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ABSTRACT

The present investigation deals with the photocatalytic activity of two different graphene
oxide-(GO) based nanocomposites i.e. Ag/AgCl/GO and ZnO/GO for the degradation of
Methylene blue (MB). The composites were prepared by low-temperature hydrothermal
method and were characterized using scanning electron microscope (SEM), X-ray diffraction
(XRD), and Raman spectroscopy. SEM analysis showed that GO was stacked between the
hexagonal ZnO nanostructures and in the case of Ag/AgCl, it was grafted onto the
distorted spheres of Ag/AgCl. This distorted structure may be due to the overloading of
the silver precursor close to the saturation during the synthesis. XRD pattern confirms the
formation of both the nanocomposites. Both the nanocomposites showed good performance
in degrading the dye under sunlight. ZnO/GO being a semiconductor photocatalyst showed
95% removal of dye in 100 min, whereas plasmonic catalyst Ag/AgCl/GO was found to
degrade 92% of MB within 50 min of reaction time due to its unique surface plasmon
resonance property. Raman spectroscopy confirms the enhanced photocatalytic activity of
both the nanocomposites, which is due to the electron-accepting property of the GO and
hinders the recombination of electron-hole pair.
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1. Introduction

Industries, such as textile, refineries, chemical,
plastic, and food-processing plants produce wastewa-
ters characterized by a perceptible content of organics.
Textile wastewater is known to exhibit strong color,
large amount of suspended solids, fluctuating pH,
temperature, and high-chemical oxygen demand con-
centration. The main pollutants in textile wastewater
originate from the dyeing and finishing steps. Textile
industries cause serious environmental problems
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because of the toxic wastewater produced. Conven-
tionally biological treatment, chemical precipitation,
adsorption, and membrane technology are adopted to
treat textile effluent. However, due to low biodegrad-
ability, toxicity, and strong color, the conventional
methods fail to treat the textile effluent to the satisfac-
tory level of pollution control board norms. Because of
increased environmental pressures to adopt a better
technology for treating organic effluent, industries are
trying various alternative processes to aspire to “zero
discharge” [1]. Photocatalysis is gaining a lot of
attention in the area of purification, such as degrada-
tion of organic pollutant, dyes in water with the use
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of sunlight as the energy source, and atmospheric oxy-
gen as an oxidant, which accelerates light-driven
chemical reactions. Photocatalysts achieve their impor-
tance due to captivating properties, such as quantum
confinement and enhanced reactivity.

Graphene has received great attention with diver-
sity in its application in nanoelectronics, catalysis, bat-
teries, sensors, and supercapacitors [2]. This is due to
its novel one-atom-thick two-dimensional (2-D) gra-
phitic carbon system and magnificent mechanical,
electrical, thermal, and optical properties [3]. Graph-
ene has the perfect sp®> hybrid carbon nanostructure
and higher specific surface area when compared to
other carbon forms. There are various synthesis routes
from natural graphite by chemical oxidation and elec-
trochemical exfoliation. Alternatively it can be pro-
duced by reduction of graphene oxide (GO) by
various reducing agents [4]. But the reduction of GO
may not lead to the complete removal of oxygen con-
taining functional groups, and hence, it renders a sur-
face with good dispersion property and acts as an
anchoring site for supporting metal oxide nanoparti-
cles. GO may tend to restack leading to the reforma-
tion of precursor and metal oxides tend to
agglomerate forming lumps/clusters, which affects its
efficiency in wider applications. The union of GO and
metal oxide nanocomposites eliminates the barriers
which restrict its application individually. Many metal
oxides have been used to deposit on the GO and the
resultant composite exhibits finer photocatalytic prop-
erties [5].

Diverse photocatalytic materials have been used
for dye degradation, including TiO,, ZnO, Ag/AgCl],
CdS, Fe;O4 SnO,, V,0; and WO; [6-10]. Among
them, ZnO is inexpensive and non-toxic [11] and Ag/
AgCl shows efficient photocatalytic activity in the visi-
ble region due to their plasmon resonance effect [12].
Zinc oxide (Zn0O), an n-type semiconductor has a wide
band gap of 3.37eV, with high photosensitivity [13],
which when exposed to sunlight yields photoelectrons
and holes and these photoelectrons are utilized for
dye degradation [14]. Whereas Ag/AgCl has boosted
photocatalytic activity due to an efficient charge sepa-
ration/transfer and hence is a competent visible light-
triggered plasmonic photocatalyst.

GO has large surface area with reactive oxygen
functional groups on its surface which makes it a
good matrix for supporting metal or metal oxide/
halide nanoparticles. It enjoys the candidature as a cat-
alyst carrier/promoter due to the property of high
chemical and thermal stability with locally conjugated
aromatic system [15,16]. Clubbing of GO with ZnO,
i.,e. ZnO/GO nanocomposite, has shown good photo-
catalytic performance owing to the reduction of the
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recombination of charge carriers on the catalysts sur-
face leading to structural changes, required for an effi-
cient photocatalyst [17]. Similarly, GO plays a vital
role in supporting the development of visible light-
energized photocatalysts, such as Ag/AgCl. The
hybridization of nanocomposites with GO is expected
to satisfy the three aspects of effective photodegrada-
tion i.e. (1) effective transfer of photoelectrons to sig-
nificantly hamper the recombination of photoelectrons
and holes; (2) a suitable substrate which immobilize
and support catalyst; and (3) a superior absorption
capacity of the catalytic system towards the dye or
pollutants [18,19].

This work discusses the hydrothermal synthesis of
ZnO/GO and Ag/AgCl/GO under low-temperature
conditions, involving mild reducing agents. The pres-
ent work investigates the performance of semiconduc-
tor photocatalyst and light-activated plasmon
resonance catalyst for the photocatalytic degradation
of Methylene blue (MB) under visible light.

2. Materials and methods
2.1. Materials

Silver nitrate (AgNO;), zinc nitrate (Zn(NOs)y),
potassium permanganate (KMnO,), sulfuric acid
(H,SO,), graphite powder, cetyl tetra ammonium bro-
mide (CTAB), sodium hydroxide (NaOH), and hydro-
gen peroxide (H,O,) were used as received without
further treatments.

2.2. Synthesis of GO

GO was synthesized by chemical exfoliation of
graphite powder using a modified Hummers’ method.
The synthesis procedure was carried out according to
the methods described earlier [20].

2.3. Synthesis of Ag/AgCl/GO nanocomposite

Ag/AgCl/GO nanocomposite is synthesized by
hydrothermal method involving the following steps.
In the first step, Ag/GO was synthesized from GO
and AgNOj; precursors. An aqueous solution of GO
was obtained by sonicating 40 mg of GO in DI water
for 1h to acquire a stable homogenous suspension of
brown-colored GO solution. Silver-ammonia complex
was prepared from 0.1M AgNO; and 3M ammonia
solutions and GO suspension were added and stirred
for 30min to develop a homogenous solution and
0.3M glucose solution was added. The solution was
left undisturbed for nearly 1h at room temperature to
allow the nucleation process and was heated at 40°C
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for 3h. Then the autoclave was cooled to room tem-
perature and the product was washed repeatedly with
ethanol water mixture to remove any impurities, and
the products were dispersed in 100 ml of water. The
Ag/GO dispersion was used as the precursor for the
synthesis of Ag/AgCl/GO, 80ml of FeCl; solution
was added dropwise and stirred at room temperature
for 2h, after which the resulting precipitate was
washed with deionized water and dried at room tem-
perature and used for further characterization. Ag/
AgCl was synthesized in a similar way without the
addition of GO.

2.4. Synthesis of ZnO/GO nanocomposite

Zn0O/GO nanocomposite is synthesized by the fol-
lowing procedure. A 50 ml of Zn(NOj3), (0.2 mol) was
stirred vigorously with 0.5g of CTAB for 1h. Then,
GO (0.40 g) was dissolved in 50 ml of deionized water
and sonicated for 1h to exfoliate the GO to obtain a
brown solution. Subsequently, GO suspension was
added into the Zn(NOj3), aqueous solution and stirred
for nearly 0.5h, followed by the addition of 0.3 mol of
NaOH solution dropwise till the pH rose to 11. The
reaction mixture was stirred for another 30 min to
allow the growth process of the particles and then
subjected to heating in a pressurized condition for 10
h at 90°C in a muffle furnace. The resultant product
was cooled to room temperature and centrifuged sev-
eral times with distilled water at 3,000 rpm and dried
at 60°C for 5h under vacuum. The resultant product
contains zinc in its hydroxide form, and hence, it is
subjected to calcination at 500°C for 2h to obtain
ZnO/GO nanocomposite and is characterized. Bare
ZnO was synthesized without the addition of GO by
the same procedure mentioned above.

2.5. Characterization

The scanning electron microscope (SEM) images
were obtained using SEM (FEI Quanta FEG 200), USA.
X-ray diffraction (XRD) analysis was performed using
an X-ray diffractometer (Xpert Pro, Pan Analytica)
with Cu Ko radiation (1=1.5418 A). The Raman spec-
tra were recorded on a Renishaw in Via plus Raman
microscope using a 532 nm excitation laser. The photo-
degradation of the MB dye was monitored by measur-
ing the real-time UV-vis absorption of MB at 664 nm
using a JASCO UV-550 spectrometer.

2.6 Photocatalysis

For photocatalytic reaction, 5ml (10mg/ml) of
dispersed suspension of the as-synthesized nanostruc-
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tures was transferred to a 200 ml beaker containing 45
ml aqueous solution of MB (10 mg/1). The dispersion
was kept in the dark for 30 min so that the dye mole-
cules and catalysts achieve equilibrium after which
the degradation was accomplished in sunlight. A 2ml
of dye solution was taken at regular intervals, centri-
fuged, and the absorbance was recorded using a UV-
vis spectrophotometer (Shimadzu 1800) at 664 nm.

3. Results and discussion

SEM images of the synthesized GO and the com-
posites containing GO with ZnO and Ag/AgCl are
shown in Fig. 1(a)-(c), respectively, to exemplify the
morphological information. It can be observed from
the figure that the GO sheets appear as crumpled silk
veil waves, with stacking of the sheets leading to a
multilayered structure. The SEM image also conveys
that the GO sheets are transparent and exhibit a larger
surface area which allows further modifications [21]. It
can be noted that nanoparticles in the range of 500 nm
were obtained in the case of Ag/AgCl/GO nanocom-
posite as exposed in Fig. 1(b). The micrograph of Ag/
AgCl/GO composite exhibits some aggregation of Ag-
NPs owing to the elevated loading of the precursor
close to saturation [20]. In order to confirm whether
the AgNPs is grafted on to the GO surface, it was fur-
ther characterized by Raman spectra and XRD analy-
sis. SEM analysis of the ZnO-based GO composite in
Fig. 1(c) confirms the wurtzite structure of ZnO nano-
particles with a hexagonal structure. The figure also
illustrates that ZnO is enwrapped tightly with the GO
surface indicating the strong relationship between
them [22] favoring its performance as a photocatalyst.
The strong interaction may be due to the presence of
functional groups in the GO moieties.

One of the most significant tools used to charac-
terize sp” and sp° hybridized carbon atoms and to
discriminate the disorder/defect structures is the
Raman spectroscopy [23] and it is considered to be
the fingerprint for carbon-based materials. Transfer of
charge between GO and the hybridized material
could also be verified by the Raman spectra. The
characteristic peaks of GO and Ag/AgCl/GO are
shown in Fig. 2(a). The G band in GO corresponds to
the E;; mode, and the D band corresponds to the k-
point phonons with A;; symmetry mode for sp” car-
bon atoms. The intensity ratio of D band to the G
band is the measure of disorder/defects in the
graphene; a decrease in the intensity ratio indicates
the less defective nature of the graphitic crystal
domains [24]. The Ip/Ig ratio of GO (0.8418) is
slightly lower when compared to the Ag/AgCl/GO
(0.8458) which may be due to the defects in the GO
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Fig. 1. SEM micrographs of (a) GO, (b) Ag/AgCl/GO, and (c¢) ZnO/GO.
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Fig. 2. Raman spectra of (a) plasmonic Ag/AgCl/GO and (b) ZnO/GO nanocomposite prepared at low temperature.

synthesized by Hummer’s method. The red shift of
the D band from 1,357/cm in GO to 1,346/cm in
Ag/AgCl/GO suggests that the reduction of GO has
occurred and shift of G band to lower frequency at
1,587/ecm for Ag/AgCl/GO nanocomposite, com-
pared to 1,595/cm of GO, intimates that GO has been
hybridized with the electron donor component itself
acting as an acceptor [25]. Fig. 2(b) shows the Raman

spectra of GO and ZnO/GO nanocomposite. The G
band shifts from 1,595/cm in bare GO to 1,590/cm
in the case of ZnO/GO nanocomposite supporting
the hybridization of GO with the electron-donor com-
ponent. The Ip/Ig ratio of GO (0.8483) is slightly
higher when compared to the ZnO/GO (0.8409), indi-
cating the smaller particle size of the synthesized
nanocomposites.
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Fig. 3. XRD pattern of (a) plasmonic Ag/AgCl/GO and (b) ZnO/GO nanocomposite synthesized by hydrothermal

method.

XRD studies were used to examine the structural
changes originating from the oxidation of graphite to
GO and also the formation of Ag/AgCl/GO and
ZnO/GO nanocomposite by low-temperature hydro-
thermal synthesis. Fig. 3(a) and (b) show the XRD pat-
tern of GO, which exhibits an intense and sharp peak
at 10.46° assigned to (001) plane [26]. The enhanced
interplanar distance of GO when compared to the
pristine graphite which displays its characteristic peak
at nearly 26° with (002) plane [27] is because of the
intercalated oxygen-containing functional groups in
GO. Fig. 3(a) displays the XRD pattern of Ag/AgCl/
GO photocatalyst synthesized using mild reducing
agent and was investigated to examine the formation
of Ag/AgCl/GO nanocomposite. The individual dif-
fraction peaks at 26 values of 38.04° (111), 44.12° (20
0), and 77.27° (420), correspond to the cubic phase of
metallic Ag (JCPDS card No. 65-2871) which signals
the existence of Ag® in the composite. Similarly, peaks
at 64.08° (220), 27.76° (111), 31.89° (200), 46.10° (22
0), 54.56° (311), and 57.32° (222), are indexed to the
AgCl (JCPDS card No. 31-1238) cubic phase [28].
Apart from the cubic-phased metallic Ag and AgCl,
there are no diffraction peaks analogous to other
impurities which were observed, suggesting that the
synthesized nanocomposite contains metallic Ag and
AgCl in cubic phase [29]. However, it can be con-
firmed from the figure that there are no discriminate
peaks for GO in the composite [30], which may be
possible due to the veiling of the GO signals by the
stronger Ag signals. Another reason for the weak sig-
nal peak of GO in the Ag/AgCl/GO nanocomposite
may be due to more eminent exfoliation of GO on the
subsequent formation of AgNPs in the composite [31]
which can also be affirmed by the XRD analysis.

The synthesized ZnO/GO composite exhibits
peaks at 26 values at 31.7°, 34.4°, 36.16°, 47.36°, 56.44°,

62.52°, 66.04°, and 68.8° corresponding to the crystal
planes of (100), (002), (101), (102), (110), (103), (2
01), and (200) [32], respectively, as illustrated in
Fig. 3(b). All the diffraction peaks of ZnO/GO nano-
composites coincide with the hexagonal wurtzite
(JCPDS card No. 36-1451) phase-structured ZnO [33]
which are consistent with the JCPDS standard and
also are reinstated from the SEM micrograph as
shown in Fig. 1(c). The XRD pattern of the ZnO/GO
nanocomposite does not reveal any characteristic
peaks for impurities, such as zinc hydroxide and
graphite. Apart from this, a weaker peak at 11.64° was
observed in the composite indicating that GO is not
completely reduced to rGO, this may be due to the
low temperature and absence of toxic strong reducing
agents involved in the synthesis route.

3.1. Comparison of Photocatalytic performance

The photocatalytic degradation performance of
ZnO/GO and Ag/AgCl/GO was evaluated on MB
dye. Before exposing the dispersed suspension of MB
and the photocatalysts in sunlight, it was kept in
dark to accomplish the adsorption-desorption equi-
librium between the dye and the catalysts. In both
the cases of Ag/AgCl/GO and ZnO/GO, the photo-
catalytic degradation of MB was done under visible
light irradiation. The degradation of the dye was
monitored using UV-vis absorption spectra and it
can be seen from the Fig. 4(a), that 92% of the dye
degraded within 50 min time of exposure in the case
of the Ag composite. The key factor for an effective
photocatalytic activity is the efficient charge separa-
tion/transfer by the photocatalyst. Here, GO could
promote electron transfer occurring in the photocata-
lysts acting as catalyst carrier/promoter/co-catalyst
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Fig. 4. UV-vis spectrum depicting the decrease in the absorbance of MB using visible light photocatalyst (a) Ag/AgCl/

GO and (b) ZnO/GO nanocomposite.

[34]. The increased photocatalytic activity of Ag/
AgCl/GO originated from the combined effect of
GO, which acts as a co-catalyst with the transmission
of photogenerated electrons. On irradiation by sun-
light, the Ag/AgCl/GO nanocomposite effectively
absorbs the incident photons due to the confined sur-
face plasmon resonance (SPR) excitation of Ag nano-
particles existing in the visible region, reinforcing the
separation of photogenerated electron and hole pair.
This absorbed photon would be subsequently
assorted into an electron and a hole, and the photo-
electron of Ag nanocrystals is shifted to the CB (con-
duction band) of AgCl surface and then to the GO
sheets as depicted in Fig. 5(a) [32]. This transference
of photoelectrons from AgCl to GO may be due to
the presence of an energy band offset between them
[35]. These electrons are pinned by oxygen in the
reaction system to form various reactive oxygen spe-
cies and the holes generated by the separation of
incident photon are held on the surface of Ag nano-
crystals where it oxidizes the dye molecule into vari-
ous smaller fragments with less toxicity. The hole on
the surface of AgCl brings about the oxidation of
chloride ions to produce chlorine atoms which are

Ag/AgCLGO (a)

highly reactive radical species that are responsible for
the oxidation of organic molecules, such as dyes [23]
as schematically shown in Fig. 5(a). In addition to
the larger surface area disclosed by GO, AgCl parti-
cles also contribute to substantial surface active sites
for the disintegration of organic substrate.

As stated by Luo et al. [36] the visible light
absorption of Ag/AgCl is due to the presence of
plasmonic absorption of Ag nanocrystals, since
AgCl alone cannot absorb visible light due to the
wide band gap of 3.32eV leading to difficulty in
excitation in visible light and also it is found to be
unstable under sunlight. The presence of Ag nano-
particles on AgCl enhances the absorption of visible
light due to the strong SPR effect. During the dark
adsorption experiment, the catalyst showed a very
good adsorptive capacity towards MB through non-
covalent 7—z intermolecular interaction and there is
also a strong interaction between the positively
charged MB and negatively charged GO surface
[37,38]. Hence, there exists a synergistic effect
between the Ag nanoparticles, AgCl, and GO lead-
ing to a photocatalyst with remarkable stability and
efficiency.

zoGo (b)

Fig. 5. Schematic representation of the possible mechanism for the degradation of MB using (a) plasmonic Ag/AgCl/GO

nanocomposite and (b) ZnO/GO nanocomposite.
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The ZnO/GO and dye suspension were exposed to
visible light and the concentration changes in the dye
were monitored by the absorption profile at 664 nm in
UV-vis absorption spectra as shown in Fig. 4(b). The
intensity of MB absorbance decreased regularly with
the increment in time of exposure, indicating the con-
tinuous decrease in MB dye concentration. It was
observed that the absorbance of the dye decreases to
95% within 100 min of exposure and the peak in the
UV-vis absorption spectra shifted from 664 to 657 nm
confirming the structural rupture of the dye during
photo degradation. The synthesized composite exhibits
enhanced photocatalytic activity for the degradation of
MB under both UV and visible light; the present case
deals about the degradation of MB using ZnO/GO
nanocomposite under visible light irradiation as the
former has been discussed widely. The electrons from
the CB of ZnO are transferred to the GO surface
where it reacts with oxygen to produce superoxide
radicals and finally forms highly reactive OH' on reac-
tion with electrons of GO leading to the mineralization
of MB molecules into CO,, H,O, and less toxic miner-
als [39]. MB molecules are assumed to channelize to
the semiconductor surface and get adsorbed via inter-
action between the dye and the aromatic graphene
regions, hence it is suggested that ZnO/GO nanocom-
posite leads to charge separation, suppressing the
recombination of electron and hole pair and adsorp-
tion of dyes. The degradation of the MB dye employ-
ing ZnO/GO nanocomposite in visible light may be
due to the higher adsorption onto the planar structure
of GO and 7z—r interaction between the aromatic ring
of the dye molecule and graphene domains as dis-
played in Fig. 5(b) [40].

The exposure of ZnO/GO nanocomposite to light
illumination brings about the photoexcitation of elec-
trons of ZnO which are enhanced by the electronic
interaction between GO and ZnO. This causes the
electron-hole pair charge separation in ZnO, sup-
ported by GO. As GO is a competitive electron accep-
tor with 2-D z-conjugation structure, it effectively
restrains the recombination of photogenerated charge
carriers by the transfer of the excited electrons from
the CB of ZnO to GO [41]. These photoexcited e~
move to the nanocomposite surface and generate reac-
tive oxy radicals, such as superoxide radical ion and
hydroxyl radical, which mineralize the dye efficiently
[42]. Another possible mechanism for the degradation
of dye is the excitation of the dye where it acts as a
sensitizer of visible light and throws the electron to
GO surface to form the cationic dye radical followed
by degradation [43]. GO with various oxygen-contain-
ing functional groups permits the absorption of the
dye molecule on its surface, where MB is excited and
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the electron is transported to the conduction band of
ZnO from GO sheets. The surface adsorbed oxygen
captures the photoelectron for the generation of the
oxidative species which plays a vital role for the deg-
radation of MB [44]. Another important factor for high
performance of photocatalysis by the composites may
be due to the tight stacking of ZnO nanostructures
and GO sheets. GO takes the dual role as electron col-
lector and transporter, crucial factors for the improved
photocatalytic behavior under visible light irradiation.
The GO sheets are found to be embedded between the
hexagonal stacks of ZnO, and hence offer shorter dis-
tance for the transference of photoelectrons, which in
turn brings enhanced photocatalytic activity towards
the dye degradation.

The performance of Ag/AgCl, ZnO, and modified
GO nanocomposite photocatalysts were investigated
for the degradation of MB (10mg/I). In the case of
bare ZnO, the decline in the dye concentration was
only 48%, bare Ag/AgCl resulted in 43% of degrada-
tion and in the absence of catalyst there is no consid-
erable degradation as shown in Fig. 6. The
modification of GO with Ag/AgCl enhances the activ-
ity of the photocatalyst with degradation rate of nearly
92% within 50 min than the bare Ag/AgCl. There is a
gradual increase in the photocatalytic behavior of Ag/
AgCl/GO nanocomposite with increase in the AgCl
content, but due to the instability of AgCl leading to
aggregation [37] bare Ag/AgCl shows only 43% deg-
radation. On grafting GO with Ag/AgCl, the degrada-
tion rate of MB raised to 92%, where GO being a
catalyst carrier with larger surface area prevents the
aggregation of Ag/AgCl leading to stability and
enhanced photocatalytic performance [20]. The ZnO/
GO composite shows enhanced photocatalytic activity
than the parent ZnO as the absorption capacity of the

100 1 AnggClJ"GO Zn0/GO
”’.”,l———-———-
g
-]
2
2 ZnO
= a4 Y Y
® v""
(=]
No catalyst

80 100

Time (min)

Fig. 6. Percentage degradation of MB towards various
catalysts.
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composite is high due to the presence of GO with
larger surface area, which binds the MB molecules by
m—x conjugation with offset face-to-face direction [45].

4. Conclusion

The Ag/AgCl/GO, and ZnO/GO nanocomposites
were fabricated via low-temperature hydrothermal
process and the photocatalytic performance of the
nanocomposite was found to be higher when com-
pared to the Ag/AgCl, and ZnO. The characterization
of the synthesized composites using sophisticated
instrument confirmed the formation of the GO-based
nanocomposites. The comparison of the photocatalytic
degradation of MB using ZnO/GO showed 95%
removal of dye in 100 min, whereas plasmonic catalyst
Ag/AgCl/GO was found to degrade 92% of MB
within 50 min of reaction time. The Zn composite
showed higher dye degradation at higher process time
under visible light since it absorbs visible light only to
a small extent. The degradation of MB using ZnO/GO
nanocomposite may be due to the higher amount of
GO leading to adsorption, whereas silver-based GO
composite showed rapid degradation in lesser time
due to its unique SPR property.
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