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In this research, cetyltetraethyl ammonium bromide template assisted microwave procedure was
utilized to synthesize reduced graphene oxide-zirconia (rGO-ZrO2� nanocomposites by varying the
rGO composition (1, 2, 5 and 10 wt%). The physico-chemical characteristics of the nanocompos-
ites were studied using X-ray diffraction (XRD), Raman, differential scanning calorimetry (DSC),
scanning electron microscopy (SEM), diffusive reflectance ultraviolet-visible (DRUV-vis), X-ray pho-
toelectron spectroscopy (XPS) and N2-physisorption techniques. The results from XRD, Raman and
DSC studies indicate that the increase in rGO concentration resulted in the delay in ZrO2 crystal-
lization temperature and alteration of ZrO2 phase from monoclinic to tetragonal due to an effective
incorporation of rGO nanosheets in ZrO2 structure. The rGO loading also have an influence in the
morphology of nanocomposites, as sample with 10 wt% rGO possessed unique monolith like mor-
phology with macro pores. All the nanocomposites were utilized as photocatalysts for degradation
of crystal violet dye in visible light irradiation. The rGO-ZrO2 nanocomposites showed high reaction
rates; the nanocomposite with 5 wt% rGO showed the superior photocatalytic performance as this
sample possessed low band gap energy, high surface area, pore volume and presence of sur-
face rGO-ZrO2 interactive species as well as the reactive –OH groups. In addition, the synthesized
nanocomposites exhibited excellent recyclability for photocatalytic degradation.

Keywords: rGO-ZrO2, Nanocomposite, Microwave Synthesis, Photocatalytic Degradation,
Crystal Violet, Visible Light.

1. INTRODUCTION
Zirconium oxide (ZrO2� is a well-known catalytic com-
ponent utilized in many chemical reactions and it is also
been used as a photocatalyst because it possessed wide
range band gap energy (between 3.25 eV and 5.1 eV) [1].
However, its application in dye removal at large scale are
limited because of quick recombination of electron–hole
pair and low absorption of light [2]. Therefore, a suitable
adsorbent which could adsorb more reacting molecules
and also assist the semiconductor to absorb the light is
required to enhance its photocatalytic properties. Graphene
is suitable for this purpose due to its large specific sur-
face area, good electrical and optical properties [3]. It acts

∗Authors to whom correspondence should be addressed.

as a promoter in photocatalytic reaction by capturing the
electron in between the reaction so that electron–hole pair
recombination can be minimized [4]. Thus, graphene not
only support the ZrO2 nanoparticles but also promote pho-
tocatalytic process due to its larger surface area [5]. Rani
et al. [6] employed graphene as a catalytic support for
ZrO2 and observed improvement in photo catalytic effi-
ciency of the catalysts.
Graphene oxide (GO) was found to be a viable alterna-

tive to graphene for its utilization in nanocomposites. This
is mainly because of the fact that GO can be synthesized
using low-cost graphite as a precursor and also GO pos-
sesses stable surface hydrophilic functional groups, which
are important for different applications [7]. Although, GO
exhibited similar characteristics as graphene, they were not
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quite satisfactory. However, it was observed that reduced
GO (rGO) reestablishes most of the characteristic proper-
ties in quite similar to graphene [8]. Seredych et al. [9]
synthesized zirconium hydroxide/graphene nanocompos-
ites by varying graphene content between 5–50% and the
authors observed that nanocomposites exhibited improved
sulfur dioxide adsorption. It was claimed that interaction
between the surface functional groups of graphene layers
and zirconium hydroxide framework caused the formation
of new active sites and porosity. In our previous work,
we also studied the effect of incorporation of graphene in
enhancing photocatalytic properties of ZrO2 [2].
Researchers used different preparation techniques

includes atomic layer deposition [10], an electrodeposi-
tion [11], green chemical synthesis [12] to synthesize
the rGO-ZrO2 nanocomposites. Recently, preparation of
GO and rGO materials using microwave-assisted meth-
ods have appeared to be effective and resourceful alter-
native to conventional synthesis methods [13]. Microwave
techniques known to possess specific advantages includ-
ing quick molecular level heating, and also this technique
could enhance the rate of reaction significantly [14]. Zhu
et al. [15] utilized the microwave synthesis technique to
synthesize the GO and ZnO containing effective photo
catalyst.
The rGO-ZrO2 nanocomposites exhibited excellent per-

formance in hydrogen storage, bio-sensing and photocat-
alytic applications [16, 17]. However, utilization of these
nanocomposites as photocatalyst for degradation of ani-
line derived dyes have not been explored. In this article,
rGO-ZrO2 nanocomposites were synthesized using CTAB
assisted microwave synthesis method, in which different
loadings of GO nanosheets were used to incorporate in the
framework of nanosized ZrO2. Characterization techniques
such as XRD, Raman, DRUV-vis spectroscopy, DSC, SEM
and XPS techniques have been used to investigate the
physico-chemical properties of the synthesized nanocom-
posites. The photocatalytic degradation of crystal violet
dye under visible light over the synthesized rGO-ZrO2

nanocomposites was investigated. The relation between the
photocatalytic performances of the nanocomposites with
their physico-chemical properties was also studied.

2. EXPERIMENTAL DETAILS
2.1. Materials
Graphite powder extra pure (>99�5%) was purchased from
Merck (Germany), hydrazine hydrate (80%) was obtained
from Loba Chem. Pvt. Ltd. (India). Potassium perman-
ganate (99%) and hydrogen peroxide (30%) and crys-
tal violet were obtained from Merck (Germany). Zirconyl
chloride octahydrate, aqueous ammonia solution and cetyl-
tetraethyl ammonium bromide (CTAB) were purchased
from Aldrich, U.K. All chemicals were used without
further purification. Other solvents and chemicals were
analytical-grade and used as received.

2.2. Synthesis of Catalysts
2.2.1. Synthesis of GO
GO was synthesized by oxidation of graphite powder using
Hummers and Offeman method [18]. Commerical graphite
powder (3.5 g) was droped into a RB flask, which con-
tained 100-mL concentrated sulfuric acid solution under
vigorous stirring. Then, 10 g of potassium permanganate
was slowly added by mantaining the temperature of the
contents below 20 �C by keeping RB flask in an ice bath.
After addtion was completed, the ice bath was removed
and the stirring was continued for 2 h at 35 �C. A calcu-
lated amount of distilled water (300 mL) was added under
stirring by keeping the RB flask in an ice bath to keep the
temperature below 50 �C. Finally, the contents of the flask
was poured into 500 mL of distilled water, and a sufficient
amount of H2O2 (20 mL of 30% aqueous solution) was
added. After the treatment with H2O2, the suspension turns
bright yellow. The GO was isolated by filtration through
a sintered glass filter and it was thoroughly washed with
dilute HCl and then by hot distilled water to remove the
residual sulfate ions resulting in a yellow-brown cake. The
obtained cake was then dried at 30 �C in an oven for one
week.

2.2.2. Microwave Synthesis of rGO
The calculated amount of dried GO (400 mg) was stirred
into 20 mL of deionized water until a homogeneous yel-
low dispersion and then 0.5 mL of hydrazine hydrate
(reducing agent) was added. The total contents were
then placed inside of a conventional microwave oven
(KenWood MW740) and then operated at 100 W for
20 minutes. The yellow GO dispersion slowly changed
to black indicating the completion of chemical reduction.
The rGO sample was separated by centrifuge (Centurion
Scientific Ltd.) operated at 5000 rpm for 15 min and the
separated product was dried at 80 �C for 12 h.

2.2.3. Microwave Synthesis of rGO-ZrO2

Nanocomposites
The rGO-ZrO2 nanocomposites were synthesized by using
CTAB template assisted microwave synthesis method. The
calculated amount of GO colloidal suspension that corre-
sponds to GO weight percent (1.0, 2.0, 5.0, and 10.0 wt%)
was mixed with aqueous solution that contained calcu-
lated amounts of ZrOCl2 and CTAB. An aqueous ammo-
nia solution (30 mL NH3 solution in 220 mL H2O) was
added dropwise under constant stirring. Then, 0.5 mL of
hydrazine solution was added to the total mixture, and the
total contents were transferred into RB flask and placed
in a microwave oven. All the samples were subjected to
microwave treatment (100 W power for 20 minutes). After
the microwave treatment, the samples were filtered and
washed with distilled water and ethanol. Finally, the sam-
ples were dried at 80 �C for 10 hours in an electric oven.
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The synthesized nanocomposites were calcined in atmo-
spheric air at 500 �C with a ramp rate of 1 �C min−1 and
kept at this temperature for 4 h. The synthesized rGO-ZrO2

samples using the template assisted microwave method
were labelled as ZGxMR, where x ranged between 1.0 and
10.0.

2.3. Characterization of Samples
Powder X-ray diffraction patterns for the synthesized sam-
ples were obtained using a Philips PW1700 diffractometer
at room temperature. A detailed experimental procedure
was described in our previous publication [19]. The crys-
tallite sizes of the ZrO2 phases were calculated using
Scherrer’s equation (1);

D = B�/�1/2 cos� (1)

where ‘D’ is the average crystallite size of the phase under
investigation, ‘B’ is the Scherer constant (0.89), ‘�’ is
wavelength of the X-ray beam used (1.54056 Å), ‘�1/2’ is
the full width at half maximum (FWHM) of the diffraction
peak and ‘�’ is the diffraction angle.

A JEOL microscope, 200 kV, equipped with a field
emission gun was used for SEM analysis and more infor-
mation regarding the experimental procedure could be
find in our previous publication [20]. Differential scan-
ning calorimetry measurements for as prepared samples
were carried out using TA60 Shimadzu Thermal Ana-
lyzer. Lab RAM HR Raman spectrophotometer were used
to obtain Raman spectra of calcined nanocomposite sam-
ples. DRUV-vis spectral data was obtained using Thermo-
Scientific evolution spectrophotometer equipped with an
integrating sphere in the wavelength range of 200–800 nm.
The detailed experimental procedure can be described in
the reference [21]. Band gap energy values of all the sam-
ples were calculated using Kubelka-Munk method. The
Kubelka-Munk factor (K) was determined by following
Eq. (2)

K = �1−R�2/2R (2)

Where ‘R’ is the % reflectance. The wavelengths (nm)
were translated into energies (E) and a plot was drawn
between �K ∗E�0�5 and E to obtain a curve. The bandgap
energy (eV) was determined as the intersection point of
the two slopes in the curve. The textural properties (BET
surface area, pore size and pore volume) of the samples
were obtained from N2-physisorption measurements. The
Quantachrome ASiQ automated gas adsorption system was
used to obtain the N2 adsorption–desorption isotherms for
all the samples. A detailed experimental procedure was
described in our previous publication [22]. The X-ray pho-
toelectron spectroscopy (XPS) spectral data for all the
samples were obtained on SPECS GmbH XPS instrument
as described in our previous publication [23].

2.4. Photocatalytic Degradation of
Crystal Violet (CV) Dye

The photocatalytic degradation of CV was performed
as follows. The reactions were carried out in a Pyrex
glass reactor using synthesized catalysts under visible
irradiation. The photoreactor was irradiated by a strip com-
posed by 20 white light LEDs (6 W power) with wave-
length emission in the range 400–800 nm. A standard CV
(10 ppm) aqueous solution was prepared using deionized
water. Calculated amount of catalyst (100 mg) was added
to the 100 mL of an aqueous CV solution under stirring.
The contents were equilibrated for 45 min under dark to
stabilize the adsorption CV of over the surface of the cat-
alyst, before exposing the contents to visible irradiation.
The photocatalytic degradation of CV was monitored by
measuring the absorbance of CV for every 20 min using
a UV-vis spectrophotometer. The degradation efficiency of
the catalyst was determined by using the following Eq. (3)

� = 	1− �C/C0�
×100 (3)

Where, ‘C0’ is the initial concentration of CV and ‘C’ is
the concentration of CV after photocatalytic degradation
at particular reaction time. The stability of the rGO-ZrO2

photocatalysts was studied by measuring reusability of the
samples. After the first cycle of the activity measurement,
the catalyst was filtered from the reactor by centrifugation.
The obtained catalyst was thoroughly washed with distilled
water and acetone. The catalyst was dried at 60 �C for
2 h and then reused for the next cycle of the photocataly-
sis measurements. Similarly, the experiment was repeated
for several cycles to study the stability of the catalyst for
repetitive use.

3. RESULTS AND DISCUSSION
The Figure 1 displays powder X-ray diffractograms of
the calcined rGO-ZrO2 nanocomposite samples. The X-ray
diffractograms of calcined ZrO2 (ZM) and reduced ZrO2

(ZMR) samples synthesized using microwave technique
showed presence of reflections at 23.8�, 28.3�, 31.6�, 34.2�,
35.4�, 40.3�, 44.9�, 50.4�, 55.3�, 60.1� and 61.8� corre-
spond to (011), (−111), (111), (020), (200), (−211), (112),
(−122), (221), (131) and (311) planes respectively. This
observation indicating that these two samples possessed
the pure monoclinic phase of ZrO2 [JCPDS: 01-074-0815].
It is interesting to note that incorporation of 1.0 wt% of
rGO resulted an appearance of new major reflection at
30.2� that corresponding to (101) plane of tetragonal ZrO2

phase [JCPDS: 01-080-2155]. Additionally, a new minor
reflection was also observed at 26.5�, which corresponds
to (002) plane of rGO [JCPDS: 01-075-1621]. Increase in
rGO concentration from 1.0 wt% to 10 wt%, the reflections
due to monoclinic ZrO2 phase were disappeared, while
the intensity of reflections [(110), (112) and (211)] due
to tetragonal ZrO2 phase and (002) plane of rGO were
increased significantly.
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Figure 1. Powder XRD patterns of the rGO-ZrO2 nanocomposite
samples.

These observations are indicating that incorporation of
rGO led to ZrO2 phase transformation. It was previously
reported that ZrO2 phase was transformed from mono-
clinic structure to tetragonal structure after incorporation
of optimum amounts of different transition metals or metal
oxides [24]. It is also interesting to note that the reflec-
tions due to tetragonal ZrO2 and rGO become broad,
suggests the presence of nanosized ZrO2 particles and
tightly packed rGO nanosheets in the synthesized rGO-
ZrO2 nanocomposites. The XRD data suggesting that rGO
was successfully embedded in ZrO2 framework. The per-
centages of monoclinic and tetragonal phases existed in
the synthesized samples were calculated using intensities
of reflections due to monoclinic phase at 2� = 28�6� and
31.6� and the reflection of tetragonal phase at 2� = 30�5�

as reported in the previous publication [25]. The crystallite
sizes and percentages of tetragonal and monoclinic phases
of the rGO-ZrO2 samples are presented in Table I. Pres-
ence of tetragonal ZrO2 phase is dominant (increased to
77.0%), when the rGO loading raised from 1 to 10 wt%.
The average crystallite sizes of monoclinic and tetrago-
nal ZrO2 phases were determined by adopting Scherrer’s
equation (1).

Table I. Percentage of crystalline phases and crystallite size measured
from XRD analysis.

ZrO2 phase volume (%) Crystallite size (nm)

Sample Monoclinic Tetragonal Monoclinic Tetragonal

ZMR 100�0 0�0 26�0 –
ZG1MR 66�7 33�3 25�1 17�4
ZG2MR 61�7 38�3 23�2 17�4
ZG5MR 24�6 75�4 20�0 16�1
ZG10MR 23�0 77�0 17�2 13�0

The nanocomposite of ZrO2 with 1.0 wt% rGO pos-
sessed monoclinic and tetragonal ZrO2 crystallite sizes of
25.1 nm and 17.5 nm, respectively. Increase of rGO load-
ing resulted decrease of crystallite size of both monoclinic
and tetragonal phases as ZG10MR sample showed crys-
tallite sizes of 17.3 nm and 13.0 nm for monoclinic and
tetragonal phases. It was observed tetragonal ZrO2 is sta-
ble below 30 nm crystalline particles (critical crystallite
size) [26]. The rGO nanosheets are attached to the defect
sites in zirconium hydroxide lattice, as a result there is
a clear possibility for the limitation of movement of the
defect centers, that could facilitate the formation of tetrag-
onal ZrO2 [27].
The Raman spectroscopy is one of the important analyt-

ical technique to identify the different ZrO2 phases existed
in synthesized materials. The Raman spectra for rZO-ZrO2

nanocomposites are presented in Figure 2. It was reported
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Figure 2. Raman spectra of the calcined rGO-ZrO2 nanocomposite
samples.

4 J. Nanosci. Nanotechnol. 19, 1–12, 2019



Ali et al. Template Assisted Microwave Synthesis of rGO-ZrO2 Composites: Efficient Photocatalysts Under Visible Light

that monoclinic ZrO2 phase can be identified by the pres-
ence of Raman vibrations at 140, 172, 185, 215, 260, 300,
326, 340, 470, 500, 552 and 630 cm−1, with three major
vibrations at 172, 185 and 470 cm−1, in contrast tetrago-
nal ZrO2 phase could be located by observing the Raman
vibrations at 150, 260, 325, 474, 605, and 640 cm−1,
with one major vibration at 260 cm−1 [25]. The ZMR
and ZG1MR, ZG2MR samples exhibited the Raman vibra-
tions corresponding to monoclinic ZrO2. The main Raman
vibration due to tetragonal phase at 260 cm−1 was clearly
appeared in case of ZG5MR and ZG10MR samples, along
with few low intense Raman vibrations of monoclinic
ZrO2. Most of the Raman vibrations of monoclinic ZrO2

in ZG10MR sample were vanished; indicating that loading
of 10 wt% of rGO over the ZrO2 resulted the complete
formation of tetragonal ZrO2 phase. The Raman spectral
results are corroborating with the XRD observation.

The changes in the morphology of the calcined rGO-
ZrO2 samples was investigated by SEM technique (Fig. 3).
The SEM image of ZMR sample clearly shows the closely
packed irregular shaped ZrO2 nanoparticles. Incorporation
of 1 wt% of rGO have not resulted any change in the mor-
phology or shape of the ZrO2 nanoparticles. Appearance of
rGO nanosheets could be observed in the SEM images of
ZG2MR and ZG5MR samples. The images depicts ZrO2

particles are decorated over the rGO nanosheets. When
graphene oxide sheets were mixed with ZrO2 precur-
sor, ZrO2 nanoparticles formed over the rGO nanosheets.
Increase of rGO composition to 10 wt% lead to complete

ZM ZG1M

ZG2M ZG5M

ZG10M

Figure 3. SEM images of the calcined rGO-ZrO2 nanocomposite
samples.

transformation of surface morphology of the composite
sample. The SEM image of the ZG10MR sample showed
wrinkled paper-like layered structure with macro pores,
similar as ceramic monolith. The formation of monolith
like structure in this sample might be due to the fact
that this sample was loaded with relatively large amount
of rGO. The large amount of rGO could have caused
high absorption of microwave waves, which could generate
high temperatures. The bulk composition of the rGO-ZrO2

nanocomposite samples was determined by EDX analysis.
The amount of C and O in bare rGO sample was found
to be 47.8 wt% and 52.2 wt% respectively. The O con-
tent appears to be high due to the functionalized oxygen
groups attached to carbon. In case of ZG10MR nanocom-
posite, the amount of Zr, C and O calculated as 44.7 wt%,
30.2 wt% and 24.1 wt% respectively.
The differential scanning calorimetry (DSC) studies

were carried out to study the effect of rGO composition
on the thermal stability of rGO-ZrO2 nanocomposites. The
DSC patterns of precursors of representative nanocompos-
ites are presented in Figure 4. The ZMR sample exhib-
ited an endothermic peak around 98 �C, which could
be attributed to removal of physisorbed water molecules.
A major sharp exothermic peak was observed at 433 �C
and this peak is related to crystallization of amorphous
zirconium hydroxide into crystalline ZrO2 structure. Pres-
ence of endothermic and exothermic peaks is in accor-
dance with the previous literature report [28].
All the rGO-ZrO2 nanocomposite samples exhibited

both endothermic and exothermic DSC peaks, however
the temperature maximum of exothermic peak was shifted
to higher temperatures majorly because of the delay in
ZrO2 crystallization. The results indicated that the delay
in crystallization temperature is prominent with increase
in rGO composition. It was previously reported that ini-
tially tetragonal ZrO2 phase crystallizes (in between 300
and 500 �C), and then crystallization of monoclinic ZrO2

phase occurs (between 900 and 1000 �C), when there is no
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samples.
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foreign substance is presented in the sample [29]. Navio
et al. [30] observed a mixture of monoclinic ZrO2 and
tetragonal ZrO2 in the absence of iron oxide, and it was
also shown that the incorporation of iron oxide progres-
sively favored the formation of a tetragonal solid solu-
tion. A similar phenomenon have taken place in case of
rGO-ZrO2 composites after calcination.
It was previously reported that GO exhibits two signif-

icant exothermic peaks around 230 �C and 520 �C, which
are result of decomposition of oxygen containing func-
tional groups and pyrolysis of carbon skeleton of GO [31].
The DSC patterns of rGO-ZrO2 nanocomposite have not
exhibited these peaks; indicating that the thermal stability
of surface functional groups over rGO is increased after
the formation of rGO-ZrO2 composite.
DRUV-vis spectra of rGO-ZrO2 nanocomposite samples

along with bare rGO and ZrO2 are presented in Figure 5.
The bare rGO exhibited a minor band at 220 nm and a
broad band at 305 nm; these bands could be assigned to
� → �∗ and n → �∗ transitions of the aromatic C–C
bonds and C O bonds respectively. The ZMR sample
exhibited a small band at 225 nm and a broad band cen-
tered at 325 nm. It was reported that the absorptions in
the range of 250–350 nm for ZrO2 nanoparticles could
be assigned to O2 → Zr4+ charge transfer transitions [32].
Incorporation of rGO into ZrO2 resulted shifting of �max of
the band corresponding to O2 →Zr4+ charge transfer tran-
sition to lower wave number. Increase of loading resulted
an increase in peak shift and also the broadness of the
peak possibly due to the �-conjugation network of the
rGO-ZrO2 nanocomposite. Determination band gap energy
for the synthesized rGO-ZrO2 nanocomposite samples was
carried out by plotting the Tauc relationship.
The Tauc plots for rGO-ZrO2 nanocomposites are

presented in Figure S1 (supplementary information).
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Figure 5. DRUV-vis spectra of the calcined rGO-ZrO2 nanocomposite
samples.

The band gap energy value for the ZMR (bare ZrO2� sam-
ple was found to be 3.0 eV. Incorporation of 1 wt% rGO
have not affected the band gap energy of ZrO2, however
increase in rGO composition to 2% and 5 wt% led to
decrease of band gap energy to 2.92 eV and 2.90 eV
respectively. Further increase of rGO loading to 10 wt%
have not led to further decrease of band gap energy, as
ZG10MR sample exhibited band gap energy of 2.92 eV.
The low bandgap energy of ZG5MR sample compared to
other rGO-ZrO2 nanocomposite samples clearly indicates
that this sample has efficient electron transport and there-
fore it can exhibit a better performance in photocatalytic
degradation reaction under visible light.
The oxidation states of elements and surface compo-

sition of synthesized nanocomposite samples were mea-
sured using XPS analysis and the results of representative
nanocomposites are presented in Figure 6 and Table II. The
deconvoluted Zr 3d XP spectrum of ZG1MR nanocom-
posite sample exhibited doublet for Zr 3d5/2 and 3d3/2

states at 182.4 eV and 184.8 eV respectively. It was pre-
viously reported that 182.4 eV binding energy could be
assigned for Zr 3d5/2, and it is very close to Zr4+ in
ZrO2 (182.6 eV) [33]; revealing that this sample pos-
sessed ZrO2 with an oxidation state of +4. However,
with increasing rGO loading resulted slight shift in Zr
3d binding energies compared to ZrO2 (Table II). The
shift in the binding energy towards the lower value could
be related to the holes generated by oxygen vacancies in
ZrO2 crystallites [34]. The deconvoluted C 1s spectra of
nanocomposites exhibited seven different kinds of surface
C species; O C–OH (289.5 eV), O–C O (288.3 eV),
C O (286.8 eV), C–O (288.5 eV), C–C (284.6 eV),
C C (283.6 eV) and Zr–C (282.2 eV) [35].
The quantification of the surface C species presented

in the rGO-ZrO2 nanocomposite samples are presented in
Table II. Increase of intensity of two peaks at 282.2 eV and
283.6 eV corresponding to Zr–C and C C species and
decrease of intensity of peaks at 289.5 eV and 286.8 eV
attributed to O C–OH and C O with increase of rGO
loading indicating that rGO loading also influences the
density of surface C species. The deconvoluted O 1s spec-
tra for rGO-ZrO2 nanocomposites exhibited three peaks at
532 eV, 530.3 eV and 529.2 eV.
Navio et al. [30] reported two O 1s peaks corresponding

to lattice oxygen (in between 529.8 eV and 530.3 eV) and
hydroxyl groups (in between 530.9 eV and 532.2 eV) of
ZrO2. Therefore, the O 1s peaks at 530.3 eV and 532 eV
observed for the nanocomposites are due to Zr4+-O and
Zr–OH groups, and the third peak at 529.2 eV is attributed
to Zr2+–O groups, those are formed due to the formation of
rGO-ZrO2 interactive species. The ZG5MR nanocompos-
ite exhibited maximum of 11.4% (mass %) Zr–OH species,
while ZG1MR, ZG2MR and ZG10MR samples possessed
7.6%, 9.8% and 10.4%, respectively. The XPS results also
revealing that the nanocomposites contains the oxygen
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Figure 6. Deconvoluted XPS spectra of the representative rGO-ZrO2 nanocomposite samples.

vacancies and the ZG5MR nanocomposite possessed more
surface interactive species. These results reveals that rGO
sheets were incorporated into ZrO2 nanoparticles during
the microwave heating.

Table II. Binding energy values (eV) and quantification of different surface species (mass %) determined from XPS analysis.

Zr O C

Sample 3d5/2 3d3/2 Olat OOH Oint Zr–C C C C–C C–O C O O–C O O C–OH

ZG10MR 181.9 184.3 529.9 531.6 529.2 282.6 283.7 284.6 285.6 286.9 288.0 288.9
(37.4) (18.0) (11.9) (10.4) (3.9) (1.03) (5.09) (6.36) (2.38) (0.91) (1.23) (0.34)

ZG5MR 181.5 184.4 530.1 531.5 529.1 282.6 283.6 284.6 285.6 286.7 288.0 288.8
(37.8) (18.8) (12.6) (11.4) (4.4) (1.43) (5.09) (6.36) (2.38) (0.91) (1.23) (0.34)

ZG2MR 182.0 184.4 530.0 531.7 528.9 282.5 283.7 284.6 285.5 286.6 287.9 288.8
(38.7) (19.5) (14.4) (9.8) (3.5) (0.71) (3.30) (5.64) (2.80) (1.01) (0.96) (0.70)

ZG1MR 182.4 184.8 530.3 532.0 529.2 282.2 283.5 284.6 285.5 286.8 288.3 289.5
(41.3) (20.9) (14.8) (7.6) (3.3) (0.44) (2.0) (4.58) (2.92) (0.98) (0.7) (0.41)

ZMR 182.4 184.8 530.3 532.0 – – – – – – – –
(44.2) (22.8) (21.2) (11.6) – – – – – – – –

Note: Values in the parenthesis represents the mass percent of the surface species.

The Figure 7(A) represents N2 adsorption–desorption
isotherms for rGO-ZrO2 nanocomposites. The ZMR,
ZG1MR and ZG2MR nanocomposites exhibited Type IV
isotherm with H4 hysteresis in 0.45–0.85 P/Po region,
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Figure 7. (A) N2 adsorption–desorption isotherms and (B) pore size distribution of the representative rGO-ZrO2 nanocomposite samples.

typical of mesoporous materials as per the IUPAC classifi-
cation [36]. Appearance of hysteresis loop in that pressure
region is due to the N2 condensation in the inter-particle
capillary pores. The hysteresis loop shape was trans-
formed after incorporation of 5 wt% and 10 wt% rGO
into ZrO2 nanoparticles and hysteresis loops become nar-
row after increase in rGO composition. The results indi-
cating that ZrO2 nanoparticles using template microwave
synthesis method has mesoporous structure and incorpo-
ration of rGO resulted the partial filling of mesopores of
ZrO2 nanoparticles. In case of ZG10MR nanocomposite
isotherm, there is an increase in N2 adsorption volume in
the range of 0.90–0.99; this observation is indicating that
this sample possessed the macropores, which are generated
from wrinkled paper-like layered structure as observed in
SEM analysis [37].
The other textural properties of rGO-ZrO2 nanocompos-

ites, pore size distribution (PSD) results were obtained via
DFT method. The pore-size distribution (PSD) measure-
ments for the nanocomposites are shown in Figure 7(B).
The ZMR sample exhibited a wide PSD peak positioned
at 40 Å. The pore radius of ZrO2 has not changed con-
siderably after 1.0 wt% rGO loading. The wide PSD peak
was shifted to lower radius value (33 Å), when the rGO
composition increase to 2.0 wt%. It was further shifted
to lower value (24 Å) after the loading was increased to
5.0 wt%. These observations clearly indicating that rGO is
blocking the mesopores of ZrO2. Interestingly, when the
rGO loading increased to 10 wt%, the sample exhibited
peaks due to presence of macro pores, which are generated
because of its wrinkled paper-like layered structure.
The textural properties of nanocomposites deter-

mined from the N2-physisorption were tabulated in

Table III. The specific surface area of the bare ZrO2 is
45 m2g−1, incorporation of rGO resulted increase of sur-
face area of nanocomposite samples (ZG1MR:56 m2g−1,
ZG2MR:62 m2g−1 and ZG5MR:86 m2g−1� due to the con-
tribution from the rGO. In contrast, decrease of surface
area (21 m2g−1� was noticed in ZG10MR nanocompos-
ite; this anomalous behavior of this sample is due to the
change in its morphology. The ZMR (bare ZrO2� showed
the pore volume of 0.110 cm3 g−1, a small increase in pore
volume was noticed after incorporation of rGO nanosheets,
and ZG5MR nanocomposite exhibited the maximum pore
volume (0.135 cm3 g−1�.
The photocatalytic performances for the synthesized

rGO-ZrO2 nanocomposites were obtained by determining
the photodegradation of crystal violet. Blank experiments
were performed over all the catalysts to evaluate the effec-
tiveness of catalyst and visible radiation. It was observed
that the degradation process have not commenced without
catalyst or the visible light. The UV-vis absorbance spec-
tra of crystal violet solutions drawn out during the pho-
tocatalytic degradation over rGO-ZrO2 nanocomposites at
different reaction times depicted in Figure 8. Initially, the
nanocomposite was equilibrated with the aqueous crystal

Table III. Textural properties of calcined rGO-ZrO2 nanocomposite
samples.

SBET Total pore Average pore
Sample (m2 g−1) volume (cm3 g−1) radius (Å)

ZMR 45 0.110 47
ZG1MR 56 0.113 45
ZG2MR 62 0.120 33
ZG5MR 86 0.135 24
ZG10MR 21 0.037 30
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Figure 8. UV-vis absorption spectra and the rate constants for of the photocatalytic degradation of an aqueous crystal violet dye solution over
rGO-ZrO2 nanocomposites.

violet solution to observe the adsorption of the crystal vio-
let over the surface of nanocomposite. The UV-vis spectra
of crystal violet shows a major UV peak at 590 nm and
a minor peak at 300 nm and intensities of both the peaks
become weak and in certain cases they were almost disap-
peared with increase of reaction time. The decrease of the

intensity of absorption peak is due to the degradation of
the crystal violet molecules under the influence of the cat-
alyst under visible radiation. Among the synthesized rGO-
ZrO2 nanocomposites, ZG5MR catalyst offered superior
photo catalytic activity under optimized reaction condi-
tions (Fig. 8). The ZG5MR sample exhibited 95.4% crystal
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violet degradation efficiency in 100 min, whereas ZG2MR
catalyst required 120 min to exhibit 90.2% of crystal violet
degradation efficiency under the identical reaction condi-
tions. The ZMR, ZG1MR and ZG10MR samples offered
35.1%, 69.2% and 90.1% crystal violet degradation effi-
ciencies respectively. The results clearly indicating that
rGO-ZrO2 composites with high rGO loadings efficiently
degraded the crystal violet more efficiently. The reaction
time for the degradation decreases and degradation factor
is enhanced after rGO addition to ZrO2.
The rate constants for degradation of crystal violet

over rGO-ZrO2 nanocomposites were acquired by mea-
suring the slopes of the linear plots of ln�C0/C� versus
time (Fig. 8). The results clearly indicating that the reac-
tion obeyed the pseudo-first-order reaction kinetics and it
could be expressed as ln�C0/C� = kt (4). Where ‘k’ is
the reaction rate constant (min−1�, ‘t’ is the reaction time
(min), ‘C0’ is the primary concentration of crystal violet
before reaction; and ‘C’ is the final concentration of crys-
tal violet after reaction. The determined rate constants as
0.002 min−1, 0.005 min−1, 0.022 min−1, 0.025 min−1 and
0.011 min−1 for ZMR, ZG1MR, ZG2MR, ZG5MR and
ZG10MR nanocomposites respectively. The reaction rate
constant is high for ZG5MR catalyst compared to other
synthesized catalysts. The superior photocatalytic perfor-
mance of ZG5MR sample could be explained on basis of
its physico-chemical characteristics.
It was well reported that photocatalytic degradation pri-

marily occurs on the surface of the photocatalyst, therefore
the textural properties of photocatalyst have considerable
influence over its degradation efficiency. The ZG5MR
nanocomposite exhibited comparatively more surface area
and pore volume among the synthesized nanocomposites.
It appears that surface area of the synthesized rGO-ZrO2

nanocomposites is influenced by the size of crystallite size
of the ZrO2 phase; drop in the crystallite size of ZrO2 led
to increase the surface area. The nanocomposite samples
with high surface area possesses additional active sites to
adsorb the crystal violet molecules, and enables the pas-
sage and movement of CV molecules and reactive OH∗

species. Furthermore, the nanostructures helps transporta-
tion of e− and h+ to the surface from the crystal lattice.
In our previous publication [2], it was observed that

rGO-ZrO2 nanocomposites synthesized via sol–gel synthe-
sis method possessed the predominant monoclinic ZrO2

phase. And also increase of rGO loading led to increase
of percentage of monoclinic phase as well as the aver-
age crystallite size. Gurushantha et al. [12] used green
chemical synthesis method to synthesize the rGO-ZrO2

composite and the authors observed the formation of both
monoclinic and tetragonal ZrO2 phases, however percent-
age of monoclinic ZrO2 is higher than tetragonal phase. In
present research, presence of rGO led to gradual transfor-
mation of monoclinic to tetragonal phase with nano crys-
tallite size majorly due to the adopted synthesis conditions
(templated microwave method).

The bandgap energy was lowered after incorporation
of rGO sheets onto the ZrO2 nanoparticles, suggesting
that the synthesized nanocomposites could effectively cap-
tivate the visible light. The generation of Zr–C and/or
Zr–O–C species due to interaction between rGO and
ZrO2 could be responsible for narrowing of the band gap
energy [38]. In comparison, ZG5MR sample has the low-
est bandgap energy, which consistent with XRD, XPS and
SEM analysis [39].
In the photocatalytic mechanism, when visible irradia-

tion incident over the rGO-ZrO2 nanocomposite, genera-
tion of electron–hole pairs occurs. Shifting of electrons to
rGO occurs immediately because it is energetically favor-
able [40]. The surplus electrons presented in rGO reacts
with oxygen to form superoxide oxygen anion (�O2−� and
additional holes in ZrO2 reacts with OH− ions to form
hydroxyl radicals (�OH−�. Both �O2− and �OH− radicals
are highly reactive with crystal violet molecules for its
degradation. The rGO-ZrO2 offered enhanced photocat-
alytic degradation activity because the rGO could suppress
the recombination of electrons and holes.
It is known that stability of photocatalyst is a signifi-

cant issue, because photo catalyst generally suffer photo-
corrosion after it was exposed to intense light illumination,
hence their photo-stability goes down [18]. Therefore, it
is important to study the photo stability of the synthesized
rGO-ZrO2 nanocomposites. The recyclability of rGO-ZrO2

nanocomposites was investigated for different cycles of
crystal violet degradation. To study the recyclability of
nanocomposite, the used catalyst was filtered after the first
cycle of the reaction, it was washed with distilled water
for several times and then dried at 90 �C for 30 minutes to
use it for next reaction cycle. Figure 9 reports the reusabil-
ity of most active ZG5MR photocatalyst. It was observed
that ZG5MR nanocomposite consistently showed degrada-
tion efficiency of 95% for five cycles without loss of any
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Figure 9. The reusability of most active ZG5MR photocatalyst.

10 J. Nanosci. Nanotechnol. 19, 1–12, 2019



Ali et al. Template Assisted Microwave Synthesis of rGO-ZrO2 Composites: Efficient Photocatalysts Under Visible Light

activity. This observation clearly indicating that rGO-ZrO2

nanocomposites possessed high photo-stability.

4. CONCLUSIONS
In conclusion, we have synthesized rGO-ZrO2 nanocom-
posites via CTAB assisted microwave synthesis method
with the rGO loading between 1 and 10 wt%. The synthe-
sized rGO-ZrO2 nanocomposites exhibited efficient pho-
tocatalytic performance in degradation of crystal violet
at ambient conditions under visible irradiation. It was
observed that degradation of crystal violet enhanced with
increase in rGO loading from 1.0 wt% to 5 wt%. The
ZG5MR composite demonstrated enhanced photocatalytic
activity compared to other nanocomposite samples with
95% degradation. The photocatalyst was found to be sta-
ble even after five cycles indicating its high photostability.
Physico-chemical characteristics of the nanocomposites
were investigated by utilizing XRD, Raman, DRUV-vis
spectroscopy, DSC, SEM, XPS and N2-physisorption tech-
niques. The results clearly indicated that rGO loading
played a significant role in ZrO2 phase formation, crys-
talline size, morphology and porosity. Increase in rGO
loading resulted the delay in ZrO2 crystallization tempera-
ture and dominant formation of tetragonal ZrO2 phase due
to an effective incorporation of rGO nanosheets in ZrO2

structure. The sample with 10 wt% rGO possessed unique
monolith like morphology with macro pores. The results
also indicated enhanced photocatalytic activity ZG5MR
composite could be linked to its superior physico-chemical
properties such as low band gap energy, high surface area,
pore volume and existence of surface hydroxyl species and
interactive species between rGO and ZrO2.
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