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Flexible, thorn-like ZnO-multiwalled carbon
nanotube hybrid paper for efficient ultraviolet
sensing and photocatalyst applications
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We report fabrication of a flexible, thorn-like ZnO-multiwalled carbon nanotube (MWCNT) hybrid paper
with high aspect ratio for efficient ultraviolet (UV) sensing and photocatalyst applications. The thorn-like
ZnO-MWCNT hybrid paper was synthesized via atomic layer deposition (ALD) of a uniform ZnO thin film
on the outside surface of the MWCNT followed by hydrothermal growth of ZnO branches. The hybrid
paper achieved very high surface to volume ratio, which is favorable for photodetector and photocatalyst
applications. A photodetector fabricated from the hybrid paper demonstrates a high sensitivity to UV light
with a maximum photoresponsivity of 451 A W~* at 375 nm, corresponding to an external quantum
efficiency as high as 14927%. The rise time and fall time of the UV photodetector are 29 ms and 33 ms,
respectively, indicating fast transient response characteristics for the device. The high photoresponsivity
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and fast transient response are attributed to efficient carrier transport and collection efficiency of the
hybrid paper. Besides, the thorn-like ZnO-MWCNT hybrid paper demonstrates excellent photocatalytic
performance under UV irradiation, enabling photo-degradation of organic dyes such as Rhodamine B
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1. Introduction

As a wide bandgap semiconductor material, ZnO has drawn
significant research interest due to its unique optical and elec-
trical properties including wide band gap (3.37 eV), large
exciton binding energy (60 meV) at room temperature, low
cost, and environmental friendliness."” By virtue of these
material properties, ZnO has been considered one of the most
promising candidates for UV sensing and degradation of
various organic pollutants.*® However, the performance of
ZnO based UV photodetectors and photocatalysts is usually
limited. For example, UV photodetectors fabricated from ZnO
nanomaterials suffer poor transient response (on the order of
minutes), and the efficiency of ZnO based photocatalysts is
still not high enough for industrial applications.*” These per-
formance limits mainly originate from the low carrier separ-
ation and transport efficiency in ZnO. Therefore, it is highly
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(RhB) within 90 minutes, with good recyclability.

desirable to develop a strategy to overcome these limits for fast
UV sensing and efficient photocatalyst applications.

Composite nanomaterials have attracted tremendous
research interests in recent years due to their multifunctional
material properties. Carbon nanotube (CNT) has many remark-
able material properties including high carrier transport mobi-
lity, superior mechanical properties and excellent chemical
stability.”® The incorporation of CNT into the composites can
provide them with the unique functions of CNT and also possi-
bly induce intriguing properties that are inherited from syner-
gistic effects.”’® In particular, it has been reported that
ZnO-CNT nanocomposites exhibit excellent performance in
applications such as photocatalysts,'" electron emitters,"* field
effect transistors,'® optical switches,"* and photodetectors.'®
Thus far, various processes have been developed to fabricate
ZnO-CNT nanocomposites, including electrochemical depo-
sition,’® pulsed laser deposition,'” thermal chemical vapor
deposition (CVD),'® covalent coupling,'® and water-assisted
growth.>® However, the growth of ZnO branches on CNT paper
with ultrahigh aspect ratio remains a challenge, which is due
to the difficulty in covering a thin and uniform ZnO seed layer
over the complex surface of the CNT paper. One possible
method to solve this issue is to take advantage of ALD which
uses sequential self terminating gas-solid reactions for seed
layer coating on extremely complex shapes with a conformal
material layer of high quality.>*>*
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In this work, we fabricated a flexible, thorn-like ZnO-multi-
walled carbon nanotube (MWCNT) hybrid paper with high
aspect ratio for efficient UV sensing and photocatalyst appli-
cations. The thorn-like ZnO-MWCNT hybrid paper was syn-
thesized via ALD of a uniform ZnO seed layer on the exterior
surfaces of the MWCNT followed by hydrothermal growth of
ZnO branches. The hybrid paper achieved very high surface to
volume ratio, which is favorable for photodetector and photo-
catalyst applications. A photodetector fabricated from the
hybrid paper demonstrates a high photoresponsivity and a fast
transient response in the UV region, which can be attributed
to efficient carrier transport and collection efficiency of the
hybrid paper. Besides, the thorn-like ZnO-MWCNT hybrid
paper also demonstrates outstanding photocatalytic perform-
ance under UV irradiation, enabling photo-degradation of
organic dyes such as RhB within a short time. The hybrid
paper showed good recyclability as a photocatalyst, and could
be used multiple times without performance degradation.
Most importantly, the fabrication method in this work may
open up new opportunities for fabrication of many other flexi-
ble, recyclable, and high performance functional devices for a
wide range of applications including optical switching, hydro-
gen generation, gas sensing and energy storage.

2. Experimental
2.1 ALD of ZnO shell onto MWCNT paper

Commercial surface-functionalized MWCNT papers were
obtained from Buckeye Composites Inc. A thin and uniform
ZnO seed layer was deposited on MWCNT papers using a
SUNALETM R-200 ALD-reactor. The ZnO ALD was performed
using alternating diethylzinc and H,O exposures:

ZnOH* + Zn(CH,CH;), — ZnOZn(CH,CH;)* + CH;CH;  (A)
Zn(CH,CH3)* + H,O — ZnOH* 4+ CH;CHj3 (B)

where the asterisks represent the surface species. By repeating
these reactions in an ABAB... sequence, ZnO layer can be de-
posited with atomic layer control. The ZnO ALD reaction
sequence was: (i) dose diethylzinc to 1.0 Torr for 120 seconds;
(if) evacuate reaction products and excess diethylzinc; (iii) dose
N, to 20.0 Torr for 60 seconds and then evacuate N, (repeat
5 times); (iv) dose H,O to 1.0 Torr for 120 seconds, (v) evacuate
reaction products and excess H,O; (vi) dose N, to 20.0 Torr for
60 seconds and then evacuate N, (repeat 5 times). This
sequence constitutes one AB cycle of ZnO ALD. The ZnO ALD
was performed at 150 °C with 50 cycles.

2.2 Hydrothermal thermal synthesis of ZnO branches

Ammonium hydroxide (28 wt%) was added dropwise into
0.1 M zinc chloride solution until the pH is 10-11 and the
solution was clear. Subsequently, the transparent solution was
transferred to a Teflon-lined autoclave (Parr, USA) and the
MWCNT paper coated with ZnO shell was suspended in the
solution at 95 °C for 3 hours in a regular laboratory oven. Then
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the growth solution was cooled down to room temperature
naturally. The resulting substrate was thoroughly washed with
deionized water and absolute ethanol for several times and
dried in air at room temperature followed by post-annealing
treatment in Ar/H, (ratio, 96:4) atmosphere at 400 °C for
2 hours.

2.3 Material characterization

A Carl Zeiss Ultra 1540 dual beam scanning electron micro-
scope (SEM) was used to determine the morphology of the
ZnO-MWCNT hybrid paper. Transmission electron microscopy
(TEM) and high resolution TEM (HRTEM) analysis were con-
ducted on a TEM microscope (JEOL 2011) at an operating
voltage of 200 kV. X-ray diffraction (XRD) patterns were
obtained on an Xray diffractometer (PANalytical) at room
temperature using Cu Ka radiation (4 = 0.15418 nm). The accel-
erating voltage and the applied current were 40 kV and 80 mA,
respectively. Raman spectroscopy was performed using the
Renishaw spectrometer with a laser wavelength of 514 nm.
Laser average power on the surface of the sample is 100 mW.
The photoluminescence (PL) spectra of the samples were
measured using a Spex-Fluorolog-Tau-3 spectrofluorimeter
with excitation wavelength fixed at 330 nm.

2.4 UV photodetector characterization

The typical -V characteristics and transient response of the
UV photodetector fabricated from the ZnO-MWCNT hybrid
paper were measured using a HP4155B semiconductor para-
meter analyser and a UV LED with centre peak wavelength at
335 nm. The output optical power of the 335 nm UV LED was
adjusted by a current injection controller and verified using a
commercial Si photodetector. The photoresponsivity of the
devices were measured by Shimadzu UV-Vis 2550 spectropho-
tometer in connection with a Newport 1928-C optical power
meter.

2.5 Photocatalytic performance testing

The thorn-like ZnO-MWCNT hybrid paper (2 cm x 2 cm) was
immersed into 50 mL RhB solution with a concentration of
5 mg L™". A 150 W xenon lamp was employed as the UV light
source. The distance between the sample and lamp was 10 cm.
In order to be able to compare the photocatalysts, the
irradiation areas for all the samples were kept the same. The
changes of UV-visible spectra for the photodegradation
process were measured using Shimadzu UV-Vis 2550 spectro-
photometer with a deuterium lamp (190-390 nm) and a
halogen lamp (280-1100 nm).

3. Results and discussion
3.1 Material characterization

A schematic illustration showing the fabrication process of the
flexible thorn-like ZnO-MWCNT hybrid paper is presented in
Fig. 1la. First, the fabrication process started from a bare
MWCNT paper and its scanning electron microscope (SEM)
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Fig. 1 (a) Schematic illustration showing the fabrication process of the
flexible thorn-like ZNO-MWCNT hybrid paper. High resolution scanning
electron microscopy (SEM) images of the sample in each fabrication
step: (b) bare MWCNT paper, (c) MWCNT paper covered by a thin and
uniform ZnO seed layer using ALD, and (d) thorn-like ZnO-MWCNT
hybrid paper formed after hydrothermal growth.

image is shown in Fig. 1b. Then, a thin layer of ZnO shell was
grown directly on MWCNT paper using ALD process. It is clear
from Fig. 1c that the ZnO shell is uniformly coated onto the
MWCNT paper that has a very high aspect ratio. The thin ZnO
shell serves as a seed layer for the following hydrothermal
growth step. Fig. 1d shows the SEM image of the thorn-like
ZnO-MWCNT hybrid structure formed after the hydrothermal
growth. Clearly, the thorn-like ZnO-MWCNT hybrid paper has
very high surface to volume ratio, which is favorable for photo-
detector and photocatalyst applications.

The SEM image of the flexible thorn-like ZnO-MWCNT
hybrid paper is shown in Fig. 2a and inset is the digital photo
of the hybrid paper. The SEM and transmission electron
microscope (TEM) images of single ZnO-MWCNT hybrid struc-
ture are shown in Fig. 2b and 2c, respectively, illustrating the
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Fig.2 (a) SEM image showing the surface of the thorn-like
ZnO-MWCNT hybrid paper. Inset: Digital photo of the flexible thorn-like
ZnO-MWCNT hybrid paper. (b) SEM image of a single thorn-like
ZnO-MWCNT hybrid structure. (c) TEM images of a single ZnO-MWCNT
hybrid structure. (d) HRTEM image of a single ZnO branch grown on the
MWCNT paper. (e) XRD pattern and (f) PL spectrum of the flexible
thorn-like ZnO-MWCNT hybrid paper.
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excellent coverage of ZnO branches over a single MWCNT and
the high aspect ratio of the ZnO-MWCNT hybrid structure. The
high resolution TEM (HRTEM) image of a single ZnO branch
grown on the MWCNT paper is shown in Fig. 2d, from which
the lattice spacing of the ZnO branches is determined to be
~2.6 A, corresponding to the distance between the (0002)
planes in the wurtzite ZnO crystal lattice. The X-ray diffraction
(XRD) pattern of the thorn-like ZnO-MWCNT hybrid paper is
shown in Fig. 2e. All the peaks are identified and assigned
according to the Joint Committee of Powder Diffraction Stan-
dards (JCPDS) data. The MWCNT has a sharp (002) peak cen-
tered at 2 theta around 26.2 degree. The remaining peaks can
be well indexed to the wurtzite ZnO (JCPDS #36-1451). The
room temperature photoluminescence (PL) spectrum of the
thorn-like ZnO-MWCNT hybrid paper is shown in Fig. 2f.
When excited at 330 nm, the PL spectrum of the thorn-like
ZnO-MWCNT hybrid paper shows two bands. The band cen-
tered at 386 nm is the band edge emission of ZnO while the
second band centered at 520 nm is the defect level emission
due to the surface oxygen vacancy defects of the ZnO.? These
oxygen vacancy defects often dominate the electronic/chemical
properties and the oxygen molecule adsorption/desorption
behaviors of metal oxides.>*

3.2 UV photodetector characterization

To investigate the optoelectronic properties of the thorn-like
ZnO-CNT hybrid paper, an UV photodetector was fabricated by
deposition of interdigitated aluminium (Al) contacts with
thickness of 400 nm on the surface of the hybrid paper using
an electron beam evaporator. The schematic illustration of the
photodetector is shown in Fig. 3a.
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Fig. 3 (a) Schematic illustration of the UV photodetector fabricated
from the ZnO-MWCNT hybrid paper. (b) Typical /-V characteristics of
the UV photodetector measured with varying light intensity. The inset
shows the power-dependent photocurrent of the device at —5 V bias
under UV illumination. (c) Transient response and (d) photoresponsivity
spectra of the UV photodetector.
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The typical I-V characteristics of the UV photodetector were
measured under dark and with UV illumination at 335 nm
with varying light intensities, as shown in Fig. 3b. The dark
current is linear, demonstrating that good Ohmic contacts are
formed on the thorn-like ZnO-MWCNT hybrid paper. Upon UV
illumination, the photogenerated current can be well observed.
As shown in the inset of Fig. 3b, the relationship between the
photocurrent and the light intensity is linear. The transient
response of the UV photodetector was measured by turning on
and off UV LEDs with center peak wavelengths at 335 and
280 nm, as shown in Fig. 3c. The rise time and fall time of the
photodetector were measured to be around 29 and 33 ms,
respectively. This is at least two orders of magnitude faster
than ZnO nanomaterials based UV photoconductors.! The fast
transient response originates from the efficient carrier separ-
ation at the ZnO-MWCNT interface and the high carrier mobi-
lity of the MWCNT. The electron affinity for ZnO is 4.2 eV and
the work function of the MWCNT is known to be 4.3-5.1 eV
below the vacuum level.*>*® Thus, when ZnO contacting with
MWCNT, it is energetically favorable for the photogenerated
electron to transfer from the conduction band of ZnO to the
MWCNT. Since MWCNT has much higher carrier mobility
than ZnO, less accumulation of the electrons on the MWCNT
side is expected. Therefore, the carrier transport efficiency can
be greatly improved, leading to a fast rise of the photocurrent.
When UV illumination is turned off, the excess electrons in
the MWCNT can transfer to the ZnO side for recombination
with holes, which is inherently a fast process.”’” Thus fast
decay was observed for ZnO-MWCNT hybrid paper.

The photoresponsivity spectra of the thorn-like
ZnO-MWCNT hybrid paper, defined as the photocurrent per
unit incident optical power, are shown in Fig. 3d. Note that the
photoresponsivity spectra have three peaks, which may due to
the quantum confinement effect in the ZnO branches.”® A
maximum photoresponsivity 39.55 A W' at 375 nm was
observed under 5 V bias, which is more than three orders of
magnitude larger than those of commercial GaN or SiC photo-
detectors (<0.2 A W '),* demonstrating its outstanding UV
sensing properties. The external quantum efficiency (EQE) of
the photodetector was calculated using the equation: EQE =
R x hv/q, where hv is the energy of the incident photon in elec-
tron volts, ¢ is the electron charge and R is the photoresponsiv-
ity of the UV photodetector. A maximum EQE of 14927% has
been achieved for 375 nm UV light. The high EQE of the
hybrid paper originates from recirculation of electrons during
the lifetime of the holes that are trapped and recombined with
negative charged oxygen ions on the surface of ZnO. The sche-
matic illustration showing the carrier generation and transport
process in the ZnO-MWCNT hybrid paper has been presented
in Fig. 4.

It has been well known that oxygen molecules adsorbs on
the oxide surface and capture the free electrons present in the
n-type metal oxide semiconductors, [0,(g) + e~ — O, (ad)],
forming a low-conductivity depletion layer near the surface of
ZnO, as shown in Fig. 4a. For the thorn-like ZnO-MWCNT
hybrid paper, there is a high density of hole-trap states on the
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(b)

Fig. 4 Trapping and photoconduction mechanism in the ZnO-MWCNT
hybrid paper: (a) When in the dark, oxygen molecules are adsorbed onto
the surface of ZnO branches and capture free electrons, forming a low-
conductivity depletion layer near the surface of ZnO branches. The
energy band of a ZnO branch indicates band-bending and surface trap
states. (b) Under UV illumination, photogenerated holes migrate to the
surface and are trapped, leaving behind unpaired electrons in the ZnO
that transfer to the MWCNT and are finally collected contributing to the
photocurrent.

surface due to its high surface-to-volume ratio.>® Under
irradiation with photon energy larger than the bandgap of
ZnO, electron-hole pairs are generated and soon separated,
with the holes trapped at the surface along the potential slope
near the surface due to the band bending (Fig. 4b),> leaving
behind unpaired electrons that quickly transfer to the MWCNT
and drift to the electrode by means of external bias voltage.
The trapped holes will recombine with the negative charged
oxygen ions and the neutral oxygen molecules are then de-
sorbed from the surface of ZnO branches [0, (ad) + h" —
0,(g)], as shown in Fig. 4b. The transit time of the electrons in
the MWCNT is very short because of MWCNT’s high carrier
mobility; while the surface oxygen molecule adsorption-
desorption process usually takes a much longer time.”” This
leads to electron replenishment from negative biased electrode
as soon as an electron reaches to the positive biased electrode.
Accordingly, multiple electrons circulate in the MWCNT fol-
lowing a single electron-hole photogeneration, leading to a
high photoconductive gain and hence high EQE.

For operation as a flexible optoelectronic device, it is impor-
tant that the electrical properties of the UV photodetector
under bending should be stable. The folding endurance of the
UV photodetector was tested by measuring the I~V curves of
the device without bending and after bending for different
cycles, as presented in Fig. 5a. From the curves, it can be seen
that, compared with the conductance of the flexible hybrid
device without bending, the conductance endurance of the
device remains almost constant after 50, 100, 150, 200, and
250 cycles of bending. We also checked the current flow
through the device at six different curvatures, which can be
seen from the corresponding photographs shown in the inset
of Fig. 5b. The corresponding I-¢ curve of the flexible hybrid
device under different bending states is shown in Fig. 5b.
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Fig. 5 (a) /-V curves of the flexible hybrid photodetector under UV illu-
mination without bending and after 50, 100, 150, 200, and 250 cycles of
bending. (b) The /-t curve of the flexible hybrid photodetector when
bent with different curvatures under a bias voltage of —5.0 V. The insets
are corresponding photographs of the device under the different
bending states.
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Clearly, the current was stable in the different bending states,
revealing that the conductance of the thorn-like ZnO-MWCNT
hybrid paper is minimally affected by external bending stress.
These results indicate the high flexibility, folding strength,
and electrical stability of the photodetector.

3.3 Photocatalytic performance testing

Inspired by the excellent UV sensing properties of the thorn-
like ZnO-MWCNT hybrid paper, we also examined its appli-
cation as an efficient photocatalyst. Nanostructured semicon-
ductor photocatalysts have been widely investigated because of
their promising applications in photo-degradation of polluted
water.*"** To utilize such photocatalysts, additional separation
steps are usually necessary to remove the photocatalysts after
the photo-degradation process. However, for current widely
studied powder-like photocatalysts, the separation and re-
cycling processes are challenging because of their small size-
distributions. Therefore, it is necessary to develop efficient
photocatalysts that possess a high surface-exposure area but
also an interconnected network structure enabling easy separ-
ation after the photo-degradation process is completed.
Herein, the photocatalytic properties of the thorn-like
ZnO-MWCNT hybrid paper as an efficient photocatalyst was
demonstrated for the degradation of RhB under UV light
irradiation. Importantly, the interconnected ZnO-MWCNT
network can be easily recycled from the dye solution and can
be used repeatedly without performance degradation.

The photocatalytic performances of the ZnO-MWCNT
hybrid paper were evaluated by photo-degradation of RhB in
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Fig. 6 UV-Vis absorption spectra changes of RhB solution in presence of (a) the thorn-like ZnO-MWCNT hybrid paper, (b) the smooth
ZnO-MWCNT hybrid paper, and (c) the bare MWCNT paper under UV irradiation. Insets are digital photographs of the RhB solution after irradiation
for different times. (d) Photocatalytic degradation of RhB in the presence of the three samples. (e) Recyclable photocatalytic performance of the
thorn-like ZnO-MWCNT hybrid paper for the 15¢, 2", 34, 4™ and 5™ cycles. (f) Schematic illustration of the photocatalytic mechanism of the thron-

like ZNO-MWCNT hybrid paper.
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aqueous solution (RhB is a typical organic azo-dye pollutant in
the textile industry). Fig. 6a shows the changes of UV-visible
spectra and the colour of the RhB solutions during the degra-
dation processes over the thorn-like ZnO-MWCNT hybrid
paper. After 90 min, the RhB solution was colorless (inset in
Fig. 6a) and the absorption peaks of the RhB solution in both
the visible and UV region almost disappeared, indicating the
excellent photocatalytic activity of the thorn-like ZnO-MWCNT
hybrid paper. For comparison, the photocatalytic activities of a
smooth ZnO-MWCNT hybrid paper (fabricated via ALD only,
presented in Fig. 1c) and a bare MWCNT paper were also
investigated for the RhB solution degradation under UV light
irradiation and the results are shown in Fig. 6b and 6c,
respectively. The corresponding plots for the concentration
changes of the RhB solution determined from its characteristic
absorption peak at 554 nm are shown in Fig. 6d. It is evident
that the thorn-like ZnO-MWCNT hybrid paper exhibits mark-
edly superior photocatalytic activity compared to the bare
MWCNT paper and the smooth ZnO-MWCNT hybrid paper.

The recyclable photocatalytic degradation of RhB in the
presence of the thorn-like ZnO-MWCNT for the 1st, 2nd, 3rd,
4th, and 5th cycles is illustrated in Fig. 6e. It should be noted
that the degradation time of RhB for the 5th cycle is virtually
unchanged, indicating the potential of using the thorn-like
ZnO-MWCNT paper as a recyclable catalyst for the degradation
of RhB under UV light irradiation. The excellent photocatalytic
properties of the thorn-like ZnO-MWCNT hybrid paper can be
ascribed to the efficient charge separation and the ultrahigh
surface to volume ratio of the ZnO-MWCNT hybrid paper. The
schematic illustration of the photocatalytic mechanism of the
ZnO-MWCNT hybrid paper is presented in Fig. 6f. Under UV
irradiation, photogenerated electrons will transfer quickly
from the surface of ZnO to the MWCNTs, leaving a corres-
ponding quantity of holes on the ZnO surface. Such an
efficient charge separation provides direct and fast electron/
hole transfer to their acceptors (H,O, O,, and RhB), leading to
a high photodegradation efficiency.

4. Conclusions

In summary, we report fabrication of a flexible, thorn-like
ZnO-MWCNT hybrid paper with high aspect ratio for efficient
UV sensing and photocatalyst applications. The thorn-like
ZnO-MWCNT hybrid paper was synthesized via atomic layer
ALD of a uniform ZnO thin film on the outside surface of the
MWCNT followed by hydrothermal growth of ZnO branches.
The hybrid paper achieved very high surface to volume ratio,
which is favorable for photodetector and photocatalyst appli-
cations. A photodetector fabricated from the hybrid paper
demonstrated a high sensitivity to UV light with a maximum
photoresponsivity of 45.1 AW~ at 375 nm, corresponding to
an external quantum efficiency as high as 14927%. The rise
time and fall time of the UV photodetector were found to be
around 29 ms and 33 ms, respectively, indicating the fast tran-
sient response characteristics of the device. The high photo-
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responsivity and fast transient response are attributed to the
high aspect ratio, together with efficient carrier transport and
collection efficiency of the hybrid paper. Besides, the thorn-
like ZnO-MWCNT hybrid demonstrated excellent photo-
catalytic performance under UV irradiation, enabling photo-
degradation of organic dyes such as RhB within 90 min, with
good recyclability. The fabrication method presented in this
work can also be used to synthesize many other flexible func-
tional hybrid papers based on material systems such as WO;-
MWCNT, TiO,-MWCNT, etc. These functional hybrid papers
may have a wide range of applications including photodetec-
tors, optical switching, gas sensing, recyclable photocatalysts
and energy storage.
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