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improvise the catalytic behavior of
nanocomposites.

� Distinctive features enhances the
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separation.

� Tunable electro negative functionality
of rGO favors the absorption site over
ZnO.

� Vital role behind the light absorption
were favored by rGO ratio with ZnO.
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We demonstrate the multi-functionality engineering on nanocomposite by combining one dimensional
(1D) ZnO nanorod (NR) and two dimensional (2D) reduced graphene oxide (rGO) for efficient water reme-
diation. Nano-engineered ZnO NR-rGO nanocomposites show efficient water remediation in terms of
degradation of organic dyes and removal of heavy metal ions. Herein, we report on the fabrication of
ZnO NR-rGO nanocomposite via a facile template-free hydrothermal route with an aim to improve the
visible photocatalytic efficiency of the ZnO NR based nanocomposites. The structural and morphological
features reveal that the rGO sheets are attached on the ZnO NRs and form a hybrid composite assembly.
The surface enabled ZnO NR-rGO nanocomposites were used to degrade organic dye molecules (methy-
lene blue (MB), methyl orange (MO) and rhodamine B (RhB)) under visible irradiation and adsorb Cu (II)
and Co (II) ions from water through an adsorption process. The nanocomposite containing 7.5 wt% rGO
and ZnO NRs shows a 4-fold enhancement in the visible photocatalytic activity and effective removal
of Cu (II) and Co (II) ions from aqueous solution respectively. The photocatalytic performance is discussed
in detail with respect to interaction between ZnO NRs and rGO sheets, light-harvesting properties of the
nanocomposites. The effective experimental adsorption data also fit very well with the pseudo-second-
order model which reveals the surface adsorption of metal ions. The results provide insight into a new
method utilize for both visible photo degradation and adsorption for the removal of various wastewater
pollutants. Construction of hybrid form of nanostructures delivers the effective catalytic properties with
tunable functionalities for the water remediation.
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1. Introduction

Environmental water pollution caused by organic pollutants
and heavy metals have become a serious problem worldwide that
threatens the balance of nature and the sustainable endurance of
human beings [1,2]. Most organic pollutants existing in trace or
even ultra-trace quantities in the environment would be toxic
and could accumulate along the food chain which may lead to seri-
ous ecological and health hazards. In order to eliminate the haz-
ardous heavy metals and organic pollutants in wastewater,
various photocatalytic semiconductor materials, such as TiO2,
ZnO, CdS, Fe2O3 etc. were used in contiguous years [3,4]. Mean-
while, wideband gap semiconductors such as TiO2 and ZnO are
promising photocatalysts but they hinder the effective absorption
of visible light in photocatalytic process [5]. In order to bring the
wide band gap semiconductor active in visible photo energy, vari-
ous materials have been employed as effective change extractor
through hybrid hetero structural interface [6]. One dimensional
(1D) metal oxide nanostructured materials such as nanofibers,
nanotubes, and nanorods are particularly interested as catalysts,
owing to their large surface to volume ratio, efficient electron
transport and ability to generate more reactive oxygen species on
the surface [7]. Meanwhile, heavy metal removal on semiconduct-
ing nanostructures was investigated through colorimetric and flu-
orescence chemo sensing process [8,9]. Despite their independent
advances, a system integrating both the rapid removal and effec-
tive degradation of organic pollutants remains largely unexplored.
A rationally designed material with such feature could greatly
enhance the versatility of the functional devices, improve the effi-
ciency and reduce the water treatment cost. The fine grain size of
the metal oxide nanostructures favor the aggregation by the Van
der walls force or electrostatic interaction and it’s minimize the
adsorption ability, stability and selectivity [4,9]. To overcome this
technical bottleneck, some researcher’s immobilized nanometer-
sized metal oxides on different carbon based materials such as
activated carbon (AC), carbon nanotubes (CNTs) and graphene in
order to improve its functional properties [10]. In the carbon fam-
ily, graphene has an attractive two-dimensional single-layer sheet
of sp2-hybridized carbon atoms, possesses excellent charge carrier
and electron mobility, which leads to effective separation of photo-
generated carriers with high surface area, excellent thermal
conductivity, and high electronic conductivity, and optically trans-
parency [11]. Recently, the combination of oxide semiconductor
and graphene functionalities including TiO2, ZnO, CuO, MnO2,
Scheme 1. Illustration of the synthesis processi
Fe2O3, CoFe2O4, MnFe2O4 has been demonstrated to effectively
improve the photocatalytic activities in these composite systems
[12]. The primary role of graphene in these composite semiconduc-
tor photocatalyst systems is to delocalize the photogenerated elec-
tron through its p network, which inhibits the recombination
process and hence improves the photocatalytic performance. Chen
et al. [13] indicated that carbon based iron oxide magnetic com-
posites could be employed as an effective adsorbent for the adsorp-
tion of Ni(II) and Sr(II) fromwastewater. The adsorption capacity of
the composites was determined to be much higher than that of
metal oxides. Graphene possesses similar physical properties to
CNTs but has larger surface areas than the latter. Construction of
photo active 1D nanostructures over the two dimensional (2D) car-
bon based structures offers the promising photoactivity and effec-
tive charge separation efficiency with improvised surface
functionality. By grafting over the elongated 1D nanorods on 2D
graphene nano sheet were furnish a new form of nanocomposite
system and its offer a facile and continuous, directionated electron
flow with numerous reaction sites, stability and highly efficient
catalytic properties [14,15].

In this current study, the ZnO nanorods (NRs) on reduced gra-
phene oxide (rGO) nanocomposites (ZnO NR-rGO) were prepared
by simple grafting of or growth of ZnO NRs in a homogeneously
dispersed GO solution and subsequent drying (Scheme 1). ZnO
NR-rGO samples were tested for degradation of the organic dye
molecules such as methylene blue (MB), methyl orange (MO) and
rhodamine B (RhB) and also for the adsorption of Cu (II), Co (II) ions
from aqueous systems. This work not only demonstrated the pos-
sibility and validity of ZnO NR-rGO nanocomposite as promising
adsorbents for pollutant removal and environmental remediation,
but also gives insight into understanding the catalytic and adsorp-
tive behavior of ZnO NR-rGO nanocomposite. We demonstrated
that the grafted of 1D ZnO NR catalysts on both sides of a 2D
rGO scaffold form a charge transportable network and result in
enhanced catalytic activity and improved adsorptive nature. The
kinetics of the process was also very well examined by fitting the
experimental data with theoretical models.

2. Experimental section

2.1. Materials

Graphite flake, sodium nitrate (NaNO3), potassium perman-
ganate (KMnO4), zinc nitrate hexahydrate (Zn(NO3)2�6H2O),
ng of ZnO NR-rGO nanocomposite bridges.
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hexamethylenetetramine (HMTA), copper chloride (CuCl3) and
cobalt chloride (CoCl3), rhodamine B (RhB), methyl orange (MO),
methylene blue (MB), nitric acid (HNO3), sulfuric acid (95%,
(H2SO4)) and ethanol (C2H5OH) were purchased from Sigma
Aldrich. Polyethyleneimine (PEI) were acquired from Scientific
Chemical Reagent Co, Ltd. All chemicals were analytical grade.
The solvent used in this study is deionized and doubly distilled
water.

2.2. Preparation of ZnO-rGO nanocomposites

Graphene oxide (GO) was synthesized from natural graphite
flakes by a modified Hummers method [16]. The 1D ZnO NRs were
synthesised through the aqueous solution using equal mole of
(0.125 mM) Zn(NO3)2�6H2O and HMTA [17]. The clear experimen-
tal procedures for synthesis of GO and ZnO NRs were given in sup-
porting information part. In a typical synthesis, 20 mL of deionized
water containing specific weight ratio of GO was added in ZnO NR
growth precursor solution. After stirring for 30 min, the mixed
solution was transferred into a 100 mL autoclave with a Teflon
liner, which was kept at 140 �C for 4 h and then cooled to room
temperature naturally. The products were rinsed thoroughly with
distilled water and ethanol and annealed under nitrogen atmo-
sphere at 150 �C for 4 h. Other samples were synthesized via the
same procedure with different weight ratio of GO flakes to ZnO
NRs. After the hydrothermal process, GO were thermally reduced
and form the ZnO-rGO based nanocomposites. The as-obtained
composites were labelled based on the weight ratio of GO to ZnO
in precursor materials. For example, GZ2.5 means that the 2.5 wt
% of GO with ZnO (�350 mg). As per that 2.5, 5.0, 7.5, 10.0,
12.5 wt% of GO added ZnO nanocomposites were named as
GZ2.5, GZ5.0, GZ7.5, GZ10.0 and GZ12.5, respectively.

2.3. Adsorption kinetics of dye molecules

The batch mode adsorption studies for RhB were carried out by
an agitating photocatalyst in dye solution at 25 �C. Typically, 50 mL
of RhB (10 mg/L) aqueous solution and 25 mg of photocatalyst
(ZnO, GZ7.5 and GO) were added into a beaker and agitated in
the dark. Then, aliquots (1 mL) were withdrawn at specific time
intervals to determine solution concentrations. The concentrations
of various dyes were monitored using UV�vis absorption spec-
trophotometer at 525.5 nm for RhB. The equilibrium adsorption
capacities of dyes onto photocatalysts were determined according
to the following formula:

Qeðmg=gÞ ¼ ððCo� CeÞVÞ=M ð1Þ
where Qe (mg/g) is the equilibrium adsorption capacity of the
adsorbent, C0 and Ce (mg/L) are the initial and final concentrations
of dyes, respectively, V (L) is the volume of the original mixture, and
M (g) is the weight of photocatalyst added.

2.4. Photocatalytic degradation measurements

The photocatalytic degradation experiments for RhB, MO, and
MB were carried out in a self-prepared reactor. In the degradation
procedure, 50 mg catalysts were immersed in a 150 mL beaker
containing 100 mL of RhB, MO, MB and aqueous solution (10 mg/
L). The solution was irradiated by a 75W xenon lamp (visible light
with UV cut off filters) and natural sunlight with UV cut off filter
(Lee type 226 (USA)). For sunlight irradiation, samples were irradi-
ated on a normal sunny day between 9.00 a.m. and 4.00 p.m under
the shadows in order to avoid the evaporation of solution through
heat effect. The light intensity was the constantly checked every
30 min using the lux meter. The adsorption-desorption equilib-
rium was attained by 50 min stirring in a dark room. The vertical
distance between the solution level and the horizontal plane of
the lamp was fixed at 10 cm. At an interval of 30 min, 3 mL of solu-
tion was taken out from the reactor. The absorbance of the solution
was determined using a UV–Vis absorption photometer at the
characteristic absorption wavelength (661 nm, 542.5 nm and
464.5 nm for MB, RhB and MO respectively). The degradation effi-
ciency of dyes by the photocatalysts was determined according to
the following formula:

g% ¼ ððCo� CeÞ=CeÞ � 100 ð2Þ
where g (%) is the degradation efficiency, C0 and Ce (mg/L) are the
initial and final concentrations of dyes, respectively.

2.5. Sorption studies

The Cu (II) and Co (II) adsorption process was executed for pure
ZnO NR and rGO on ZnO adsorbents to determine the optimum
adsorption conditions. A typical batch mode adsorption experi-
ments were carried out with ZnO NR-rGO nanocomposite adsor-
bent at room temperature. The effect of pH on the adsorption
capacity (Qo) was investigated in the range from 2 to 10 by using
Cu (II) and Co (II) solution prepared from the standard 100 mg/L
stock solution to the preferred concentration of 10 mg/L through
sequential dilution. The pH was adjusted by using sodium hydrox-
ide (NaOH) or hydrochloric acid (HCl) solutions. The resultant mix-
ture solutions were transferred to 50 mL standard measuring flask
and stirred on a thermostatic mechanical shaker operating at a
constant speed of 300 rpm. Finally, the sample was withdrawn
from the shaker at predetermined time intervals and the super-
natant was collected by centrifuging at 5000 rpm for 3 min. The
resultant clear solution was used to estimate the Cu (II) and Co
(II) adsorption by using spectrophotometric analysis. The super-
natant solution of 20 mL was taken in a test tube and 2 mL of poly-
ethyleneimine solution (0.94 mg/mL) was added. This was further
incubated for color development and finally the absorbance of the
samples was measured in a UV–visible spectrophotometer in the
wavelength of 275 nm and 315 nm for Cu (II) and Co (II) ions
respectively [18].

2.6. Materials characterizations

The structure, microstructure and morphology of the as
obtained samples were characterized by X-ray powder diffraction
(PANalytical X’Pert multipurpose X-ray diffractometer) with Cu
Ka radiation (k = 1.54056 Å), Raman spectroscopy (in Via-Reflex,
Renishaw, U.K.), field-emission scanning electron microscopy (FE-
SEM, Quanta, FEG 250), transmission electron microscopy (TEM,
FEI-Tecnai G2 F30), Fourier transform infrared spectroscopy (VER-
TEX 801 HYPERION 2000, Bruker Optics, Germany). X-ray photo-
electron spectroscopy (XPS, Thermo K-alpha-monochromated)
was employed to analyze the surface chemical composition. The
diffused reflectance and fluorescence spectra of the samples were
taken at room temperature on a UV–visible spectrophotometer
(UV3600, Shimadzu, Japan), and photoluminescence (PL) spectro
fluorometer (time-resolved fluorescence spectrophotometer (FL-
1057 TCSPC) with an excitation at 325 nm. The absorbance spectra
of organic pollutants and heavy metal ions were obtained by using
UV–vis Spectrophotometer (Varian Cary 100). The chromatic
experiment with HPLC-UV/vis system were carried out on liquid
chromatograph mass spectroscopy (Agilent Technologies 6224
TOF) using binary solvent gradient pump and automatic sample
injector. The specific surface area of the samples were analysis
using Brunauer-Emmet-Teller (BET) method carried out on
Micromeritics Tristar analyser after degassing the samples for 3 h
at 200 �C.
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3. Result and discussion

3.1. Structural and morphological studies

The typical X-ray diffraction (XRD) patterns of the GO, ZnO NR
and GZ composites (GO loading level: 2.5 wt%, 7.5 wt% and
12.5 wt%, respectively) were shown in Fig. 1. It can be observed
from the XRD pattern that the as prepared GO shows a sharp peak
at 2h = 10.6�, corresponding to the (001) reflection of GO. From
Fig. 1, all the diffraction peaks of the pure ZnO and ZnO NR-rGO
composites (GO loading level: 2.5 wt%, 7.5 wt% and 12.5 wt%) syn-
thesized can be matched with hexagonal ZnO (JCPDS 36-1451). In
the case of ZnO NR-rGO, the major diffraction peaks are consistent
with pure ZnO phase and the broad diffraction peak assigned at
24.5� is attributed to the (002) plane of typical rGO. The d (002)
peak near 24.5� is related to the stacking layers along the c-axis
of reduced graphene oxide [19]. And it indicates that GO is simul-
taneously reduced to reduced graphene oxide at the temperature
influence during the formation of ZnO NRs

Fig. 2 shows the FESEM and TEM images of as prepared GO, pure
ZnO NRs and sample GZ7.5. Inset of the Fig. 2a shows the optical
image of the GO reveal that the flakes with average size distribu-
tion of 5–10 mm and were observed to be composed of a few layers
(Supportive information, Fig. S1). FESEM image of graphene oxide
(Fig. 2a) shows the folded nature of the sheets. Fig. 2b shows the
TEM image of few layered, wrinkled and folded GO. Insert shows
the SAED of GO with diffused diffraction ring pattern which repre-
sents the disordered structure of GO due to the chemical oxidation
on the conjugated graphite structure. In Fig. 2c, the hydrothermally
Fig. 1. The XRD patterns of ZnO NR, GO, GZ2.5, GZ7.5 and GZ12.5 nanocomposite
samples.
grown ZnO NRs are in the prismatic form, with length of 2–3 mm
and the diameter of 100 nm. High-resolution transmission electron
microscopy (HRTEM) lattice fringes of a single NR shows the ori-
ented growth along the c axis [0001] direction with lattice spacing
of 0.26 nm representing (002) axis [20]. FESEM and TEM images of
GZ7.5 reveal a well-defined attachment of ZnO NRs on rGO flakes
which reveal the formation of ZnO NR-rGO nanocomposite from
submicrometer to several micrometers (Fig. 2e). In the meantime,
the ZnO NRs in the GZ7.5 are viewed to be wrapped in the interior
of the pore walls which consists of thin layers of stacked rGO
sheets (Fig. 2f). TEM observation further confirms the even distri-
bution of ZnO with the wrapped interface with rGO sheets (Fig. 3).

Fig. 3 shows the TEM images of GZ7.5 which reveals that the
ZnO NRs are intimately attached on the rGO sheet surface and dis-
tributed, with no morphological changes after the combination
with rGO sheets via hydrothermal treatment. From the TEM
images, it shows the presence of wrinkles and ripples and scrolls
on the ZnO NR and rGO suggests the occurrence of few layered
rGO sheets. Inset of the Fig. 3b and c, spotted pattern of the
selected area electron diffraction (SAED) pattern of rGO reveal that
rGO, employed as a reference, was observed to be composed of a
few layers [21] (Fig. S2). As a function of initial hydrothermal pro-
cess, ZnO nuclei were attached over the rGO and exhibit the pres-
ence of ZnO NRs progressively grown on the rGO flakes (Fig. S3 and
Fig. 2f) which reveals the nucleation sites anchoring the ZnO NR on
the rGO flakes during the growth process. However, SAED image of
rGO showed set of six-fold symmetric diffraction points of a typical
hexagonal configuration represents the thermal reduction of GO
[19]. The specific BET surface area of the ZnO NR and ZnO NR-
rGO (GZ7.5) nanocomposites were determined to be 2.336 m2/g
and 19.434 m2/g, respectively. From the comparative isotherm
results (Fig. S4), the decoration of rGO on the ZnO NRs apparently
leads to an increase in the surface area as compared to the pristine
ZnO NRs.

Raman spectroscopy was utilized to assess the existence and
crystalline quality of rGO sheet in the ZnO NR-rGO nanocomposite
(Fig. 4). For all composite specimens, two prominent characteristic
peaks were observed at 334 and 435 cm�1, correspondingly
assigned as Ehigh2 � Elow2 and Ehigh2 modes of the crystalline ZnO,
respectively [22]. The peak at 582 cm�1 is assigned to (LO) mode,
attributed to oxygen deficiency defects in ZnO [23]. The peak at
1130 cm�1 is due to the multiple-phonon scattering processes [24].
The intensity of these peaks is reduced in composites as compared
to that in ZnO due to the interaction between ZnO and rGO. In addi-
tion, at higher wavelength the peak should observed at �1140 cm�1

assigned to the 2LO vibrations which is due to the second order
raman process [25]. Fig. 4(b–d) shows the Raman spectrum of GO
and GZ composites. The G band at 1577 cm�1 is assigned to the
E2g phonon mode of C sp2 atoms and the D band at 1336 cm�1 is
a breathing mode of k-point phonons of A1g symmetry, originating
from the defects. The intensity ratio (ID/IG) of the D band to the G
band of GO is 0.801, which is the measure of Raman vibrations,
expressed by the sp3/sp2 carbon ratio. For the ZnO NR-rGO hybrid
composite samples, two broad peaks corresponding to the D and G
band and the band intensity ratio was estimated as �1.06. The peak
intensity ratio were consistent with typical rGO, indicating that rGOs
coexisted with ZnO NRs. Compared to GO, the hybrids exhibit a
slight increase in the ID/IG ratio, which is due to the presence of more
defects and the interaction between rGO and ZnO NRs [26]. The
results indicate that ZnO NR-rGO nanocomposite were successfully
prepared which was correlated with XRD results.

3.2. Optical studies

The UV–vis DRS absorption spectra of the ZnO NR-rGO
nanocomposites are shown in Fig. S5a. The pure ZnO shows a sharp



Fig. 2. FESEM (a) and TEM (b) images of GO synthesized by modified Hummers method. The insert of (a) and (b) corresponds to the optical images and SAED pattern of GO,
respectively. SEM (c) and TEM (d) images of the ZnO NR formed by the hydrothermal process. The insert in (d) is the corresponding SAED pattern of ZnO NR. FESEM (e) image
of GZ7.5 and high magnification FESEM (f) image of GZ7.5 nanocomposites.

592 K.S. Ranjith et al. / Chemical Engineering Journal 325 (2017) 588–600



Fig. 3. (a, b) TEM and (c, d) HRTEM micrographs of the GZ7.5 nanocomposites. Inset show the SAED of the respective images.
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absorption at 384 nm and the ZnO NR-rGO nanocomposite show
the enhanced absorption in the visible region (400–800 nm) in
addition to the absorption edge at 380 nm. The ZnO NR-rGO
hybrids possess an intense and broad range of absorption in the
visible region due to the presence of rGO. Compared to pure ZnO,
the absorption intensity of GZ samples are reduced. With the
increased mass ratios of rGO sheets, the absorption background
of ZnO NR-rGO nanocomposite increase in the visible light range,
which is ascribed to the black body effects of rGO sheets [26]. PL
spectra provide useful information for the investigation of the
interface charge carrier transfer and photogenerated electron�hole
recombination process in ZnO NR-rGO nanocomposite system.
Fig. 5 shows the room temperature photoluminescence spectra of
pure and hybrid composites. All the samples exhibits the promi-
nent sharp emission at 369 nm and 387 nm which attributes to
the band edge emission and the Zn interstitial trap states related
band below the conduction band and a broad emission at
550 nm which related to the oxygen related defect states [27].
The raised broad violet emission around 419 nm is probably due
to the radiational defect related to the interfacial traps existing
at the interface and emitted the radiation transition. The broad
emission at 550 nm assigned to the trap-state emission result from
the intrinsic defects and vacancies of ZnO, such as interstitial oxy-
gen and oxygen vacancies [28]. Hydrothermally grown ZnO NRs
have the broad and promising defect related emission which was
found to be composed of two major Gaussian components
(Fig. S6) centered at 540 and 580 nm. The small 540 and 580 nm
component can be related to the singly and doubly charged oxygen
vacancy states (Vo+ and Vo++), respectively [29]. Compared with
pure ZnO NRs, a significant depression in the PL emission was
observed on introducing the rGO with the ZnO as the form of
ZnO NR-rGO nanocomposite. This depression became more notice-
able as the rGO mass ratio increased, suggesting the successful
electron transfer from ZnO to rGO with the suppressed recombina-
tion process. This phenomenon supports the argument that the
rGO acted as an effective electron scavenger for ZnO, leading to
the pronounced charge separation observed for the ZnO NR-rGO
nanocomposite. Decrease in the fluorescence yield of composite;
suggest an additional pathway for the disappearance of charge car-
riers because of the interaction between excited ZnO NRs and rGO
sheets. For the higher wt% of ZnO NR-rGO nanocomposite, emis-
sion peaks in the violet region are observed. It may due to trap
state emission over the interface which promotes the Zn interstitial
based defect emission or the peaks related due to the decay of exci-



Fig. 4. Raman spectra of ZnO NR, GO, GZ2.5 and GZ12.5 nano composite samples.

Fig. 5. Photoluminescence spectra of ZnO NR-rGO hybrid nanocomposites com-
pared to pure ZnO NRs synthesized by hydrothermal method.
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tons [30] from the LUMO of the graphene layer with an epoxy bond
to the ZnO valence band.

The XPS full-scan survey spectrum shows the principal C1s, O1s,
and Zn2p core levels in Fig. 6a. Inset shows the high resolution Zn
2p3/2 peak position of ZnO NR and GZ7.5 nanocomposites and the
Zn2p3/2 and Zn2p1/2 main peaks with a difference of 23.1 eV shown
in the Fig. S7a imply the characteristic peaks of Zn2+ [28]. However
the shift to a higher binding energy by the 0.8 eV signifies the
increase in the oxidation state of Zn, resulting from the contact
with the electronegative reduced graphene [31]. This indicated
the strong dipole interaction between the electro negative rGO
and ZnO NRs. By comparing the peak intensity of O1s between
ZnO and GZ samples, which reveal that the defect levels were
turned on after tagging the ZnO and GO (Fig. 6b). By fitting the oxy-
gen related band in the ZnO NR-rGO nanocomposite system by
Gaussian function, it has been split into 4 set of peaks such as O
ion in ZnO lattice (OL) (530.1 eV), O ions in oxygen-deficient lattice
in ZnO (OV) (531.1 eV), chemisorbed oxygen species (OC)
(532.4 eV) and band interaction of CAO in rGO at 533.4 eV.
Hydrothermally synthesized ZnO NRs have prominent OV ratio
which is equivalent to the OL. While decorating the rGO with
ZnO, OV ratio reduced due to the oxidization of ZnO by the elec-
tronegative rGO with the increased functionality of chemisorbed
oxygen species. A peak at 533.42 eV is observed for ZnO NR-rGO
nanocomposite, which is attributed to the CAO band in rGO.

The reduction of GO after the hydrothermal process was further
confirmed by the XPS C1 s spectra (Fig. 6c). As shown in Fig. 6c, the
C 1 s XPS spectra of GO and GZ7.5 contained four deconvolution
peaks at 284.5, 286.7, 287.5 and 289.1 eV, which represented
CAC, CAO, C@O and OAC@O bonding, respectively. In brief, from
the C1s XPS spectra of GO (Fig. 6c), a considerable degree of oxida-
tion with four components that corresponds to carbon atoms in
different functional groups can be seen: the non-oxygenated ring
C, the C in CAO bonds, the C in C@O bonds and the carboxylate car-
bon (OAC@O) [32]. After hydrothermal process with the ZnO NRs,
a notable decrease in oxygen content is clearly visible; in addition,
the peak corresponding to the C@O bond has disappeared. The oxy-
gen loss mainly results from the suppression of CAO peak, and the
relative ratio of C(O) OH decreases remarkably as well. For the
GZ7.5, an essentially low O-bound C content was obtained
(23.91% for GZ7.5), as compared with the as prepared GO flakes
(approximately 49.12%) indicating that the oxygen containing
groups were significantly removed in the hydrothermal process
[33]. More importantly, the low O-bound C content of the present
ZnO NR-rGO nanocomposite ensures the occurrence of pronounced
charge separation, which is crucial to its resultant photocatalytic
performance. Fig. 6d shows the FTIR spectra of GO, ZnO NR, and
GZ7.5. The broad absorption band at 3425 cm�1 is assigned to
the hydroxyl groups of absorbed H2O molecules. The absorption
band at 450 cm�1 of GZ7.5 is similar to that of pure ZnO, which
is attributed to stretching models of Zn-O. There is an obvious
decrease in the intensities of oxygen functional group peaks in
GO centered at 1071 cm�1 (CAO stretching), 1182 cm�1 (CAOAH
deformation vibrations), and 1730 cm�1 (C@O stretching of COOH
groups) vibration peaks in GZ7.5 compared to those in GO, indicat-
ing reduction of oxygen-containing groups of GO in the ZnO NR-
rGO nanocomposite system [34]. The peak at 1615 cm�1 can be
assigned to the skeletal vibrations of unoxidized graphitic
domains. However, all these bands related with the oxygen func-
tional groups almost disappear or appear with significantly lower
intensities in the FTIR spectra of the GZ nanocomposites. These
results confirm that these oxygen functional groups are almost
removed in the process of thermal functionalization, and the GO
is reduced to a great extent.

3.3. Photocatalytic degradation

Pure ZnO NRs exhibit a nearly negligible adsorption (less than
5% in 3 h) for organic pollutants (Fig. 7a). For GO the adsorption
efficiency for MB, RhB and MO are 27.8, 23.3, and 17.3% after 3 h



Fig. 6. (a) XPS survey spectra of ZnO NR and GZ7.5 nanocomposite. High-resolution XPS spectrum of Graphene composites (b) O 2s and (c) C 1s patterns and (d) FTIR spectra
of ZnO NR, GZ7.5 and GO respectively.
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and the GZ12.5 samples propose the adsorption rates for MB, RhB
and MO are 15.8, 13.3, and 10.2% respectively, (Fig. 7a) all of which
are much higher than those of pure ZnO NRs. After the introduction
of rGO, the adsorption rates are greatly enhanced due to its higher
specific surface area. Prior to irradiation, the photocatalytic reac-
tion system was magnetically stirred in the dark for 50 min to
reach the adsorption/desorption equilibrium of dye molecules on
the surface of the photocatalysts. Fig. 7b and c shows the degrada-
tion rate of RhB with ZnO and GZ composites under visible and nat-
ural sunlight irradiation, respectively. After 100 min of visible
irradiation, the photocatalytic degradation efficiency of RhB for
ZnO NR, GZ2.5, GZ5.0 GZ7.5 GZ10.0 and GZ12.5 are 25.9, 49.6,
59.8, 80.4, 43.5 and 37.2%, respectively, and except ZnO NR, all
other GZ composites were promisingly active under visible irradi-
ation. Clearly, GZ7.5 shows superior photo degradation rate
(Fig. S8) of 0.0227 min�1 and 0.0258 min�1 under visible and nat-
ural sunlight irradiation which is 7 times higher than the pure
ZnO NRs. Fig. 7d shows that the photo degradation efficiency of
MB, RhB and MO for sample GZ7.5 is 93.9, 88.08 and 75.3% after
180 min of irradiation, much higher than those of pure ZnO NR.
This indicates that the introduction of rGO is greatly beneficial to
the improvement of catalytic activity by work as a sensitizer in
the photoreaction. For further study on photocatalytic mechanism
(Fig. S9(a–c)) shows the batch experiment of photodegradation of
MB, RhB and MO (initial concentration, 10 mg/L, 100 mL) with
50 mg of ZnO and GZ7.5 for various durations. About 80% of pollu-
tants were removed in 90 min after visible illumination in pres-
ence of GZ7.5.

In contrast, only 20% was removed in presence of ZnO NRs. The
degradation profile of different pollutants reveals that the cationic
dyes such as MB and RhB interacted more with the hybrid system
than MO and results in faster efficient degradation. This was due to
the higher negative potential value in hybrid composites which
favors the more absorbance rate for the cationic dyes than the



Fig. 7. Dye adsorption and Photocatalytic degradation of RhB for the pure ZnO NR and ZnO NR-rGO nanocomposite (a) Adsorption of MB in dark, (b) degradation under visible
irradiation, (c) degradation under sunlight irradiation and (d) comparative degradation efficiency over different dye pollutants.
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anionic dye, MO. In the cycling experiments for the photodegrada-
tion of RhB using GZ7.5, the degradation rate is as high as 92.4%
after 10 cycles (Fig. S10), suggesting great stability of the photocat-
alyst. Additionally, as a control experiment catalytic performance
of GZ7.5 were compared with the 7.5 wt% of GO-ZnO mixed com-
posites (Fig. S11). The mixed form of catalyst exhibits the slower
catalytic efficiency as compared with GZ7.5 which clearly reveals
the contract interface and carrier transport between ZnO NRs and
rGO are crucial factors to achieve higher photocatalytic activities.
The dominant factor in order to improve the catalytic activity
was that while grafting the ZnO NRs on the rGO surface, continu-
ous conductive paths are built through the rGO, thereby effectively
reducing the transfer resistance of photogenerated electrons and
inhibiting the recombination of photogenerated electrons and
holes. Further, on inducing the ZnO NR-rGO nanocomposite sys-
tem, created interfacial electric field between the ZnO and rGO,
thus improving the separation efficiency of photo induced
electron-hole pairs. Due to the natural functionality of higher elec-
tron transfer ability in graphene based system, the lifetime of
photo induced electrons and holes in the hybrid system improves.
This indicates that it has great application potential nature.

While increasing the rGO dosage over GZ7.5, the catalytic effi-
ciency starts to depress in the GZ10.0 and GZ12.5. This decrease
in the catalytic behavior is believed to be due to overloading of
rGO that act as a block that avoid the light absorption of ZnO
and encourages the electron hole recombination [33]. Even though
the effective absorption rate was high over the rGO dosage,
decrease in the carrier separation efficiency results in the suppres-
sion of resultant catalyst and it may called as shield effect. Similar
behavior on the effect of rGO dosage has been reported previously,
where excess of rGO caused a negative influence over the catalytic
performance [35]. Additionally the dye molecules which we used
has come sensitization effect which will give some charge carrier
to the catalytic surface which can promotes the radical production
to degrade the dye molecules under visible illumination [36]. But
the possibility over the subsequent electron transfer from the
excited dyes to the ZnO would be determined by the adsorption
of dyes through the electrostatic interaction with the catalytic sur-
face. At the neutral pH, ZnO has positively charged (point of zero
charge of ZnO is at around pHzpc � 9) and electrostatically it repels
the cationic dyes. But the presence of rGO with the ZnO will favor
the dye interaction and induces the possibility of sensitization
effect. And according to the dosage of rGO with ZnO the dye
absorption rate were increased in contrast to degradation rate
(Fig. 7a). It reveals that, there is a possibility of dye sensitization
effect but the effective degradation probabilities were determined
by the carrier separation efficiency at the ZnO and rGO interface
under visible irradiation.

On the basis of the above analyses, we propose that the
improved photocatalytic activity of composites mainly results
from the interaction of ZnO-rGO owing to the more efficient sepa-
ration of electron-holes, and the improved optical absorption in
visible light range. A possible reaction mechanism and the photo
degradation process are illustrated in Fig. 8. Irradiated by the sim-
ulated visible photon energy, excited electrons in the ZnO NRs
were extracted by the rGO bridges and high conductivity of rGO
sheets enable quick charge transfer, thereby prolonging the life-
time of charge carriers and suppressing the recombination. The
photoinduced electrons on ZnO surface and the trapped electrons
on rGO sheets induce redox reaction and degrade the organic pol-



Fig. 8. Schematic and mechanism of photocatalytic degradation using ZnO NR-rGO
nanocomposite hybrids.

K.S. Ranjith et al. / Chemical Engineering Journal 325 (2017) 588–600 597
lutants. Several mechanisms have been proposed to account for the
photocatalytic behavior on the inorganic-organic based photocat-
alytic system [8,9,13,14,37]. We believe that excellent performance
of GZ7.5 can be attributed by the aspects of both the surface inter-
action over the surface adsorbed molecules and the effective trans-
fer of charge carriers. The visible catalytic ability and favorable
higher interaction of rGO on the ZnO NR surface were investigated
by analysing the degradation performance of the colorless 4-
cholorophenol which provides evidences for the excluded dye sen-
sitization effect and denotes the visible catalytic behavior through
the rGO-ZnO nanocomposite formation (Fig. S12).

In general, dye based pollutant degradation mechanism could
be explained by the electron-hole (e-h+) separation between con-
duction and the valance band and the slow recombination rate of
charge carriers in the ZnO system. During photo irradiation, sepa-
rated carriers promoted the production of reactive oxygen species
such as active hydroxyl (OH�) and superoxide (O2) radicals. These
OH and O2 have been considered as oxidative species and usually
determine the degradation of various organic dyes under photo
irradiation. Based on the proposed degradation mechanism, higher
effective charge separation of ZnO NR-rGO nanocomposite suffi-
ciently produces active oxygen radicals which are basically respon-
sible for the degradation of organic dye molecules. Meanwhile, the
rGO supported ZnO NR composite catalysts exhibits higher visible
photocatalytic degradation efficiency than the ZnO NR. This may be
due to separation of efficient carriers on the surface by rGO in the
composite, thus delaying the recombination rate and effectively
producing sufficient amount of O2 species under photo irradiation.
It is already reported that the oxygen radicals are produced as a
result of rGO being grafted on the ZnO under photo irradiation
and availability of sufficient amount of O2 species followed by
OH� production favors effective degradation of organic pollutants.
Therefore, the heterogeneous catalyst ZnO NR-rGO nanocomposite
network exhibits high degradation over organic dyes under visible
light irradiation due to the generation of oxy-radicals on the sur-
face. Further surface interaction of organic pollutants with p-p
conjunction over the aromatic regions of rGO increases the adsorp-
tion rate of dye molecules than the pure ZnO NR surface. And these
adsorbed pollutant molecules were more favorable in terms of
interaction with reactive oxygen species than those in the solution
form. The promoted interfacial electric field between the ZnO NR
and rGO facilitates the separation of electro hole pairs and induced
the faster carrier migration. And to further investigate the degrada-
tion sequence and the by-product formation during the catalytic
process, the degradation of MB dye molecules respective to time
under visible irradiation with ZnO and GZ7.5 were analysed
through the LC–MS measurements. LC–MS spectra (Fig. S13) of
the degraded dye solution with respective to time clearly reveals
the degradation of MB dye molecules without forming any by
products. After the irradiation of 180 min, the toxic dye molecules
in the aqueous solution were completely degraded on using GZ7.5
as the catalyst.

3.4. Cu (II) and Co (II) adsorption

As the ZnO NR-rGO nanocomposite have the ability to adsorb
organic pollutants, their efficiency in effective adsorption to
remove heavy metals and hazardous materials from wastewater
are investigated. ZnO NR and ZnO NR-rGO (GZ7.5) nanocomposites
were employed for the Cu (II) and Co (II) adsorption ability in aque-
ous solution medium. The removal efficiency of the ZnO NR and
ZnO NR-rGO nanocomposite were studied by varying the pH, initial
concentration of the metal ions and contact time. Fig. 9a shows the
effect of pH on the adsorption of Cu (II) and Co (II) ions from aque-
ous solution. The Cu (II) and Co (II) adsorption behavior of ZnO NR
and ZnO NR-rGO nanocomposite was investigated by varying the
pH from 2 to 10 in the adsorbent concentration of 100 mg/L with
initial concentration of adsorbate as 20 mg/L and contact time of
180 min. The results show the adsorption capacity of Cu (II) is
7.1, 21.3, 63.3, 77.1 and 68.5% for ZnO NR in the pH of 2, 4, 6, 8,
10 respectively. For the ZnO NR-rGO (GZ7.5) nanocomposite
bridges the adsorption efficiency was 9.7, 49.7, 96.4, 98.6 and
96.9% for the pH of 2, 4, 6, 8, 10 respectively.

Further investigations were carried out using Co (II) as repre-
sentative. Results revealed that the adsorption percentage of Co
(II) increased from 11.7% to 90.1% on varying the pH from 2 to
10 over the ZnO NR-rGO nanocomposite. The effect of contact time
on the adsorption of metal ions was studied under neutral pH by
adding 10 mg/L of adsorbent and 20.0 mL of sample solution into
special glass stoppered tubes and the experiments were performed
when the contact time varied from 10 to 120 min. Results were
shown in Fig. 9b. It is evident that the adsorption of metal ions
on ZnO NR-rGO nanocomposite is initially very fast (Fig. S14). In
the present work, 120 min was selected as the contact time to
ensure equilibrium. Sorption kinetics is an important aspect for
defining the adsorption efficiency and is expressed in terms of
the rate of solute removal that controls the residence time of the
adsorbate in the solid-solution interface [38]. The kinetics of the
removal of Cu (II) and Co (II) ions was determined in order to
understand the adsorption behavior of the GZ composites.
Fig. S15 shows the adsorption data of Cu and Co ions by GZ com-
posites at different time intervals. And the adsorption rate over
the heavy metal ions was high as compared to the dye molecules
over the ZnO NR and GZ7.5 nanocomposites (Fig. S16).

The kinetic data for the sorbent were fitted to a pseudo-first and
second-order kinetic model and the calculated parameters from
two kinetic models were listed in Table S1. The pseudo-second-
order equation provides better correlation coefficient and agree-
ment between calculated qe values. The results indicate that Cu
(II) and Co (II) uptake onto GZ composites are favorable by the
pseudo-second-order kinetic model and it reveals that the chemi-
cal adsorption can be well described with the pseudo-second-order
kinetic model (Fig. S15b) [39].

3.5. Adsorption isotherms

The equilibrium adsorption isotherm was investigated in order
to describe the interactive behavior between adsorbate and adsor-
bent, and also for designing adsorption systems [40]. Adsorption
data were studied by Langmuir and Freundlich isotherm models



Fig. 9. (a) Effect of solution pH on the adsorption (Dosage of adsorbent = 10 mg,
concentration of metal ions = 10 mg/L, contact time = 120 min.) (b) Effect of contact
time on the adsorption of Cu (II), and Co (III) onto ZnO NR and GZ7.5 composites.
(Dosage of adsorbent = 10 mg, concentration of metal ions = 10 mg/L, pH = 6.0).

Table 1
Comparison of maximum adsorption capacities (mg/g) with various adsorbents for Cu
(II) and Co (II).

Absorbents Cu (II)
mg/g-1

Co (II)
mg/g-1

Ref

Nanometer TiO2 26.50 [44]
Kaolin 0.76 0.919 [45,46]
Functionalized MWCNT 6.64 [47]
Amine functionalize magnetic nano absorbent 12.43 [48]
GO–CS aerogel 25.4 [49]
Amination graphene oxide 116.35 [50]
Magnetite-reduced graphene oxide 0.71 [51]
G-ZnO 37.45 [10]
ZnO NR-rGO nanocomposites 67.39 36.35 This work

598 K.S. Ranjith et al. / Chemical Engineering Journal 325 (2017) 588–600
when the initial metal ion concentrations ranged from 10 to
100 mg/L. The results obtained from the two adsorption isotherms
are shown in Table S2. By comparing the R2 values of both models,
the Langmuir model was seen to fit the experimental data better,
suggesting monolayer adsorption of Cu (II), and Co (II) onto the
surface of the ZnO NR-rGO nanocomposite. Furthermore, the val-
ues of the dimensionless parameter, RL, are between 0.0812 and
0.792 (0 < RL < 1), which is consistent with the requirement for a
favorable adsorption process [41]. The mapping and EDAX results
reveal that the presence of Cu and Co ions over the GZ composite
after adsorption concluded the adsorption of metal ions over the
composite surface (Fig. S18). Mapping results from the Fig. S18
reveals the presence of Cu over the ZnO, indicating that the ZnO
can absorb the Cu ions and while grafting the rGO with ZnO
enhances the Cu metal ion absorption. This may be due to the
strong electronegativity of Cu2+ ion that can bond with O atom
over the ZnO nanostructures [42]. But this trend was not observed
with the Co metal ions, and in this case, rGO plays the sole role for
the adsorption process. We could see the extent of metal adsorp-
tion from the elemental distribution/mapping of Co and Cu over
the ZnO NR-rGO nanocomposite, which proves the metal removal
capability. The comparison of the maximum adsorption capacity
of Cu (II), and Co (II) with various adsorbents is listed in
Table S2. It can be seen that ZnO NR-rGO nanocomposite have a
relatively large adsorption capacity of 67.399 and 36.354 mg/g
for Cu (II) and Co (II) respectively, indicating that ZnO NR-rGO
nanocomposite is a potential material for removal of Cu (II) and
Co (II) from aqueous solutions. The Freundlich constant n is found
to be greater than 1 which is a favorable condition for adsorption
[43]. The maximum adsorption efficiency (Qo) observed based on
Langmuir model was 67.399 mg/g for the ZnO NR-rGO nanocom-
posite with the correlation coefficient (R2) of 0.9872 as shown in
Fig. S17. Data fitted with Freundlich isotherm and the values of
adsorption isotherm constants 1/n and R2 are 0.1413 and 0.9083
respectively and the empirical parameter 1/n value is in the range
0.1 < 1/n < 1 which confirms that the adsorption process is favour-
able [43].

The Freundlich isotherm is favourable for adsorption of Cu(II)
and Co(II) ions from aqueous solution by ZnO NR-rGO nanocom-
posite and confirms their good heterogeneous adsorption capacity.
The Cu (II) and Co (II) removal capacity of the ZnO NR-rGO
nanocomposite was higher than that of the reported values as pre-
sented in Table 1. Interestingly, on coupling the heavy metal
adsorption and degradation of dye molecules under visible irradi-
ation, the heavy metal adsorbed catalysts exhibited pronounced
degradation performance which is 1.7 times faster than the cat-
alytic activity without the heavy metal ions (Fig. S19). The
adsorbed heavy metal ions on the catalyst surface favour the effec-
tive photo generated carrier separation rate which enhanced the
production of reactive oxygen species and fastened the degrada-
tion rate. The coupling effect of heavy metal adsorption and pho-
todegradation properties and their advantage over the effective
carrier separation will be further investigated in our future works.
The ZnO NR-rGO nanocomposite provides large adsorption sites
due to their high specific surface area and the rGO exhibits the high
adsorption capacity due to the p-p interaction with the metal ions.
Therefore, the adsorption capacities were relatively more and Cu
(II) and Co (II) ions were easily adsorbed on the surface of the
nanocomposites.

4. Conclusion

In summary, we successfully synthesized 1D ZnO NRs immobi-
lized on rGO via hydrothermal process via anchoring ZnO NRs on
rGO as an efficient catalyst for degradation and heavy metal
adsorption. The reduction of GO during the hydrothermal process
provided excellent dispersion in solution, thereby enabling uni-
form attachment of ZnO NRs along with their 1D axis without
restacking of rGO. The unique attachment of the composite forma-
tion exhibited high catalytic degradation efficiency under visible
light irradiation and stable dye and heavy metal adsorptive behav-
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ior compared to ZnO NRs. This was mainly attributed to (i)
improved bifunctional catalytic activity; (ii) facile electron trans-
port via rGO connected parallel with elongated 1D ZnO NRs; (iii)
the high surface area of both rGO and ZnO NRs. Our synthesis strat-
egy can be applied to diverse combinations using various types of
catalytic metal oxides with reduced form of 2D GO. The unique
morphological nature and complementary properties of the 1D
metal oxide/2D carbon can open up new nanocomposite building
blocks to develop highly efficient catalysts.
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