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H I G H L I G H T S

• A new one-step approach yields ZnO/
rGO hybrids with in-situ formation of
heterojunctions.

• Ethanolamine used to mineralize the
ZnO precursor and also facilitates the
reduction GO in-situ.

• The ZnO/rGO heterojunctions show
improved photo catalytic activity
under solar light illumination.

• Plausible photo catalysis mechanism
has been proposed.
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A B S T R A C T

Herein, we present a facile hydrothermal route for the preparation of hierarchical mesoporous zinc oxide (ZnO)
and reduced graphene oxide-zinc oxide (ZnOrGO) composites for degradation of organic pollutants from natural
water resources. Morphologies of the as-synthesized materials were carried out by electron microscopy in
scanning and transmission modes. Thermal stability of the as-prepared products was characterised by thermo-
gravimetric-differential thermal analysis. Crystal structure and phase purity of the materials was characterised
by powder x-ray diffraction, micro-Raman, and X-ray photoelectron spectroscopy analysis. Optical properties of
the as-prepared materials were investigated by ultra violet-diffused reflectance and photoluminescence spec-
troscopy analysis. Photocatalytic activity of the as-prepared materials was estimated by evaluating the de-
gradation kinetics of methylene blue (MB) dye in aqueous solution under standard solar light illumination. The
calculated rate constant of the ZnrGO is found to be ∼2.831 h−1 which is ∼6.3 times higher than the estimated
rate constant of the as-prepared pristine ZnO (0.455 h−1). The exceptional photocatalytic activity of the as-
prepared ZnrGO composites is attributed to the account of their synergetic effect, porous structure, and effective
separation of charge carriers. Finally, based on the obtained experimental results viable photocatalytic me-
chanism has been proposed.
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1. Introduction

Increasing worldwide contamination of water resources has become
one of the major environmental problems facing humanity [1]. Of all
water impurities, organic dyes are one of the most important pollutants
initiating a discrepancy to the environment, as it gets stored and moved
through various organisms and/or along the food chain [2]. Therefore,
removal of such toxic pollutants from water sources remains a major
challenge that needs to urgently address. Over the years several tech-
niques have been proposed to reduce the pollution growth such as
adsorption, precipitation, reverse osmosis, just transfer the pollutants
from toxic phase to another non-toxic phase and photocatalysis [3–5].

To date, photocatalysis based on metal oxide semiconductors such
as TiO2, ZnO, NiO, In2O3, α-Fe2O3, etc. have become a promising
strategy for the degradation of organic pollutants [6–10]. In general,
photocatalysis reactions are usually instigated through light energy,
which is higher than the energy gap (Eg > hν) of the photocatalyst
[11]. The incident photon generates e-h (electron-hole) pairs on the
surface of the photocatalyst, which is transforming noxious organic
impurities into nontoxic by-products through chemical reduction-oxi-
dization kinetics process. The final outcome of the photocatalysis re-
action is generally CO2 and H2O. Among extensive photocatalytically
active materials, ZnO is an imperative wide direct bandgap semi-
conductor (Eg ∼3.37 eV) with large exciton binding energy (60meV) at
room temperature and usually exhibits a hexagonal wurtzite crystal
structure [12]. ZnO has received significant attention in various fields
of science & technology particularly as a photocatalyst, owing to its
fascinating characteristics such as optical transparency, nontoxicity,
electrochemical activity and biocompatibility [13,14]. However, pro-
ficiency of ZnO photocatalyst has met limited success because of its
high recombination rate of e-h pairs, high photo-corrosion, and large
bandgap (Eg > 3 eV) which can absorb less than 5% of total solar light
[15].

At present, several research efforts have been devoted to improve
the efficiency of ZnO employing various approaches such as, doping,
alloying with metallic elements such as gold [16], silver [17], platinum
[18], nickel [19], vanadium [20], incorporation non-metal species like
nitrogen [21], fluorine [22], sulphur [23] and addition of narrow
bandgap semiconducting materials like Si [24], In2S3 [25], CdSe [26].
For example, Zou et al. prepared heterogeneous lollipop-like V2O5/ZnO
array and established their utility as a promising visible light photo-
catalytic material by decomposing 2,6-dichlorophenol (2,6-DCP) [27].
Sunita et al. successfully demonstrated the bandgap engineering of ZnO
through Ag2S sensitizer and the resultant material showed enhanced
photocatalytic degradation in comparison to pristine ZnO [28].

Recently, the incorporation of carbon composites like carbon na-
notube [29], graphene [30] is considered an effective method to im-
prove the photocatalytic efficiency and to address the photo-corrosion
of the photocatalyst [31]. rGO has been incorporated into several metal
oxides and the resultant composites were successfully demonstrated as
an effective photocatalyst, because of its improved charge transfer at
the interface between the metal oxide and rGO, high surface area, and
good adsorption capability [32]. For instance, Luo et. al prepared rGO
incorporated hierarchical ZnO hollow sphere for degradation of me-
thylene blue. The ZnO/rGO composites showed ∼67% enhanced
photo-degradation efficiency compared to pristine ZnO hollow spheres
[33].

In continuation of those great efforts, herein, we report a facile
hydrothermal route for the preparation of hierarchical mesoporous ZnO
nanoflower like architecture and ZnOrGO composites for photocatalytic
degradation of methylene blue (MB) dye. Firstly, graphene oxide (GO)
was prepared by modified Hummer's method. The ZnOrGO composites
were prepared under hydrothermal condition by using zinc acetate
dihydrate as the metal precursor, ethanolamine as an organic Lewis
base, and water as the reaction medium. The ethanolamine was used to
mineralize the ZnO from water-soluble zinc acetate dihydrate at the

same time it also facilitates the reduction of graphene oxide and their
assembly to generate ZnOrGO composites in-situ. To optimize the pho-
tocatalysis characteristics different weight percentage of rGO were in-
corporated with ZnO and the final products are named as ZnOrGO-1,
ZnOrGO-2, and ZnOrGO-3. The as-prepared pristine ZnO and ZnOrGO hy-
brids were used for degradation of methylene blue (MB) dye in aqueous
solution under standard solar light illumination. The results imply that
ZnOrGO composites reveal ∼6.3 times enhancement in degradation
constant in comparison to pristine ZnO. The PL peak of ZnOrGO com-
posites is much more reduced when compared to pristine ZnO, signifies
that the rGO greatly improves photoinduced charge-transfer efficiency
and electron-transfer rate which resulting in the superior photocatalytic
activity of the ZnOrGO composites.

2. Experimental section

2.1. Chemicals

Graphite flakes (+100 mesh), sulfuric acid (H2SO4), nitric acid
(HNO3), zinc acetate dihydrate (Zn(CH3COO)2·2H2O), and ethanola-
mine (NH2CH2CH2OH) were purchased from Sigma-Aldrich Chemical
Co. All chemicals are analytical reagent (AR) grade and used without
any further purification. Deionised water was used throughout the ex-
periment.

2.2. Preparation of zinc oxide flowers

In a typical synthesis procedure, 0.44 g of zinc acetate dihydrate
was dissolved in 50mL of water followed by the drop by drop addition
of 2mL of ethanolamine under constant magnetic stirring. The final
reaction mixture transferred to the Teflon lined stainless steel autoclave
and heated to 150 °C in a programmable oven at the heating rate of
10 °C/min and maintained at that temperature for 12 h. After, the re-
action time, the Teflon autoclave was oven cooled. The white coloured
ZnO powder was separated from the solution, washed several times
with deionised water and ethanol to remove the residual impurities.

2.3. Preparation of zinc oxide-reduced graphene oxide hybrids

Firstly, graphene oxide (GO) was prepared by oxidation of natural
graphite powder following modified Hummer's method [34], as de-
scribed briefly in the supporting information. In a typical (Scheme 1)
synthesis procedure of ZnOrGO-1, 0.42 g of zinc acetate dihydrate and
8mL (∼1mg/mL) of as-prepared graphene oxide were ultrasonically
dispersed in 30mL of water flowed by the slow addition of 2mL of
ethanolamine. The resulting final mixture was transferred to a Teflon-
lined autoclave and maintained at 150 °C for 12 h. After natural cooling
to room temperature, the as-synthesized products were washed thor-
oughly with distilled water, ethanol and acetone to remove the residual
impurities. The other ZnOrGO composites were prepared by employing
similar protocols, except varying the weight ratio of zinc acetate di-
hydrate and graphene oxide. The detailed reaction conditions are
summarized in Table 1.

2.4. Details and experimental procedure for photocatalytic studies

In a typical photocatalytic reaction, 50mg of as-prepared photo-
catalytic material was ultrasonically dispersed in a 50mL of aqueous
methylene blue (MB) (1×10−4 M) in a quartz reactor. The solution
was magnetically stirred for 60min in dark to saturate adsorption/
desorption of MB solution on a catalyst. After 30min of stirring, the
solution was irradiated with UV-Vis light (300W Mercury-Xenon lamp)
accompanied by proper stirring to ensure uniform exposure of the
suspension throughout the process. The reactor temperature is main-
tained low by circulating cold water.
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3. Results and discussion

3.1. Morphological analysis

Morphologies of the as-prepared materials were carried out by field
emission scanning electron microscopy (FESEM), transmission electron
microscopy (TEM) along with selected area electron diffraction (SAED)
and high-resolution transmission electron microscopy (HR-TEM). Fig. 1
illustrates the FESEM images of the as-prepared ZnO nanostructure and
rGO incorporated ZnO hybrids at different magnifications. The FESEM
image in Fig. 1a demonstrates the panoramic view of the as-prepared
material. The low magnified FESEM image clearly shows the well-de-
fined flower-like architectures with an average diameter of size ∼2 μm.
The higher magnified FESEM image in Fig. 1b indicating that each
flower like architecture is the construction of numerous spindles which
are radiating from centre core of the material. Interestingly, each
spindle is the assembly of several nanoparticles with an average dia-
meter of size ∼25 nm (Fig. SI-1). Further, higher magnification image
in Fig. 1c reveals hierarchical and porous nature of the as-prepared
materials. Fig. 1(d-f) shows the FESEM images of the ZnO/rGO com-
posites at different magnifications. The low magnified image in Fig. 1d
illustrates that the ZnO flowers are successfully incorporated into rGO
nanosheets. Furthermore, the higher magnified images in Fig. 1(e, f)
reveals the crumpled graphene sheets with many wrinkles and folds
along with numerous ZnO flowers.

The TEM micrograph in Fig. 2a evidently shows numerous ZnO

flowers located on the surface of the two-dimensional rGO nanosheets.
As shown in higher magnified image (Fig. 2b) the several ZnO flowers
are inter-connected by the rGO nanosheets. The SAED pattern in Fig. 2c
shows the diffraction pattern along with distinct the Laue spots speci-
fying the high crystalline quality of the as-prepared material. The ob-
tained diffraction rings could be indexed to (100), (101) and (102)
planes of the wurtzite ZnO crystal structure. The HR-TEM image in
Fig. 2d shows clear two-dimensional lattice fringes with an inter
planner spacing of ∼0.28 nm, corresponding to the {100} lattice dis-
tance of wurtzite ZnO.

3.2. Powder X-ray diffraction

The crystal structure and phase purity of the as-prepared products
were characterised by powder X-ray diffraction analysis (Fig. 3). The
diffraction pattern in Fig. 3a at 2θ values of 31.80°, 34.41°, 36.21°,
47.52°, 56.53°, 62.74°, 67.80°, 69.11° could be assigned to (100), (002),
(101), (102), (110), (103), (112), and (201) planes of the wurtzite ZnO
crystal structure with the space group of P63 mc (186) (JCPDS card no.
36–1451) [33,35]. The calculated lattice parameters of the as-prepared
ZnO is ∼a=b=0.325 nm and c= 0.521 nm, which is in good
agreement with the reported value of ZnO. Further, the crystallite size
of the as-prepared ZnO flower was estimated by the full width at half
maximum of the X-ray diffraction pattern using the Scherrer's formula
[36]. The average crystallite size of the ZnO flower is ∼20 nm. The
high intense diffraction pattern signifies the high crystalline nature of
the material. The diffraction pattern of the as-prepared graphene oxide
in Fig. 3b shows a sharp diffraction peak ∼11.5°, corresponding to a
layer-to-layer spacing of 0.75 nm, which is higher than the actual d-
spacing of pristine graphite (0.334 nm) indicating the hydration and
exfoliation of GO [37]. After hydrothermal reduction, the graphene
oxide diffraction peak (d001) at ∼11.5° (Fig. 3(c-e)) is completely dis-
appeared indicating that the ordered crystallographic orientation of
graphene may have been lost leading to a random packing of graphene
sheets. The other diffraction peaks in Fig. 3(c-e) are due to the wurtzite
ZnO crystal structure. No other diffraction patterns were observed in
the composites indicating the phase pure formation of ZnOrGO hybrids.

Scheme 1. Representative illustration summing up the synthesis procedure of mesoporous ZnO flowers and reduced graphene oxide - ZnO flowers composites.

Table 1
The reaction parameters for the preparation of the different zinc oxide-reduced
graphene oxide hybrids.

S.No Material Zinc acetate
dihydrate (g)

Graphene oxide (mL)
(∼1 mg/1mL)

Ethanolamine (mL)

1. ZnO 0.44 – 2
2. ZnOrGO1 0.42 8 2
3. ZnOrGO2 0.41 10 2
4. ZnOrGO3 0.40 12.5 2
5. ZnOrGO3 0.38 15 2
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Fig. 1. Field emission scanning electron microscope images of the as-prepared zinc oxide flowers and zinc oxide –reduced graphene oxide composite at different
magnifications: (a–c) ZnO flowers, and (d–f) ZnOrGO-3 composites.

Fig. 2. Transmission emission scanning electron mi-
crographs of as prepared zinc oxide–reduced gra-
phene oxide composite. (a, b) low and high magni-
fied TEM image of as the as prepared ZnOrGO-3

composite, (c, d) corresponding selected area elec-
tron diffraction pattern and high resolution trans-
mission electron microscopy images.
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3.3. Micro-Raman spectroscopy

Further, the crystal structure and phase purity of the as-synthesized
materials were characterised by micro-Raman spectroscopy analysis.
The group theory predicts the wurtzite type ZnO shows the following
optical phonon modes Γ=A1 + 2B1 + E1 + 2E2 [38]. The A1 and E1
are polar, hence possess transverse-optical (TO) and longitudinal-op-
tical (LO) phonon modes [39]. The B1 is a silent mode in Raman scat-
tering. The E2 modes are non-polar and exhibits in two forms, namely,
E2high and E2low optical phonon modes which are related to the motion
of oxygen atoms in zinc sublattice [40]. The Raman band at
∼333 cm−1 could be assigned to E2(high)-E2(low) which is due to a
second order mode produced by the multi-phonon scattering (Fig. 4b).
The shift ∼383 cm−1 and ∼574 cm−1 are ascribed to the A1

(TO) and
A1

(LO) modes. The Raman shift ∼441 cm−1 is due to E2high mode
characterise the wurtzite crystal structure of ZnO. The sharp and high
intense peak indicates the good crystallinity of the obtained ZnO flower
[41]. The Raman spectra of the as-prepared graphene oxide in Fig. 4a
display two prominent Raman bands ∼1350 cm−1 and ∼1600 cm−1

corresponding to the well-defined D and G bands of the graphitic ma-
terial [42,43]. In general, the defective structure of the graphitic ma-
terial is identified by the peak intensity ratio of D (ID) and G (IG) bands.
The calculated ID/IG values of GO, ZnOrGO-1, ZnOrGO-2, and ZnOrGO-3 are
∼0.9848, ∼1.0071, ∼1.0139 and ∼1.0165 respectively. The increase
in the ratio of ID/IG values indicating that the formation of more dis-
ordered and defective carbon materials during the hydrothermal re-
duction process [44].

3.4. Thermo-gravimetric analysis

Thermal stability of the as-prepared ZnO and ZnOrGO hybrids were
studied by thermogravimetric analysis (TGA) (Fig. 5) from room tem-
perature to 800 °C at the heating rate of 5 °C/min under atmospheric air
condition. The TGA profile of as-prepared ZnO flower in Fig. 5a shows
the two steps of weight reduction. The initial weight loss between room
temperature to 120 °C is due to the elimination of absorbed water

molecules/bound OH groups from the surface of the material. The
second weight loss from 120 °C to 300 °C is due to eviction of residual
ethanolamine which was used during the hydrothermal process. How-
ever, the weight loss is significantly low (∼1.3%) indicating high
thermal stability of the as-synthesized material. The TGA curves of the
as-prepared ZnOrGO composites in Fig. 5(b-d) show three steps of
weight losses. The initial weight loss from room temperature to 120 °C
is due to desorption of surface bound water. The second weight loss up
to 250 °C is due to the removal of residual ethanolamine molecules and
other organic functional groups which was used during the synthesis
process. The third and final weight loss from 250 °C to 450 °C could be
ascribed to the elimination of carbon molecules from the backbone of
the graphene structure. On the basis of TGA analysis, the incorporated
weight% of rGO in ZnOrGO-1, ZnOrGO-2, ZnOrGO-3 composites are
∼3.6 wt%, ∼5.2 wt %, and ∼7.7 wt% respectively.

Fig. 3. Powder X-ray diffraction pattern of the as-prepared (a) zinc oxide
flowers; (b) graphene oxide, (c) ZnOrGO-1, (d) ZnOrGO-2 and (e) ZnOrGO-3

composites.

Fig. 4. Micro-Raman spectroscopy analysis of as-prepared (a) graphene oxide,
(b) zinc oxide flowers, (c) ZnOrGO-1, (d) ZnOrGO-2 and (e) ZnOrGO-3 composites.

Fig. 5. Thermal stability studies: Thermogravimetric analysis of the as-pre-
pared materials carried out at oxygen environment from room temperature to
800 °C at a scan rate of 5 °C/min. (a) as-prepared ZnO flowers, (b) ZnOrGO-1, (c)
ZnOrGO-2 and (d) ZnOrGO-3 composites.
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3.5. Ultra violet-diffused reflectance spectroscopy analysis

The optical band gap of the as-prepared ZnO flowers and ZnOrGO

composites were investigated by using ultraviolet-visible diffuse re-
flectance spectroscopy analysis. The UV-DRS spectra were recorded in
the % absorption mode between 300 and 800 nm. As shown in Fig. SI-5,
all the as-prepared products show sharp absorption ‘cut off’ frequency
∼400 nm. The calculated band gap of the as-prepared materials are Eg
∼3.25 eV which is exactly matched with the reported value of ZnO
[45]. Further, ZnOrGO composites show another broader absorption
edge at higher wavelength region ranging from 400 to 800 nm, which is
in agreement with the colour change of the as-prepared products from
white to black. The incorporation of rGO increasing the light absorption
properties of ZnOrGO composites. This could be possibly due to the
formation of Zn-O-C bonds between the interface of ZnO and rGO and
enhanced surface electric charge in ZnOrGO composites [46,47]. The
optical band gap energy of the as-prepared materials was estimated by
using the Tauc plot (Fig. SI-5b). The calculated band gap of the as-
prepared pristine ZnO nanoflowers and ZnOrGO-1, ZnOrGO-2, ZnOrGO-3

are ∼3.25 eV, ∼3.15 eV, ∼3. 12 eV and ∼3.1 eV respectively.

3.6. X-ray photoelectron spectroscopy analysis

The X-ray photoelectron spectroscopy analyses (Fig. 6) of as-syn-
thesized ZnO flower and ZnOrGO-3 hybrids were investigated to identify
the chemical state and elemental compositions of the material. The
survey spectra (Fig. 6a) clearly shows the photoelectron peaks of Zn, O
and C. The additional photoelectron peaks are due to O and Zn Auger
features. Fig. 6b shows the core level XPS spectrum of the as-synthe-
sized ZnO and ZnOrGO-3 in Zn2p region. The high-resolution spectrum
reveals the Zn 2p3/2 at ∼1024 eV and Zn 2p1/2 at ∼1047 eV, which

clearly demonstrates that zinc species are in its normal oxidation state
of Zn2+ in ZnO [48,49]. Fig. 6c shows core level spectra of oxygen in
O1s region, which are deconvoluted into four peaks. The peaks ob-
served at ∼530.2 eV can be assigned to lattice oxygen in crystalline
zinc oxide. The peak at ∼531.4 eV is due to chemisorbed oxygen spe-
cies initiated by surface hydroxyl groups and a small peak at∼532.7 eV
could be assigned from contributions of adsorbed molecular oxygen
[50]. The core level spectrum of carbon in C 1s region (Fig. 6d) was
deconvoluted into three peaks, which are corresponding to C atoms in
several characteristic functional groups such as C–C (284.6eV), C–O
(hydroxyl/epoxy groups, 286.6 eV) and C-O (287.7 eV).

3.7. Surface area and pore size distribution analysis

Surface area and pore size distribution of the as-prepared materials
were investigated through the nitrogen adsorption-desorption isotherm
analysis at liquid nitrogen temperature. As shown in Fig. SI-6 the as-
synthesized ZnO flowers and ZnOrGO-1 composite exhibits typical type-
III isotherms and ZnOrGO-2 and ZnOrGO-3 composites possess type-IV
isotherms conferring to the IUPAC classification [51]. The earlier two
isotherms indicate weak interaction, whereas, the latter two isotherms
suggest the strong interaction between the adsorbate and adsorbent.
The hysteresis loop, with its relative pressure in the range of 0.3–0.8
and 0.8 to 1.0, is attributed to mesoporous and macroporous of the as-
prepared materials [52]. The BET (Brunauer-Emmett-Teller) specific
surface area of the as-synthesized ZnO flowers, ZnOrGO-1, ZnOrGO-2, and
ZnOrGO-3 composites are found to be ∼9.8m2 g−1, 19.2 m2 g−1,
41.3 m2 g−1 and 88.5 m2 g−1, which are relatively high and assists as
an imperative feature for enhancing the photocatalytic activity. The
higher surface area with porous structure provides more catalytic active
sites for the improved photochemical reaction.

Fig. 6. X-ray photoelectron spectra of the as prepared ZnO flowers and ZnOrGO-3 composite. (a) survey spectra; high resolution core level spectra of (b) Zn2p; (c) O1s
and (d) C1s.
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3.8. Photocatalytic degradation of organic pollutants

The photocatalytic activity of the as-prepared materials were eval-
uated by investigating the degradation of methylene blue (MB) solution
as a demonstrative organic pollutant under standard solar light illu-
mination. Prior to light illumination, 50 mg of the as-prepared photo-
catalyst was dispersed in MB solution (initial concentration, 50mg.
L−1, 50mL) under ultra-sonication for 15min and then the total solu-
tion was magnetically stirred in dark condition for 60min to reach the
adsorption-desorption equilibrium of MB on the surface of the photo-
catalysts. At regular time interval, 1.5 mL of aqueous MB solution was
collected from the reactor, centrifuged 3 times in order to remove the
photocatalyst from aqueous MB solution and then the UV-vis absorption
was employed. Prior to each photocatalytic experimentation, a blank
reaction (without photocatalyst) was carried out under similar experi-
mental conditions for comparative evaluation. The rate of degradation
of MB solution was examined by noticing the distinctive absorption
peak of MB at 650 nm.

Fig. 7 illustrates the time-resolved UV-vis absorption spectrum of
the aqueous MB solution. The representative absorption peak of MB at
650 nm gradually decreases with increasing light irradiation time in-
dicating the degradation of MB. As observed in Fig. 7a the pristine ZnO
flowers almost disappear the characteristic MB peak after 3.5 h of light
irradiation. The ZnOrGO-1 (Fig. 7b) photocatalyst takes almost 2.5 h,
whereas, the ZnOrGO-2 (Fig. 7c) and ZnOrGO-3 (Fig. 7d) composites take
only 2 h for complete degradation of MB under standard solar light il-
lumination.

Fig. 8a illustrates the normalized time-dependent photocatalytic
degradation of MB solution. The degradation profile is plotted as C/C0

versus time, where C0 is an original concentration of MB and C is a
concentration of MB at particular irradiation time (t in h). The bar plot
in Fig. 8b depicts a comparison of the photo-degradation efficiency of
all the as-prepared photocatalysts. The first blank reaction i.e. without

photocatalyst but in the presence of light irradiation shows 12% de-
gradation of MB. Another blank reaction i.e. with photocatalyst but in
the dark conditions show hardly any degradation of MB. The as-pre-
pared pristine ZnO flowers show the photocatalytic degradation effi-
ciency of ∼87% after the irradiation time of 3.5 h. The degradation
efficiency of the photocatalyst based on the ZnOrGO-3 hybrid shows a
maximum degradation efficiency of ∼99% at 2 h. Whereas, the de-
gradation efficiency of ZnOrGO-2 and ZnOrGO-1 are 98% at 2 h and 97%
at 2.5 h of irradiation time, respectively.

At significantly low concentration, photo-degradation kinetics of
MB can be approximated to Langmuir-Hinshelwood first order equation
[53]. This can be represented as follows: ln(C0/C)= kt, where k is the
degradation reaction rate constant. Fig. 8c shows the plot of ln(C0/C)
versus reaction time. The apparent rate constants of the as-prepared
photocatalysts towards the degradation of MB were estimated by using
the fitting results. Fig. 8d represents the corresponding degradation rate
constants of the different as-prepared photocatalyst.

The calculated degradation rate constants for pristine ZnO, ZnOrGO-

1, ZnOrGO-2 and ZnOrGO-3 hybrids are found to be 0.455 h−1, 1.487 h−1,
2.502 h−1 and 2.831 h−1 respectively. The higher activation energy of
ZnOrGO-3 signifies the higher photocatalytic efficiency compared to
other as-prepared photocatalysts. The rate constant for ZnOrGO-3 com-
posite is almost ∼6.3 times higher than the rate constant of pristine
ZnO indicating that incorporation of rGO into ZnO matrices effectively
improves the photo-catalytic efficiency of pristine ZnO.

To identify the optimum photocatalyst amount, further, photo-
catalytic degradation of MB was investigated (Fig. 9a) by loading dif-
ferent weight percentages of photocatalyst (25mg, 50mg and 75mg).
The corresponding degradation rate constants (Fig. 9b) for ZnOrGO-

3(25mg), ZnOrGO-3(50mg) and ZnOrGO-3(75mg) are found to be 2.122
h−1, 2.831 h−1 and 3.262 h−1 respectively. As observed in Fig. 9b the
degradation rate constant of MB is reduced by ∼40% when the pho-
tocatalyst amount reduced to 25mg from 50mg. Whereas, the

Fig. 7. UV−visible absorbance spectra depicting the change in concentration of the dye, aqueous methylene blue (MB) solution in the presence of zinc oxide and zinc
oxide-reduced graphene oxide composites under standard solar light irradiation at different light irradiation time. (a) ZnO flowers, (b) ZnOrGO-1, (c) ZnOrGO-2 and (d)
ZnOrGO-3.
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degradation rate constant is increased by 8% when the photocatalyst
amount increased to 75mg from 50mg. The photocatalytic perfor-
mance gradually improved with increasing rGO content (ZnO <
ZnOrGO-1< ZnOrGO-2< ZnOrGO-3> ZnrGO-4) and attain maximum per-
formance for ZnOrGO-3 hybrids and then it decreases (Fig. S7).

This could be attributed to the following reason. Excessive rGO
content may turn into a recombination centre and stimulate the e-h
pairs recombination rate instead of acting as an electron migration path

[54,55] thus reducing the photocatalytic activity. Hence, we consider
that, among all the as-prepared photocatalyst, the one based on ZnrGO-3
(50mg) composite is the excellent photocatalytic material and it is
performed far superior compared to other photocatalysts. Further, the
stability of the ZnrGO-3 was investigated by repeating the photocatalytic
degradation of MB five times and the corresponding results are pro-
vided in Fig. S7. The ZnOrGO-3 composite retains the photocatalytic
performance during repeated photocatalyst, recycle experiment.

Fig. 8. (a) Normalized photocatalytic degradation of methylene blue (MB) solution as a function of time: Degradation of methylene blue (MB) solution (i) under
dark, (ii) under light without any catalyst, (iii) ZnO flowers, (iv) ZnOrGO-1; (v) ZnOrGO-2, (vi) ZnOrGO-3 composites under light illumination. (b) bar plot depicts the
percentage of photo degradation of MB under various as-prepared photocatalyst. (c) Estimation of rate constants from the linear fits to the experimental data of the
as-prepared ZnO flowers, ZnOrGO-1, ZnOrGO-2, ZnOrGO-3 from the linear fits to the experimental data and (d) bar plot represents corresponding rate constants of the
materials.

Fig. 9. (a) Normalized photocatalytic degradation of methylene blue (MB) solution as a function of time under various catalyst loading (inset presents the kinetic
profile), and (b) corresponding rate constants.
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Speciously, the ZnOrGO-3 hybrid is stable under light irradiation and
photocorrosion of pristine ZnO was efficiently inhibited by the in-
corporation of rGO.

3.9. Plausible reason for the enhanced photocatalytic degradation

The photocatalytic degradation characteristics establish that in-
corporating rGO with ZnO flowers has been an effective method to
enhance the MB photocatalytic degradation of as-prepared pristine
ZnO. The higher photocatalytic efficiency of the proposed ZnOrGO based
photocatalyst is ascribed to (i) hierarchical mesoporous nature and high
crystalline quality of the ZnO flowers, (ii) effect of synergy between
ZnO and rGO nanosheets. The widely accepted theory for the metal
oxides based photocatalyst like ZnO is that, under light irradiation, the
excited electrons migrate from the valence band (VB) of ZnO to its
conduction band (CB) and produce the radicals (HO● and O2

●−). The
specific chemical reactions are as follows [56,57].

ZnO + hν → eCB− + hVB+ (1)

hVB+ + H2O → HO− + H+ (2)

hVB+ + OH− → HO● (3)

eCB− + O2 → O2
●− (4)

HO● + MB (pollutant) → Degradation (5)

O2
●− + MB (pollutant) → Degradation (6)

Although the photogenerated e-h pairs are the important factor for
the photocatalytic degradation, the amount of photogenerated e-h pairs
that can involve in the photocatalysis is strongly dependent on the
crystalline quality of the photocatalyst material. As observed from XRD,
Raman analysis, the as-prepared ZnO flowers possess good crystalline
nature. The high crystalline quality of ZnO flowers enhances the gen-
eration of e–h pairs and partially prevents e-h pairs recombination
rates. Further, the highly porous structure and large surface area afford
abundant pathways for the diffusion of aqueous MB, thereby enhancing
the photodegradation kinetics.

The incorporation of rGO into ZnO matrices can effectively improve
the photocatalytic efficiency of the pristine ZnO flowers. This could be
attributed to the following factors: (i) rGO can provide large accessible
surface area to adsorb more MB dye molecules which leads to the faster
photodegradation, (ii) rGO is a zero-bandgap semiconductor with a
work function of −4.42 eV [58], therefore it can absorb more visible
light and enhance the photocatalytic efficiency, (iii) faster electron
transfer and higher charge carrier separation of photo-generated e-h
pairs of ZnO in the hybrids due to its two dimensional π-conjugation
structure [59]. rGO have the ability to accept and transfer the photo-
electrons, this could be explained based on the photoluminescence
studies.

As observed in Fig. 10, the PL spectrum of the ZnOrGO hybrids ex-
hibits a much lower intensity compared to pristine ZnO flowers. This
suggests that the rGO acts as an electron migration path thereby re-
ducing the recombination of photogenerated e-h pairs in ZnO in the
hybrids. Further, the ZnO flowers are entrapped by rGO nanosheets in a
high level and attached to each other very tightly, which offered shorter
pathways for transferring photogenerated electrons that accelerate de-
gradation of MB during photocatalysis reaction. Further, the energy
levels of rGO and ZnO are different from each other and the work
function of rGO is ∼4.42 eV, which is lower than ZnO conduction band
(4.05 eV) (ФrGO<ФZnO). When the ZnO illuminated from the light
source, the electrons are generated in the ZnO conduction band. Under
these conditions, the rGO nanosheet receives several photogenerated
electrons from the neighbouring ZnO flowers and act as an electron
transporter and suppresses the e-h pair recombination effectively
(Scheme 2). The separated e-h pairs react with oxygen and water mo-
lecules as described in equations (1)–(6) leading to the extensive

formation of HO● and O2
●− radicals. These generated radicals react

with the MB and degrade them. Based on these results and discussion,
we conclude that the rGO plays a major role on improving the photo-
catalytic performance of the pristine ZnO, which is attributed to the
synergetic effects between the ZnO flowers and rGO.

4. Conclusion

In summary, ZnO flowers and ZnOrGO composites were prepared
through a facile, surfactant-free hydrothermal route. The morphological
analysis revealed the hierarchical and porous structure of the as-pre-
pared materials. The findings from XRD, Raman and XPS analysis were
revealed the high crystalline quality and phase pure formation of the as-
prepared materials. The as-prepared ZnO and ZnOrGO hybrids were
systematically investigated for degradation of aqueous MB solution
under solar light irradiation. The photocatalysis studies revealed that
rGO incorporation into ZnO directed to an enhanced photocatalytic
degradation of MB. The estimated rate constants for the as-prepared
pristine ZnO, ZnOrGO-1, ZnOrGO-2, ZnOrGO-3 composites were found to be
∼0.455 h−1, 1.487 h−1, 2.502 h−1 and 2.831 h−1. The highest acti-
vation energy of ZnOrGO-3 signifies the higher photocatalytic efficiency
compared to other as-prepared photocatalysts. The MB degradation
efficiency of ZnOrGO-3 composite was ∼6.3 times higher than the de-
gradation efficiency of pristine ZnO flowers. The enhanced photo-
catalytic activity of the ZnOrGO composite is attributed to the high
crystalline quality of as-prepared ZnO, excellent synergetic effect be-
tween rGO and ZnO, fast charge transportation and suppressed e-h pair
recombination rates and more light adsorption. All these factors cou-
pled are coupled together and endowing the enhanced photocatalytic
degradation of MB.
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Preparation of graphene oxide; details of the characterization
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electron microscopic images of the as-prepared, ZnrGO-1; ZnOrGO-2

composites (Fig. SI-2), electron microscopic images of GO (Fig. SI-3);
transmission electron microscope images of the as-prepared ZnrGO-1;
ZnOrGO-2 composites (Fig. SI-4); Ultra violet diffused reflectance spectra
of ZnO and ZnrGO-1; ZnrGO-2; ZnrGO-3 composites (Fig. SI-5); Surface area
analysis of ZnO and ZnrGO-1; ZnrGO-2; ZnrGO-3 composites (Fig. SI-6);
Normalized photocatalytic degradation of methylene blue (MB)

Fig. 10. Photoluminescence (PL) spectra of the as-prepared ZnO and ZnOrGO
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the ZnOrGO-3 photocatalyst (Fig. SI-8); powder X-ray diffraction pattern
of ZnrGO-3 hybrid before and after 5 cycle of photocatalysis reaction
(Fig. SI-9).

Acknowledgments

This work was supported by the National Research Foundation of
Korea (NRF) grant funded by the Korean government
(No.2015R1A4A1041746).

Appendix A. Supplementary data

Supplementary data related to this article can be found at https://
doi.org/10.1016/j.matchemphys.2018.07.046.

References

[1] R.P. Schwarzenbach, B.I. Escher, K. Fenner, T.B. Hofstetter, C.A. Johnson, U. von
Gunten, B. Wehrli, Science 313 (2006) 1072–1077.

[2] A. Shanmugasundaram, P. Basak, S.V. Manorama, MRS Advances, Available on CJO
(2015), https://doi.org/10.1557/adv.2015.23.

[3] M. Wang, J. Ioccozia, L. Sun, C. Lin, Z. Lin, Energy Environ. Sci. 7 (2014)
2182–2202.

[4] M.-X. Zhu, L. Lee, H.-H. Wang, Z. Wang, J. Hazard Mater. 149 (2007) 735–741.
[5] E. Kamaraj, S. Somasundaram, K. Balasubraman, M.P. Eswaran,

R. Muthuramalingam, S. Parka, Appl. Surf. Sci. 433 (2018) 206–212.
[6] J. Schneider, M. Matsuoka, M. Takeuchi, J. Zhang, Y. Horiuchi, M. Anpo,

D.W. Bahnemann, Chem. Rev. 114 (2014) 9919–9986.
[7] E. Filippo, C. Carlucci, A.L. Capodilupo, P. Perulli, F. Conciauro, G.A. Corrente,

G. Giglibd, G. Ciccarell, Appl. Surf. Sci. 331 (2015) 292–298.
[8] D. Shao, H. Sun, J. Gao, G. Xin, A. Anthony, M. Yao, T. Koratkar, N. Lian, J. Sawyer,

S. Flexible, Nanoscale 6 (2014) 13630–13636.
[9] A. Shanmugasundaram, P. Basak, S.V. Manorama, B. Krishna, S. Sanyadanam, ACS

Appl. Mater. Interfaces 7 (2015) 7679–7689.
[10] R. Rameshbabu, N. Kumar, A. Karthigeyan, B. Neppolian, Mater. Chem. Phys. 181

(2016) 106–115.
[11] O. Carp, C.L. Huisman, A. Reller, Prog. Solid State Chem. 32 (2004) 33–177.
[12] S. Maiti, S. Pal, K.K. Chattopadhyay, CrystEngComm 17 (2015) 9264–9295.
[13] D. Chen, Z. Wang, T. Ren, H. Ding, W. Yao, R. Zong, Y. Zhu, J. Phys. Chem. C 118

(2014) 15300–15307.
[14] P.V. Kamat, Chem. Rev. 93 (1993) 267–300.
[15] J. Miao, H.B. Yang, S.Y. Khoo, B. Liu, Nanoscale 5 (2013) 11118–11124.
[16] D.M. Fragua, R. Abargues, P.J. Rodriguez-Canto, J.F. Sanchez-Royo, S. Agouram,

J.P. Martinez-Pastor, Adv. Mater. Interfaces 2 (2015) 1500156.
[17] P. Fageria, S. Gangopadhyay, S. Pande, RSC Adv. 4 (2014) 24962–24972.
[18] A.D. Mauro, M. Zimbone, M. Scuderi, G. Nicotra, M.E. Fragalà, G. Impellizzeri,

Nanoscale Res. Lett. 10 (2015) 484.
[19] J. Zhao, L. Wang, X. Yan, Y. Yang, Y. Lei, J. Zhou, Y. Huang, Y. Gu, Y. Zhang, Mater.

Res. Bull. 46 (2011) 1207–1210.
[20] R. Slama, F. Ghribi, A. Houas, C. Barthou, L. El Mir, Thin Solid Films 519 (2011)

5792–5795.
[21] X. Yang, A. Wolcott, G. Wang, A. Sobo, R.C. Fitzmorris, F. Qian, J.Z. Zhang, Y. Li,

Nano Lett. 9 (2009) 2331–2336.
[22] M.W. Kadia, D. McKinney, R.M. Mohamed, I.A. Mkhalid, W. Sigmund, Ceram. Int.

42 (2016) 4672–4678.
[23] G. Shen, J.H. Cho, J.K. Yoo, G.-C. Yi, C.J. Lee, J. Phys. Chem. B 109 (2005)

5491–5496.
[24] T. Reimer, I. Paulowicz, R. Röder, S. Kaps, O. Lupan, S. Chemnitz, W. Benecke,

C. Ronning, R. Adelung, Y.K. Mishra, ACS Appl. Mater. Interfaces 6 (2014)
7806–7815.

[25] S. Khanchandani, S. Kundu, A. Patra, A.K. Ganguli, J. Phys. Chem. C 117 (2013)
5558–5567.

[26] X.W. Wang, L.C. Yin, G. Liu, L.Z. Wang, R. Saito, G.Q. Lu, H.-M. Cheng, Energy
Environ. Sci. 4 (2011) 3976–3979.

[27] C.W. Zou, Y.F. Rao, A. Alyamani, W. Chu, M.J. Chen, D.A. Patterson, E. A. C,
Langmuir 26 (2010) 11615–11620.

[28] S. Khanchandani, P.K. Srivastava, S. Kumar, S. Ghosh, A.K. Ganguli, Inorg. Chem.

Scheme 2. Representative physical model illustrating the methylene blue degradation mechanism.

A. Shanmugasundaram et al. Materials Chemistry and Physics 218 (2018) 218–228

227

https://doi.org/10.1016/j.matchemphys.2018.07.046
https://doi.org/10.1016/j.matchemphys.2018.07.046
http://refhub.elsevier.com/S0254-0584(18)30637-0/sref1
http://refhub.elsevier.com/S0254-0584(18)30637-0/sref1
https://doi.org/10.1557/adv.2015.23
http://refhub.elsevier.com/S0254-0584(18)30637-0/sref3
http://refhub.elsevier.com/S0254-0584(18)30637-0/sref3
http://refhub.elsevier.com/S0254-0584(18)30637-0/sref4
http://refhub.elsevier.com/S0254-0584(18)30637-0/sref5
http://refhub.elsevier.com/S0254-0584(18)30637-0/sref5
http://refhub.elsevier.com/S0254-0584(18)30637-0/sref6
http://refhub.elsevier.com/S0254-0584(18)30637-0/sref6
http://refhub.elsevier.com/S0254-0584(18)30637-0/sref7
http://refhub.elsevier.com/S0254-0584(18)30637-0/sref7
http://refhub.elsevier.com/S0254-0584(18)30637-0/sref8
http://refhub.elsevier.com/S0254-0584(18)30637-0/sref8
http://refhub.elsevier.com/S0254-0584(18)30637-0/sref9
http://refhub.elsevier.com/S0254-0584(18)30637-0/sref9
http://refhub.elsevier.com/S0254-0584(18)30637-0/sref10
http://refhub.elsevier.com/S0254-0584(18)30637-0/sref10
http://refhub.elsevier.com/S0254-0584(18)30637-0/sref11
http://refhub.elsevier.com/S0254-0584(18)30637-0/sref12
http://refhub.elsevier.com/S0254-0584(18)30637-0/sref13
http://refhub.elsevier.com/S0254-0584(18)30637-0/sref13
http://refhub.elsevier.com/S0254-0584(18)30637-0/sref14
http://refhub.elsevier.com/S0254-0584(18)30637-0/sref15
http://refhub.elsevier.com/S0254-0584(18)30637-0/sref16
http://refhub.elsevier.com/S0254-0584(18)30637-0/sref16
http://refhub.elsevier.com/S0254-0584(18)30637-0/sref17
http://refhub.elsevier.com/S0254-0584(18)30637-0/sref18
http://refhub.elsevier.com/S0254-0584(18)30637-0/sref18
http://refhub.elsevier.com/S0254-0584(18)30637-0/sref19
http://refhub.elsevier.com/S0254-0584(18)30637-0/sref19
http://refhub.elsevier.com/S0254-0584(18)30637-0/sref20
http://refhub.elsevier.com/S0254-0584(18)30637-0/sref20
http://refhub.elsevier.com/S0254-0584(18)30637-0/sref21
http://refhub.elsevier.com/S0254-0584(18)30637-0/sref21
http://refhub.elsevier.com/S0254-0584(18)30637-0/sref22
http://refhub.elsevier.com/S0254-0584(18)30637-0/sref22
http://refhub.elsevier.com/S0254-0584(18)30637-0/sref23
http://refhub.elsevier.com/S0254-0584(18)30637-0/sref23
http://refhub.elsevier.com/S0254-0584(18)30637-0/sref24
http://refhub.elsevier.com/S0254-0584(18)30637-0/sref24
http://refhub.elsevier.com/S0254-0584(18)30637-0/sref24
http://refhub.elsevier.com/S0254-0584(18)30637-0/sref25
http://refhub.elsevier.com/S0254-0584(18)30637-0/sref25
http://refhub.elsevier.com/S0254-0584(18)30637-0/sref26
http://refhub.elsevier.com/S0254-0584(18)30637-0/sref26
http://refhub.elsevier.com/S0254-0584(18)30637-0/sref27
http://refhub.elsevier.com/S0254-0584(18)30637-0/sref27
http://refhub.elsevier.com/S0254-0584(18)30637-0/sref28


53 (2014) 8902–8912.
[29] A.B. Patil, K.R. Patil, S.K. Pardeshi, J. Hazard Mater. 183 (2010) 315–323.
[30] D. Fu, G. Han, Y. Chang, J. Dong, Mater. Chem. Phys. 132 (2012) 673–681.
[31] T.N. Reddy, J. Manna, R.K. Rana, ACS Appl. Mater. Interfaces 7 (2015)

19684–19690.
[32] N.T. Khoa, S.W. Kim, D.-H. Yoo, S. Cho, E.J. Kim, S.H. Hahn, ACS Appl. Mater.

Interfaces 7 (2015) 3524–3531.
[33] Y. Lua, L. Wang, D. Wang, T. Xie, L. Chen, Y. Lin, Mater. Chem. Phys. 129 (2011)

281–287.
[34] W.S. Humers, R.E. Offeman, J. Am. Chem. Soc. 80 (1958) 1339.
[35] T. Marimuthua, N. Anandhana, R. Thangamuthu, Appl. Surf. Sci. 428 (2018)

385–394.
[36] P. Scherrer, Mathematisch-physikalische Klasse 2 (1918) 98–100.
[37] D. Long, W. Li, W. Qiao, J. Miyawaki, S.-H. Yoon, I. Mochida, L. Ling, Nanoscale 3

(2011) 3652–3656.
[38] S. Kuriakose, B. Satpati, S. Mohapatra, Phys. Chem. Chem. Phys. 16 (2014)

12741–12749.
[39] F.C. Romeiro, M.A. Rodrigues, L.A.J. Silva, A.C. Catto, L.F. d Silva, E. Longo,

E. Nossol, R.C. Lima, Appl. Surf. Sci. 423 (2017) 743–751.
[40] T.M. Khan, Mater. Chem. Phys. 153 (2015) 248–255.
[41] Y. Chen, L. Wang, W. Wang, M. Cao, Mater. Chem. Phys. 199 (2017) 416–423.
[42] J. Li, G. Xiao, C. Chen, R. Li, D. Yan, J. Mater. Chem. A 1 (2013) 1481–1487.
[43] X. Cai, X. Shen, L. Ma, Z. Ji, RSC Adv. 5 (2015) 58777–58783.
[44] S. Peng, L. Li, C. Li, H. Tan, R. Cai, H. Yu, S. Mhaisalkar, M. Srinivasan,

S. Ramakrishna, Q. Yan, Chem. Commun. 49 (2013) 10178–10180.
[45] Y. Zhao, L. Liu, T. Cui, G. Tong, W. Wu, Appl. Surf. Sci. 412 (2017) 58–68.
[46] Y. Feng, N. Feng, G. Zhang, G. Du, CrystEngComm 16 (2014) 214–222.
[47] L. Sun, Z. Yi, J. Lin, F. Liang, Y. Wu, Z. Cao, L. Wang, J. Phys. Chem. C 120 (2016)

12337–12343.
[48] R. Uma, K. Ravichandran, S. Sriram, B. Sakthivel, Mater. Chem. Phys. 201 (2017)

147–155.
[49] A.M. Lorda, T.G. Maffeis, M.W. Allen, D. Morgan, P.R. Davies, D.R. Jones,

J.E. Evans, N.A. Smith, S.P. Wilks, Appl. Surf. Sci. 320 (2014) 664–669.
[50] T.H. Yang, L.D. Huang, Y.W. Harn, C.C. Lin, J.K. Chang, C.I. Wu, J.M. Wu, Small 9

(2013) 3169–3182.
[51] K.S.W. Sing, Pure Appl. Chem. 57 (1985) 603–619.
[52] L. Wang, J. Gao, B. Wu, K. Kan, S. Xu, Y. Xie, L. Li, K. Shi, ACS Appl. Mater.

Interfaces 7 (2015) 27152–27159.
[53] C. Su, L. Liu, M. Zhang, Y. Zhang, C. Shao, CrystEngComm 14 (2012) 3989–3999.
[54] X. Liu, L. Pana, Q. Zhao, T. Lv, G. Zhu, T. Chen, T. Lu, Z. Sun, C. Sun, Chem. Eng. J.

183 (2012) 238–243.
[55] N.L. Yang, J. Zhai, D. Wang, Y.S. Chen, L. Jiang, ACS Nano 4 (2010) 887–894.
[56] Y. Peng, J. Ji, D. Chen, Appl. Surf. Sci. 356 (2015) 762–768.
[57] J. Qina, X. Zhang, C. Yang, M. Cao, M. Ma, R. Liu, Appl. Surf. Sci. 392 (2017)

196–203.
[58] X. Liu, J. Yang, W. Zhao, Y. Wang, Z. Li, Z. Lin, Small 12 (2016) 4077–4085.
[59] W. Kang, X. Jimeng, W. Xitao, Appl. Surf. Sci. 360 (2016) 270–275.

A. Shanmugasundaram et al. Materials Chemistry and Physics 218 (2018) 218–228

228

http://refhub.elsevier.com/S0254-0584(18)30637-0/sref28
http://refhub.elsevier.com/S0254-0584(18)30637-0/sref29
http://refhub.elsevier.com/S0254-0584(18)30637-0/sref30
http://refhub.elsevier.com/S0254-0584(18)30637-0/sref31
http://refhub.elsevier.com/S0254-0584(18)30637-0/sref31
http://refhub.elsevier.com/S0254-0584(18)30637-0/sref32
http://refhub.elsevier.com/S0254-0584(18)30637-0/sref32
http://refhub.elsevier.com/S0254-0584(18)30637-0/sref33
http://refhub.elsevier.com/S0254-0584(18)30637-0/sref33
http://refhub.elsevier.com/S0254-0584(18)30637-0/sref34
http://refhub.elsevier.com/S0254-0584(18)30637-0/sref35
http://refhub.elsevier.com/S0254-0584(18)30637-0/sref35
http://refhub.elsevier.com/S0254-0584(18)30637-0/sref36
http://refhub.elsevier.com/S0254-0584(18)30637-0/sref37
http://refhub.elsevier.com/S0254-0584(18)30637-0/sref37
http://refhub.elsevier.com/S0254-0584(18)30637-0/sref38
http://refhub.elsevier.com/S0254-0584(18)30637-0/sref38
http://refhub.elsevier.com/S0254-0584(18)30637-0/sref39
http://refhub.elsevier.com/S0254-0584(18)30637-0/sref39
http://refhub.elsevier.com/S0254-0584(18)30637-0/sref40
http://refhub.elsevier.com/S0254-0584(18)30637-0/sref41
http://refhub.elsevier.com/S0254-0584(18)30637-0/sref42
http://refhub.elsevier.com/S0254-0584(18)30637-0/sref43
http://refhub.elsevier.com/S0254-0584(18)30637-0/sref44
http://refhub.elsevier.com/S0254-0584(18)30637-0/sref44
http://refhub.elsevier.com/S0254-0584(18)30637-0/sref45
http://refhub.elsevier.com/S0254-0584(18)30637-0/sref46
http://refhub.elsevier.com/S0254-0584(18)30637-0/sref47
http://refhub.elsevier.com/S0254-0584(18)30637-0/sref47
http://refhub.elsevier.com/S0254-0584(18)30637-0/sref48
http://refhub.elsevier.com/S0254-0584(18)30637-0/sref48
http://refhub.elsevier.com/S0254-0584(18)30637-0/sref49
http://refhub.elsevier.com/S0254-0584(18)30637-0/sref49
http://refhub.elsevier.com/S0254-0584(18)30637-0/sref50
http://refhub.elsevier.com/S0254-0584(18)30637-0/sref50
http://refhub.elsevier.com/S0254-0584(18)30637-0/sref51
http://refhub.elsevier.com/S0254-0584(18)30637-0/sref52
http://refhub.elsevier.com/S0254-0584(18)30637-0/sref52
http://refhub.elsevier.com/S0254-0584(18)30637-0/sref53
http://refhub.elsevier.com/S0254-0584(18)30637-0/sref54
http://refhub.elsevier.com/S0254-0584(18)30637-0/sref54
http://refhub.elsevier.com/S0254-0584(18)30637-0/sref55
http://refhub.elsevier.com/S0254-0584(18)30637-0/sref56
http://refhub.elsevier.com/S0254-0584(18)30637-0/sref57
http://refhub.elsevier.com/S0254-0584(18)30637-0/sref57
http://refhub.elsevier.com/S0254-0584(18)30637-0/sref58
http://refhub.elsevier.com/S0254-0584(18)30637-0/sref59

	Facile in-situ formation of rGO/ZnO nanocomposite: Photocatalytic remediation of organic pollutants under solar illumination
	Introduction
	Experimental section
	Chemicals
	Preparation of zinc oxide flowers
	Preparation of zinc oxide-reduced graphene oxide hybrids
	Details and experimental procedure for photocatalytic studies

	Results and discussion
	Morphological analysis
	Powder X-ray diffraction
	Micro-Raman spectroscopy
	Thermo-gravimetric analysis
	Ultra violet-diffused reflectance spectroscopy analysis
	X-ray photoelectron spectroscopy analysis
	Surface area and pore size distribution analysis
	Photocatalytic degradation of organic pollutants
	Plausible reason for the enhanced photocatalytic degradation

	Conclusion
	Associated content
	Acknowledgments
	Supplementary data
	References




