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A B S T R A C T

This work demonstrates the fabrication of zinc oxide‑carbon nanotube (ZnO/CNT) heterostructures with tunable
photocatalytic activity via microstructure modulation. The ZnO/CNT heterostructures are constructed in one-
step hydrothermal procedure consisting of in situ anchoring of ZnO nanostructures with dispersible CNTs in an
aqueous alkali solution containing bile salts as a dispersant. Observation via scanning (SEM) and transmission
(TEM) electron microscopy reveals self-assembled heterostructures of monodispersible CNTs tightly surrounding
ZnO nanostructures with multimorphology. The XRD, FT-IR, Raman and XPS analysis confirm that the CNTs
were successfully incorporated into the ZnO nanostructures with strong interfacial contact of covalent bonding
rather than simple mixing. A series of ZnO/CNT heterostructures, which varies according to their degree of
doping with dispersible CNTs, exhibit distinct sunlight-induced photocatalytic activity onto the degradation of
Rhodamine B (RhB). The superior photocatalytic performance of ZnO/CNT heterostructures originates from
synergistic effects of sufficient interfacial bonding, self-assembly microstructures, and continuous conducting
pathways between ZnO nanostructures and CNTs, which acquires better sunlight utilization and more efficient
separation of electron-hole pair, confirmed by UV–Visible diffuse reflectance spectra as well as photocurrent and
photovoltage analysis. This study also proposes a photocatalytic degradation mechanism of RhB dyes through
detection of active species confirmed by electron-spin-resonance analysis.

1. Introduction

Sunlight-induced photocatalytic degradation is a well-studied
technology for eliminating the environmental pollutants which have
accompanied the rapid development of society [1–3]. Recent photo-
catalytic advancements have developed various ZnO nanostructures
with distinct morphologies and sizes as a promising alternative photo-
catalyst, which possess a similar energy level and higher absorption
efficiency in the range of the solar spectrum compared to conventional
TiO2 [4–6]. However, the wide band gap renders ZnO nanostructures
most suitable for absorption in ultraviolet light rather than visible light
in the solar spectrum, and their large specific surface area prompts a
strong tendency to agglomerate [7,8]. Furthermore, the photocatalytic

efficiency and recycling catalytic utilization efficiency of ZnO nanos-
tructures are significantly limited because of the quick recombination of
their photoelectron-hole pairs [9,10]. Therefore, improving the photo-
catalytic and recycling efficiency of ZnO nanostructures is the key to
practical photocatalytic applications.

Recent research efforts have focused on ZnO nanostructure-based
heterojunctions, which enhance the nanostructures' photocatalytic
properties [11–13]. Heterostructures generally consist of two compo-
nents and possess characteristics of both, having a synergistic effect
[14–16]. Among them, CNT-based heterojunctions for photocatalysts
are of particular interest due to their unique molecular geometry and
the excellent inherent optoelectronic properties of CNTs [12,13].
However, CNT’ optoelectronic properties are considerably influenced
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by their dispersion [7,8]. By contrast, monodispersible CNT/ZnO het-
erojunctions based on self-assembly microstructures can be fabricated
to effectively facilitate charge transfer and separation. These materials
could be tailored to maximize their photocatalytic degradation abilities
due to their continuous conducting pathways and extensive interfacial
contact. Various studies have developed new ZnO/CNT hetero-
structures and their synthesis procedures necessary to achieve them
[8,17–19], but little work has focused on self-assembly microstructures
between monodispersible CNT and ZnO nanostructures with multi-
morphology. Therefore, it is of great importance to identify a simple
and efficient method to prepare optimal self-assembly heterostructures
between multimorphologied ZnO nanostructures and highly dispersed
CNT.

In-situ solution synthesis is the simplest and least energy-intensive
approach for preparing self-assembly ZnO/CNT heterostructures. This
synthesis route allows for easily self-assembly ZnO nanostructures with
multimorphology by manipulating experimental conditions such as
solvent type, starting materials, and reaction conditions. Furthermore,
in-situ solution synthesis can effectively reduce aggregation tendency of
ZnO nanostructures in dispersible CNT aqueous solution, which im-
proves light absorption efficiency of ZnO nanostructures and the se-
paration efficiency of the photogenerated electron-hole pairs [19–21].

Herein, we employ a facile, one-step hydrothermal procedure to
prepare ZnO/CNT heterostructures with tunable photocatalytic ac-
tivity. This tunability results from microstructure modulation based on
varying degrees of doped dispersible CNTs. Therefore, we can evaluate
the crucial role of CNT electron conductivity in the context of photo-
catalytic activity. We also identify the contribution of self-assembly
microstructures of ZnO nanostructures linking with dispersible CNTs to
enhanced heterostructure photocatalytic performance via the de-
gradation of RhB dyes under sunlight irradiation. The formation of
ZnO/CNT heterostructures and the corresponding interfacial charge-
transfer mechanisms are investigated in detail through surface photo-
voltage, Transient photocurrent, and electron-spin-resonance analysis.

2. Experimental

2.1. Materials

Multi-walled carbon nanotube (CNT) used to prepare CNT-ZnO was
supplied by the Chinese Academy of Sciences in Sichuan (China). 98%
H2SO4, 60% HNO3, sodium hydroxide (NaOH), ZnCl2·2H2O, and
Rhodamine B (RhB) were purchased from China Reagent Company,
LTD. The bile salts (BS) used as dispersants for CNT consisted of mix-
tures of cholic acid and deoxycholic acid sodium salts, which were
purchased from Fluka [22]. All chemicals were analytical grade and
were used as received without further purification.

2.2. Preparation of f-CNT

Functionalized CNT (f-CNT) were prepared through an acid oxida-
tion process [23]. About 100mg of CNT powder was mixed with 50mL
of a 3:1 (v/v) mixture of concentrated H2SO4 (98%) and HNO3 (68%) in
a 100mL glass bottle and stirred at 50 °C for 8 h [7]. Following cen-
trifugation at 8000 rpm for 30min, the supernatant was decanted and
filtered through a 0.2 μm anodic alumina membrane (Whatman). The
product underwent several more cycles of centrifugation followed by
washing with deionized water, until achieving a pH~ 7. Finally, drying
the solution in a vacuum oven at 60 °C yielded CNT powder, hereafter
referred to as f-CNT.

2.3. Synthesis of CNT/ZnO heterostructures

CNT/ZnO heterostructures were all synthesized by a hydrothermal
method employing the hydrolysis of ZnCl2. In a typical procedure,
0.015 g BS dispersant and a specified amount of f-CNT was dispersed in

15mL deionized water with sufficient stirring and 30min of sonication.
Then a mixture of 0.1 g ZnCl2 and 0.4 g NaOH was added to the BS-CNT
solution, and the resulting mixture was sonicated for 30min to ensure
good dispersion. The homogeneous solution was transferred to a 50mL
Teflon-sealed autoclave and maintained at 150 °C for 6 h. Finally, a
series of CNT/ZnO heterostructures were washed with distilled water
and ethanol several times to remove unreacted products and were then
vacuum-dried at 50 °C for 12 h. The CNT/ZnO heterostructures were
designated CNT/ZnO-1, CNT/ZnO-2, and CNT/ZnO-3, corresponding to
doped f-CNT masses of 1.0mg, 2.5mg, and 5.0 mg, respectively. For
comparison, pure ZnO was also prepared using the same procedure
without the addition of f-CNT. The purifying and drying procedures for
pure ZnO were similar to those described for CNT/ZnO hetero-
structures.

2.4. Characterization

X-ray diffraction (XRD) patterns of all samples were measured using
an X-ray diffractometer (Bruker D8 Advance) with Cu-Kα radiation
(λ=1.5406 Å). The surface morphologies and microstructures of the
samples were examined using a scanning electron microscope (SEM, FEI
Nova NanoSEM 450) and transmission electron microscope (TEM, Jeol
Jem-2100F). Raman spectroscopic analysis was performed using a
Perkin Elmer Spectrum-GX and Renishaw in Via Raman spectrometer
with a laser excitation of 532 nm. FT-IR spectroscopy was performed
using a JASCO FT/IR-460 plus FT-IR spectrometer. A UV–Vis-Infrared
spectrophotometer (Agilent Cary-5000) was used to record the UV–vis
spectra of various samples. X-ray photoelectron spectroscopy (XPS) of
all samples was conducted with an XPS spectrometer (Thermo Escalab
250XI, USA) with Al-Kα radiation (hv=1486.6 eV). Micromeritics
ASAP 2460 nitrogen adsorption apparatus (U.S.) was utilized to in-
vestigate the Brunauer-Emmett-Teller (BET) specific surface area (SBET)
of the samples by nitrogen adsorption [24]. Surface photovoltage (TPV)
spectroscopy was carried out using the standard method as reported by
Y. Lei et al. [25] The detected device exhibited typical sandwich
structure: Firstly, almost 2mg powdered samples of ZnO and ZnO/CNT-
2 were horizontally tiled onto one indium tin oxide (ITO) glass as
bottom substrate; secondly, the other ITO glass placed as top substrate,
and mica spacer was used to maintain the suitable gap between the two
electrodes. The laser pulses (355 nm with a pulse width of 4 ns) was
supplied by the third-harmonic Nd: YAG laser (Quantel Brilliant Eazy:
BRILEZ/IR-10), and TPV signals were recorded utilizing a digital os-
cilloscope with frequency of 500MHz (TDS 3054C, Tektronix).

Photocurrent measurements were taken using a CHI 660 potentio-
stat (CH Instruments) in a standard three-electrode system immersed in
a 0.1 M KCl solution under simulated sunlight irradiation of approxi-
mately 100mW/cm2 [26]. A platinum electrode and Ag/AgCl electrode
were used as the counter and reference electrodes, respectively. The
working electrode was prepared by the following process: A homo-
geneous mixture of pure ZnO or ZnO/CNT-2 hybrid (4.5 mg) and
polyvinylidene fluoride (1mg) in N-methyl pyrrolidone (1mL) was
prepared by sonicating for 15min, and then the electrode film was
formed with 1 cm x1.5 cm effective area by drop casting the resultant
mixture onto ITO glass and drying at 60 °C under vacuum for 2 h.

2.5. Photocatalytic activity

To evaluate the photocatalytic performance of the heterostructures,
the degradation of Rhodamine B (10mg/L) in water was measured
under sunlight irradiation. Powdered catalyst samples of 10mg were
dispersed in 50mL Rhodamine B aqueous solution (10mg/L) and the
suspension was stirred under dark ambient conditions for 40min to
reach adsorption-desorption equilibrium. With continuous stirring, the
suspension was exposed to simulated solar irradiation emitted by a
500W Xenon lamp. Aqueous solution was withdrawn regularly from
the suspension and the catalysts were separated via centrifugation.
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After removing the catalysts, the remaining transparent supernatant
was analyzed by UV/Vis absorbance spectroscopy. The degradation
process was monitored by measuring the absorption of Rhodamine B at
554 nm. The degradation efficiency was calculated according to η= Ct/
C0 [8,19]. The photocatalytic degradation of Rhodamine B was ex-
pressed using the apparent pseudo-first-order kinetics equation ac-
cording to the Langmuir-Hinshelwood kinetics model, κ= ln (Ct/C0)
[19], where κ was the apparent pseudo-first-order rate constant, C0 was
the RhB dye concentration in the original aqueous solution, and Ct was
the RhB dye concentration at sunlight irradiation time (t).

3. Results and discussion

XRD analysis is performed to explore the phase and crystal structure
of all samples. Fig. 1 shows the XRD patterns for pure ZnO, f-CNT, ZnO/
CNT-1, ZnO/CNT-2, and ZnO/CNT-3. Pure f-CNT exhibits a broad
characteristic diffraction peak at approximately 2θ=26.2°, corre-
sponding to the (002) plane of the graphene structure comprising the
CNT surface [19]. Pure ZnO is characterized by diffraction peaks at
31.9°, 34.6°, 36.4°, 47.7°, 56.7°, 62.9°, 66.3°, 68.0°, and 69.2°, which are
attributed to the ZnO's crystal planes at (100), (002), (101), (102),
(110), (103), (200), (112), and (201), respectively [27]. These dif-
fraction peaks are consistent with the standard peak values reported for
ZnO, and there are no additional miscellaneous peaks, indicating that
the ZnO nanostructures are highly pure. In contrast to the XRD pattern
of pure CNT or ZnO, CNT/ZnO heterostructures possess virtually the
same peaks as pure ZnO, as well as a new diffraction peak at 2θ=26.2°
corresponding to the characteristic (002) crystalline planes of CNT.
Therefore, the XRD analysis provides strong evidence that all of the
CNT/ZnO heterostructures are composed of both ZnO crystals and
CNTs. The average crystalline size of the CNT-hybridized ZnO hetero-
structures can be calculated with Scherrer's formula: d=kλ/βcosθ,
where d is the averaged crystal size, k=0.9, λ is the X-ray radiation
wavelength, β is the full width at half maximum of diffracted peak, and
θ is the diffraction angle [8]. The formula yields an average crystalline
size of approximately 35 nm, which is in agreement with the following
SEM and TEM analysis. Considering the superior photocatalytic per-
formance of ZnO/CNT-2 during a series of photo catalysis, we will pay
more attention to this kind of material for further structure character-
ization and property evaluation in the following sections.

SEM images are captured to observe the micromorphology of ZnO/
CNT-2 heterostructures shown in Fig. 2. The ZnO crystals show self-
assembly nanostructures with multimorphology including nanorods
and nanoplates. It is found f-CNTs with width of approximately 20 nm
and lengths of approximately 1 μm are monodispersed into self-as-
sembly ZnO nanostructures. The CNTs closely contact with the surface

of ZnO nanostructures, bestowing a strong interaction between the two
components. This interaction is robust enough to resist separation of
ZnO and CNT, even after repetitive washing and ultrasonication. To
further investigate the microstructure of the ZnO/CNT-2 hetero-
structures, TEM imaging is performed in Fig. 3. Fig. 3(a,b) depicts
dispersible CNTs with diameter of about 20 nm are in tight contact with
multimorphologied ZnO nanostructures for optimal self-assembly mi-
crostructures, coalescing into a ZnO/CNT heterostructure [19]. These
results are in agreement with SEM analysis and further reinforce that
ZnO nanostructures and CNT combine into well-formed hetero-
structures. Elemental mapping of TEM images (Fig. 3c) reveals that
carbon is distributed in networks (Fig. 2d), while oxygen and zinc are
clustered together in different configurations in Fig. 3(e,f). Therefore,
elemental mapping confirms the successful fabrication of ZnO/CNT
heteroarchitectures and is consistent with SEM and TEM observations.

Raman spectroscopy was used to study the incorporation of CNT
into ZnO nanostructures. Fig. 4 shows the Raman spectra of pure f-CNT,
pure ZnO, and ZnO/CNT-2 heterostructures. The ZnO possess char-
acteristic peaks at 325, 380, and 434 cm−1, respectively, corresponding
to the 2E2 (M), A1 (TO), and E2 (high) vibration modes of ZnO's crystal
structure [8,19]. Pure f-CNT displays characteristic signals of the D
band (vibration of defects in a single graphene layer) and the G band
(bond stretching of sp2-hybridized carbon atoms), which appear at
1335 and 1584 cm−1, respectively. ZnO/CNT heterostructures display
Raman signals including the peaks of both ZnO and CNT. The calculated
intensity ratio (ID/IG) is approximately 0.96 for pure f-CNT and 0.90 for
ZnO/CNT heterostructures. The decrease in ID/IG value observed in the
heterostructures compared to the pure f-CNT indicates fewer defects
and disorders in the graphene-like surface of ZnO/CNT-2 hetero-
structures, suggesting the formation of more sp2 carbon during the in-
situ reaction between ZnO and CNT [28,29]. Additionally, the G band
shift from 1570 cm−1 for pure f-CNT to 1578 cm−1 for ZnO/CNT het-
erostructures suggests that a strong interaction occurs between CNT
and ZnO in ZnO/CNT heterostructures, namely, indicating charge
transfer occurring between the components through chemical bonding
[7,8].

FT-IR and XPS analyses yield more detailed information about the
chemical structure and atomic bonding states of pure ZnO and ZnO/
CNT heterostructures. Fig. 5 presents the FT-IR spectra of the ZnO/CNT-
2 compared to those of pure ZnO and f-CNT. The f-CNT possesses a
characteristic band at 1625 cm−1 due to the C]C stretching vibration
of graphene, while the ZnO spectrum bears a peak at 515 cm−1 corre-
sponding to the transverse optical stretching modes of ZnO [29]. No-
tably, both of these pure components' peaks appear in the FT-IR spec-
trum of the ZnO/CNT heterostructures, indicating the presence of C]C
and Zn-O-Zn bond stretching contributed by CNT and ZnO in the het-
erostructures, respectively [30]. These results clearly reveal that ZnO
nanostructures successfully hybridize with CNTs, with the Zn-O-Zn
bond stretching in ZnO/CNT-2, indicating the Zn-O-Zn antisymmetric
and symmetric vibrations in the ZnO/CNT heteroarchitectures.

To further confirm the chemical bonding kind between ZnO and
CNT in ZnO/CNT composite, the high-resolution XPS spectra have been
probed in Fig. 6. The deconvoluted XPS C1s spectrum for ZnO/CNT-2
shown in Fig. 6a exhibits five peaks fitted at binding energies of 283.48,
284.58, 285.18, 286.08, and 288.48 eV, corresponding to carbon atoms
in different functional groups. The peaks at approximately 284.6 and
285.1 eV are contributions of the C]C (sp2) and CeC (sp3) bonds, re-
spectively [21]. The peak at about 286.1 eV is attributed to C-OH
bonds, while the peak at 288.54 eV is due to CeOOH bonds [31]. The C
1 s spectrum of the CNT-hybridized ZnO heterostructures does not
possess the C 1 s peak characteristic of ZneC bonding at 281 eV, but a
new peak detected at around 283.5 eV can be attributed to CeOeZn
bonding [31]. Fig. 6b demonstrates that the binding energies of Zn 2p3/
2 and 2p1/2 are centered at 1021.31 and 1044.36 eV, respectively, in
agreement with those of pure ZnO [31]. The small shift in the binding
energy of Zn 2p 3/2 (1021.4 eV) in the ZnO/CNT compared to that pure
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Fig. 1. XRD pattern of all samples.
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ZnO (1021.2 eV), - indicates chemical CeZn bond maybe very weak or
not formed during the association of ZnO with CNT in our present
system [31]. These results suggest that the chemical interaction be-
tween ZnO and CNT in our present system is strong, which results from
the formed chemical CeOeZn bond rather than CeZn bond, which may

preserve chemical stability and promote electronic interaction in CNT-
hybridized ZnO heterostructures.

UV–vis diffuse reflectance spectra (UV–vis DRS) is utilized to esti-
mate their optical properties of the ZnO/CNT heterostructures and pure
ZnO. The UV–vis diffuse reflectance spectra of both pure ZnO and ZnO/
CNT heterostructures depicted in Fig. 7a displays intense absorption in

Fig. 2. Scanning electron micrograph of ZnO/CNT-2 heterostructures.

Fig. 3. TEM images of ZnO/CNT-2 heterostructures (a, b) and EDS mapping (c) results of C, O and Zn elements (d–f). The scale bar is 500 nm.
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the UV region around 350 nm originating from the intrinsic band-edge
absorption of ZnO nanostructures [29]. Compared to pure ZnO, ZnO/
CNT-2 heterostructure exhibits much stronger absorbance of visible
light at wavelengths longer than 400 nm due to the presence of CNTs.
This increased visible light absorption is in accordance with the white-
to-gray color change observed in pure ZnO sample, which should have
important implications regarding their photocatalytic capability, espe-
cially under sunlight irradiation. Furthermore, we have calculated the
band gap energy of these semiconductors from the curve of (αhν)2
versus energy by intercepting the extrapolation of the plots to the x axis
using the following equation: αhν=A(hν− Eg)2 [19]. The calculated
Eg of ZnO/CNT-2 heterostructures shown in Fig. 7b is approximately
2.90 eV, apparently smaller than that of pure ZnO (3.10 eV). The nar-
rowing in band gap of CNT hybridized ZnO heterostructure makes it
harvest visible light easily and then efficiently facilitates photocatalytic
activity onto organic dyes, mainly attributing to the chemical bonding
between ZnO and CNT due to the formed Zn-O-C bond at the interface
confirmed by abovementioned XPS and Raman analysis.

The effect of CNT on the BET surface areas and pore structures of
pure ZnO and ZnO/CNT heterostructures have been investigated using
nitrogen adsorption-desorption experiments shown in Table 1. Com-
pared to pure ZnO, the BET surface area (SBET) of ZnO/CNT-2 hetero-
structures increases with adding of CNT, from 10.8 ± 0.1 to
11.7 ± 0.1m2/g. This is probably attributed to the low amount of CNT
added into the composite. Nitrogen adsorption-desorption isotherms

and the corresponding curves of the pore size distribution (inset) for
pure ZnO and ZnO/CNT heterostructures have been shown in Fig. 8.
Based on the Brunauer-Dening-Dening-Teller (BDDT) classification,
both of pure ZnO and ZnO/CNT-2 are isotherms of type IV, suggesting
the presence of mesopores [24]. From the pore diameter distribution
shown in the inset curves in Fig. 8, ZnO/CNT-2 composite displays si-
milar mesopores structures but the increased peak pore diameter of
around 6 nm compared to that of pure ZnO. The improvement of spe-
cific surface area in ZnO/CNT-2 composite provides possibility to in-
crease the surface active sites and makes charge carriers transport as
well as adopt and deposit of the degradable dye molecules easier during
the photocatalytic process, which is beneficial for superior photo-
catalytic performance in ZnO/CNT-2 composite.

The photocatalytic properties of pure ZnO and ZnO/CNT hetero-
structures are evaluated via monitoring the degradation of RhB aqueous
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Table 1
Effect of CNT on the BET surface areas and pore structures of pure ZnO and
ZnO/CNT-2 heterostructures.

Samples BET surface area (m2/g) Pore size (nm) Pore volume (cm3/g)

ZnO 10.8033 5.04682 0.053
ZnO/CNT-2 11.6643 6.46898 0.041
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solution under simulated sunlight irradiation. Fig. 9 shows the catalytic
degradation efficiency of pure ZnO as well as ZnO/CNT-1, ZnO/CNT-2,
and ZnO/CNT-3 heterostructures. In controlled experiments, less than

1% of RhB is decomposed after 2 h sunlight irradiation without catalyst
loading. With photocatalyst, the complete elimination of RhB from
solution containing ZnO/CNT-2 heterostructures is achieved after 2 h
simulated sunlight irradiation. The RhB solution undergoes a complete
color change from deep red to colorless, however, only 68% of which is
attributable to pure ZnO within the specified reaction time. Ad-
ditionally, a series of ZnO/CNT heterostructures with different CNT
incorporation remarkably produce different degradation effect, in
which the ZnO/CNT-2 with moderate CNT adding has highest catalytic
performance due to formed effective conductive pathway of dispersed
CNTs in hybrid, confirmed by the abovementioned SEM and TEM ob-
servations, and where ZnO/CNT-1 or ZnO/CNT-3 with less or more
CNT adding all result in undesirable catalytic effect comparing with
pure ZnO without effective conductive pathway. These results clearly
indicate incorporating CNTs into heterostructures yielding effective
conductive pathways apparently accelerates the degradation process.
Kinetic photocatalytic activities are summarized in Fig. 10, which show
the variation in ln (Ct/C0) as a function of irradiation time for pure ZnO
and a ZnO/CNT heterostructures. The rate constant k is calculated from
the plots of ln(Ct/C0) vs irradiation time for each material, yielding
0.0184 for ZnO and 0.0327min−1 for the ZnO/CNT heterostructures.
This provides clear evidence that CNT introduction into the ZnO ma-
terial apparently induces a synergistic effect on RhB removal. The
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photocatalytic stability of ZnO/CNT-2 has been further investigated as
the inset curves in Fig. 8. It is found that the decomposition of RhB dye
with ZnO/CNT with three repeating recycle are around 97%, 89% and
75%. The decrease of photocatalytic stability of ZnO/CNT onto dyes
mainly results from the less formed heterostructures due to small
amount of adding of CNTs into ZnO/CNT heterostructures.

The formation of ROS such as hydroxyl radicals (%OH) and super-
oxide radicals (O2

−%) under photocatalytic conditions, as well as their
role in the Rhd B dye degradation process, is indirectly investigated
with appropriate quenchers for these species. Fig. 11 shows photo-
degradation dynamics of RhB in the presence of ZnO/CNT hetero-
structures with addition of t-butanol, methanol, potassium permanga-
nate and benzoquinone additives, as well as no additives. Prior to
photocatalytic experiments, the catalyst-containing dye solution is kept
in dark conditions for 40min to attain RhB-catalyst adsorption-deso-
rption equilibrium. In the controlled photocatalytic experiments de-
picted in Fig. 11, a hydroxyl radical scavenger (t-butanol), or super-
oxide radical scavenger (benzoquinone) or potassium permanganate or
methanol for photogenerated electrons or holes scavenger is added to
the respective Rhd B dye solutions [32]. T-butanol or methanol clearly
decrease the degradation efficiency of Rh B dye but do not prevent
degradation entirely, while potassium permanganate or benzoquinone
almost completely inhibits RhB degradation. Considering the short
lifetime of photogenerated electrons or holes reacted with O2 or H2O
during the photocatalytic process, these results indicate that O2−% and
%OH– radicals play an important role in the photocatalytic degradation.
ESR (electron spin resonance) spin trapping (with DMPO) is employed
to monitor the reactive oxygen species generated. Fig. 12 shows that
signals for both DMPO-%OH and DMPO-O2

−% are clearly observed
when pure ZnO or ZnO/CNT suspension is photoirradiated, suggesting
the oxidation of both radicals may be involved in the photocatalytic
process. However, both signal strength of %OH− and O2

−% in ZnO/CNT
composite is obviously higher than that in pure ZnO, suggesting the
number of reactive oxidative species involved in the photocatalytic
process are much higher in ZnO/CNT-2 than that in pure ZnO. This
further confirms that different intensity of reactive oxidative species
involved in the photocatalytic process detected in pure ZnO and ZnO/
CNT-2 confirmed by the ESR measurement greatly improves their dif-
ferent photocatalytic activity.

Surface photovoltage (SPV) and transient photocurrent (SPC) tech-
niques can be used to evaluate the dynamic generation, transfer and
separation characteristics of photogenerated carrier. Fig. 13 shows the
SPV spectra for ZnO and ZnO/CNT heterostructures on a logarithmic
timescale. Pure ZnO - emit a relatively weak photovoltage signal, but a

much stronger photovoltage signal is produced by the ZnO/CNT-2
heterostructure. Additionally, the SPV response of the ZnO/CNT-2
heterostructure immediately increases to reach a maximum at a time
shorter than 10−6 s, while the corresponding maximum value of pure
ZnO is much lower. The effective separation of photogenerated charges
in ZnO/CNT-2 heterostructure is mainly attributed to the interfacial
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Fig. 11. Photodegradation dynamics of RhB in the presence of ZnO/CNT-2
heterostructures with and without addition of radical scavenger.
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electric field induced contribution between ZnO and the CNTs [33].
Furthermore, the SPV signal decreases much slower in the time scale
ranging from 10−6 s to 10−2 s due to the relatively reduced re-
combination process of photogenerated charges. Overall, a more de-
layed SPV response results from a lower recombination rate of the
photogenerated charges. Therefore, prepared ZnO/CNT hetero-
structures can effectively prolong the lifetime of the holes, granting the
holes more time to participate in the photocatalytic oxidation reaction.

Fig. 14 illustrates the transient photocurrents (TPC) of pure ZnO and
ZnO/CNT heterostructures. The pure ZnO exhibits pronounced photo-
current, displaying semiconducting characteristics. As expected, the
photo response generated is much higher at the ZnO/CNT hetero-
structure electrode than that at the ZnO electrode. The photocurrent at
the electrode of ZnO/CNT heterostructures is as high as 6.7 μA cm−2

under sunlight irradiation, compared to a photocurrent as low as
2.6 μA cm−2 at the electrode made of pure ZnO under the same con-
ditions. Due to covalent linking and the compact contact between ZnO
and CNT, ZnO/CNT-2 heterostructure displays a current density ap-
proximately 2.6 times higher than that of pure ZnO. The microstructure
allows for the transfer of photoexcited electrons between ZnO and CNT,
as well as effective transfer further to the surface of heterostructures.
This transfer occurs even though sunlight irradiation has a lower energy
than the band gap energy of ZnO. At the nanohybrid/electrolyte in-
terface, photogenerated holes normally react with OH– ions, and the
electrons are assembled at the electrode to generate photocurrent [34].
The photocurrent response is reproducible throughout repeated light
on/off cycles, suggesting efficient charge separation and collection.

The proposed mechanism for the photocatalyic degradation of the
ZnO/CNT heterostructures is schematically illustrated in Fig. 15. Pho-
togenerated electrons originating from the excited dye* and the ZnO
valence band of ZnO can be excited by sunlight irradiation and trans-
ferred to the ZnO conduction band, thus forming electron-hole pairs
[35]. These electrons are quickly transferred to the CNT surface and

efficiently separated due to continuous conducting pathways and suf-
ficient interfacial contact during self-assembly microstructure of mul-
timorphologied ZnO nanostructures with monodispersible CNT, re-
sulting in a direct and short reaction path, which enhances the
heterostructures' photocatalytic activity, confirmed by the SPV and TPC
measurements. The electrons captured by the CNTs could react with O2

to form O2
−%, while the holes in ZnO react with H2O generate %OH

radicals. Ultimately, the highly reactive %OH and O2
−% species de-

compose the RhB dye into smaller species including carbon dioxide and
other inorganic compounds.

4. Conclusion

Self-assembled ZnO/CNT heterostructures consisting of ZnO na-
nostructures covalently linked to dispersible CNTs are synthesized using
a facile one-step hydrothermal procedure. The heterostructures exhibit
improved photocatalytic reactivity under sunlight irradiation compared
to their pure components. They also demonstrate excellent visible light
absorption, which can be harnessed to drive photochemical degrada-
tion. The photocatalytic performance of the heterostructures depends
on the associated amount of CNT in contact with ZnO with formed
effective conductive pathways. The self-assembly ZnO/CNT hetero-
structures with moderate CNT loading exhibits the highest photo-
catalytic activity, with a rate constant of 0.0327min−1 and the ability
to completely degrade Rhodamine B within 2 h. Photochemical char-
acterization of the ZnO/CNT heterostructures confirmed that the ori-
gins of sunlight-induced photocatalytic activity are continuous con-
ducting pathways, sufficient interfacial combination, and strong
chemical bonding between ZnO and CNT. The synergistic effect com-
bining these factors facilitates the separation of photoinduced electron-
hole pairs and inhibits their recombination, thus increasing photo-
catalytic efficiency. The facile one-step synthesis offers new insight into
the construction of CNT-hybridized ZnO nanostructures to achieve
tunable photoactivity. Self-assembly microstructures between dis-
persible CNT and multimorphologied ZnO heterostructures, as well as
the doped monodisperse CNT's high performance as a sunlight-re-
sponsive catalyst, contribute to the hybridized heterostructures' out-
standing potential for photocatalytic degradation. Therefore, the tech-
niques and concepts described herein show great promise for
applications involving photocatalytic degradation of organic com-
pounds, such as environmental pollution cleanup.
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