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A B S T R A C T

The synthesis of one-dimensional nanocrystals on flexible substrates has attracted a great attention in the last
decade. We here report an integrated approach using a sequential sol-gel and hydrothermal synthesis method to
successfully assemble well-aligned single-crystalline wurtzite ZnO nanorod arrays (ZnO NRAs) on activated
carbon fibers (ACFs). The ZnO NRAs, with high rod surface area (up to 20 m2 g−1), high aspect ratio (rod length/
rod diameter, ca. 20:1) and high defect level (indicated by an extremely sharp blue emission, strong green and
yellow emissions), were shown to grow nearly perpendicularly on the ACFs surface. The pre-coating of ZnO seed
layers on ACFs surface during sol-gel synthesis is vital for the growth of the ordered ZnO nanorod arrays. The
structural and optical properties of ZnO NRAs/ACFs can be adjusted by tuning the synthesis parameters for sol-
gel and hydrothermal steps. As compared to the ZnO NRAs grown on the stiff substrates (e.g., silicon wafer,
fluorine-doped tin oxide glass, GaN and metal sheets), ZnO NRAs grown on ACFs have very high surface area and
intensive blue, green and yellow emissions. The novel ZnO NRAs/ACFs show excellent photocatalytic de-
gradation of methylene blue and robust recyclability as compared to the individual ZnO nano particles (powder,
NRs and NRAs).

1. Introduction

One-dimensional (1D) materials, such as nanosheets, nanowires and
nanorods, with well-ordered alignments and unique structures, have
attracted extensive research attention in nanoscience and nano-
technology. Various technological applications have been identified for
such materials, for example in sensors, solar cells, transducers and
photocatalysis [1,2]. Zinc oxide (ZnO), a wide band-gap (3.37 eV)
semiconductor with a high exciton binding energy of 60 meV at room
temperature [3], is regarded as a promising photocatalytic material. In
several reports [4], ZnO shows better performance than the well-known
TiO2, e.g., for photocatalytic degradation of organic pollutants (parti-
cularly dyes [5–8]). A substantial part of the research has been targeted
to determine the effect of structural properties of ZnO nanocrystals,
such as surface area [7,8], particle/crystal size [9,10], crystal orienta-
tion [11], crystallinity [9], surface defect [12], facet [10] and aspect

ratio (rod length/rod diameter) [13], on photocatalytic activity. How-
ever, ZnO nanocrystals in powder form are difficult to recycle from the
aqueous solution after reaction and are prone to catalyst deactivation
due to agglomeration of particles and/or material loss in the form of
very fine particles [7,14]. A practical solution involves the im-
mobilization of ZnO on substrates [15]. Vayssieres et al. reported the
growth of well-oriented ZnO nanorods (NRs) and nanowires (NWs) on
silicon wafer[16]. Fluorine-doped tin oxide glass, GaN and metal sheets
have also been utilized to immobilize ZnO NRs [17–19].

To date, most of the fabrication of ZnO NRs is limited to stiff sub-
strates and only a few reports on the assembly of ZnO on flexible
substrates (e.g., ZnO nanorod arrays on thermoplastic polyurethane
(TPU) [20], Kapton tape [21], Teflon [22], Indium Tin Oxide film
coated on polyethylene terephthalate (ITO/PET) [23], ITO-coated
polyether sulfone (PES)[24], polydimethylsiloxane (PDMS) [25,26] and
cotton fabrics [27–30]) have been reported. Compared to stiff
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substrates, flexible ACFs have superior properties such as a large sur-
face area, high chemical inertness and heat resistance. Additionally,
carbon materials (e.g., activated carbon) are already known to have a
positive and synergistic effect on photodegradation efficiency of sup-
ported or mixed ZnO catalysts [8,31–34]. Nevertheless, efficient
methods to grow well-aligned 1D nanocrystals on ACFs are not well
developed. Wang et al. succeeded in assembling TiO2 nanorod arrays
(NRAs) [35] onto ACFs by a solvothermal route. ZnO nanotubes [36],
ZnO micro/nanomaterials (nanoparticles, nanorods, microsheets and
microspheres) [37], ZnO nanorods [38] and ZnO nanorod arrays [39]
have been synthesized on carbon fibers via hydrothermal process.
Generally, a coating step of carbon fibers with ZnO seed layer (e.g., by
RF magnetron sputtering [38]) prior to hydrothermal is required. And
this two-step approach to grow ZnO nanorods on stiff substrates (e.g.,
silicon [40–42]) has been extensively reported and summarized
[2,43,44]. Here we report an efficient and integrated synthesis ap-
proach (Scheme 1) to assemble well-aligned ZnO nanorod arrays (ZnO
NRAs) on the flexible ACFs substrate. The use and recycle of ZnO NRAs/
ACFs for photocatalytic degradation of a model dye (methylene blue,
MB) in solution were also investigated to demonstrate its promise for
photocatalysis application.

2. Materials and methods

2.1. Materials

Zinc acetate dihydrate, 2-methoxyethanol, monoethanolamine
(MEA), zinc nitrate hexahydrate, hexamethylenetetramine (HMT), ab-
solute ethanol, methylene blue and ZnO powder were of analytical
grade and supplied by the Tianjin Kemiou Chemical Reagent Co., Ltd.,
PR China. Activated carbon fibers (ACFs) were purchased from the
Qinhuangdao Zichuan Carbon Fiber Co., Ltd., PR China.

2.2. Sample preparation

The stepwise assembly of ZnO NRAs on ACFs includes the synthesis
of ZnO seed layers (termed as ZnO SLs) via the sol-gel method [45]
followed by preparation of ZnO NRAs using an hydrothermal method
[16]. Typically, 1.10–2.74 g (viz., 0.1–0.25 mol L−1) of zinc acetate
dihydrate was dissolved in 2-methoxyethanol (50 mL) followed by the
addition of equimolar amounts of monoethanolamine (MEA). The
mixture was stirred (400 rpm) at 60 °C for 30 min. The obtained sol was
subsequently deposited on the ACFs surface (30 mm × 30 mm, Fig. 1)
by a dip-coating procedure. The as-prepared precursors were dried at
80 °C for 12 h followed by calcination at 500 °C for 10 min to form the
ZnO seed layers on the ACFs (termed as ZnO SLs/ACFs-x, where x re-
presents the concentration of zinc acetate dihydrate (mol L−1) used in
the synthesis). Meanwhile, a solution of 0.09–0.89 g (viz., 0.01–0.1 mol
L−1) of zinc nitrate hexahydrate in deionized water (30 mL) and a
solution containing equimolar amounts of hexamethylenetetramine
(HMT) in deionized water (30 mL) were prepared and were well mixed
by stirring at 25 °C for 30 min. The obtained liquid was then transferred
into a Teflon-lined stainless steel autoclave followed by adding the
above synthesized ZnO SLs/ACFs-x. The hydrothermal reaction was
conducted at 95 °C for 1–6 h. After cooling to room temperature, the
mixture was filtered and the filter cake was 5 times rinsed with deio-
nized water and ethanol, respectively. The obtained solid was dried at
80 °C for 12 h to obtain the ZnO NRAs on ACFs (termed as ZnO NRAs/
ACFs-x-y-z, where x represents the concentration of zinc acetate dihy-
drate (mol L−1) used for the synthesis of the corresponding ZnO SLs/
ACFs-x, y represents the concentration of zinc nitrate hexahydrate (mol
L−1), and z represents the hydrothermal time (h)).

For comparison, ZnO nanorods (termed as ZnO NRs) on ACFs were
synthesized by following the above hydrothermal procedure using
pristine ACFs instead of ZnO SLs/ACFs-x prepared by the sol-gel tech-
nique. The sample is denoted as ZnO NRs/ACFs-0-0.025-4, where 0.025
represents the concentration of zinc nitrate hexahydrate (mol L−1) and
4 represents the hydrothermal time (h).

Scheme 1. Schematic illustration of self-assembly of ZnO NRAs on ACFs.

Fig. 1. Images of ACFs and ZnO NRAs/ACFs.
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The textural properties of ACFs, ZnO SLs/ACFs, ZnO NRAs/ACFs
and ZnO NRs/ACFs are tabulated in Table 1. Furthermore, ZnO NRs and
ZnO NRAs were peeled off from the corresponding ZnO NRs/ACFs and
ZnO NRAs/ACFs samples for the characterizations. ZnO NRs-0-0.025-4
and ZnO NRAs-0.1-0.025-4 were obtained by sonication of the parent
ZnO NRs/ACFs-0-0.025-4 and ZnO NRAs/ACFs-0.1-0.025-4, in-
dividually.

2.3. Characterizations

Scanning electron microscopy (SEM, Quanta 200, The Netherlands)
and transmission electron microscopy (TEM, Tecnai G2 F20 S-TWIN,
USA) were used to determine the morphology of the samples. At least
100 particles were measured to determine the average diameter and
length of the particles and standard deviations. An integrated energy
dispersive spectroscopy (SEM-EDS) was employed to determine the ZnO
content of the samples. X-ray diffraction (XRD, D/MAX 2200, Japan),
high resolution transmission electron microscopy (HR-TEM, Tecnai G2
F20 S-TWIN, USA) and selected area electron diffraction (SAED, Tecnai
G2 F20 S-TWIN, USA) were utilized to determine crystallographic
features of the samples. The textural parameters were measured on
Micromeritics ASAP 2020 (USA). The samples were degassed at 200 °C
for 2 h under vacuum, followed by nitrogen adsorption and desorption
measurements at 77 K. The optical properties were determined by using
photoluminescence (PL, FLS 980, Britain) recorded at room tempera-
ture and an excitation wavelength of 325 nm, and by UV–Vis diffuse
reflectance spectroscopy (DRS, TU 1901).

2.4. Photocatalytic degradation of methylene blue

Photocatalytic degradation of MB was carried out in a jacketed glass
batch reactor using a UV lamp (365 nm, 8 W) as the light source. The
catalyst was added to an aqueous solution of MB, followed by magne-
tically stirred in the dark for 2 h at 25 °C. Subsequently, UV light was
introduced to perform the photocatalytic degradation of MB at 25 °C for
a reaction time of 2 h. MB concentrations of the solutions after dark
adsorption and after photocatalytic degradation were analyzed by
UV–Vis spectrophotometry (TU 1950). The degradation percentage (ɳ)
of MB was calculated by Eq. (1). After the first reaction, the used cat-
alysts were filtered and reused for additional 2 times to test the reus-
abilities of the catalysts.

⎜ ⎟= ⎛
⎝

−
−

−
⎞
⎠

×

η

MB concentration after h photocatalysis degradation
MB concentration after h dark adsorption

(%)

1
2

2

100% (1)

3. Results and discussion

3.1. Assembly of ZnO nanorods arrays (ZnO NRAs) on active carbon fibers
(ACFs)

The novel two-step approach to synthesize ZnO NRAs on ACFs in-
cludes a pre-coating of the ZnO seed layers (ZnO SLs) on the ACFs using
a sol-gel [45] method followed by their growth into ZnO NRAs using a
hydrothermal [16] method (see Section 2.2). The chemical reactions
involved in the individual sol-gel [46] and hydrothermal [47] steps are
well reported and illustrated in Scheme 1. In the initial stage we also
explored the use of a hydrothermal method only to prepare ZnO on
ACFs. However, it was found that ZnO nanorods (Fig. 2b) grew ran-
domly on the pristine ACFs surface (Fig. 2a) and partially self-as-
sembled into tufted spheres (Fig. 2b). To overcome this, thin seed layers
of ZnO nanoparticles (ZnO SLs) were deposited on the ACFs surface
(ZnO SLs/ACFs, Fig. 2c, e and g) using a colloidal sol-gel method [45],
and further subjected to a hydrothermal procedure. Indeed, this 2-stepTa
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approach had a very positive effect on obtaining well-aligned ZnO na-
norod arrays, which were oriented in a perpendicular fashion on the
ACFs surface (ZnO NRAs/ACFs, Fig. 2d, f and h).

3.1.1. Effect of zinc acetate concentration for the sol-gel synthesis step
The ZnO SLs on the ACFs surface obtained after the initial sol-gel

method consist of uniformly mono-layer dispersed nanospheres with

particle size of 150–250 nm (Fig. 2c, e and g). The XRD pattern of ZnO
SLs/ACFs (Fig. 3b) exhibits superimposable peaks arising from the ACFs
substrate (Fig. 3a) and single crystalline ZnO particles with a hexagonal
wurtzite structure (JCPDS No. 36-1451). The intense peak at
2θ = 34.4° (Fig. 3b) indicates that the ZnO SLs on ACFs show a pre-
ferential orientation along the (0 0 2) plane [48]. When applying higher
zinc acetate concentrations (e.g., from 0.1 to 0.25 mol L−1) in the sol-

Fig. 2. SEM images of (a) ACFs, (b) ZnO NRs/ACFs-0-0.25-4, (c) ZnO SLs/ACFs-0.1, (d) ZnO NRAs/ACFs-0.1-0.025-4, (e) ZnO SLs/ACFs-0.15, (f) ZnO NRAs/ACFs-
0.15-0.025-4, (g) ZnO SLs/ACFs-0.25 and (h) ZnO NRAs/ACFs-0.25-0.025-4.
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gel synthesis step, the concentration of ZnO nanospheres on ACFs sur-
face increases (Fig. 2c, e and g), which is also reflected by a higher ZnO
content in the ZnO SLs/ACFs (from 3.6 to 8.0 atom%, Entries 2–5,
Table 1). When these ZnO SLs/ACFs-x (x represents zinc acetate con-
centration) with different ZnO contents are subjected to a similar hy-
drothermal procedure (viz., using the same zinc nitrate concentration of
0.025 mol L−1 and a hydrothermal reaction time of 4 h), the thus ob-
tained ZnO NRAs/ACFs show similar diameter and length distributions
(Fig. S1), which are in the range of 140–260 nm (centered at 200 nm)
and 2.2–4.5 μm (centered at 3.0 μm), respectively. This leads to an
aspect ratio of 15:1 and specific surface areas of 12–16 m2 g−1 for ZnO
NRAs on the four ZnO NRAs/ACFs-x-0.025-4 samples (Entries 6–9,

Table 1). However, the concentration of ZnO NRAs on ACFs surface
increased from 4 to 13 rods μm−2 (Fig. 4a). This indicates that the
concentration of zinc acetate for the sol-gel synthesis allows control of
the ZnO nanorod concentration on the ZnO NRAs/ACFs surface.

3.1.2. Effect of concentration of zinc nitrate for the hydrothermal synthesis
step

The concentration of Zn(NO3)2 used for the hydrothermal synthesis
step was found to affect the rod diameter (70–900 nm, Fig. 4b) of the
ZnO NRAs as well as the ZnO content (8.2–18.4 atom%, Entries 7 and
10–12, Table 1) in ZnO NRAs/ACFs-0.15-y-4 samples (y represents zinc

Fig. 3. XRD patterns of (a) ACFs, (b) ZnO SLs/ACFs-0.15, (c) ZnO NRAs/ACFs-
0.15-0.01-4, (d) ZnO NRAs/ACFs-0.15-0.025-4, (e) ZnO NRAs/ACFs-0.15-0.05-
4, (f) ZnO NRAs/ACFs-0.15-0.1-4, (g) ZnO NRAs/ACFs-0.15-0.025-3, (h) ZnO
NRAs/ACFs-0.15-0.025-5, (i) ZnO NRAs/ACFs-0.15-0.025-6, (j) ZnO NRAs
peeled off from ZnO NRAs/ACFs-0.1-0.025-4, (k) ZnO NRs peeled off from ZnO
NRs/ACFs-0-0.025-4, and (l) commercial ZnO powder.

Fig. 4. Effect of (a) the concentration of zinc acetate on the concentration of
ZnO NRAs, (b) the concentration of zinc nitrate on the diameter of ZnO NRAs
and (c) hydrothermal time on the length of ZnO NRAs.
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nitrate concentration). Higher Zn(NO3)2 concentrations (e.g., from 0.01
to 0.05 mol L−1) led to a significant increase in the diameter of the ZnO
nanorods from 70-125 nm (centered at 90 nm, Fig. 4b) to 180–400 nm
(centered at 250 nm, Fig. 4b). Furthermore, the ZnO nanorods prepared
at higher Zn(NO3)2 concentrations show a more preferred orientation
along the a-axes. This is evidenced by the XRD patterns (Fig. 3b–e),
which clearly show higher intensities for the two peaks at 2θ = 31.7°
and 36.2°, corresponding to (1 0 0) and (1 0 1) planes. Interestingly, the
length of the ZnO nanorods is in the range of 2.0–4.5 μm (centered at
3.0 μm) and hardly affected by the Zn(NO3)2 concentrations (Fig. S2).
This results in a decrease in the aspect ratio and the specific surface area
for the ZnO NRAs on the ZnO NRAs/ACFs surface from 20:1 and 16 m2

g−1 (y = 0.01 mol L−1, Entry 10, Table 1) to 12:1 and 6 m2 g−1

(y = 0.05 mol L−1, Entry 11, Table 1). Noticeably, a further increase in
the Zn(NO3)2 concentration (e.g., higher than 0.05 mol L−1) led to the
formation of non-uniform ZnO nanorods and tufted ZnO nanoflowers
(e.g., Fig. 5d).

3.1.3. Effect of hydrothermal reaction time during the hydrothermal
synthesis step

We have also explored the hydrothermal reaction time on the
morphology of ZnO nanorods (Fig. 6). After 1-h, a layer of ZnO nano-
crystalline grains can be identified (Fig. 6a), on which some of the ZnO
nanorods have grown. This indicates that the growth of ZnO nano-
crystalline grains is dominant and the growth rate of ZnO nanorods is
relatively low in the initial period of the hydrothermal synthesis [49].
Extending the hydrothermal time from 1 h to 3 h results in more ZnO
nanorods on the ACFs substrate (Fig. 6a–c). The XRD patterns of ZnO
NRAs/ACFs-0.15–0.025–3 (Fig. 3g) clearly show higher intensities of
the (1 0 0) and (1 0 1) planes compared to the parent ZnO SLs/ACFs-
0.15 (Fig. 3b), indicating that the growth orientation of ZnO in the
initial stage is preferred along the a-axes [50]. After 3 h, the ZnO na-
norods with the diameter range of 80–180 nm (centered at 120 nm, Fig.
S3-e) and length range of 0.7–1.2 μm (centered at 0.9 μm, Fig. 4c) were
uniformly grown on the ACFs substrate (Fig. 6c). Prolonging the

hydrothermal time from 3 to 5 h promotes the growth in the c-axis
direction, which is reflected by the increased intensity ratio of the
diffraction peak of (0 0 2) plane to those of (1 0 0) and (1 0 1) planes
(e.g., Fig. 3h vs. g). This led to a significantly increased length of ZnO
NRAs, which was in the range of 2.0–8.0 μm (centered at 4.5 μm, Fig.
S3j), while a slightly increased diameter of ZnO nanorods of ZnO NRAs/
ACFs, which was in the range of 100–350 nm (centered at 225 nm, Fig.
S3i). Consequently, the aspect ratio for ZnO nanorods of ZnO NRAs/
ACFs-0.15–0.025-z (z represents hydrothermal reaction time) re-
markably increased from 7.5:1 (z = 3 h, Entry 13, Table 1) to 18:1
(z = 5 h, Entry 14, Table 1). Contrarily, the specific surface area for the
ZnO NRAs of the ZnO NRAs/ACFs-0.15–0.025-z was decreased from 20
to 5 m2 g−1 (Entries 13–14, Table 1). When the hydrothermal time was
prolonged further, e.g., to 6 h, the aspect ratio of the ZnO NRAs reached
20:1. However, the ZnO NRAs became less ordered (Fig. 6f).

3.1.4. Growth mechanism of ZnO NRAs on the flexible ACFs substrate
The above demonstration has shown the importance to form ZnO

seed layers prior to the growth of ZnO nanorod arrays on the flexible
ACFs surface. The developed procedure involving the sol-gel and sub-
sequent hydrothermal synthesis allows high control of textural and
structural properties of the ZnO NRAs on ACFs substrates. The size and
orientation of ZnO nanorods are greatly improved (Fig. 2d, f and h vs. b)
by pre-coating the ACFs surface with the ZnO seed layers. The preferred
c-axis orientation of ZnO NRAs on ACFs surface is evidenced by the
intense (0 0 2) diffraction peak for ZnO NRAs peeled off from ZnO
NRAs/ACFs-0.1-0.025-4 as compared to that for ZnO NRs peeled off
from ZnO NRs/ACFs-0-0.025-4 (Fig. 3j vs. k). This is likely due to the
fact that the terminated (0 0 1) facets of the ZnO seeds (Fig. 3b) formed
by the sol-gel synthesis, which are polar and comprised of (0 0 0 1)-Zn
surface and (0 0 0 –1)-O surface[2], act as the reactive crystalline facets
for the epitaxial growth of ZnO NRAs during the follow-up hydro-
thermal synthesis step.

After the sol-gel synthesis, the ZnO seed layers grow further in the
initial stage of the hydrothermal synthesis (1–3 h) via nucleation and

Fig. 5. SEM images of (a) ZnO NRAs/ACFs-0.15-0.01-4, (b) ZnO NRAs/ACFs-0.15-0.025-4, (c) ZnO NRAs/ACFs-0.15-0.05-4 and (d) ZnO NRAs/ACFs-0.15-0.1-4.
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surface coverage, resulting in the formation of a layer of ZnO nano-
crystalline grains on the ACFs surface (Fig. 6a–c). At longer hydro-
thermal synthesis times (> 3h), the well-aligned NRAs grow very ra-
pidly. The top-view SEM image of ZnO NRAs/ACFs (Fig. S4) reveals
that the synthesized ZnO NRAs are hexagonal. The single crystalline
nature of the individual ZnO rod of ZnO NRAs from ZnO NRAs/ACFs is
clear from the SAED patterns (Fig. 7). These observations indicate that
after the initial stage of the nucleation and surface coverage (hydro-
thermal synthesis of 1–3 h), the ZnO NRAs grow rapidly on ACFs sur-
face with a preferential orientation along the [0 0 1] direction. At
longer hydrothermal treatment times (e.g., > 4 h), viz., in the con-
tinuous growth stage, HMT functions as a nonpolar chelating agent and
is preferentially attached to the non-polar facets (e.g., (1 0 0), (1 1 0)
and (0 1 0)), preventing the access of the precursor and thus promoting
the epitaxial growth along the polar facet (0 0 1) [51]. This preferential
epitaxial growth along the c-axis results in the formation of the well-
aligned single crystalline ZnO NRAs with hexagonal wurtzite structure
on the flexible ACFs surface. A schematic diagram illustrating the
growth mechanism of ZnO NRAs on the flexible ACFs substrate is vi-
vidly shown in Scheme 1, including the nucleation in sol-gel step, fur-
ther nucleation and surface coverage in the initial stage (e.g., < 3 h) of

hydrothermal synthesis step, and rapid rods growth in the later stage
(e.g., > 3 h) of hydrothermal synthesis step. The orientation/mor-
phology, concentration, diameter and length, aspect ratio and surface
area of the ZnO NRAs can be tuned by adjusting the synthesis para-
meters, e.g., concentration of zinc acetate for sol-gel synthesis, con-
centration of zinc nitrate and hydrothermal reaction time for hydro-
thermal synthesis. However, the interaction between ZnO nanorods and
ACFs surface remains unclear. Presumably, the functional groups on
ACFs surface, e.g., OH, C=]O, COOH, and amide group [52], may
provide the possibility to bind ZnO nanoparticles.

3.2. Structural and optical properties of ZnO NRAs on ACFs

To investigate the structural and optical properties of ZnO nanorod
arrays grown on ACFs synthesized by the stepwise method developed
above, ZnO NRs peeled off from ZnO NRs/ACFs-0-0.025-4 and NRAs
peeled off from ZnO NRAs/ACFs-0.15-0.025-4 were characterized by
UV–Vis diffuse reflectance spectroscopy (DRS, inset of Fig. 8) and room-
temperature photoluminescence (Fig. 9).

The DRS spectra (Fig. 8) show that the absorption wavelength are
only in the UV region (λ < 400 nm), in line with ZnO [53] and ZnO

Fig. 6. SEM images of (a) ZnO NRAs/ACFs-0.15-0.025-1, (b) ZnO NRAs/ACFs-0.15-0.025-2, (c) ZnO NRAs/ACFs-0.15-0.025-3, (d) ZnO NRAs/ACFs-0.15-0.025-4, (e)
ZnO NRAs/ACFs-0.15-0.025-5, and (f) ZnO NRAs/ACFs-0.15-0.025-6.
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NRAs [17] prepared by other synthesis methods. Comparatively, the
ZnO NRAs grown on ACFs surface show a stronger absorption peak with
a red-shifted absorption edge. In addition, the bandgaps of the three
types of ZnO nanocrystals were calculated by the Kubelka-Munk algo-
rithm [54] (Fig. 8) and the values are 3.11 eV, 3.15 eV and 3.17 eV for
ZnO NRAs, ZnO NRs and ZnO powder, respectively. The lower energy
bandgap and the red-shifted light absorption for ZnO NRAs suggest that
ZnO NRAs may possess enhanced optical absorption [17] and induce
effective separation and transportation of photoexcited charge carriers
[55] than ZnO NRs and ZnO powder.

The room-temperature photoluminescence spectrum of commercial
ZnO powder (Fig. 9) shows a sharp excitonic peak centered at 384 nm,
in accordance with the literature [56]. The exciton emission peaks in
the UV region for the ZnO NRs and ZnO NRAs grown on ACFs surface
are strongly quenched and red-shifted to 405 nm, likely due to the
presence of crystal defects (e.g., Zni), which are supported by their
strong deep-level emissions in the visible region (Fig. 9). Compared
with ZnO NRs, ZnO NRAs show higher intensities of the Zn-related blue

emission, O-related green and yellow emissions. The IDLE/INBE for
commercial ZnO powder, ZnO NRs and ZnO NRAs are 1.6, 8.3 and 14.4,
indicating that ZnO NRAs have the highest defect level. These defects
are of importance in photocatalysis to trap the photo-generated elec-
trons and as such to prevent their recombination with the holes.

Furthermore, it needs to be highlighted here that the developed
two-step sol-gel and hydrothermal synthesis method allows the synth-
esis of ZnO nanorods with a higher surface area (e.g., 20 m2 g−1 in
Table 1 vs. 6–8 m2 g−1 reported in Ref. [13] and 4 m2 g−1 for com-
mercial ZnO powder, Table 1) than the conventional synthesis routes.
And the assembly of ZnO NRAs on ACFs surface hardly affects the
flexibility of ACFs (Fig. 1).

3.3. Photocatalytic degradation of Methylene Blue (MB)

The above outstanding structural features (e.g., unique one-dimen-
sional structure, high level of defects and high surface areas) and op-
tical properties (e.g., low bandgap and strong light absorption) of ZnO
nanorod arrays grown on the flexible ACFs substrates are preferable for
their applications, e.g., in photocatalysis, which is demonstrated here by
photocatalytic degradation of methylene blue (MB) in solution. The
dark adsorption/desorption equilibrium of MB over the investigated
catalysts was established by performing the dark reaction for 2 h under
stirring. The initial blank photocatalytic experiments showed that the
degradation of MB using ACFs without ZnO in the presence of UV light
for 2 h is negligible. ZnO NRAs peeled off from ZnO NRAs/ACFs ex-
hibited a higher MB degradation (47.1%, Entry 9, Table 2) than ZnO
NRs peeled off from ZnO NAs/ACFs (36.0%, Entry 5, Table 2) and the
commercial ZnO powder (31.9%, Entry 1, Table 2). When comparing
with ZnO powder, the 1D ZnO nanocrystals (viz., ZnO NRAs and ZnO
NRs) with their highly oriented structure are possibly good in capturing
light from all directions [15], leading to lower light-losses through
surface reflection, which is very advantageous for photocatalytic per-
formance. In addition, the unique one-dimensional structure may also
play a role in improving electron transportation and reducing the re-
combination of photogenerated electron/hole (e−/h+) pairs [57]. For
the 1D ZnO nanocrystals, ZnO NRAs show higher MB degradation than
ZnO NRs, likely due to the superior structural features and optical
properties shown above. Furthermore, it might also be related to the
degree of particle anisotropy (indicated by XRD peak intensity ratio of
(0 0 2) plane to (1 0 0) plane, termed as I(0 0 2)/I(1 0 0) [10]), which is
much higher for ZnO NRAs (I(0 0 2)/I(1 0 0) = 1.22) than for ZnO NRs
(I(0 0 2)/I(1 0 0) = 0.36). It was reported that the OH− ions prefer to
adsorbing onto the (0 0 1) face of ZnO, leading to higher production
rates of reactive OH· radicals, which consequently enhance the photo-
catalytic degradation efficiency [10,13,58].

The above three types of ZnO nanocrystals immobilized on or mixed
with ACFs substrates, viz., ZnO NRAs/ACFs, ZnO NRs/ACFs and ZnO-
ACFs (of which SEM image is shown in Fig. S5) were also employed for
photocatalytic degradation of MB in solution. It needs to be noted here
that the ZnO dosages (Table 2) of these catalysts were adjusted to
achieve a similar MB concentration (ca. 2 mg L−1) after 2-h dark ad-
sorption. As compared to the corresponding ZnO nanocrystals, an en-
hanced MB degradation is obtained on ZnO NRAs/ACFs (77.5%, Entry
10, Table 2), ZnO NRs/ACFs (53.1%, Entry 6, Table 2) and ZnO-ACFs
(71.6%, Entry 2, Table 2). These results indicate that there exists a
synergistic effect between ZnO nanocrystals and ACFs
[8,14,31–34,59,60]. This synergistic effect may be due to the pre-
ferential adsorption of MB on ACFs surface, followed by transfer to the
photoactive ZnO particles [32]. The better performance in the presence
of ACFs may also be due to the fact that ACFs are highly conductive. As
such, the photogenerated electrons are transported through the highly
conductive ACFs [59,60], leading to an effective separation of the
photogenerated electron/hole (e−/h+) pairs, which enhances the
generation of reactive OH· radicals for MB degradation. Comparatively,
ZnO NRAs/ACFs catalyst shows higher MB degradation

Fig. 7. TEM and HRTEM images, and SAED patterns of ZnO nanorod from (a)
ZnO NRAs/ACFs-0.15-0.025-4 and (b) ZnO NRAs/ACFs-0.15-0.025-6.
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(36.5 mg MB g−1 ZnO) than the mechanically mixed ZnO-ACFs catalyst
(23.4 mg MB g−1 ZnO), considering that ZnO nanoparticles on the
catalysts are responsible for catalytic degradation. This indicates that
an enhanced synergistic effect between ZnO nanocrystals and ACFs can

be obtained via the two-step synthesis for immobilizing the well-aligned
ZnO NRAs on ACFs surface.

The used ZnO NRAs/ACFs, ZnO NRs/ACFs and ZnO-ACFs catalysts
after reaction were filtered and reused for additional 2 times for pho-
tocatalytic degradation of MB in solution to examine their reusabilities.
As can be seen from Table 2, MB degradations over the reused catalysts
(Entries 4, 8 and 12) was significantly decreased as compared to those
over the fresh catalysts (Entries 2, 6 and 10). This could be due to a
higher MB concentration after 2-h dark adsorption for photocatalytic
degradation over the recycled catalysts. The high concentration of MB
molecules might compete the light absorption with the catalyst [61],
resulting in less light penetration and thus lower catalytic degradation
of MB. Nevertheless, the MB degradation over the recycled ZnO NRAs/
ACFs (31.6%, Entry 12, Table 2) is three times higher than those over
the recycled ZnO NRs/ACFs (7.8%, Entry 8, Table 2) and ZnO-ACFs
(10.1%, Entry 4, Table 2) catalysts. The low reusability of the mixed
ZnO-ACFs catalysts might be related to the poor separation of ZnO
powder [33] resulting in the loss of mass and agglomeration. We also
observed that ZnO NRs and microspheres (Fig. 2b) may be easily peeled
off from ZnO NRs/ACFs during photocatalytic degradation. Conse-
quently, the superb reusability of ZnO NRAs/ACFs indicates a strong
interaction between ZnO and ACFs substrates via the two-step sol-gel
and hydrothermal synthesis. The above demonstration confirms the
promising application of ZnO NRAs/ACFs in environmental engineering
and photocatalysis.

4. Conclusion

In conclusion, the well-aligned single-crystal wurtzite ZnO nanorod
arrays (ZnO NRAs) have been successfully assembled on the flexible
activated carbon fibers (ACFs) substrates by a stepwise sol-gel and
hydrothermal synthesis method. The growth orientation (e.g., along c-
axis), rod concentration (e.g., 4–13 rods μm−2), rod diameter (e.g.,
70–900 nm), rod length (e.g., 0.6–8.0 μm), aspect ratio (e.g., 5–20:1)
and surface area (e.g., 4–20 m2 g−1) of ZnO NRAs are tunable by
controlling the concentration of zinc acetate during the sol-gel synthesis
step, and the concentration of zinc nitrate and time during the hydro-
thermal synthesis step. The distinguished structural and optical char-
acteristics of ZnO NRAs grown on ACFs surface and the well-known
synergistic effect from ACFs (e.g., superb adsorbility) make this novel
ZnO NRAs/ACFs material promising for photocatalysis. Our demon-
stration of photocatalytic degradation of MB shows that immobilizing
ZnO NRAs on ACFs enhances MB degradation on the individual ZnO
NRAs and promotes the recyclability for multiple reuses.

Fig. 8. Plots of transferred Kubelka-Munch vs. energy and DRS spectra (inset) of
commercial ZnO powder, ZnO NRs peeled off from ZnO NRs/ACFs-0-0.025-4
and NRAs peeled off from ZnO NRAs/ACFs-0.15-0.025-4.

Fig. 9. Photoluminescence spectra of commercial ZnO powder, ZnO NRs peeled
off from ZnO NRs/ACFs-0-0.025-4 and NRAs peeled off from ZnO NRAs/ACFs-
0.15-0.025-4.

Table 2
The cyclic experimental conditions for photocatalytic degradation of MB and the performance of catalysts. Photocatalytic degradation of MB was performed at 25 °C
for 2 h.

Entry Catalyst Cycle MB solution (mL) MB concentration (mg L−1) ZnO dosage (g L−1) Degradation of MB (%)

initial After 2-h dark adsorption

1 ZnO powder 1st 50 2.0 1.91 0.067 31.9
2 ZnO-ACFs 1st 300 5.0 2.36 0.101 71.6
3 2nd 2.84 20.3
4 3rd 4.66 10.1
5 ZnO NRs 1st 50 2.0 1.95 0.067 36.0
6 ZnO NRs/ACFs 1st 300 5.0 1.90 0.058 53.1
7 2nd 4.06 10.1
8 3rd 4.71 7.8
9 ZnO NRAs 1st 50 2.0 1.94 0.067 47.1
10 ZnO NRAs/ACFs 1st 300 5.0 2.01 0.055 77.5
11 2nd 4.60 44.1
12 3rd 4.84 31.6
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