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Herein, nanorods-like ZnO particles was prepared by effective chemical synthesis process and carbon
nanoplates supported ZnO nanorods (ZnO/C) was prepared by wet chemical process. The synthesized
materials were characterized by various instrumental analysis via power XRD, UV-vis DRS, FESEM and
EDX spectroscopy. The synthesized samples were utilized as competent photocatalysts for the remedia-
tion wastewater. The visible light-driven photocatalytic performances of the samples was assessed by the
photodegradation of methylene blue. Compared to pure ZnO, the ZnO/C photocatalyst showed an excel-
lent photocatalytic performances by efficiently degrading (around 95%) of MB as targeted organic pollu-
tants within the irradiation time period of 80 min. The improved photodegradation activity of ZnO/C
might be due to an improved absorption of ZnO/C photocatalyst in the visible region as well as good
structural morphology and surface state which was accredited to an efficient separation of charge carriers
and hindered recombination at ZnO/C interfaces. The higher photo-stability and photocatalytic perfor-
mance was exposed that ZnO/C samples can be a potential photocatalysts for the applications of environ-
mental remediation. Finally, a plausible degradation pathway mechanism for an enhanced activity of
ZnO/C has been proposed.
© 2019 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

pollutants from the wastewater. Among the various methodolo-
gies, semiconductor based photocatalysis is the widely investi-

Nowadays, organic dye contamination is a worldwide environ-
mental issue and is hazardous to human and ecosystem. It is
exceptionally important to remove organic pollutants from
wastewater before its discharge from the industries such as pig-
ments, paints, textiles, leather and paper into the environment
(Theerthagiri et al., 2018). Different chemical, physical and biolog-
ical methodologies including filtration, biodegradation, adsorption
and electrochemical process are employed to remove the organic
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gated and cost-effective methods for the degradation of organic
pollutants by changing over them into less toxic molecules in the
contaminated water (Michael et al., 2015). The investigation of
semiconductor based materials is at the vanguard of researcher’s
consideration in view of their potential applications. Predomi-
nantly II-VI semiconductor oxides, for example, ZnO-based materi-
als have extraordinary properties like a broad band gap energy
(~3.37 eV), good chemical stability, good structural morphologies,
less toxic and high surface area (Wu and Wang, 2019). Though,
ZnO has some limitations because it experiences quick recombina-
tion and photocorrosion under UV light illumination and an acidic
medium (Chen et al., 2017). In order to overcome these limitations
of ZnO materials, some noteworthy attempts have been made such
as adding of dopants/supporting materials, mixing with other
semiconductor materials to produce a composites and all these
attempts for intending to enhance the photocatalytic performance,
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stability and to enlarge the absorption in the more visible region
(Mishra et al., 2018). Also, the good structural morphology of the
ZnO photocatalysts such as nanoflakes, nanosphers, nanowires,
flowers-like structure and nanorods are most favoured to progress
the photocatalytic performances towards the removal organic
pollutants. To the extent morphological points of view of ZnO are
concerned, the preparation and manufacture route are likewise
assumes an important part. The various parameters utilized for
example, reaction temperature, surfactant and duration of the
reaction, etc., are play a fundamental competence in the develop-
ment of different kinds of structural morphology of the ZnO mate-
rials (Rahimi et al., 2019).

Recently, Chauhan et al. (2019) fabricated ZnO/GO nanoflowers
on Si substrate and employed for the photodegradation of MB. The
composite of ZnO/GO exhibited an enhanced activity than the pure
ZnO, which might be due to the hindrance of recombining of
electron-holes pairs. Furthermore, GO supply an excess of elec-
trons to upgrading the photocatalytic degradation of MB by creat-
ing an excess of H* radicals. In this investigation, ZnO nanorods
was prepared by simple chemical process and carbon nanoplates
supported ZnO photocatalysts by wet impregnation method.
Carbon nanoplates chosen as supporting materials because of
excellent properties such as flexibility, low-cost, good electrical
conductivity and can easily coupled with other materials. Herein,
carbon nanoflakes may simply play the work of a support to the
ZnO photocatalysts. Carbon materials themselves have insignifi-
cant or no photocatalytic performance while as supporting materi-
als they improve the photodegradation of the ZnO nanorods. The
degradation activity of the ZnO/C composite was analysed for the
photodegradation of MB under visible light. Also, the systematic
experiments for radical trapping are carry out to trap the active
species for the photodegradation of MB. Finally, a possible degra-
dation mechanism of MB dye over ZnO/C photocatalyst has been
discussed.

2. Experimental section
2.1. Materials

ZnCl; and ethanol were provided by SDFCL, India. Carbon nano-
plate was purchased from Cabot Corporation, USA. CgH;sNO3
(TEOA), benzoquinone, isopropyl alcohol and MB dye were pur-
chased from Sigma-Aldrich.

2.2. Preparation of carbon nanoplates supported ZnO nanorods

ZnO nanorods were prepared by the adopted and slight modi-
fied previous procedure (Shimpi et al., 2016). ZnO/C photocatalyst
was produced by simple wet impregnation process. For the prepa-
ration, calculated amount of carbon nanoplates (3 wt% with
respect to Zn0O) and as-prepared ZnO nanorods was blended well
into 30 mL of ethanol. Then, the blended material was kept for
ultra-sonication for 30 min. Further, the reaction sample was stir-
red and subsequently the ethanol was evaporated at 60 °C. The
final product of the attained ZnO/C after evaopration of ethanol
was dried at 100 °C for 3 h.

2.3. Photocatalytic degradation

The photocatalytic degradation perofrmances of ZnO and ZnO/C
samples were measured by the degradation of MB under 500 W Hg
visible lamp illumination. The prepared samples were taken into
100 mL of aqueous MB solution (25 mg/L) in a 500 mL photocat-
alytic reactor. The suspension was magnetically stirred 15 min
and then kept in a dark for 60 min. Then, the dye dispersions were

subjected in to irradiation of visible light with continuous stirring.
2 mL of samples was extracted at 10 min of regular intervals
followed by centrifugation prior to UV-vis analysis for reaction
monitoring. After completion of the degradation process, prepared
photoatalyst was taken for reuse by centrifugation. The as pre-
pared catalysts were used for 3 cycles successively to completely
examine the reusability of the catalysts and their applications in
potential water treatment applications.

2.4. Radical trapping experiment

The trapping of radical experiments was carried out in order to
find the possible photodegradation mechanism of the photocataly-
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Fig. 1. XRD diffraction patterns of (a) ZnO and (b) ZnO/C photocatalysts.
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Fig. 2. (a) UV-vis DRS spectra, and (b) the plot of (athv)"? versus hv of ZnO and
ZnO/C photocatalysts.
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Fig. 3. FESEM images of (a) pure ZnO, (b) ZnO/C and (c) carbon nanoplates.
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sis. For this scavenging activity OH and O3 radicals are trapped by
TEOA, IPA and BQ separately. The trapping investigations were car-
ried out with the addition of different scavenger in to the photocat-
alytic reaction. The catalysts was taken from the photo-reactor to
measure their absorption spectra.

2.5. Insrumental charctaerization

The crystalline phase and structure of the synthesized pure ZnO
and ZnO/C photocatalyst was examined using X-ray diffraction
(XRD) instrument using Rigaku, Mini Flex II, Japan model with
Cu-Ko (A =0.154 nm) radiations. UV-vis DRS spectra of the pre-
pared materials were investigated via Shimadzu 2100 model spec-
trophotometer. Surface morphological image and elemental
compositional study was investigated using FESEM (Hitachi, S-
4800 model) equipped with EDX spectrometer (Bruker Nano
GmbH, model 5010).

3. Results and discussion
3.1. XRD studies

The purity and formation of the prepared samples was exam-
ined via XRD and the observed results are depicted in Fig. 1. In case
of pure ZnO (Fig. 1a), the diffraction peaks at 26 = 32.0°, 34.67°,
36.57°, 47.77°, 56.83°, 63.13°, 66.58° and 68.26° are in well
matched with the (100), (002), (101), (102), (110), (103),
(200),(112)and (201) are related to the hexagonal crystalline
structure of ZnO (JCPDS No. 13-1397). The XRD patterns of ZnO/C
photocatalyst is displayed in Fig. 1b, which showing that the
diffraction patterns of pristine ZnO was slightly shifted and

(a) ZnO

reduced the peak intensity because of an addition of carbon nano-
plates. The crystalline size of the samples was calculated using
Scherrer formula (Theerthagiri et al., 2016). The estimated crystal-
lite size of the pristine ZnO and ZnO/C sample was about 41.09, and
33.40 nm, respectively. The carbon nanoplates supported ZnO
nanorods shows the smaller crystalline size than that of pure
Zn0, which may expected to reveal an enhanced photocatalytic
performances.

3.2. Optical absorption properties

The absorption behaviour of the synthesized ZnO and ZnO/C
catalysts was studied by UV-vis DRS (Fig. 2a). It was noted that
the edge of absorption for ZnO/C sample was marginally expanded
to higher visible region upon the addition of carbon nanoplates.
The improved absorption of ZnO/C sample in the visible region
might be a result of bringing down the recombination rate
between the photo generated electrons and holes (Malathi et al.,
2017). Fig. 2b demonstrates the tauc plot, which gives the band
energy (Eg) of the synthesized photocatalyst. The examined Eg
value for the ZnO and ZnO/C photocatalysts are 3.22 eV and
2.76 eV. The Eg values of the prepared photocatalysts exposed that
the ZnO/C gained a good activity in the visible light. As a conse-
quence of optical absorption properties, it can be likely that the
ZnO/C photocatalyst demonstrate a good catalytic activity under
visible light.

3.3. Surface morphology and elemental studies

The FESEM image of the pure ZnO, ZnO/C and carbon nanoplates
are displayed in Fig. 3. The bar ZnO (Fig. 3a) showed the nanorods-

Fig. 4. (a, b) EDS spectrum of ZnO and ZnO/C photocatalysts, and (c) elemental mapping showing the existence of Zn, O and C in ZnO/C sample.
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like surface, whereas the carbon particles (Fig. 3¢) exhibited a
nanoplates shape. The surface morphology of the carbon nano-
plates supported ZnO nanorods clearly illustrated that the ZnO
and carbon materials were uniformly distributed (Fig. 3b). The
good structural morphology and surface state of the photocatalysts
may play an imperative role in inducing the catalytic performances
(Liu et al.,, 2010). In view of this, the formation of nanorods-like
surface morphology of ZnO particles and carbon nanoplates are
favourable for the separation of charge carriers, which can
expected to be a potential materials for photocatalytic degradation
activity.

The elemental composition studies of the ZnO and ZnO/C
were find out using EDS and the accomplished spectra are
depicted in Fig. 4(a, b). Fig. 4a showed the prepared ZnO was
composed of Zn and O atoms, whereas Fig. 4b confirms the pres-
ence of zinc, oxygen and carbon atoms in ZnO/C sample. Further-
more, the elemental mapping of ZnO/C was illustrated in Fig. 4c
which authenticated the coexistence of all elements of the ZnO/C
sample.

3.4. Photocatalytic dye degradation

To evaluate the photocatalytic ability of the as-prepared
materials were analysed the photodegradation of MB dye under

~— 0 min

(2)

= 10 min

Absorbance (a.u.)

400 500 600 700 800
Wavelength (nm)
1.0 4
i
£ (©)
084 5]
2
s
= 0.6+ "?
Q
0.4 4
=== Dye self degradation
024 ~O=@
0.0 T T T T T g T T T
-10 0 10 20 30 40 S50 60 70 80

Time (min)

Absorbance (a.u.)

1085

visible-light. Fig. 5(a) and (b) represent the photodegradation
absorption spectra of MB before and after a series of illumination
with visible light whose degradation was measured at the charac-
teristic wavelength around 664 nm by using UV-vis spectropho-
tometer. Under the visible light irradiation, self-degradation of
the samples were also investigated, without any catalyst minute
decrease observed in the dye concentration which may be due to
the effect of light producing some thermal degradation in the
aqueous medium. After the addition of photocatalysts, the concen-
tration of MB dye decreased which because of the degradation.
Fig. 5¢ shows the rate of photodegradation efficiency of photocat-
alysts towards the degradation of MB dyes. The photodegradation
kinetics of the as-prepared samples was evaluated by pseudo-first
order reaction kinetic and the rate constant (k) calculated to be
0.9945 and 0.9925 for ZnO and ZnO/C (Fig. 5(d)). The ZnO/C hetero-
junction formation was exhibit much more effective photocatalytic
degradation than the pure ZnO nanorods.

The recyclability of the ZnO/C was analysed through the pho-
todegradation of MB for the catalyst was recycled 3 times
(Fig. 6). Consequently, the photodegradation efficiency of the
ZnO/C photocatalyst for the 3 cycling reuse were 95.01, 91.7 and
84.2 after 80 min, respectively. The photodegradation show the
minor deterioration in the reutilize experiments it may due to
the minute loss and the deactivation of the photocatalyst in the
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Fig. 5. Photodegradation of MB dye over (a) Pure ZnO nanorods (b) ZnO/C hybrid (c) Rate of photodegradation, and (d) Pseudo-first-order kinetics linear simulation curves of

MB over the catalysts (a =ZnO; b =Zn0O/C).



1086 K. Micheal et al./Journal of King Saud University — Science 32 (2020) 1081-1087

1.0+

Second

First

0.8 4

0.2

0.0

L] L]
0 100 Time (min.) 200

Fig. 6. Cyclic runs in the photocatalytic degradation of MB using the ZnO/C under
visible light irradiation.

100 -
< 804
St
s 604 &
z 2
"g : i
8 401 @
£ c b
L 3
a Z :
o
2ok < it
o)
=
5 =

Scavengers

Fig. 7. Effect of different radicals on the photocatalytic degradation of MB dye
under visible light irradiation.

experiment, finally the results show the high stability and durabil-
ity of the as prepared sample.

3.5. Radical trapping

Holes, hydroxyl radicals and superoxide anions are possible
active species in photodegradation of aqueous organic pollutants.
To elucidate the catalytic process, active species produced during
the reaction were confirmed by radical and scavenging of hole
measurements. The photocatalytic dye degradation reaction
starts with the initiation of prepared photocatalyst by radiation
with energy higher (or) equal that of the band energy of photo-
catalyst. The dye with the scavenger of OH' and O3 radicals
exhibited certain degradation, but no excessive change in the
absorption peak position. This result indicates that h* active spe-
cies has prominent role in this reaction. The h* radicals were
formed by visible light irradiation, and play significant roles in
dye degradation process (Park et al., 2014). The addition of the
scavengers for h* was dramatically suppressed the photocatalytic
reaction (Fig. 7). From the above investigation, it was concluded
that hole (h*) radical show main role in the photocatlytic degra-
dation MB.

3.6. Photodegradation reaction mechanism

A possible photodegradation reaction mechanism for MB degra-
dation over ZnO/C under visible light was represented in Fig. 8.
Upon visible light irradiation, e~ from the VB of ZnO was excited
to CB which generates h* in the VB and thus creating e"—h" pairs.
In the absence of carbon nanoflakes, only a little bit of e~ and h*
took part in the photodegradation reaction because of their high
recombination rate in pure ZnO which resulting in a low pho-
todegradation performance. The carbon nanoflakes supported
Zn0 nanorods may sustain a proficient photo-generated electron
transfer from ZnO to carbon matrix. The rate of recombination
among the e"—h" pairs on the ZnO surfaces in ZnO/C photocatalyst
was effectively decreased. The e~ positioned at CB might respond
with O, to generate O3, whereas the h* located in VB might react
with OH™ to generate OH'. MB dye molecules as a targeted organic

Fig. 8. A possible photodegradation reaction mechanism for MB degradation over ZnO/C catalysts.



K. Micheal et al./Journal of King Saud University — Science 32 (2020) 1081-1087 1087

pollutant might be oxidized into CO,, H,0 etc., by the O3 and OH-
radicals (Zhao et al., 2017).

4. Conclusions

In conclusion, nanorods shaped ZnO was prepared by chemical
process and carbon nanoplates supported ZnO nanorods was
obtained by wet chemical route. The phase, structural morphology
elemental composition of the prepared samples was analysed by
XRD, FESEM, and EDS analysis. The optical absorption properties
was obtained using UV-vis-DRS studies. The synthesized samples
were utilized as competent catalysts for MB degradation as tar-
geted organic pollutants. The visible light-driven photocatalytic
degradation results illustrated that ZnO/C sample exhibited an
improved photocatalytic efficiency. The ZnO/C sample was demon-
strated 2 times higher photocatalytic degradation rates than the
pristine ZnO sample towards the photodegradation of MB. The
improved photodegradation activity of ZnO/C might be due to an
improved absorption of ZnO/C photocatalyst in the visible region
as well as good structural morphology and surface state and hin-
dered recombination at ZnO/C interfaces. Furthermore, the ZnO/C
photocatalyst showed a good reusability and photo-stability as
observed from the experimental results. In this way, the ZnO/C
samples are potential photocatalysts and provided an important
insight of knowledge for building up effective novel visible light
driven catalytic materials.
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