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ABSTRACT

Utilizing a one-pot solvothermal procedure novel one-dimensional zinc oxide-carbon nanotube nanohy-
brids (ZnCT) were synthesized in alcohol-alkali solution, free of catalytic assistance. The ZnCT hybrids
were prepared through covalent modification of zinc oxide nanorods (ZnO NRs) with functionalized car-
bon nanotubes (f-CNTs). The morphology and microstructure of as-prepared ZnCT hybrids were charac-
terized by scanning electron microscopy (SEM), powder X-ray diffraction, Raman, X-ray photoelectron
and UV-vis absorption spectroscopies. SEM images of the ZnCT hybrids indicated that the ZnOethanol
NRs grew longer along the vertical radial (0 0 0 1) surface and aggregated to a lesser extent than the anal-
0gous ZnOmethanot NRs. Photodegradation analysis showed that the off-white ZnCTethanor hybrid with
ascendant UV-visible light absorption had displayed superior photocatalytic activity towards
Rhodamine B (RhB) dyes than either pure ZnOethanol, ZNOmethanol NRS 0 ZNCTpethanol hybrid, among which
the photocatalytic activity of ZnOethanot NRs was better than that of ZnOyethanot NRS. Raman and X-ray
photoelectron spectroscopy analyses confirmed a strong interaction between f-CNTs and ZnOethanot NRS
in ZnCTethanot hybrid, in which Zn ions were chemically bonded to negatively charged oxygen-
containing groups at the graphene-like surface of f~-CNTs. The enhanced separation lifetime of the photo-
generated electron-hole observed by surface photovoltage and photocurrent measurements of the
ZnCTewmanor hybrid was attributed to the efficient covalent linking of Zn—O—C and close contact
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configuration between the f-CNTs and ZnOenanol NRs. Further controlled photodegradation and electron
spin resonance (ESR) analyses revealed that the photodegradation of RhB dyes resulted from photogen-
erated holes, and radical species, such as *0%~, 'OH~, which were formed in-situ. Details of the photocat-
alytic mechanism were also explored herein.

© 2018 Elsevier Inc. All rights reserved.

1. Introduction

Interest in the development of zinc oxide (ZnO) semiconductors
with distinctive morphologies and sizes for the complete elimina-
tion of toxic chemicals released to environment is attributed to
their attractive performance, such as strong oxidation capability
and environmental friendliness [1-3]. However, ZnO nanocrystals,
which exemplify a wide band gap semiconductor material, exhibit
a negative photo response of visible light, such as inefficient
absorption of visible light and rapid recombination of photogener-
ated charge carriers [4,5]. More importantly, strong van der Waals
interaction between individual ZnO nanocrystals always results in
the formation of clusters or aggregates, which nullifies their cat-
alytic properties and consequently limits their large-scale practical
applications [6,7]. To improve the practical applicability of ZnO
nanocrystals for pro-environmental applications, it is therefore
necessary to develop an optimal structure-performance photocat-
alyst with excellent photodecomposition activity driven by sun-
light rather than ultraviolet light so as to be photoactive at a
wide wavelength range and can absorb sunlight efficiently.

ZnO nanocrystals possessing one-dimensional (1-D) morphol-
ogy have attracted considerable interest due to their pronounced
morphological effect in nanoscale optoelectronic devices and pho-
tocatalytic applications [8,9]. Recently, a single-step, large-scale
hydrothermal method was successfully developed for the synthe-
sis of small diametric 1-D ZnO nanorods (ZnO NRs) with different
aspect ratios [10]; however, few works have been done to explore
the reaction solvent-induced morphological effect on their photo-
catalytic activity. Consequently, this work aims to efficiently
improve the photocatalytic performance of 1-D ZnO NRs by modu-
lating their light absorption and electron-hole photo-
recombination properties. Recent advancements in the functional-
ization of 1-D ZnO NRs with carbonaceous nanomaterials have
facilitated the design and development of novel photocatalytic
nanohybrids [11-15]. As the prototypical 1-D carbon material plat-
form, carbon nanotubes (CNTs) can not only increase the efficiency
of wideband sunlight absorption and electronic excitation from
1-D ZnO NRs due to their high surface area and the black optical
absorption, but also facilitate rapid transit of the photogenerated
electrons from ZnO to the conductive graphene surface of CNTs
because of its high charge carrier mobility and excellent electron
conductivity [16,17]. These advantages efficiently prolong the sep-
aration time of the photogenerated electron-hole pairs and conse-
quently the photodegradation capability of the target ZnO-CNT
hybrid [18,19]. Furthermore, 1-D CNTs could function as an effec-
tive conductive spacer to prevent the aggregation of ZnO NRs than
other two-dimensional carbonaceous nanomaterials (i.e. graphene
or graphene oxide) due to a better shape matching between the 1-
D CNTs and ZnO NRs than between 2-D materials and ZnO NRs
[7,20-25].

Motivated by the above analysis, the work presented herein
adopts a simple one-pot solvothermal method without addition
of dispersants to afford novel ZnO-CNT nanohybrids (ZnCT). The
as-prepared ZnCT hybrids consist of dispersive 1-D CNTs cova-
lently linked to 1-D ZnO NRs through direct interatomic bonding
(Zn—C or Zn—0—C). It should be noted that the main reason why
we have chosen 1-D CNT to modify ZnO nanorods is because it

not only acts as conductive carriers for the acceleration of electron
transfer and to improve light-harvesting efficiency, but also acts as
spacers for the prevention of aggregation of the 1-D ZnO NRs. The
similarity of the structural features of the 1-D CNTs and the ZnO
NRs provide a better match for the prevention of aggregation than
would be expected in the case of 2-D graphene [7,22,23]. The as-
prepared ZnCTehanol COMposite is photocatalytically active, as evi-
denced by the near-complete degradation of 1 mg/mL Rhodamine
B (RhB) dye by only 10 mg of the composite. The photocatalytic
activity of this material is attributed to the covalent linking and
contact matching interaction of the dispersive CNTs with the ZnO
NRs, which accelerate the separation of photogenerated electron-
holes and extend the light absorption range and intensity. Further-
more, mechanistic study of this hybrid material suggests that the
formation of photogenerated holes and generation of other reac-
tive radical species such as ‘0>~ and "“OH~ are responsible for the
photodegradation of organic dyes.

2. Experimental
2.1. Materials

Carbon nanotubes (Length: 10-30 pm; OD: 20-30 nm; purity:
>95%) used for preparing ZnCT hybrids were supplied by the
Chengdu Organic Chemicals Co. Ltd. Anhydrous zinc acetate
(ZnAcy, 99.5%) was obtained from Aladdin Co. Ltd. H,SO4 (98%),
HNO;3 (60%), sodiumhydroxide (NaOH), Rhodamine B (RhB), anhy-
drous ethanol and methanol were obtained from China Reagent
Company, LTD. All the chemicals were purchased and directly used
as analytical grade without further treatment. The carbon nan-
otubes were functionalized following an acid oxidation process
modified from a previously reported procedure [6]. The fabrication
details are described as follows: MWCNT powder (100 mg) was
combined with a 3:1 (v/v) mixture (50 mL) of HNO; (68%) and
H,S04 (98%) in a reactor and kept stirring at 50 °C for 8 h. Follow-
ing centrifugation at 12000 rpm for 30 min, the supernatant was
decanted and filtered through a 0.2 pum anodic alumina membrane
(Whatman). The solution was subjected to centrifugation and wash
cycled using deionized water until a neutral pH was obtained. Dry-
ing the resultant solution in a vacuum oven at 60 °C gave rise to
power product, hereafter referred to as f~-CNT.

2.2. Preparation of ZnCT hybrids

In a typical procedure, f-CNT (2 mg) was sonicated for 30 min in
ethanol or methanol (10 mL) to obtain a homogeneous dispersion.
Ethanol or methanol (20 mL), solution of anhydrous zinc acetate
(0.1832 g) and sodiumhydroxide (0.4015g) were added to the
above mentioned solution while stirring. The homogeneous solu-
tion was then maintained at 150 °C for 24 h in an autoclave. The
prepared ZnCT composite was isolated after washing with distilled
water and ethanol several times and drying under vacuum at 40 °C
for 12 h. The prepared samples were denoted ZnCTethanoi OF
ZnCT methanot, Dased on the solvent that was used for their prepara-
tion. For comparison, pure ZnOethanot aNd ZNOmethanoi Were pre-
pared following the same procedure without the addition of the
f-CNTs.
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2.3. Characterization

Surface morphology of the ZnCT hybrid was observed using a
scanning electron microscope (SEM, Nova NanoSEM 450, FEI
Company, USA). The crystalline phase was determined by analyz-
ing X-ray diffraction profile collected on a Bruker D8 Advance
diffractometer equipped with Cu Ko sealed-tube radiation
(» =1.5406 A). Raman spectroscopic analysis was carried out using
a Renishaw inVia Raman spectrometer with a laser excitation of
532 nm. X-ray photoelectron spectroscopic analysis was executed
out using a XPS spectrometer (Thermo escalab 250XI, USA) with
Al Ko radiation (hv =1486.6 eV). UV-vis spectra were recorded
using a UV-Vis-Infrared spectrophotometer (Agilent Cary-5000).
Electron-spin-resonance analysis (ESR) was performed utilizing a
Bruker A300 spectrometer working with an X-band frequency of
9.845 GHz.

Transient surface photovoltage (TPV) analysis was carried out
following the method prescribed by Lei et al. [26]. Powder samples
of almost 2 mg for ZnOethanor aNd ZNCTetnanot Were loaded onto an
indium tin oxide (ITO) coated glass substrate and covered with a
second ITO coated glass substrate. Mica spacers were used to main-
tain the suitable gap between the two electrodes. The third-
harmonic Nd: YAG laser (Quantel Brilliant Eazy: BRILEZ/IR-10)
had been utilized to supply laser pulses (355 nm with a pulse
width of 4 ns), and TPV signals were recorded using a digital oscil-
loscope with frequency of 500 MHz (TDS 3054C, Tektronix).

Photocurrent measurements performed on a CHI 660 poten-
tiostat (CH Instruments) were carried out under simulated sunlight
irradiation with a power of ca. 100 mW/cm? using a standard
three-electrode system immersed in a 0.1 M KClI solution [27]. To
prepare a working electrode for the photocurrent measurements,
the ZnCTethanol cOMposites or pure ZnOehanol NRs (6 mg) were first
dispersed in ethanol (1 mL) via sonication for 15 min, respectively;
the resultant suspension was then dropped onto ITO glass and
dried for 2 h at 60 °C. Platinum foil electrode and Ag/AgCl electrode
were used as the counter electrode and reference electrode,
respectively.

2.4. Photocatalytic activity

The photocatalytic activity of the prepared photocatalysts was
probed via addition of the composites to an aqueous solution of
powdered RhB dye under stimulating sunlight (Xe light, 500 W).
Evaluation equation of photocatalytic activity (k) is described as
follows: x = Cy/C; [8,12,27], where Cy and C, are the initial concen-
tration and concentration at sunlight irradiation time (t) of RhB
dye. Powdered photocatalysts (10 mg) were dispersed in an aque-
ous solution of RhB (20 mg/L, 50 mL) via 1 min of ultrasonication.
Prior to irradiation with sunlight, the aqueous mixture of pow-
dered RhB dyes and photocatalyst was magnetically stirred in the
dark for 40 min to ensure surface adsorption equilibrium of RhB
dye on composites. The suspension was irradiated and subjected
to UV-vis analysis after regular intervals of irradiation. After cen-
trifugation, the concentration of unreacted RhB in solution was
quantified using the characteristic absorption band observed at
554 nm in the UV/vis spectra. The photocatalytic activities of the
photogenerated active species of hydroxyl radicals (*OH™), super-
oxide radicals ("0%"), holes (h*) and electrons (e~) were determined
by using 1.0 mM t-butanol (a quencher of *OH™), 1.0 mM
p-benzoquinone (benzoquinone, a quencher of ‘02-), and 1.0 mM
methanol (a quencher of h*), and 1.0 mM hydrogen peroxide (a
quencher of e™), respectively. This measurement was conducted
following a similar protocol to previously reported tests for photo-
catalytic activity [12,27].

3. Result and discussion

As described above, preparation of the ZnCTiethanor and
ZNnCTehanot hybrids is prepared via addition of anhydrous zinc acet-
ate and sodium hydroxide to a homogeneous dispersion of f-CNTs
in methanol or ethanol, followed by heating at 150 °C for 24 h. We
have investigated the ZnCTethanol @aNd ZNCTeghanot hybrids under
SEM to directly observe the surface morphologies and to explore
the influence of solvent effects on their morphologies. The SEM
micrographs shown in Fig. 1 indicate dissimilar rod morphologies
between the two hybrids. SEM analysis of the ZnCTyethanol hybrid
(Fig. 1(a-c)) clearly exhibits a significant aggregation of the ZnO
NRs with nanorods measuring about ~0.5-1.0 um in length and
about 20 nm in width; moreover, contact between individual
ZnO NRs is closer than the contact between ZnO NRs and the CNTs.

Conversely, analysis of the ZnCTethano hybrid (Fig. 1(d-f)) dis-
plays a uniform rod dispersal of the ZnO NRs and CNTs with the
similar rod shape with about 30 nm in width and about 1-5 pum
in length, where the length of ZnO NRs is ten times that measured
for the ZnCTethanot hybrid, and a stronger interaction between the
CNTs and ZnO NRs is observed. The close ZnO NR-CNT contact in
the ZnCTethanot hybrid suggests that the CNTs can act as a spacer
between ZnO NRs to inhibit their further aggregation.

The controllable anisotropic growth process of rod-like ZnCT
hybrid during solvothermal processes has been previously demon-
strated in the literature [10]. Electrostatic forces are averaged to
afford chemical absorption of Zn?* ions onto the negatively
charged graphene-like surfaces of CNTs. Following absorption of
the positively changed zinc ions, nucleation of ZnO on the
graphene-like surfaces of CNTs is facilitated through intermolecu-
lar hydrogen bonding and electrostatic attraction between Zn0?~
and the functionalized containing oxygen groups on the CNTs [2].
Generally, the growth rate of the ZnO nucleation sites is dependent
on the specific crystallization conditions (i.e. supersaturation, tem-
perature, solvents and impurities) [8]. As the Zn terminated (001)
planes and the symmetry-related (001) planes in polar ZnO
crystal are active, the preferential growth of the (001) and
(001) planes along the c axis is observed [8,9]. Due to the higher
polarity of methanol relative to ethanol due to distinct chain length
of alcohols, a stronger interaction is predicted between methanol
and the polar crystal plane of ZnO [8]. Consequently, we expect
to see a difference in the crystal growth pattern of polar ZnO NRs
as a manifestation of the crystal interface-solvent interactions.
Applying the one-pot solvothermal synthetic procedure described
in this work, different sized 1-D ZnO NRs are indeed obtained in
different solvent mediums. This result clearly indicates the mor-
phologies of ZnO NRs can be successfully controlled through the
variety of solvent, and further effectively moderate van der
walls-induced aggregation tendency of ZnO NRs.

To compare the structure and phase between the ZnCTethanol
hybrid and pure ZnOgthanot OF ZNOpmethano, the X-ray diffraction
(XRD) patterns are collected. As shown in Fig. 2, the XRD patterns
collected for pure ZnOethanotr ZNOmethanol, ZNCTmethanor and
ZnCTemanot hybrids all exhibit diffraction peaks at 20=31.78°,
34.48°,36.31°,47.61°, 56.66°, 62.94°, 66.64°, and 68.00° pertaining
tothe(100),(002),(101),(102),(110),(103),(200),(112),
and (20 1) planes of ZnO, respectively; the observed diffraction
peaks are consistent with hexagonal phase wurtzite ZnO (JCPDS
No. 36-1451) [10]. However, the (002) diffraction peaks at
34.48° for ZnOmethanot aANd ZNCT pethanol are more intense than those
observed for either ZnOethanot and ZnCTethanol; While the
(100)/(002) ratios are approximately 0.92 and 0.89 for
ZNOmethanol aNd ZNCTethanol, Whereas the height of the (00 2)
diffraction peak decreases significantly and then the (1 00)/(00 2)
ratio increases to 1.39 and 1.05 for ZnOethanor and the ZnCTethanol
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Fig. 1. Scanning electron micrograph of ZnCTethanor (2, b, €) and ZnCTegnanol (d, e, f) hybrid.
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Fig. 2. XRD spectra of ZnOethanol, ZNOmethanols ZNCTmethanot aNd ZNCTegnanor hybrid.

hybrid, respectively. The differences observed in the relative inten-
sity ratio of the (100) and (00 2) peaks in the XRD patterns of
these materials suggest that the preferential growth of ZnO NRs
along the c axis can be controlled through careful selection of reac-
tion solvent. The lack of a separate peak corresponding to CNTs in
the ZnCTehanot hybridis probably attributed to the low intensity
and loading content of CNTs [28]. Additionally, the peaks of ZnO
NRs in ZnCT yethanol P€aks appear to be diffused in comparison with
ZNO0cthanot NRs in ZNCTetnano, Which indicates smaller particle size
for ZnCTethano. ONe can estimate particle size using Scherrer
equation: 7 = ki/BcosO, where T is the mean size of the ordered
(crystalline) domains, which may be equal to or smaller than the
grain size, ‘k’ is a dimensionless shape factor, with a value close
to unity, ‘A’ is X-Ray wavelength, ‘g’is the line broadening at half
of the maximum intensity, and ‘0’ is the Bragg angle [4].The aver-
aged sizes of the ZnO NRs in ZnCT calculated using the value
obtained from the most intense peak are approximately 12.4 nm
for ZnOethanol NRS in ZNCTethanot and 27.7 nm for ZnOethanot NRS
in ZnCTethanol Samples. The results successfully confirm the synthe-
sis of ZnO NRs utilizing a facile solvothermal process, which are
further consistent with the distinct rod shape displayed in SEM
measurements.

The introduction of f-CNTs into the ZnCT hybrid is confirmed by
comparison of the Raman spectra obtained for pure ZnOetnanol, pure

Intensity / a.u.

500 1000 1500 2000
Raman Shift / cm-!

Fig. 3. Raman spectra of ZnOe¢thanol, ZNOmethanol, ZNCTmethanot aNd ZNCTethanor hybrid.

ZNnOpethanol, I-CNTS, ZNCTethanol aNd ZNCTethanon, depicted in Fig. 3.
The spectrum for pure ZnOethano displays three characteristic
Raman bands at 329 (E§'8" — EX mode), 375 (A'(TO) mode), and
438 cm™! (EY®" mode) [14]. Only two Raman bands at
~329 cm ! and ~435 cm~! are observed in this region of the spec-
trum of the pure ZnOmethanot» ZNCTmethanol ANd ZNCTethanor hybrid,
corresponding to the E3'8" — E" mode and E5'®" mode for pure
ZnO NRs. In general, Raman peak around 375 cm™! results from
the polar A'(TO) mode, indicating that there is a change in lattice
constants [28,29]. From our previous investigation in fig. 2, it is
observed the (100)/(002) ratio of diffraction peaks is approxi-
mately 0.92 for ZnOpethano, hOwever, in which this ratio increases
to 1.39 for ZnOehanol due to significant decrease of the intensity of
the (002) diffraction peak. Additionally, the peak of ZnO NRs
appears to be diffused in comparison with ZnOethanot NRs, which
displays similar situation in that of ZnCTethanot and ZnCTehanol,
which indicates smaller particle size for ZnOmethanot NRS compared
to ZnOethanot NRs. These different (1 0 0)/(0 0 2) ratios and different
crystal sizes clearly point out distinct crystal growth of ZnO NRs
along the c axis for ZnOethanol aNd ZNOyyethanol. Therefore, the disap-
pearance of the A}(TO) mode at 375 cm™! for ZnOyethanol COMpared
to that of ZnOehanon, has clearly reflected the strength variety of the
polar lattice bonds due to the different polar A'(TO) mode.
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Additionally, the other representative peaks observed in Raman
spectra of ZnO are found to be less intense, suggesting that the
hybrid form of ZnO is highly crystalline with a hexagonal wurtzite
phase [14]. Note that this ZnCTehanol System with in-situ reaction
obtained ZnO NRs in ethanol medium has been focused herein
due to its photolysis superiority displayed onto RhB dyes in the fol-
lowing paragraphs. Comparison of the spectra for f-CNTs and
ZNCTethanot hybrid reveals a distinct G-band around 1575 cm™!
(1571 cm™! for f-CNTs and 1578 cm™! for ZnCTethanol), Which is
attributed to the E,, vibrational mode of the sp? bonded carbon
and a D-band around 1340cm~! (1338 cm™' for f-CNTs and
1346 cm™! for ZnCTeanol), Which is attributed to the A;g mode
breathing vibrations of the six-membered sp? carbon rings. The G
band shifting from 1571 cm™' to 1578 cm™! in the ZnCTethanol
hybrid as compared to the f-CNTs is indicative of a distinct charge
transfer between the graphitic structures and the carboxyl and
hydroxide related oxygen functional groups or ZnO NRs [4,29].
Additionally, the ratio of D- to G-band intensity (Ip/Ig) for the
ZNCTethanol hybrid (0.54) is higher than the ratio calculated for f-
CNTs (0.43), which may be attributed to an increase in number
of small sp?> domains during the ZnCTetnanoi hybrid [4,14]. These
results indicate that the functionalization and incorporation of
ZnO NRs with f-CNT have been successfully realized and have little
effect on the crystalline size of the ZnCTethano hybrid.

A comparison of light absorption by ZnOehanot and the
ZNCTethanot hybrid is afforded via analysis of UV-vis absorption
spectra, as depicted in Fig. 4. The spectrum for pure ZnOethanol €Xhi-
bits a significant UV absorption band at 367 nm, corresponding to
the free excitonic absorption of ZnO particles [28], and relatively
weak visible light absorption that is attributed either to defects
induced chemical interactions in ZnO, or to the band gap reduction
effect of ZnO, or to a combination of both of these two effects [4].
Similar to the spectrum of pure ZnOethanol, the ZnCTethanor hybrid
also displays a sharp absorption in the UV region, and cumulatively
broad and intense background absorption across the whole visible
region, which is not observed with pure ZnO. Therefore, the
increase of optical absorption across the entire visible
(400-800 nm) range suggests the successful incorporation of ZnO
NRs with the CNTs in the formation of the ZnCTenano hybrid, which
indicates that introduction of f-CNTs intensifies the absorbance of
visible light by ZnO NRs. This increased capacity for visible light
absorbance may result from one or more of the following reasons:
(1) the passivation of the CNT surface upon the growth of
rod-shaped ZnO NRs, (2) the introduction of defects to the ZnO
matrix through chemical interactions, or (3) the reduction of the
band gaps of ZnO, which facilitates the absorption of longer-
wavelength light [14].

1.2

1.0 1

0.8

0.6

0.4
ZnCT

ethanol

Absorption / a.u.

0.2+

0.0+ ZnO

ethanol

200 300 400 500 600 700 800
Wavelength / nm

Fig. 4. UV-vis absorption spectra of ZnOethanot NRS and ZnCTeghanor hybrid.

Chemical composition and bonding properties of the f-CNT-
hybridized ZnOenanot NRs are further investigated by XPS analysis.
The Zn core-level XPS spectrum of pure ZnOethanot NRS shows two
symmetric peaks centered at 1021.1 and 1044.4 eV, as shown in
Fig. 5, which are assigned to the Zn 2ps;; and Zn 3p;;, spin-
orbital splitting photoelectrons, respectively [30]. In the Zn 2p
spectrum of the ZnCTesmanor hybrid, the peak position centers are
located at 1022.6 eV and 1045.5 eV. The shift in peak position rel-
ative to the pure ZnOegthanot NRs indicates a new chemical bond
between the ZnOehanor and the f-CNTs. To further probe the chem-
ical bonding between ZnO NRs and f-CNTs in the ZnCTehanol hybrid,
high resolution O 1s core level spectra of the ZnCTethanot hybrid is
obtained, which is analyzed using a peak fitting program to decon-
volute the overlapping peaks (Fig. 6). As shown in Fig. 6, the decon-
voluted O 1s peak consists of several components, which are
located at 530.88, 531.58, 532.28, 533.28 and 534.18 eV, respec-
tively. Normally, the O 1s in XPS spectra displays three kinds of
chemical states, which are attributed to crystal lattice oxygen,
chemically bonded oxygen and physically adsorbed oxygen with
an increase in binding energy, respectively [31-33]. The peaks at
530.88 and 531.58 eV correspond to the 0?~ from the wurtzite
structure of the ZnO lattice and the O in the oxygen deficient
region of the ZnO matrix, respectively [34]. The blue-shifting of
the 531.58 eV peak relative to that at 530.88 eV suggests a Zn-C
interaction, affected by the large difference in electronegativity of
Zn and C. The binding energies of the peaks located at 532.28
and 533.28 eV could be slightly higher than that for the
531.58 eV peak due to the more electronegative oxygen environ-
ment [14,35]. Therefore, the peaks at 532.28 and 533.28 eV could
be recognized due to the chemical bonding of the C=0 and C—0
functional groups linking to Zn at the poorly crystalline carbons
of graphene, respectively [36], which indicates that C may be
directly chemically bonded to Zn using Zn—C, or indirectly bonded
to Zn using —O—Zn—C via the oxygens in C—0 or C=0 of graphene
in the ZnCTeanol cOMposite. Due to their higher binding energy the
component at 534.18 eV should originate from physically adsorbed
oxygen in carboxylic groups or surface functional hydroxy groups
in water molecules with increased binding energy [31-33]. The
analysis of the de-convoluted peaks shown in the O 1s core level
spectrum is a powerful evidence to support the existence of chem-
ical bonding between Zn and C in the ZnCTe¢hano hybrid.

The charge separation and transfer capacities of a photocatalyst
are an indicator of its photocatalytic efficiency. Surface transient
photovoltage analysis (TPV) is carried out to measure the photo-
induced charge carrier dynamics of pure ZnOeghanot NRs and the
prepared ZnCTethanol hybrid, specifically probing the lifetime and
transfer processes of the electron-hole pairs. The TPV measurement

- ZnCTethanoI
—2Zn0

ethanol

Zn 2p 3/2

Zn 2p 1/2

Intensity / a.u.

1020 1030 1040 1050
Binding Energy / eV

Fig. 5. XPS spectra of Zn 2p spectra of ZnOethanot NRS and ZnCTehanor hybrid.
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Fig. 6. XPS spectra of the O 1s core level of the ZnCTethano hybrid.

said in elucidating the photocatalytic mechanism in the current
system. Fig. 7 shows the measured TPV curves of pure ZnOethanol
NRs and the ZnCTeihanot hybrid, which displays distinct dynamic
response process of a photo-generated carrier. The pure ZnOethanol
NRs exhibit very short carrier separation process, while the
ZNnCTethanol hybrid has a relatively fast separation ratio and a long
lifetime of photo-induced charge carrier. The lifetime of the
photo-induced electron-hole pairs in pure ZnOethanot NRS is about
2 x 10735, while a much longer lifetime is detected for the
ZNCTethanot hybrid (1072 's), suggesting a large separation of the
photogenerated electrons and holes and also an efficient transfer
of the photogenerated electrons to the graphene-like sheets of
CNTs occurred in the ZnCTewhano hybrid [26]; moreover, the long
lifetime of the electron-hole pair indicates that electron-hole pair
recombination is quenched in the ZnCTeghano COMposite. The elec-
tron generation capacity of this material suggests a potential for
applications in pollutant degradation, which will be discussed in
the following paragraphs.

In order to further assess the photo-induced charge separation
efficiency of the nanocomposite, the photocurrent is measured
under on-off cycles of 100 mW/cm? sunlight source. The working
electrodes are made by drop casting (100 uL, 1 mg/mL) on to an
ITO electrode (1 cm?) [37]. Fig. 8 shows the photocurrent measure-
ments of ZnOethanot aNd ZNCTethano for every On-Off cycle. The
experimental current measured in this photoelectrochemical sys-
tem reflects the generation of the available photoexcited electrons
from these photocatalysts. From the photocurrent responses it is
evident that the ZnCTehano hybrid produces the maximum pho-
tocurrent, confirming larger separation of the electron-hole pairs
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Fig. 7. Surface photovoltage spectra of ZnOethanot NRS and ZnCTethanor hybrid.
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Fig. 8. The photocurrent response of ZnOe¢hanot NRS and ZnCTegnano hybrid.

and transport of the electrons relative to pure ZnOgthanot NRS
tested. Specifically, the ZnCTethanol hybrid modified electrode exhi-
bits a photocurrent two times higher than that of bare ZnOe¢hanol.
The increase of current intensity of the hybrid confirms efficient
electron transfer through better 1-D shape matching between
ZnOethanol NRs and CNTs extending the electron-hole lifetime of
ZNnCTemanot hybrid, which is consequently available for the photo-
catalytic degradation process as demonstrated in the enhanced
photocatalytic degradation of RhB by the ZnCTe¢nano hybrid, which
will be discussed in the following paragraphs. The photocurrent
response is in agreement with previous discuss from the TPV
measurements.

The photocatalytic degradation activity of pure ZnOethanols
pure ZnOethanoy ZNCTimethanot aNd ZNCTethanor hybrid is demon-
strated through the decomposition of a highly concentrated
(0.02 mg/mL) aqueous solution of RhB dye. Sample solutions are
exposed to solar-wave light radiation to initiate the photocatalytic
process; the remaining, non-degraded dye is then measured using
UV-Vis spectrometry. Fig. 9 shows that following 2 h of irradiation,
90.0% or 81% degradation of the RhB dye in the presence of the
ZNCTethanol OF ZNCTethanol COMposite is observed, whereas only
74.0% and 55.0% degradation are achieved with pure ZnOethanol
and ZnOethanol, Tespectively. The results of this study demonstrate
that pure ZnOegthanot NRs have better photocatalytic degradation
activity than that of ZnOpetnanot NRs, and their photocatalytic
degradation activity has been effectively enhanced through an
introduction of CNTs into ZnO NRs for ZnCT yethanot aNd ZNCTethanol
hybrids; however, the best catalytic activity is observed for the
ZnCTethano hybrid, which shows enhanced activity across the solar
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spectrum compared to pure ZnOethanol, ZNOmethanot aNd ZNCT pethanol
hybrid. After completion of the degradation reaction, the
ZnCTeanor hybrid is recovered by centrifugation, washing, and dry-
ing. The catalyst is recycled up to 3 times prior to any loss of degra-
dation activity, where activity is reduced to 90.0% after 3 cycles of
the photocatalysis reaction. The recyclability of the catalyst indi-
cates that the ZnCTethanor photocatalyst is highly resistant to photo-
corrosion. The efficient photocatalytic activity and recyclability of
the ZnCTethanot Photocatalyst suggest a potential of this photocata-
lyst for practical applications.

To determine the specific oxidation pathway of RhB in the pres-
ence of the ZnCTetnanot hybrid, controlled photodecomposition
experiments are carried out in an analogous fashion to the experi-
ments described above, but in the presence of scavengers (Fig. 10).
Different classes of scavengers are dropped into the RhB solutions
to aid in mechanistic elucidation: a hole scavenger (methanol), a
superoxide radical scavenger (benzoquinone), a hydroxyl radical
scavenger (t-butanol), and e~ trapping agents (hydrogen peroxide).
The results of these experiments are highlighted in Fig. 10. Decom-
position of the majority of the RhB dye (81%) still occurs in the
presence of an e~ trapping agent (hydrogen peroxide), while only
30%-40% of RhB is decomposed when*OH™, h*, or 03 radical trapping
agents (t-butanol, methanol, benzoquinone) are introduced. Thus,
the addition of methanol, t-butanol, or benzoquinone, to some
extent, decrease the photodegradation efficiency of the ZnCTehanol
hybrid towards RhB dyes. Verification of the identity of the photo-
induced reactive radicals as reactive oxygen species was attempted
using an electron spin resonance (ESR) spin-trap technique (with
5,5-dimethyl-1-pyrroline N-oxide, DMPO or 2,2,6,6-Tetramethylpi
peridine-1-oxyl, TEMPO). As shown in Fig. 11, three signals of
TEMPO h*, DMPO-'OH, and DMPO-05" are detected in the ZnCTethanol
suspension following irradiation with sunlight, which demonstrates
that hole, hydroxyl, and superoxide radicals are involved in the pho-
tocatalysis process. Therefore, the results of this ESR experiment
indicates that a synergistic effect of the reactive species of ‘05 and
"OH™, as well as h* radicals contributes to the photodegradation
activity of ZnCTeano hybrid onto RhB dyes.

Consistent with above discussion, the photocatalytic oxidation
mechanism of RhB by the ZnCTeiano hybrid should follow the
mixed oxidation pathway of hole (h*), superoxide radical (‘03z),
and hydroxyl radical (‘OH™) depicted in Fig. 12. The proposed
mechanism for the photolysis of RhB is divided into three path-
ways: electrons and holes are generated by excitation of ZnO NRs
or dye molecules (Path (1)); hydroxyl radicals are generated from
the reaction of holes with H,O (Path (2)); superoxide radicals are
generated from the reaction of the corresponding electrons with
dissolved O, (Path (3)). The generated massive reactive oxygen
species (ROSs) subsequently oxidize the RhB compounds [30,34].
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Fig. 10. Photodegradation dynamics of RhB in the presence of ZnCTetpanor With and
without addition of t-butanol, methanol, benzoquinone, and hydrogen peroxide.

In this work, excitation of both ZnO NRs and RhB molecules should
be involved in the photocatalytic degradation of RhB pollutant by
the ZnCTehano hybrid under sunlight irradiation. First, solar light
irradiation leads to the excitation of ZnO NRs or dye molecules
and induces the generation of electrons. Then, rapid electron trans-
fer will occur from the excited dyes (dye") directly to CNTs or indi-
rectly from the conduction band of ZnO to CNTs, aided by the
covalent bonding between the ZnO NRs and the CNTs [4,34]. Holes
will be naturally generated accompanying the generation of photo-
excited electrons (Path(1)). The reported potentials of the conduc-
tion and valence bands for ZnO NRs are —4.05eV and —7.25 eV,
respectively, and that of chemically reduced CNTs occurs around
4.7-4.8 eV [38-40]. The energies of these bands suggest that the
excited electrons should directly transfer from the RhB dye™ to
the graphene-like surfaces of CNTs, except in the ultraviolet region.
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Fig. 12. Schematic diagram showing a proposed mixed oxidization pathway for RhB photodegradation by the ZnCTetnano hybrid. (1), (2) and (3) respectively represent the
three paths to degrade RhB. (1) The holes naturally generated accompanying the generation of photogenerated electrons; (2) Hydroxyl radicals generated from the reaction of
holes with H,0; (3) Superoxide radicals generated from the reaction of electrons with the dissolved O,.

The CNTs act as an effective and rapid electron acceptor due to
the covalent Zn—O—C bonding between ZnO and CNTs during the
in-situ synthetic process, helping lengthen the lifetime of the
excited electrons derived from ZnO NRs, as confirmed by the TPV
and photocurrents measurements performed in the absence of
H,0, [4,13,39]. The efficient separation of electrons and holes in
this material allows the photogenerated holes sufficient time to
react directly with dyes. Alternatively, the separated electrons on
CNTs can react with the dissolved surface oxygen to generate ‘O
(Path(2)), or the separated holes can react with H,O to generate
‘OH~ (Path(3)) [11,37]. The resultant free radicals can further react
with the nearby dye molecules to facilitate complete degradation.
In this way, effective electron separation together with quick elec-
tron transfer are responsible for the enhanced photodecomposition
performance of the ZnCTe¢hanot hybrid under solar spectrum light.

4. Conclusion

We have in-situ synthesized an efficient off-white ZnCTethanol
hybrid photocatalyst and applied it towards the photodecomposi-
tion of RhB dyes. The hybrid catalyst, comprised of ZnO NRs
covalently linked to monodispersed CNTs, is synthesized in
alcohol-alkali solution, free of catalytic assistance. A series of
morphology and structural characterization studies including:
SEM, XRD, Raman, XPS, and UV-vis spectroscopy, demonstrate that
the as-prepared ZnOethanot NRS in the ZnCTeghanot hybrid grow
longer along the vertical radial (000 1) surface and develop a
closer contact with CNTs than is observed with ZnOpyethanot NRS.
The covalent attachment of the ZnO NRs with the monodispersed
CNTs through Zn—0—C bonding is confirmed by XPS and Raman
analysis of the ZnCTehanol hybrid. The light harvesting properties
of this material are demonstrated via UV-vis measurements, which
indicate high light absorption across the visible-ultraviolet light
region. Probing the photocatalytic activity of the ZnCTehano hybrid
indicates the highest photocatalytic activity for this material than
either pure ZnOethanot NRS OF ZNOpmethanot NRS or ZnCTiethanol
hybrid; nearly complete degradation of a solution of
2 x 1072 mg/mL RhB is observed following 2 h of irradiation in
the presence of 0.2 mg/mL of the photocatalyst hybrid. Even upon
recycling of the catalyst three times, the catalytic activity main-
tains a 90% degradation of RhB after 2 h. The recycling performance
of the ZnCTehano hybrid indicates high resistance to photocorro-
sion. Appendage of carbon nanotubes to ZnO NRs can extend the
light absorption wavelength range and improve the electrical con-
ductivity of ZnO NRs. In-situ reaction forms covalent bonding and
close contact connections between ZnOethanot NRs and f-CNTs,
which results in the predicted extension of the light absorption

wavelength range and electrical conductivity of the ZnO NRs and
provide an efficient pathway for acceleration of electron transfer.
TPV and photocurrent measurements for the ZnCTetnano hybrid
validate the reduction of the photoelectron-hole pair recombina-
tion and lengthening of the lifetime of the photogenerated elec-
trons transferred to CNTs from ZnO surface. The assembly of ZnO
NRs covalently bonding with monodispersed CNTs yields an
enhanced activity of the ZnCTehano hybrid compared to ZnO and
suggests viability of these hybrid materials for practical
applications.
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