600 nm, the peak IPCE value was as
high as 26.8%, resulting in the high J,. of 418 mA-cm 2
since J,c can be approximately expressed by'*

Jse = q771h77inj77ccl0 m

where g is the elementary charge, 7, is the light-
harvesting efficiency, #i,; is the charge-injection effi-
ciency, 1 is the IPCE, and Iy is the illuminated light
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Figure 5. UV—vis absorption spectra of dye-sensitized
TNRCs with and without TiCl, treatment.

TABLE 1. Photovoltaic Parameters of the DSSCs Made of
TNRC Photoelectrodes with and without TiCl; Treatment

photoanode Vye [V] J [mA-Cm~2] FF [%] 7 [%] dye loading [mol-cm 2]
TiCl,-treated TNRCs  0.74 4.18 22 398 x 1077
nontreated TNRGs ~ 0.70 240 68 1.4 243 x 1077

intensity. Divided by the FTO transmittance of approx-
imate 85% shown in Figure 4b, the internal quantum
efficiency approached 26—31% in the wavelength
region of 500—580 nm, showing the effective functions
of hierarchical construction in highly efficient DSSCs. It
is well known that TiCl, treatment roughens the sur-
face of TiO, photoanodes, thus strengthening the dye-
anchoring ability.”” The absorbance curves of cloths
shown in Figure 5 were obtained from the UV—vis
spectrophotometer, and it was clearly shown that
compared with that untreated cloth, the treated TNRCs
displayed much higher intensity, namely, much more
dye molecules loaded onto its surface. By desorbing
the dye molecular anchored on the photoanode in
dilute NaOH solution and measuring the absorption
spectra, we obtained the detailed amounts of dye
loading listed in Table 1, which further confirmed this
result. Thus, the woven TNRCs possessing higher dye-
anchoring ability are beneficial to the enhancement of
incident photon-to-current converion efficiency (IPCE)
when they were used as photoanodes for DSSCs.
High IPCE was also governed by improved electron
transport through the TiO, network and the preven-
tion of electron back transfer.'® Further insight into the
superior performance of the novel TNRC photoanode
caused by TiCl, treatment was obtained through elec-
trochemical impedance spectroscopy, which was
tested at —0.7 V under dark conditions for clarity of
comparison.'” The Nyquist plots shown in Figure 4c
display two semicircles. The smaller arc hidden in the
high-frequencies range represents redox charge trans-
fer at the platinum counter electrode, while the inter-
facial charge-recombination process grows to a large
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semicircle in the low-frequency region. Fitting the low-
frequency semicircle subsequently gives the chemical
capacitance, C,, and the charge-transfer resistance,
Rec, Which is related to the recombination of electrons
at the TiO,/electrolyte interface displayed in the sim-
plified equivalent circuit'® (see the inset in Figure 4c).
Comparing with the fitting result, C, increased from
558 uF to 900 uF cm 2 (in terms of cell area), while Riec
increased sharply from 334.25 to 504.29 Q, yielding a
longer electron lifetime 7 of 108.9 ms for TiCl, post-
treatment than that for the untreated photoanode of
only 44.8 ms according to the formula'>'?

T = RrecCy (2)

Longer electron lifetime means that the generated
photoelectrons can travel a farther distance before
most of them recombine with the solution species. In
our work, the treated TNRCs photoanode, where the
freshly generated photoelectrons possess longer life-
times of 108.9 ms, exhibited superior characteristics of
preventing the electrons from recombining with the
oxidized-state species such as Is~ in the electrolyte.
Further confirmation can be observed in Bode phase
plots (Figure 4d) as well. The characteristic peak
frequency equals the reciprocal of electron lifetime
7 shifted from approximately 19 Hz to 8 Hz, reconfirm-
ing an enhanced electron lifetime as well.">?° Longer
lifetime indicates the enhancement of the collection
and transport rate of electrons in the DSSC for TiCl,
treatment.'”?" Thus, we can conclude that the trans-
ferred TNRC photoanodes treated by TiCl, achieve
better performance for the applications of DSSCs
because of their enhanced electron transport property
and higher dye-loading ability.

The as-synthesized TNRCs were also fabricated into
photodetectors by attaching the TNRCs to two FTO
substrates, acting as two electrodes. The inset in Figure
6a displays the corresponding structural model of the
TNRC photodetector. Figure 6a shows the current—vol-
tage curves of the device before and after irradiation
with UV light with wavelengths of 254 and 365 nm,
respectively. From these curves, we can see that the
current of the device shows great enhancement after
UV irradiation, indicating good photoresponse proper-
ties of the device to UV light. We noticed that there is a
slight deviation from the origin of the curve, which
could be concluded from the fact that there are
different electron concentrations on each side. Since
the device was irradiated with UV light from only one
side, the relatively thick texture structures caused diffe-
rences in photon absorptions between the irradiated
side and the other side, resulting in the difference in
electron concentrations. In order to get clear informa-
tion about the stability and responsiveness of the TNRC-
based photodetector, we introduced a continuous UV
light rectangle pulse with an on—off interval of 50 s
by using a 1.25 mW/cm? UV hand lamp at —1 V bias.
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Figure 6. (a) /—V curves for the TNRC-based photodetector in the dark and under UV illumination with different wavelengths.
The inset shows the general structure of the device. (b) Photoresponse of the detector under a continuous UV light rectangle
pulse with different wavelengths at —1 V bias. (c) Spectral response of the TNRC-based device at a bias of —1 V. (d)
Photoresponses of the detector under a continuous low-power monochromatic light rectangle pulse with different

wavelengths at a bias of —1 V.

Figure 6b illustrates the photoresponse switching be-
havior of the TNRC-based photodetector. It can be
observed that the photocurrent can be reproducibly
switched from the “ON” state to the “OFF” state by
periodically turning the UV light on and off with a
power density of 1.25 mW/cm? at a low bias voltage of
—1Vfor the UV light with wavelengths of both 254 and
365 nm, respectively. Besides, in Figure S6, the re-
sponse time and decay time of the device were found
to be around 1.4 and 6.1 s, respectively, indicating rapid
photoresponse characteristics. Upon UV illumination,
the photocurrent rapidly increased from —0.054 uA to
a stable value of approximately —3.5 1A on average for
365 nm UV light and —0.6 uA on average for 254 nm UV
light, respectively, and then drastically decreased to its
initial level when the light was turned off, indicating
the excellent stability of the photodetector. The sig-
nificant enhancement of current induced by photo-
excited electron—hole generation®? is around 65 times
(luv/lgark) When illuminated by 365 nm UV light. It is
generally accepted that, for the n-type UV detector, a
low dark conductivity is caused by adsorption of oxy-
gen molecules, which capture the free electrons in the
n-type semiconductor and then create a depletion
layer near the surface:

02(g)+e~ — 02 (ad) (3)

WANG ET AL.

Once exposed to UV light with the photons of higher
energy than its band gap, the photogenerated holes
move to the surface and then recombine with the
adsorbed free electrons accompanied by the desorp-
tion of oxygen molecules, which can be described as
the following reaction:

h* 40, (ad) — 02(9) (4)
Hence there is a significant current increase caused by
the extra photogenerated electrons.”>** Due to the
hierarchical construction of the single crystalline nano-
rods, we attributed the outstanding performance of
the photoconductive devices to the fast carrier trans-
port and the enhanced oxygen molecule adsorption of
the novel structures of the TNRCs.

In additon, from the curves shown in Figure 6b, we
also observed that once irradiated with 254 nm light,
the current exhibits a great decrease compared with
those under 365 nm lightirradiation. This indicates, to a
certain extent, that the TNRC-based photodetectors
are wavelength sensitive upon illumination. In order to
accurately investigate the sensitivity of the device to
light with different wavelengths, we introduced the
light source of the IPCE testing system with a mono-
chromator whose power spectrum is shown in Figure S7.
We notice that, although the illumination power is
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only several microwatts with the tiny spot size of
around 7 x 1 mm? which is a very weak optical signal
and can easily be neglected, the response of the device
is still significant, as can be seen from Figure 6c. The
device shows the best response to 345 nm UV light,
which is slightly higher than the previously reported
312 nm UV light.?® We believe it is caused by the lower
band gap for the rutile phase than the anatase. The
high spectral selectivity, depicted in Figure 6c¢, sug-
gests that the TNRC-based device is intrinsically “visi-
ble-blind”. The photoresponse of the device to 345,
365, 370, 380, and 450 nm UV light is shown in
Figure 6d. Different response to different light further
confirms the visible-blind properties. Compared to the
photodetectors made by TiO, nanostructures obtained
from other processes, the TNRC film reported here can
be easily and conveniently transferred onto many
substrates without the use of complex techniques such
as chemical vapor deposition, magnetic sputtering
technology, or atomic layer deposition.*"?® Due to
the flexible and transferable characteristics, the TNRC
film makes it possible to make flexible devices and
other desired devices by transferring the film to proper
substrates.

The photocatalytic properties of 1-D TiO, nanostruc-
tures have been widely investigated due to their
potential applications in environmental remediation
such as the photodegradation of polluted wastewater.
During the photocatalytic process, one additional sepa-
ration step is inevitable in order to remove the photo-
catalysts from the wastewater. However, for most of
the current widely studied photocatalytic reactions,
the separation and recycling of photocatalysts are still
very difficult because of their small sizes. Therefore, the
development of high-performance active photocata-
lysts with interconnected microstructures and recycl-
ability features is highly desired. Using the current
TNRCs as flexible and recyclable photocatalysts, we
investigated their photocatalytic properties for the
photodegradation of methylene blue (MB) solution
under UV light irradiation, which can be seen as shown
in Figure 7a. For comparison, the photocatalytic prop-
erties of the TiO,/carbon precursor before calcina-
tion were also studied, and the result is depicted
in Figure 7b. Considering the MB self-degradation
under UV irradiation, we introduce the curve in
Figure 7c as the reference. Obviously, during the
dark, the TNRCs show stronger adsorption ability
than the TiO,/carbon cloths. When the light was
turned on, the TNRCs displayed enhanced photoca-
talytic rate for the degradation of MB, and about 70%
organic dyes were decomposed after irradiation for 3 h.
Similar to what is discussed above, the hollow woven
structure of TNRCs with increased light transmission
and reaction areas might be a key parameter for the
high performance of MB photodegradation under light
irradiation.

WANG ET AL.
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Figure 7. Photodegradation of methylene blue (MB) in the
presence of (a) the TNRCs and (b) the TiO,/carbon precursor
and (c) MB self-degradation under 500 W Hg lamp light
irradiation.

Figure 8. Optical images of the TNRCs after being trans-
ferred to (a) FTO glass, (b) glass, (c) Ti foil, and (d) PET.

The successful utilization of TNRCs as active materi-
als for dye-sensitized solar cells, photodetectors, and
photocatalyst applications indicates that their novel
free-standing transferrable feature might offer promis-
ing potential applications in many research areas by
transferring them onto proper substrates. Figure 8a
shows the optical images of the TNRCs transferred to a
FTO substrate, which was used to fabricate DSSCs and
UV photodetectors. Using the same techniques, the
TNRCs can be transferred to any substrates for device
applications, including both flexible substrates and
rigid substrates. Figure 8b—d demonstrates the TNRCs
after being transferred to ordinary glass substrate, Ti
foil, and the PET substrate, respectively. The wonder-
fully preserved flexibility of the novel material proved
above (inset of Figure 3a) combined with its transfer-
ability onto flexible substrates provides a promising
way to develop devices for applications in the fields of
flexible solar cells*® and flexible electronic devices*
and many other emerging research fields.

To summarize, we reported the synthesis of inter-
esting single-crystal nanorod assembled TiO, cloths by
using a carbon cloth as a sacrificial template in a rapid
microwave heating process. The novel hierarchical
structure of interlaced hollow fibers with nanorods on
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the surface can be readily transferred onto a FTO
substrate for dye-sensitized solar cell evaluation. By
TiCl,4 treatment, the performance is greatly improved
due to the enhancement of dye loading as well as
electron transport ability. The outstanding transfer-
ability of this free-standing structure has been re-
confirmed by perfectly transplanting TNRCs onto
other flexible or nonflexible substrates. Configured
as UV photodetectors, the current was found signifi-
cantly enhanced and an lyy/lqark Of about 65, a rise
time of nearly 1.4 s, and a decay time of 6.1 s were

EXPERIMENTAL SECTION

Materials Synthesis. Using carbon cloths as templates, the TiO,
cloths were fabricated by microwave-assisted hydrothermal
treatments according to the following route: The carbon cloth
substrates were cleaned by sonication sequentially in acetone,
deionized (DI) water, and ethanol for 30 min each. After drying,
the well-cleaned carbon cloths were immersed in a 0.2 M TiCl,
solution for 12 h, then heated in air at 450 °C for 30 min. The
prepared substrates were placed within a digestion vessel
containing a mixture of 12 mL of DI water, 12 mL of hydrochloric
acid (36.5—38% by weight), and 1 mL of tetrabutyl titanate.
Microwave-assisted hydrothermal treatment was performed in
a commercial instrument. The product was synthesized in a
Teflon-lined digestion vessel (volume capacity 100 mL, max-
imum operating pressure 100 bar), and the growth of highly
ordered TiO, nanorod arrays on carbon was carried out at 180
°C for 1 h. The hollow hierarchical TiO, cloths were finally
obtained by subsequent calcination at 800 °C in air for 5 h to
remove the carbon cloth substrates.

Characterization. The X-ray diffraction patterns were obtained
from an X-ray diffractometer (X'Pert PRO, PANalytical B.V., The
Netherlands) with radiation from a Cu target (Ka, 4 = 0.15406 nm).
The field emission scanning electron microscopy (FESEM) images
were obtained with an FEI Sirion 200 (10 kV), JEOL JSM-6700F
(5 kV), and FEI Quanta 200 (10 kV).

Dye-Sensitized Solar Cells and Photovoltaic Characterization. TiO,
cloths (1 x 2 cm?) were cut by scissors and then transferred
onto FTO glass. In the next step, two drops of Ti-isopropoxide
were applied to the TiO, cloths to form interconnections
between the FTO glass and the TiO, films. After drying in air
overnight, the films were annealed at 500 °C for 30 min in air,
with heating and cooling rates of 1 °C min~" to induce crystal-
linity. The films were immersed in a 0.2 M TiCl, solution at 60 °C
for post-treatment, then heated again in air at 450 °C for 30 min,
and sensitized in N719 (0.5 mM) ethanol solution for 12 h. The
TiO, electrodes were subsequently washed with absolute ethanol
to remove the unanchored dyes. The dried photoelectrodes were
sandwiched against a Pt counter-electrode filled with electrolyte
consisting of DMPII (1.0 M), Lil (0.1 M), I, (0.12 M), and 4-TBP (0.5 M)
in methoxypropionitrile to assemble typical DSCs. Photocurrent
and electrochemical impedance measurements were done under
AM1.5 G (Newport) conditions and with an Autolab (model
AUT84315), respectively, with automatic data acquisition, and IPCE
was measured by an IPCE testing system (Newport).

UV Photodetector Characterization. After TiO, cloths successfully
transferred onto FTO following the above steps, additional
drops of Ti-isopropoxide were introduced as glue, and then
another FTO glass was pressed onto the TNRC to form a
sandwich structure. After drying in air overnight, the films were
annealed at 500 °C for 30 min in air the same as before. All UV
photoconductance and dark conductance measurements were
performed at room temperature using an Autolab (model
AUT84315). An ultraviolet hand lamp with a power density of
1.25 mW/cm? (1 = 365/254 nm switchable) and the IPCE
testing light equipped with a monochromator were used as
light sources.
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also obtained. Moreover, they were also configured
as flexible and recyclable photocatalysts with good
photocatalytic performance for the degradation of
methylene blue solution under UV light irradiation.
Together with the unique superiority of TNRCs, we
anticipate these flexible and transferable materials
with cloth structure would widen the research areas
of other high-performance electronic®' and opto-
electronic®? devices and may be applied in many
other research areas such as gas sensing®® and Li-ion
batteries.>*

Photocatalytic Property Characterization. Degradation of the MB
solution in a 100 mL Pyrex beaker with a water cooling system
was carried out to study the photocatalytic properties of TiO,
cloths. The 100 mL of MB solution with an initial concentration
of 40 mg/L and 2 x 2 cm of TiO, cloths were mixed under
magnetic stirring for about 30 min in the dark to approach an
adsorption/desorption equilibrium. Then the reaction system
was illuminated by a 500 W Hg lamp with 7.5 A of current at
room temperature. Intermediate solutions were collected every 30
min and were separated by filtration to test the remaining
concentration of MB by a Shimadzu UV-2550 spectrophotometer.
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