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a b s t r a c t

In this study, a new method has developed for the synthesis of Ag/AgBr/Graphene-oxide (Ag/AgBr/GO)
nanocomposite with high adsorption capacity and high photocatalytic activity in degradation of methyl
orange (MO). In this method, ultrasound was applied in the synthesis and it was facilitated the process.
The samples prepared under ultrasound were shown as Ag/AgBr/GO-U, and the samples under conven-
tional method as Ag/AgBr/GO-C. The results of FT-IR, XRD, Raman, DRS and SEM confirmed the structure
of the nanocomposites very well. Ultrasound played a key role in the formation of nanocomposite with
smaller size of GO sheets and particles. Different amount of GO was used in the nanocomposite compo-
sition and their photocatalytic activities were compared. The MO in solution was completely degraded in
15 min, 30 min, and 45 min with Ag/AgBr/GO-U-1 that contained 1 mg mL�1 GO, Ag/AgBr/GO-U-0.5 that
contained 0.5 mg mL�1 GO and Ag/AgBr/GO-C-0.5 that contained 0.5 mg mL�1 GO, respectively. The
chemical oxygen demand (COD) measurements displayed a complete mineralization in 30 min for
Ag/AgBr/GO-U-0.5. The data obtained from the degradation experiments were fitted to the first-order
kinetics and the adsorption obeyed the Langmuir model. The nanocatalyst did not exhibit significant loss
of activity even after four cycles of successive uses. To determine the mechanism of photocatalytic degra-
dation of MO, different scavengers were used. Based on the results, the superoxide radical, hydroxyl rad-
ical and hole had a key role in the degradation process. The Ag/AgBr/GO-U-1 nanocomposite exhibited
the highest photocatalytic activity due to its high adsorption capacity and enhanced charge transfer.
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1. Introduction

In recent years, different kinds of aromatic compounds, organic
dyes and pharmaceutical pollutant produced from industry, textile,
agriculture and waste processes have a negative impact on humans
and the ecosystems. To solve these problems, great hard works
have been dedicated to develop photocatalysts to achieve the pho-
todegradation of the pollutants. Applying semiconductor photocat-
alysts to decompose organic pollutant in air and water is a possible
approach for solving environmental problems [1–3]. Semiconduc-
tor photocatalysis has attracted increasing interest as a green tech-
nology to solve the existing energy and environmental problems of
human society [4,5]. TiO2, a conventional photocatalyst, cannot be
broadly used in practical applications because of low photocat-
alytic efficiency on sun light and its limited visible-light absorption
[6–9]. In the other hand, sunlight is the best energy source for the
action of photocatalysts. Thus, it is highly required to extend new,
stable, efficient, and sun -light photocatalysts. Strong visible light
absorption was shown by noble metal nanoparticles (for example
Au, Ag and Pt). It is due to surface plasmon resonance (SPR) of
these particles [10,11]. As outcome, plasmonic noble metal
nanoparticles can be used to enhance the visible light absorption
of photocatalysts [12–16]. Recently, Ag/AgX (X = Cl, Br, I) has
attracted a lot of attention for photocatalytic activity because of
its capability in absorption of visible light due to surface plasmon
resonance effect. However, AgX has the main role in the degrada-
tion of pharmaceutical pollutant, dye pollutant and bacteria
due to photoactive species [17–19]. Also, it was realized that the
Ag/AgBr could not use the whole photoactivity because of its large
particles [20,21]. The hybrid materials can improve the Ag/AgX dis-
persion in medium that can enhance electron transfer in substrate
and better photocatalytic activity [22].

Different methods have been used to modify Ag/AgX to enhance
its photocatalytic activity. CNTs were used by Li et al. to modify
Ag/AgBr, and their results showed an improvement in photocat-
alytic activity [23–26].

Graphene oxide (GO), an atomic thick nanosheet of covalently
organized two-dimensional lattice of carbon atoms that decorated
with different oxygen-containing groups such as hydroxyl, epox-
ide, carbonyl and carboxyl, has newly received considerable atten-
tion as a novel kind of graphene [27–29]. Some properties of GO,
such as hydrophilicity and nice solubility in solvents caused to
use GO for the production of GO-based hybrid nanocomposites.
These nanocomposites have been applied for different applications
such as chemical and biochemical sensors, drug delivery, electro-
chemical field and high efficiency catalysis [30–32]. Currently fab-
rication of GO-involved catalyst especially for the
photodegradation of pollutants much attention has received. High
specific surface area, locally conjugated aromatic system, and
unique electronic properties of the graphene-based materials,
making them ideal candidates for catalyst with excellent efficient
and strong photocatalysts [33,34]. So coupling GO with Ag/AgBr
is an effective strategy to improve efficiency of photocatalytic
activity for degradation of pollutant.

After selecting the appropriate catalyst synthesis is the next
important issue, there are different methods for the synthesis
Ag/AgBr like ion exchange, precipitation etc. that needs long time
or difficult conditions. Consequently, a more facile method is
strongly required.

The sonochemical method can be used to obtain nanocompos-
ites [35,36]. The high-intensity ultrasound irradiation in liquid
solutions creates the acoustic cavitation effect, collapse of bubbles
and high temperatures and pressures in small regions of the solu-
tion that all these effects result in high speed, simple condition of
synthesis and better quality of products [37,38]. In this work,
ultrasound irradiation has been applied in the preparation of

Ag/AgBr/GO nanocomposite for the photocatalytic applications.
The sonosynthesis nanocomposite was carried out in a short time
under mild conditions. The complete degradation of Methyl orange
(MO) was approved in the presence of Ag/AgBr/GO nanocomposite
under sun light irradiation.

2. Experimental

2.1. Materials

Graphite powder (purity 99%, mesh 325), potassium perman-
ganate (KMnO4), sodium nitrate (NaNO3), sulfuric acid (H2SO4),
hydrochloric acid (HCl), hydrogen peroxide (H2O2), silver nitrate
(AgNO3, 99%), cetyltrimethyl ammonium bromide (CTAB) were
obtained from Merck. All materials were used as received without
additional purification or treatment. Methyl orange (MO) from
Aldrich, were used as received. De-ionized water (DI) was used
in the synthesis of the GO.

2.2. Preparation of GO

GO was prepared by the ultrasonic method [39]. In a usual pro-
cedure, 0.5 g graphite powder and 0.5 g NaNO3 were added into
23 mL H2SO4. The mixture stirred in an ice bath. 3.0 g KMnO4

was added to mixture little by little in the next step. Then, the sus-
pension was irradiated for 20 min in ultrasonic bath at room tem-
perature. The prepared suspension was diluted by 40 mL de-
ionized water. At least, with adding 100 mL de ionized water and
3 mL H2O2 (30%) to the suspension the process was finished. The
mixture was filtered and washed with HCl aqueous solution and
distilled water and dried under vacuum at 80 �C for 24 h. To obtain
GO nanosheets as a dispersed phase in water, 50 mg of as-
synthesized dried solid product was added to 50 mL of distilled
water and then sonicated with an ultrasonic homogenizerfor1 h.

2.3. Preparation of Ag/AgBr/GO

Ag/AgBr/GO was synthesized via a facile and fast ultrasonic
method. In a typical procedure, 20 mL aqueous solution of GO
(1 mg mL�1) was added to 50 mL cetyltrimethyl ammonium bro-
mide (CTAB) aqueous solution (0.015 M) with vigorous stirring
for 10 min and then 50 mL of a 0.015 M AgNO3 aqueous solution
was added drop by drop. At next step the mixture was sonicated
with probe ultrasonic for 30 min (at classic procedure mixture
was lasted for several hours for example 6 h in [40] and 24 h in
[33]) at room temperature to preparation AgBr/GO. Finally, to syn-
thesize Ag/AgBr/GO we need UV light to produce Ag nano particle
on AgBr/GO composite. Generally, UV lamp was used to this reduc-
tion [33,40,41]. In this work, without any special lamp, the mixture
was irradiated under sunlight for 30 min to produce Ag/AgBr/GO–
U. The color of the product changed to grey, which indicated that
silver nanoparticles were produced. The product was collected
and washed with distilled water and absolute ethanol 2–3 times.
Ag/AgBr/GO-C synthesized with stirring for 3 h instead of ultra-
sonic irradiation and Ag/AgBr nanocomposite was also synthesized
via a parallel process without the introduction of GO.

2.4. Photocatalytic performance of the samples

In photocatalytic degradation experiments, direct sunlight was
applied as an energy source. The catalytic activity of as prepared
Ag/AgBr/GOs nanocomposites have been studied for the photocat-
alytic degradation of MO in an aqueous solution. In these tests,
25 mL MO (10 mg L�1) and 0.015 g of each catalyst at natural pH
were added to the Pyrex glass vessel and magnetically were stirred.
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Different stirrer were employed in identical rate of stirring and at
fix interval time under direct solar radiation in following sunny
days in the range of 10 am–2 pm on the edge of window (GPS coor-
dinates: N = 36_18041.600, E = 59_31054.200). The temperature of
the solution was between 17 and 20 �C. Before beginning photocat-
alytic activity under sunlight irradiation, the solutions were mag-
netically stirred in a dark place to achieve adsorption–desorption
equilibrium between the MO and photocatalyst. The experiments
were performed in different times and to attain equilibrium,
15 min was needed. Different amounts of catalyst (0.40 g L�1,
0.60 g L�1, 0.8 g L�1, 1.00 g L�1) were checked, 0.6 g L�1 was the
best choice for dosage of catalyst. The turbidity of the suspension
was increased by increasing the amount of catalyst, and this led
to the decrease of light scattering and diffusion of light. At determi-
nate interval times, about 5 mL of suspensions were separated by
centrifuge. The removal of MO was determined based on the
absorption at 465 nm by using a UV–vis spectrophotometer. Then,
the absorption was transformed to concentration through the stan-
dard curve of MO. Dichromate method was used to determine the
chemical oxygen demand (COD) of the samples [42] after solution
centrifuge. The experiments were done under sun light irradiation
for the samples Ag/AgBr/GO-C and Ag/AgBr and the results showed
that the best yield of decomposition was attained for the Ag/AgBr/
GO-U nanocomposite. Hence, the sono-synthesized nanocomposite
as aphotocatalyst was selected for the degradation of the pollutant.

2.5. Characterization and equipment

The structure, morphology, and light absorption properties of
the as-prepared nanocomposites were characterized by using
Fourier-transformed infrared spectroscopy (FT-IR), X-ray diffrac-
tion (XRD), Scanning electron microscopy (SEM), UV–Vis diffuse
reflection spectroscopy (DRS) and Raman spectroscopy. The FTIR
were recorded on a Thermo Nicolet 370 spectrometer, the spec-
trum was obtained by mixing the sample with KBr. XRD was per-
formed in a wide range angle (2h = 4�–80�) by Bruker-axs, D8
Advance model at a scanning rate of 0.06�/s, with monochroma-
tized CuKa radiation (k = 1.5406 Å). DRS was analyzed by MC-
2530. SEM was performed with LEO 1450VP. Raman spectroscopy
was done with an Almega Thermo Nicolet Dispersive Raman Spec-
trometer with a 532 nm laser excitation. To determine the concen-
tration of MO in solution, UV–Vis adsorption spectra were recorded
by the UV–Vis spectroscopy (Unico 2800). The ultrasonic irradia-
tion was applied with equipment operating at 20 kHz (Branson
Digital Sonifier, W-450 D) and bath ultrasound (Branson, model
8510E-DTH, USA, 40 kHz, 250 W).

3. Results and discussion

3.1. Characterization of the catalyst

Practically, as shown in Fig. 1, the Ag/AgBr/GO nanocomposites
could be successfully fabricated by adding GO and AgNO3 aqueous
solution to CTAB aqueous solution and following by ultrasonic irra-
diation. The functional groups like hydroxyl, epoxide and car-
boxylic on GO sheets could act as good attaching sites for the
nucleation and growth of AgBr nanoparticles [33]. Few amount of
Ag+ in AgBr are converted into Ag nanocrystals by the ambient light
through the AgBr growth process on GO nanosheets. Whereas
under the subsequent sunlight irradiation, more Ag+ are converted.

In order to investigate the hybridization of Ag/AgBr with GO in
Ag/AgBr/GO-U sample, the Fourier transform infrared spectra (FT-
IR) of the Ag/AgBr/GO-U sample and GO were recorded as shown in
Fig. 2. It could be seen that the GO shows several characteristic
peaks at 1731, 1620, 1222, and1051 cm�1, which are attributed

to the C@O carbonyl stretching, the OAH deformation vibration,
and the CAOH and CAO stretching, respectively [39]. The C@O car-
bonyl stretching band at 1731 cm�1in GO shifts to lower
wavenumber, 1712 cm�1, in Ag/AgBr/GO-U sample, that represent
the obvious interactions between the Ag/AgBr nanoparticles and
GO nanosheet [34]. In addition, the intensity of carbonyl stretching
band in Ag/AgBr/GO-U was weaker compared with GO. Therefore,
hybridization between GO nanosheets and Ag/AgBr nanoparticles
was confirmed by FT-IR results.

Distinct absorption in the visible region has key role for the
visible-light and sunlight energized catalysts. Totally, pure AgBr
species could only display distinct absorption in the ultraviolet
region but not strong absorption in the visible region [25,43].
Whereas, the as-prepared nanocomposites Ag/AgBr/GO-U and
Ag/AgBr/GO-C show strong absorption both in the UV and visible
regions as shown in Fig. 3. This proposed the existence of metallic
Ag particles in all samples, which could produce SPR absorptions in
the visible region [44]. It means the optical properties of plasmonic
noble metal are dominated by their SPR when excited by irradia-
tive light with a specific wavelength. This exciting was occurred
with adsorption light in visible, IR and NIR regions. Also,
Ag/AgBr/GO-U nanocomposite shows stronger absorption in
visible region compared with Ag/AgBr/GO-C that refers to more
presence of GO and Ag nanoparticles in Ag/AgBr/GO-U. Therefore,
the as-prepared photocatalysts especially Ag/AgBr/GO-U has
higher photocatalytic activity in the whole sunlight region.

The crystal structures and existence of metallic Ag in as-
prepared nanocomposites could be established by the XRD investi-
gation. As shown in Fig. 4, the XRD pattern of Ag/AgBr/GO-U,
Ag/AgBr/GO-C and Ag/AgBr indicated distinct diffraction peaks that
are attributed to cubic phase of AgBr (JCPDS file: 6-438) and metal-
lic Ag (JCPDS file: 4-783), that included 2h at 26.7� (111), 30.9�
(200), 44.3� (220), 52.5� (311), 55.0� (222), 64.5� (400), 71.1�
(331), 73.2� (420) for AgBr, and 38.2� (111), 44.3� (200), 64.5�
(220), 77.9� (311) due to presence of Ag [45]. This result confirms
the presence of metallic Ag in nanocomposites and it suggests the
formation of Ag/AgBr-based nanocomposites. However, no obvious
peaks for GO are observed in the composites by XRD, because
when GO is hybridized with inorganic components, the diffraction
peak ascribing to GO could hardly be seen by XRD. This is due to
the low diffraction intensity of GO nanosheet. Compared with
Ag/AgBr, Ag/AgBr/GO-U and Ag/AgBr/GO-C, the peak intensity of
Ag in Ag/AgBr/GO-U is stronger, indicating that in the same condi-
tion more Ag nanocrystals generate.

Furthermore, the structural change and the interaction effect
between GO and Ag/AgBr in Ag/AgBr/GO-U was investigated by
the Raman spectra. Totally, graphene oxide nanosheets have two
characteristic peaks namely D and G band in the Raman spectrum.
The G-band of GO shifts to higher frequency when hybridized with
an electron acceptor component and to lower frequencies when
hybridized with an electron donor component [34]. As shown in
Fig. 5, the D and G band of graphene oxide were also observed in
Ag/AgBr/GO-U at 1350 cm�1 and1590 cm�1, respectively [33].
Comparison with the G-band of the pure GO nanosheets that
placed at ca. 1600 cm�1, a shift by 10 cm�1 to a lower frequency,
1590 cm�1, was observed in Ag/AgBr/GO-U. This result confirms
very well the composition of GO where Ag/AgBr and GO work as
electron donor and electron acceptor, respectively. Additionally,
the decrease in the average size of the in-plane sp2 domains of C
atoms in the as-prepared Ag/AgBr/GO-U nanocomposite was indi-
cated by intensity ratio of D-band to G-band (ID/IG) in the Raman
spectrum which increased from 1.05 for GO to 1.25 for Ag/AgBr/
GO-U.

The morphologies of the as-synthesized nanocomposites via
ultrasonic and classic methods are characterized by scanning elec-
tron microscopy (SEM) as shown in Fig. 6. The sheets of GO were
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observed very well in Fig. 6(b and c) in comparison with Ag/AgBr
(Fig. 6a) with no GO sheets. The nanoparticles with an average size
of ca. 200–250 nm were obtained when GO was used in nanocom-
posite (Fig. 6(b and c)). In addition, the Ag/AgBr nanoparticles are
smaller in the sample prepared by ultrasound than classical

method and this is due to the cavitation process in ultrasonic
method. It can be seen from Fig. 6c that nanoparticles penetrate
between GO layers and intercalation was occurred in ultrasonic
sample. Ag/AgBr nanoparticles that attached onto GO sheets can
prevent GO sheets from aggregation and restacking, and both faces
of GO sheets are accessible in their application.

Ag/AgBr/GO-U with uniform size of nanoparticles, well distribu-
tion of particles on GO, smaller size of GO sheets and intercalation
of particles between GO layers, has unique structure which could
promote electron transfer of the catalysts in photocatalytic reac-
tion and favorably improve the adsorption capacity of Ag/AgBr/
GO due to its high surface area.

3.2. Removal of MO by Ag/AgBr/GO

In the absence of photocatalyst (Ag/AgBr/GO), the photolysis of
MO in aqueous solution (10 mg L�1) under direct sunlight irradia-
tion was tested. It was found that no considerable changes
observed on the concentration of MO after sunlight irradiation.
This indicates that MO is stable and cannot be simply degraded
by sunlight irradiation. Then, Ag/AgBr/GO nanocomposites as pho-
tocatalyst were applied to investigate MO degradation. In this
study, the MO solution with nanocomposite was magnetically stir-
ring in the dark place for different interval times to reach adsorp-
tion–desorption equilibrium between the dye (MO) and
photocatalyst. 15 min was the optimum time to attain this equilib-
rium. The suspension after dark step was placed under direct sun-
light irradiation for several interval time and studied the
photocatalyst effect of nanocomposite on MO degradation. For
comparison, the same photocatalytic degradation experiments
were performed with Ag/AgBr/GO-U and Ag/AgBr/GO-C. Although
Ag/AgBr/GO nanocomposites were synthesized in harder condi-
tions in classic than ultrasonic method, but the sample synthesized
with ultrasound exhibited a higher photocatalytic activity (Fig. 7).
Through the acoustic cavitation process, collapse of the bubbles
caused to very high pressures, temperatures and cooling rates
[46] that makes available a favorable situation for the growth of
the Ag/AgBr nanocrystals on GO nanosheets. Therefore, in the pres-
ence of ultrasound the smaller size of the GO nanosheets with
higher surface area can be achieved. In Ag/AgBr/GO-U nanocom-
posite, adsorption capacity and charge transfer were increased
and the efficiency of the electron–hole separation was also encour-
aged. As the results indicated that the sample synthesized via

Fig. 1. Schematic Explanation for Ag/AgBr/GO-U nanocomposite.

Fig. 2. FT-IR spectrum of GO and Ag/AgBr/GO-U nanocomposite.

Fig. 3. UV–Vis diffusive reflection spectra of Ag/AgBr/GO-U and Ag/AgBr/GO-C.
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ultrasound method showed higher photocatalytic activity than the
sample synthesized via classic method, therefore, total experi-
ments performed with the ultrasonic sample (Ag/agBr/GO-U).

Fig. 8a presents the effect of GO loading with different value of
GO in the composition of the samples prepared by ultrasound (0,
0.5 and 1 mg ml�1) on the degradation of MO. The catalyst with
0 mg ml�1 of GO (Ag/AgBr) exhibited the lowest activity, while
the Ag/AgBr/GO-U nanocomposite with 1 mg ml�1of GO showed
the highest adsorption and activity in comparison with other com-
posites. Therefore, the photocatalytic activity can be improved by
adding a small quantity of GO which can enhanced specific surface

area and adsorption capacity, speed up the separation of photo-
generated electrons and holes on Ag/AgBr and an increase of
charge transfer when Ag/AgBr/GO-U nanocomposite are excited
with light. Fig. 8 shows the photocatalytic activities of the synthe-
sized samples under different conditions.

Fig. 8(b–d) shows the UV–Vis absorption graphs of MO
(10 mg/L�1, 50 mg/L�1) in the presence of Ag/AgBr/GO-U photocat-
alyst under sunlight irradiation. It canbe seen that theMOdecreased
considerably as the process time increased. According to change of
the absorbance intensity at 464 nm (Fig. 8(b and c)), the decoloriza-
tion efficiency of MO solutions (10 mg L�1) in the presence of
Ag/AgBr/GO-U photocatalyst reached to 70% and 100%, respectively
after 2 min. Decolorization of MO solution (50 mg L�1, Fig. 8d)
needed more time that is associated with the more MO molecules
with constant amount of ag/AgBr/GO-U nanocomposite.

3.3. Adsorption isotherm

One of the important factors in photocatalytic process is the
amount of pollutant adsorption on the surface of catalyst. There-
fore, indicating adsorption isotherm, maximum of adsorbed dye
on surface of catalyst and other related factors seems necessary.
As the catalyst is active with exposure on the light, the adsorption
isotherm was performed in the dark place. For this purpose, differ-
ent aqueous solution of MO with different initial concentration and
0.015 g catalyst were stirred in dark to attain equilibrium. The con-
centration of MO after 15 min (equilibration period) was deter-
mined with UV–vis spectrophotometer and the amount of
adsorbed MO was calculated by using the following equation:

Fig. 4. XRD spectrum of (a) GO, (b) Ag/ABr, (c) Ag/ABr/GO-C and (d) Ag/AgBr/GO-U.

Fig. 5. Raman spectra of Ag/AgBr/GO-U and GO.
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qe ¼
vðC0 � CeÞ

W
ð1Þ

where v is the volume of the solution of MO (L), C0 is the initial con-
centration of MO (ppm), Ce is the equilibrium concentration of MO
(ppm) and W is the weight of the nanocatalyst (g), and qe presents
the amount of adsorbed dye at equilibrium (mg g�1). All calculated
adsorption data were established to fit the Langmuir isotherm as in
the following equation:

Ce

qe
¼ 1

qmaxK

� �
þ 1

qmax

� �
Ce ð2Þ

where Ce is the equilibrium concentration of MO after 15 min, qe is
the adsorbed MO concentration on the photocatalyst surface at
equilibrium, qmax (mg g�1) is the maximum amount of dye
adsorbed on the catalyst and K (L mg�1) is the equilibrium constant.

Based on the Langmuir isotherm (Fig. 9), the obtained values of the
Langmuir parameters are showed in Table 1.

The Ag/AgBr/GO with GO = 1 mg ml�1 exhibited higher adsorp-
tion at dark due to larger specific surface area that is appropriate
for high photodegradation of dye on the surface of catalyst.

3.4. Photocatalytic degradation

Activity of the Ag/AgBr/GO-U nanocomposites were tested dur-
ing the solar degradation of MO and compared with Ag/AgBr/GO-C.
Desorption of non-degraded species (dye molecules) on the surface
of the catalyst were calculated too. According to Fig. 10, the syn-
thesized Ag/AgBr/GO-U showed higher photocatalytic activity than
the Ag/AgBr/GO-C under solar light. Its higher activity can be
attributed to the higher specific surface area due to smaller size
of sheets and particles, more adsorption capacity and more effi-
cient separation of photoinduced hole–electron pairs in the
nanocomposite during the transfer of charge by graphene oxide
nanosheets. It was observed that the concentration of MO in solu-
tion decreased continuously with time (Fig. 10) and achieved
almost to 100% of removal from solution in 6 min, 15 min and
30 min in Ag/AgBr/GO-U (GO = 1 mgmL�1), Ag/AgBr/GO-U
(GO = 0.5 mg mL�1) and Ag/AgBr/GO-C (GO = 0.5 mg mL�1), respec-
tively. The degradation on the surface of catalyst was done under
solar light irradiation and was completed after 15 min, 30 min
and 45 min by the mentioned nanocomposites with the same
order, respectively. The desorption results of Ag/AgBr/GO-U
(GO = 1 mg mL�1) indicate that the adsorbed MO remaining on
the surface of catalyst after 6 min is about 80%. Therefore, the pho-
tocatalytic decomposition was required up to 15 min to degrade
the MO on the catalyst surface. On the other hand, in the case of
Ag/AgBr/GO-U (GO = 0.5 mg ml�1) nanocomposite, desorption
results indicate the adsorbed MO remaining on the catalyst surface
after 10 min is about 85%. This result indicated the key role of GO

Fig. 6. SEM images of (a) Ag/AgBr, (b) Ag/AgBr/GO-C, (c) and (c0) Ag/AgBr/GO-U at low and high magnification respectively.

Fig. 7. Solar photocatalytic performance of Ag/AgBr/GO-C and Ag/AgBr/GO-U in
degradation of MO.
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in photocatalytic activity because of high specific surface area and
enhanced charge transfer on GO nanosheet surface.

The real degradation percent obtained via the following
equation:

%Real Degradation ¼ C0 � ðCt þ CdÞ
C0

� �
� 100 ð3Þ

where Co, Ct, Cd are the concentration of MO (ppm) at first, at time t
in the solution, and at time t on the surface of catalyst that could be
desorbed, respectively. The mineralization of MO during photocat-
alytic process was determined by measuring the COD at different
interval time through the process. Fig. 10d shows the COD changes
of MO solution during the sunlight irradiation with Ag/AgBr/GO-U
(GO = 0.5 mg ml�1). In 10 min of irradiation, 50% of COD was
decreased and when time of sun irradiation increased to 30 min,
the COD reached to about zero. In fact, the adsorption and

Fig. 8. (a) Photocatalytic activity of Ag/AgBr/GO-U in MO degradation with different values of GO in composite. UV–Vis absorption spectra of (b) MO 10 ppm solution at
different contact times with Ag/AgBr/GO-U, GO = 0.5 mg ml�1, (c) MO 10 ppm solution at different contact times with Ag/AgBr/GO-U, GO = 1 mg ml�1, inset: the color change
of MO during the process and (d) MO 50 ppm solution at different contact times with Ag/AgBr/GO-U, GO = 1 mg ml�1.

Fig. 9. Langmuir isotherms of MO adsorption on Ag/AgBr/GO-U with different values of GO.

Table 1
Langmuir parameters for Ag/AgBr/GO-U as photocatalysts.

Catalyst K (L mg�1) qmax (mg g�1) R2

Ag/AgBr/GO-U-0.5 0.97 1.98 0.99
Ag/AgBr/GO-U-1 0.15 20.28 0.98
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degradation of MOwere performed simultaneously in sun light irra-
diation. The dye molecules that existence in solution is replaced on
catalyst surface when the dye on the catalyst sites decomposed to
inorganic species under sunlight irradiation. This process is contin-
ued until the whole adsorbed MO is decomposed.

3.5. Kinetics of photocatalytic degradation

To investigate the kinetic of MO degradation, several MO solu-
tions with different initial concentration (10 mg L�1, 15 mg L�1,

20 mg L�1, 30 mg ml�1, 40 mg L�1) were prepared with Ag/AgBr/
GO nanocomposites that synthesized in two different values of
GO. As shown in Fig. 11. To evaluate the rate constant of MO degra-
dation, Langmuir–Hinshelwood model was used by the following
equation:

r ¼ � dC
dt

� �
¼ krKC

1þ KC
ð4Þ

where r (mg L�1 min�1) is degradation rate, kr (mg L�1 min�1) is
rate constant, K (L mg�1) is adsorption coefficient of the pollutant,

Fig. 10. Adsorption, desorption and degradation percent of the MO solution versus time in the presence of (a) Ag/AgBr/GO-U-0.5, (b) Ag/AgBr/GO-U-1 and (c) Ag/AgBr/GO-C-
0.5 under solar light irradiation and (d) COD of MO solution in the presence of Ag/AgBr/GO-U-0.5, (25 mL solution 10 ppm, 0.015 g catalyst).

Fig. 11. Photocatalytic degradation kinetics of (a) Ag/AgBr/GO-U-0.5 and (b) Ag/AgBr/GO-U-1.
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C (mg L�1) and t (min) are the concentration of MO and time of illu-
mination, respectively. When concentration (C) is very small, Eq. (4)
can be changed to the following equation:

r ¼ � dC
dt

� �
¼ krKC ¼ kC ð5Þ

In this equation, k (min�1) is the first-order rate constant. With
assuming t = 0, C = C0, Eq. (5) can be converted to the following
equation:

ln
C
Co

¼ �ðKtÞ ð6Þ

where C0 and C are the initial concentration and the summation of
solution and surface concentrations of MO at every time. The sur-
face concentration was calculated by desorption process. The
results showed the photocatalytic degradation is obeyed from
first-order kinetics based on the Langmuir–Hinshelwood model.
The rate constants were obtained by assuming pseudo-first-order
reaction kinetics [47].

The graph of y versus solar irradiation time (t) showed a straight
line and through its slope the rate constant of MO degradation can
be determined (Fig. 11, Table 2). The rate constant of photocat-
alytic degradation of MO is higher when the initial concentration
is lower, this result exhibited the significant effect of initial con-
centration of MO on the rate of degradation. This could be
described with the finite amount of active sites on the photocata-
lyst, and the excessive molecules of MO in the solution leads to a
reduction in the light absorption ability of the catalyst. Therefore,
the photocatalytic process is affected by the initial concentration
of MO. In addition, at the same solar irradiation time, the relative
amount of MO decomposed is higher for the sample synthesized
with more GO content than lower GO content. This is related to
the effect of GO nanosheets and their specific surface area.

3.6. Proposed mechanism of MO degradation

Some experiments were considered to indicate the mechanism
of MO degradation via Ag/AgBr/GO-U nanocomposite. At first, one
experiment was performed on an aqueous MO solution under solar
light without catalyst. The result showed that MO was stable ver-
sus light irradiation without catalyst. To more investigating the
effect of active species, two separate experiments were carried
out in the absence and presence of scavengers in the solution,
under applied conditions. As it is shown in Fig. 12, after adding
of KI as a scavenger of OH� and positive hole, the degradation rate
of MO was strongly inhibited. After addition of NaN3 as a scavenger
of superoxide radicals, OH� and electrons, the rate of degradation
was decreased too. This result suggests that the degradation of
MO were mainly done by the hole, O2

�� and �OH. To confirm the role
of _OH, t-butyl alcohol as a scavenger of _OH was added to the solu-
tion. Based on Fig. 12, by addition of t-butyl alcohol, the rate of
degradation was decreased and it means that hydroxyl radical
has effect in MO degradation [48,49].

Based on the results obtained, Fig. 13 shows a possible photo-
catalytic mechanism for the Ag/AgBr/GO nanocomposites under

Table 2
Kinetic parameters of Ag/AgBr/GO-U nanocomposites.

C0 (ppm) Ag/AgBr/GO-U-0.5 Ag/AgBr/GO-U-1

k (min�1) R2 k (min�1) R2

10 0.8040 0.99 0.910 0.99
20 0.382 0.99 0.481 0.99
30 0.290 0.99 0.353 0.99
40 0.239 0.98 0.206 0.98

Fig. 12. Effect of different scavengers on the photocatalytic activity of Ag/AgBr/GO-
U (GO = 0.5 mg mL�1) nanocomposite on MO degradation.

Fig. 13. Possible photocatalytic mechanism of Ag/AgBr/GO nanocomposite.
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visible light irradiation, both Ag and AgBr nanoparticles can fabri-
cate photogenerated electrons and holes. Generally, the majority of
holes and electrons rapidly recombine with each other and only a
fraction of them participate in the photocatalytic degradation pro-
cess, resulting in low quantum efficiency [50]. In the presence of
GO, the electrons from Ag and AgBr nanoparticles can be trans-
ferred to GO, and then combine with adsorbed oxygen to produce
reactive superoxide radicals (O2

��), which is a strong oxidant species
to degrade MO molecules. In addition, the reaction of H2O and
holes produce �OH, and both O2

��and �OH radicals can degrade
organic dyes (MO) efficiently under visible light irradiation. Also,
reactive holes at the valance band of Ag and AgBr are able to oxi-
dize organic dye straightly. Therefore, Ag/AgBr/GO composite
exhibited higher photocatalytic activity than Ag/AgBr. It is notice-
able that the MO molecules were excited by the absorption of sun
light, and electrons were injected into the conduction band of AgBr
or the Ag nanoparticles and simplifying the oxidation of the MO
molecules [51]. The enhanced photocatalytic activity of Ag/AgBr/
GO composites should be attributed to the efficient charge separa-
tion and fast transfer in the presence of GO nanosheets (see
Fig. 13).

3.7. Stability of the catalyst

To investigate the photocatalytic stability of Ag/AgBr/GO, the
catalyst was used in a cyclic degradation process four times. In
each time, after using, Ag/AgBr/GO nanocomposite was separated
from the solution with centrifuge. Then, the collected sample fre-
quently used in successive cycles. In each cycle, Ag/AgBr/GO
nanocomposite (0.015 g) was added to 25 mL dye. As it is shown
in Fig. 14, MO was quickly decomposed in every cycle. This result
indicates that there is no considerable loss of activity even after
four cycles. It is confirmed that the Ag/AgBr/GO nanocomposite
was stable and active in successive cycles.

4. Conclusion

In summary, the unique and highly efficient visible-light plas-
monic photocatalyst based on Ag/AgBr/GO nanocomposite was
synthesized via an ultrasonic method at room temperature and
short time. The enhanced photocatalytic activity and high stability
of the synthesized samples are the interesting points of this work.
Ag/AgBr/GO-U nanocomposites showed a high adsorption capacity
to MOmolecules due to small sizes of particles and GO nanosheets.
In addition, the intercalation of nanoparticles between GO layers in
ultrasonic sample caused an enhancement in its photocatalytic

activity. The amount of GO in nanocomposite affects the photocat-
alytic activity through changing the adsorption capacity, charge
transfer and suppressing recombination of electron–hole pairs in
Ag/AgBr/GO. MO was completely degraded in 15 min, 30 min and
45 min with Ag/AgBr/GO-U(GO = 1 mgml�1), Ag/AgBr/GO-U
(GO = 0.5 mg ml�1), and Ag/AgBr/GO-C(GO = 0.5 mg ml�1), respec-
tively. Therefore, the key point of this work is to achieve a
nanophotocatalyst via a facile and fast way, with the highest pho-
tocatalytic activity and having a complete mineralization of MO
under solar light. Achieving these properties was owing to the high
pressure and temperature created through the cavitation process
that led to the formation of Ag/AgBr/GO nanocomposites with suit-
able contact surfaces. The photocatalytic degradation mechanism
of MO on Ag/AgBr/GO nanocomposite could be preceded via direct
reactions of MO with holes trapped on the surface and oxidation of
MO with O2

��and �OH. The experimental data exhibited that the
photocatalytic degradation of MO by Ag/AgBr/GO nanocomposite
were apparent first-order kinetics based on the Langmuir–Hinshel-
wood model. The photocatalyst was stable and active under sun
light irradiation four following cycle uses.

Totally, the excellent photocatalytic performance, simplicity of
the process, complete degradation in ambient conditions by using
ultrasound irradiation energy source can be considered as advan-
tages of ultrasonic method.
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