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Abstract
In this work, a simple and environmentally friendly approach has been followed to synthesize amine-functionalized reduced 
graphene oxide (RGO)-supported silver nanoparticle (AgNPs) having superior catalytic efficiency towards the reduction of 
organic pollutants. RGO/AgNPs nanohybrid was synthesized by a one-pot hydrothermal reduction of silver nitrate in the 
presence of amino-propyl trimethoxy silane (APTMS)-functionalized graphene oxide (GO) nanosheets. The structural and 
morphological characterization of as-synthesized RGO/AgNPs nanohybrid was done by using XRD, SEM, TEM, FT-IR, 
and Raman spectroscopy techniques. APTMS plays an important role in controlling the size of anchored AgNPs on the 
nanohybrid in the present study. The −NH2 groups on the surface of APTMS-modified GO function as effective and well-
organized nucleation centers facilitating uniform growth of discrete and smaller-sized spherical AgNPs on the surface of RGO 
nanosheets. In the absence of APTMS, the nanohybrid comprised of bigger-sized AgNPs with few hundred of nanometers 
in dimension. The catalytic efficiency of RGO/AgNPs nanohybrid was evaluated for the reduction of two model organic 
pollutants: 4-nitrophenol (4-NP) and methylene blue (MB). Due to the synergistic effects of RGO, APTMS, and Ag compo-
nents, RGO/AgNPs nanohybrid developed in the present study exhibited superior catalytic activity towards the reduction of 
4-NP and MB in comparison with previously reported graphene/graphene oxide/reduced graphene oxide-supported AgNPs 
catalysts. The catalytic reduction of 4-NP and MB followed pseudo-unimolecular kinetics and the rate constants were found 
to be 18.83 ×  10−3  s−1 and 131.5 ×10−3  s−1 respectively for 4-NP and MB. Furthermore, RGO/AgNPs nanohybrid showed 
admirable recyclability with negligible loss in its activity until five recycle runs. The superior catalytic activity, favorable 
kinetic parameters, and sustained catalytic efficiency after recycling make RGO/AgNPs nanohybrid a promising catalyst for 
the reduction of organic pollutants in environmental remediation.

Keywords Reduced graphene oxide · Silver nanoparticles · Nanohybrid · Catalytic reduction · 4-Nitrophenol · Methylene 
blue

Introduction

The discharge of huge volumes of wastewater containing 
harmful chemical effluents such as organic dyes, heavy metal 
ions, and other toxic chemicals is a major threat to the envi-
ronment, and human beings (Adel et al. 2022). The pres-
ence of dyes and phenolic molecules contaminates the water 
reservoirs and adversely affects the health of humans and 

other aquatic organisms. 4-Nitrophenol (4-NP) and methyl-
ene blue (MB) are two such chemicals that have fatal effects 
on the health of organisms and the balance of ecosystems. 
4-Nitrophenol is widely used in pesticides, fungicides, dyes, 
explosives, and pharmaceutical industries (Nezamzadeh-
Ejhieh and Khorsandi 2014). Despite its wide range of appli-
cations, 4-NP is a harmful chemical and can cause extensive 
damage to the environment and living systems on account 
of its toxicity and high stability. Acute exposure to 4-NP 
can cause multiple health issues in humans including nau-
sea, drowsiness, cyanosis, and headache (Sponza and Kuscu 
2011). MB is an aromatic heterocyclic dye that is mainly 
used in the textile, paper, printing, food, and pharmaceutical 
industries (Low and Tan 2018). It is a hazardous chemi-
cal and can cause carcinogenic, teratogenic, and mutagenic 
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health problems in humans (Khan et al. 2022). On account of 
their persistent nature and non-biodegradability, both 4-NP 
and MB are harmful to the aquatic biota and can disrupt the 
aquatic ecosystem. The effective removal/reduction of 4-NP 
and MB from the wastewater or their transformation into 
non-hazardous molecules is of great practical importance 
in this regard.

Various methods were tried for the removal of these 
chemicals from wastewater including adsorption, photoca-
talysis, electrochemical reduction, oxidation, precipitation, 
membrane filtration, and catalytic reduction (Katheresan 
et al. 2018). Among the above-mentioned techniques, the 
catalytic reduction is a promising and widely used method 
on account of its simplicity, cost-effectiveness, environ-
mental friendliness, mild, safe, and sludge-free operations 
(Mohammadi and Entezari 2018). The catalytic reduction 
will convert the harmful organic pollutants of wastewater to 
less-toxic chemicals and thereby helps in attaining an eco-
friendly aquatic environment. On account of their unique 
size-dependent physical, chemical, and catalytic properties, 
different nanomaterials have been widely used for the cata-
lytic reduction of organic pollutants. Noble metal nanopar-
ticles have emerged as promising materials for catalysis in 
this regard, because of their high surface area, biocompat-
ibility, oxidation resistance., and high electrical conductivity 
(Hervés et al. 2012). Among different noble metal nanopar-
ticles, silver nanoparticles (AgNPs) provide efficient elec-
tron transfer reactions and received more scientific atten-
tion for catalytic reduction in recent years (Shaker Ardakani 
et al. 2021). However, bare silver nanoparticles are prone to 
aggregation due to their large surface energy. The aggrega-
tion process can significantly reduce the catalytic activity 
of silver nanoparticles (Jiang et al. 2005). Furthermore, on 
account of their smaller size, it will be difficult to separate 
and recover these nanoparticles from the reaction medium 
after the reduction process. To overcome the above-men-
tioned disadvantages, silver nanoparticles can be immobi-
lized on suitable supporting materials. An ideal supporting 
material should have a high surface area for the effective 
dispersion of nanoparticles to prevent their aggregation and 
it should also possess high electrical conductance to improve 
the catalytic activity of anchored metal nanoparticles while 
taking part in electron transport during the reduction pro-
cess. Different materials like zeolites, polymers, hydrogels, 
carbon-based nanomaterials, metal-organic frameworks, and 
MXenes have been tried as supporting materials to prevent 
the aggregation of silver nanoparticles (Ndolomingo et al. 
2020). Among them, carbon-based nanomaterials such as 
graphene (G), graphene oxide (GO), reduced graphene oxide 
(RGO), and carbon nanotubes (CNTs) have been demon-
strated as promising supporting materials for AgNPs due to 
their large surface area, high electron mobility, and excellent 
mechanical stability (Karczmarska et al. 2022). Owing to 

their good water dispersibility and the presence of a large 
number of oxygen-containing functional groups, GO and 
RGO outperform both G and CNTs in wastewater treatment 
(Yu 2020). Additionally, GO and RGO can be synthesized 
on a large scale from low-cost reactants (Trikkaliotis et al. 
2021). As the electrical conductivity of RGO is higher than 
that of GO, it can function as a better catalytic component 
for the reduction of organic pollutants. Furthermore, RGO 
can efficiently adsorb the organic molecules on its surface by 
π-π interactions and electrostatic interactions arising from its 
abundant oxygen-containing functional groups. The adsorp-
tion will bring the organic pollutants to the proximity of 
anchored metal catalytic centers which can accelerate the 
reduction process. The above-mentioned features make RGO 
an ideal supporting material for AgNPs towards the catalytic 
reduction of organic pollutants in comparison with other 
carbon-based nanomaterials.

An ideal RGO-Ag nanohybrid catalyst should have a 
homogenous distribution of discrete AgNPs on the sur-
face of RGO. By enhancing the surface electron density 
of anchored AgNPs, superior catalytic efficiency can be 
attained for such RGO-Ag nanohybrids. In the present 
study, APTMS was employed for the dual role of con-
trolling the size of anchored AgNPs and increasing their 
surface electron density. We developed a facile and envi-
ronmentally friendly approach for the fabrication of amino-
propyl trimethoxy silane (APTMS)-functionalized RGO-
supported silver nanoparticles having a uniform distribution 
of discrete and smaller-sized AgNPs as an efficient catalytic 
platform for the reduction of organic pollutants. GO was 
synthesized by a modified Hummers method and it was 
subsequently surface functionalized with APTMS. RGO/
AgNPs nanohybrid was synthesized by a one-pot hydrother-
mal citrate reduction of silver salt solution in the presence 
of APTMS-modified GO nanosheets. The structure and 
morphology of RGO/AgNPs nanohybrid were character-
ized in detail using scanning electron microscopy (SEM), 
transmission electron microscopy (TEM), X-ray diffraction 
(XRD), Fourier-transform infrared spectroscopy (FT-IR), 
and Raman spectroscopy. The catalytic efficiency of RGO/
AgNPs nanohybrid was evaluated for the reduction of 4-NP 
and MB using sodium borohydride  (NaBH4) as the reducing 
agent in aqueous media at room temperature. The reduction 
processes were monitored over time using UV-Vis spectros-
copy. The kinetics of reduction reactions and the reusabil-
ity of the nanohybrid was also studied. Due to the unified 
effects of RGO, APTMS, and Ag components, RGO/AgNPs 
nanohybrid exhibited excellent catalytic activity towards the 
4-NP and MB at ambient conditions. The calculated rate 
constants for the reduction of 4-NP and MB in the present 
study were significantly higher in comparison with the rate 
constants reported for other G/GO/RGO-supported metal 
nanoparticles.
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Experimental details

Materials

Graphite powder, sulphuric acid  (H2SO4), sodium nitrate 
 (NaNO3), potassium permanganate  (KMnO4), hydrogen per-
oxide  (H2O2), hydrochloric acid (HCl), ethanol, APTMS, 
silver nitrate  (AgNO3), trisodium citrate dihydrate, ethylene 
glycol,  NaBH4, 4-nitrophenol, and methylene blue were pur-
chased from Merck India. All the chemicals were used as 
received without any further purification. Deionized water 
was used for all experiments in the present study.

Synthesis of graphene oxide

GO was synthesized by a modified Hummer’s method (Hum-
mers and Offeman 1958). For the synthesis, 2 g of graphite 
powder was dispersed in 92 ml of concentrated  H2SO4 by 
magnetic stirring. Then, 2 g of  NaNO3 was added into the 
dispersion followed by 12 g of  KMnO4. The temperature of the 
reaction mixture was maintained below 10 °C and the stirring 
was continued for 12 h. The reaction mixture was then diluted 
by adding 370 ml of distilled water by keeping the reaction 
vessel in an ice bath. Subsequently, 20 ml of  H2O2 was added 
to the mixture and stirring was continued for another 1 h. The 
product was finally washed with 10% HCl solution and deion-
ized water to remove the impurities. The obtained GO was 
then dried in a vacuum oven for 7 h at 70 °C.

Synthesis of RGO/AgNPs nanohybrid

One hundred milligrams of GO was dispersed in 50 ml of ethanol 
with the help of ultrasonication initially. To the above GO disper-
sion, about 1 ml of APTMS was added and the reaction mixture 
was magnetically stirred for 5 h. After the evaporation of etha-
nol, 30 ml of distilled water was added to the reaction mixture 
and was mixed well. The APTMS-modified GO dispersion was 
then mixed with 10 ml of 0.1 M  AgNO3 solution and 10 ml of 
0.5 M trisodium citrate dihydrate solution. The reaction mixture 
was then transferred into a Teflon-lined stainless steel autoclave 
and heated at 120 °C for 6 h. The black precipitate obtained 
was washed with ethanol and deionized water several times and 
finally dried at 70 °C for 7 h in a vacuum oven. To check the role 
of APTMS, a control synthesis was also carried out under the 
same experimental conditions in the absence of APTMS.

Characterization techniques

XRD analysis was performed using Rigaku smart lab instru-
ment using Cu Kα radiation (λ= 1.5418 Å). JEOL Model 
JSM − 6390LV electron microscope was used to record 
the SEM images. JEM-2010 (JEOL, Japan) transmission 

electron microscope at an accelerating voltage of 200 kV 
was used to perform the TEM analysis and selected area 
electron diffraction (SAED). FT-IR analysis was done using 
Thermo Scientific Nicolet iS5 spectrometer. Raman analysis 
was done using a Horiba Xplora micro-Raman spectrometer 
at 532 nm. The reduction of 4-NP and MB was monitored 
using analytical ultraviolet (UV)–visible (vis) spectropho-
tometer by recording the spectrum in the wavelength range 
of 200–800 nm.

Catalytic reduction of 4‑nitrophenol and methylene 
blue

The catalytic performance of as-synthesized nanohybrid for 
the reduction of 4-NP and MB was studied using  NaBH4 as 
the reducing agent at room temperature. For the reduction 
studies, about 0.12 mM 4-NP solution was taken in a beaker, 
and to the above solution, 0.5 ml of 0.5 M  NaBH4 solution 
was added. The absorption of the reaction mixture without 
the catalyst was recorded using the UV-Vis spectrometer in 
the scanning range of 200 to 800 nm. About 0.2 mg/mL of 
RGO/AgNPs nanohybrid was added to the above reaction 
mixture and the reduction reaction was monitored by record-
ing the decrease in intensity of the characteristic peak of 
4-nitrophenolate anion at 400 nm. For the reduction studies 
of MB, a dye concentration of 0.025 mM and a catalyst con-
centration of 0.1 mg/mL were used. The reduction reaction 
of MB was monitored by recording the decrease in intensity 
of the characteristic peak of MB at 662 nm. To check the 
reusability, the RGO/AgNPs nanohybrid was recovered from 
the reaction medium after catalytic reduction with the help 
of centrifugation. It was then washed with ethanol and dried 
in a vacuum oven. The recycled RGO/AgNPs nanohybrid 
was used for the subsequent catalytic reduction cycles.

The percentage conversion of the analyte was calculated 
using Eq. (1)

where  C0 is the initial concentration and  Ce is the final con-
centration of the analyte.

Results and discussion

Morphological and structural characterization of GO 
and RGO/AgNPs nanohybrid

The XRD patterns of graphite, GO, and RGO/AgNPs nano-
hybrid are presented in Fig. 1. Graphite has a sharp diffrac-
tion peak at 2θ = 26.5° corresponding to (002) planes having 

(1)% conversion =
C
0
− C

e

C
0

× 100%
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a d-spacing of 0.34 nm (Fig. 1a). The characteristic peak of 
graphite has disappeared after oxidation and the well-defined 
peak of GO has appeared at 2θ = 10.7° (Fig. 1b) for the 
(001) reflections. The peak at 2θ = 42.6° corresponds to the 
(111) plane of GO (Trikkaliotis et al. 2020). The d-spacing 
for GO was 0.83 nm, which is much higher than that of 
graphite, due to the presence of many oxygen-bearing func-
tional groups on GO lattice. During the hydrothermal treat-
ment, along with the formation of AgNPs, GO will be get-
ting reduced to RGO. The XRD spectrum of RGO obtained 
by the hydrothermal reduction of GO (control experiment in 
the absence of silver nitrate) is shown in Fig. S1 where the 
characteristic (002) diffraction peak of RGO was observed 
at 2θ = 25.5°. The XRD pattern of the RGO/AgNPs nano-
hybrid (Fig. 1c) contains prominent peaks around 2θ = 38°, 
44°, 65°, and 77° corresponding to (111), (200), (220), and 
(311) planes of crystalline FCC lattice of Ag respectively. 
The XRD pattern of RGO/AgNPs does not show the dif-
fraction peaks corresponding to RGO, suggesting that the 
nanohybrid consists of disorderly stacked RGO nanosheets 
and well-crystalline Ag nanoparticles. Also, the quantity of 
such disorderly stacked RGO in the nanohybrid will be very 
small to perform its crystallinity in the XRD spectra.

Figure 2a and b depict the SEM and TEM images of 
GO, respectively. The results show that the GO synthesized 
through modified Hummer’s method has a transparent 

wrinkled sheet-like structure. Figure 2c shows the TEM 
images of the as-synthesized RGO/AgNPs nanohybrid. 
The nanohybrid consists of well-organized distribution of 
discrete and spherical silver nanoparticles on the surface 
of RGO nanosheets. Figure 3a shows the size distributions 
of AgNPs obtained from TEM image analysis. The aver-
age particle size of anchored AgNPs was found to be ~23 
nm. The SAED pattern of the RGO/AgNPs nanohybrid is 
given in Fig. 2d. Four discrete bright rings were observed 
in the SAED patterns, indicating the formation of a highly 
crystalline FCC structure of Ag nanoparticles anchored on 
the surface of RGO nanosheets. Each ring is formed by the 
diffractions from the (111), (200), (220), and (311) planes 
of metal nanoparticles, which are consistent with the XRD 
data.

The APTMS plays an important role in controlling the 
size of anchored AgNPs on the nanohybrid. Figure 3b shows 
the TEM image of the RGO/AgNPs nanohybrid prepared in 
the absence of APTMS. As evident from the TEM image, 
the anchored nanoparticles are very big with few hundred 
of nanometers in dimension. The amine functional groups 
are known to have a high affinity for metal ions. In a recent 
report, graphene oxide modified with amine functional 
groups leads to stabilization and uniform distribution of pal-
ladium (Pd) NPs on the surface of GO (Saptal et al. 2019). 
In another report, APTMS-functionalized GO and RGO 
allowed rapid conversion of gold cations into AuNPs where 
residual groups of APTMS functioned as the active sites for 
the nucleation Au–GO nanocomposites (Pandey et al. 2016).

Figure 4 shows the schematic illustration of the synthe-
sis of RGO/AgNPs nanohybrid in the present study. After 
surface functionalization with APTMS, the GO surface will 
have -NH2 functional groups. These -NH2 groups on the sur-
face of APTMS-modified GO will act as effective and well-
organized nucleation centers facilitating uniform growth of 
smaller-sized Ag nanoparticles. In the absence of APTMS, 
there will not be any such well-organized nucleation centers 
on the surface of GO which will result in the formation of 
bigger-sized Ag nanoparticles (Fig. 3b).

The APTMS binding on GO surface was confirmed by 
FT-IR analysis. Figure 5 shows the FT-IR spectra of bare 
and APTMS-modified GO. The FT-IR spectrum of GO 
(Fig. 5a) exhibits characteristic peaks at 3405, 1718, 1617, 
and 1232  cm-1 corresponding to O–H, C=O, C=C, and 
C–O–C stretching frequencies respectively (Damodaran 
2021). The absorptions at 1380 and 1052  cm-1 correspond to 
the O=C–O and C–O stretching frequencies of the carboxy 
and alkoxy groups present on the surface of GO respectively. 
The FT-IR spectrum of APTMS-modified GO (Fig. 5b) 
exhibits two peaks at 2925 and 2865  cm-1 corresponding to 
the C-H symmetric and asymmetric stretching vibrations of 
propyl moieties of APTMS (Chen et al. 2015). The peaks at 
1633 and 1587  cm−1 are attributed respectively to the N–H 

Fig. 1  The XRD patterns of a graphite, b GO, and c RGO/AgNPs 
nanohybrid
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deformation vibration of free amino groups and the N–H 
bending vibration of H-bonded amino groups of APTMS 
(Dong et al. 2019). The FT-IR spectrum of APTMS-modi-
fied GO also exhibits peaks corresponding to Si–O–C and 
Si–O–Si stretching vibrations at 1105 and 1052  cm−1 respec-
tively (Chen et al. 2015). The presence of the above-men-
tioned characteristic peaks confirms the successful binding 
of APTMS on the surface of GO.

Figure 6 represents the Raman spectra of GO and RGO/
AgNPs nanohybrid. The two prominent peaks appeared 

between 1200 and 1600  cm−1 corresponding to the char-
acteristic D and G bands of graphene-based materials. The 
D band corresponds to the defects in the graphene-based 
sheets and the G band corresponds to the ordered vibrations 
of the  sp2 hybridized carbon structure of the sheets (Nimita 
Jebaranjitham et al. 2019). The ratio of intensity  (ID/IG) 
gives an estimate of the defect intensity in graphene-based 
materials (Tran et al. 2020). The estimated peak intensity 
ratios  ID/IG for GO and RGO/AgNPs were 0.849 and 0.983 
respectively. As evident from the TEM image (Fig. 2c), the 

Fig. 2  The a SEM and b TEM 
images of GO, c TEM image, 
and d SAED pattern of RGO/
AgNPs nanohybrid

Fig. 3  a Size distribution 
of AgNPs in RGO/AgNPs 
nanohybrid synthesized using 
APTMS-modified GO. b TEM 
image of RGO/AgNPs nanohy-
brid synthesized in the absence 
of APTMS
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Ag nanoparticles are uniformly distributed on RGO to pro-
duce considerable defects in the RGO lattice, causing an 
increment in the  ID/IG ratio.

Catalytic reduction of 4‑nitrophenol

The catalytic activity of the as-synthesized RGO/AgNPs 
nanohybrid was examined for the reduction of 4-NP using 
 NaBH4 as the reducing agent at room temperature. The aque-
ous solution of 4-NP exhibits an absorption peak of around 
317 nm, which had undergone a bathochromic shift after 
the addition of  NaBH4 (Fig. S2). The new peak appeared 
around 400 nm is due to the formation of 4-nitrophenolate 
anion. The color of the solution changed from light yellow 

to greenish yellow after the addition of  NaBH4. The intensity 
of the peak at 400 nm remained unchanged for a long time, 
indicating the reduction is very slow even with the strong 
reducing agent  NaBH4 (Fig. S3). When the RGO/AgNPs 
nanohybrid was added to the reaction mixture, the inten-
sity of the peak of 4-nitrophenolate anion started decreasing 
instantly, and a new peak has appeared around 297 nm due 
to the formation of the reduction product 4-aminophenol. 0.2 
mg/ml of RGO/AgNPs nanohybrid could reduce 0.12 mM 
of 4-NP solution almost completely within 95 s (Fig. 7a). 
The fast reaction kinetics shows that RGO/AgNPs nanohy-
brid can effectively promote the transport of electrons from 
sodium borohydride to 4-nitrophenol and thereby accelerate 
the reduction process. The concentration of  NaBH4 (0.5 M) 
was very high in comparison with 4-NP (0.12 mM) in the 

Fig. 4  Schematic illustration of 
the synthesis of RGO/AgNPs 
nanohybrid

Fig. 5  The FT-IR spectra of a GO and b APTMS-functionalized GO

Fig. 6  The Raman spectra of a GO and b RGO/AgNPs nanohybrid
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present study. The relatively higher concentration of  NaBH4 
will keep the concentration of  BH4

- unaltered during the 
reduction. Thus, the pseudo-first-order kinetic model can 
be used to evaluate the rate constant of catalytic reduction. 
The rate constant (k) of the reaction could be determined 
from the kinetic plot of ln  (C0/C) versus time (t) in seconds, 
using Eq. (2).

where  C0 and  A0 are the concentration and corresponding 
absorbance respectively of the analyte at time t = 0. C and A 
are the concentration and corresponding absorbance respec-
tively of the analyte at time t.

An excellent linear correlation of ln  (C0/C) versus time 
(t) is shown in Fig. 7b. The kinetic rate constants were cal-
culated from the slope of the linear fit. For RGO/AgNPs 
nanohybrid, the k value was equal to 18.83 ×  10−3  s−1. 
Table 1 shows the comparison of the catalytic activity of 
as-synthesized nanohybrid with that of previously reported 
4-NP reduction using G/GO/RGO-supported metal nano-
particles. The RGO/AgNPs nanohybrid synthesized in the 
present study shows excellent catalytic activity in compari-
son with previous reports on G/GO/RGO-supported metal 
nanoparticles.

Catalytic reduction of methylene blue

The catalytic activity of the as-synthesized RGO/AgNPs 
nanohybrid was also examined for the reduction of MB. The 
aqueous solution of MB exhibits an absorption peak at 662 
nm. The intensity of the above peak remained unchanged 
after the addition of  NaBH4 for a long time, which indicates 
that the rate of the reduction process is low (Fig. S4). The 
intensity of the characteristic peak of MB reduced imme-
diately after the addition of RGO/AgNPs nanohybrid. The 
nanohybrid exhibited excellent catalytic activity as evident 
from Fig. 8a. It took only 22 s for 0.2 mg/mL of RGO/

(2)ln

(

A

A
0

)

= ln

(

C

C
0

)

= −kt

AgNPs nanohybrid to reduce 0.12 mM MB solution com-
pletely. As the concentration of  NaBH4 (0.5 M) used was 
much higher than that of MB, the reduction of MB followed 
pseudo-first-order kinetics (Fig. 8b). The rate constant was 
evaluated from the kinetic plot of ln  (C0/C) versus time (t) 
in seconds, using equation (2). The estimated k value for 
MB reduction was 131.5 ×10−3  s−1 which is much better 
than the k values reported for G/GO/RGO-supported metal 
nanoparticles (Table 2).

The excellent catalytic activity of developed RGO/
AgNPs nanohybrid is attributed to the unified effects 
of RGO, APTMS, and Ag components. The aggregation 
of nanoparticles is reported to cause a reduction in the 
catalytic activity of bare metal nanoparticles. In the pre-
sent RGO/AgNPs nanohybrid, RGO nanosheets function 
as a supporting material for the effective dispersion of 
AgNPs which can prevent their aggregation and thereby 
retain their catalytic activity. RGO will also accelerate 
the reduction process by facilitating efficient adsorption 
of 4-NP and MB on its surface by π-π and electrostatic 
interactions arising from its oxygen-containing functional 
groups. Studies have shown that the presence of amine 
groups on the surface of GO nanosheets increases the 
surface electron density of anchored metal NPs by elec-
tron donation from the -NH2 groups which accelerated the 
catalytic activity of the resulting nanohybrid (Saptal et al. 
2019). Thus, the amine functional groups of APTMS pre-
sent in the developed RGO/AgNPs nanohybrid will also 
augment the catalytic activity of anchored silver nano-
particles. Overall, immobilization of silver nanoparticles 
on the surface of RGO nanosheets will produce a large 
number of active-catalytic spots enabling an effectual 
contact between AgNPs and adsorbed organic pollutants 
for the reduction process. This synergistic effect of RGO, 
APTMS, and Ag components will accelerate the electron 
transfer from the donor  (BH4

− ion) to the acceptor mol-
ecules (4-NP or MB). During reduction, 4-NP will get 
converted into 4-aminophenol (Bae et al. 2016) and MB 
will convert to leucomethylene blue (Patel et al. 2022). 

Fig. 7  a UV–vis spectra 4-NP 
with 0.5 M  NaBH4 in the 
presence of RGO/AgNPs. The 
corresponding plot of ln  (C0/C) 
against the reaction time for 
pseudo-first-order reduction 
kinetics is shown in b. Inset of 
a shows the solution of 4-NP 
+  NaBH4, before and after the 
addition of 0.2 mg/ml of RGO/
AgNPs nanohybrid
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At the end of the catalytic process, the reduction products 
will leave the catalyst surface making the catalytic site 
available for the next cycle.

Reusability of the RGO/AgNPs nanohybrid

The reusability of heterogeneous catalysts is a crucial fac-
tor for their practical applications. The RGO/AgNPs cata-
lyst developed in the present study was also investigated 
for its recyclability for 4-NP and MB reductions. To check 
the reusability, the RGO/AgNPs nanohybrid was recovered 
from the reaction medium after catalytic reduction and the 
recycled nanohybrid was used for the subsequent catalytic 

reduction cycles. The percentage of conversion of 4-NP 
and MB solutions using RGO/AgNPs nanohybrid for five 
consecutive cycles is presented in Fig. 9a and b, respec-
tively. As shown in Fig. 9a, the conversion efficiency of 
RGO/AgNPs for the reduction of 4-NP was above 98% for 
the first three cycles and was above 84% even after the 
fifth cycle. Figure 9b shows that the percent conversion 
of MB using RGO/AgNPs was nearly 100% for the first 
cycle, and then decreased to 95% in the second cycle. The 
percent conversion was nearly the same for the remaining 
3 cycles. The above results prove that RGO/AgNPs nano-
hybrid is an excellent recyclable catalyst for the reduction 
of 4-NP and MB.

Table 1  The comparison 
of the catalytic activity of 
RGO/AgNPs nanohybrid 
with previous reports on G/
GO/RGO-supported metal 
nanoparticles towards the 
reduction of 4-NP.

Nanohybrid k Time (s) Reference

GO/EDA/Ag NPs 3.345 ×  10−4  s−1  mg−1 1800 (Nimita Jebaranjitham et al. 2019)
GO/DAP/Ag NPs 7.548 ×  10−4  s−1  mg−1 720 (Nimita Jebaranjitham et al. 2019)
RGO/CNT/Fe/Ag 188.43 ×  10−4  s−1  mg−1 360 (Tran et al. 2020)
Ag/TPG 3.35 ×  10−3  s−1 720 (Wang et al. 2015)
Pd/G 2. 35 ×  10−3  s−1 720 (Wang et al. 2014)
CG-Pt-1 0.974 ×  10−3  s−1 3600 (Chen and Chen 2018)
RGO/Ni 0.154 ×  10−3  s−1 4920 (Svalova et al. 2021)
CuO-RGO 2.5 ×  10−3  s−1 540 (K et al. 2019)
Ag/Au/RGO 3.47 ×  10−3  s−1 360 (Hareesh et al. 2016)
RGO/Fe3O4/Ag 6.17 ×  10−3  s−1 600 (Thu et al. 2017)
Au/G 3.17 ×  10−3  s−1 720 (Li et al. 2012)
RGO/Ag NP 6.295 ×  10−3  s−1 480 (Das et al. 2023)
RGO/QCP/Ag 19.283 ×  10−3  s−1 120 (Zhou et al. 2020)
Cu/Cu2O/RGO 16.3 ×  10−3  s−1 360 (Xie et al. 2019)
AuNPs/RGO 1.96 ×  10−3  s−1 1080 (Li et al. 2019)
RGO/Ag2O - 120 (Iqbal et al. 2021)
AgNPs/RGO - 540 (Kolya et al. 2019)
Ag-Ni/RGO 11.72 ×  10−3  s−1 240 (Han 2023)
Pd-Ni/RGO 2.667 ×  10−3  s−1 720 (Revathy et al. 2018)
Ag-Pd-PDA/RGO 5.4 ×  10−3  s−1 300 (Alipour and Namazi 2019)
Pt1Co3Ncs/N-RGO 12.35 ×  10−3  s−1 660 (Zhang et al. 2017)
RGO/AgNPs 18.83 ×  10−3  s−1 95 Present study

(941.5 ×10−4  s−1  mg−1)

Fig. 8  a UV–vis spectra of MB 
with 0.5 M  NaBH4 in the pres-
ence of RGO/AgNPs nanohy-
brid. The corresponding plot of 
ln  (C0/C) against the reaction 
time for pseudo-first-order 
reduction kinetics is shown in b. 
Inset of a shows the solution of 
MB +  NaBH4, before and after 
the addition of 0.2 mg/ml of 
RGO/AgNPs nanohybrid
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Conclusions

In summary, amine-functionalized RGO-supported AgNPs 
having superior catalytic efficiency were synthesized by 
a simple and environmentally friendly approach. RGO/
AgNPs nanohybrid was synthesized by a one-pot hydrother-
mal reduction of silver nitrate in the presence of APTMS-
modified GO nanosheets and it was successfully charac-
terized by using XRD, SEM, TEM, FT-IR, and Raman 
spectroscopy techniques. The −NH2 groups on the surface 
of APTMS-modified GO act as effective and well-organized 
nucleation centers facilitating uniform growth of discrete 
and smaller-sized spherical AgNPs on the surface of RGO 
nanosheets. The catalytic efficiency of RGO/AgNPs nano-
hybrid was evaluated for the reduction of 4-NP MB using 
 NaBH4 reductant at room temperature. The synergistic 

effects of RGO, APTMS, and Ag components endow supe-
rior catalytic activity to RGO/AgNPs nanohybrid. Here, 
RGO nanosheets function as an efficient supporting mate-
rial for the uniform dispersion of AgNPs without aggre-
gation thereby retaining their catalytic activity. RGO will 
also accelerate the catalytic reduction process by facilitating 
efficient adsorption of 4-NP and MB on its surface by π-π 
and electrostatic interactions. The electron donation by the 
-NH2 groups of APTMS will increase the surface electron 
density of anchored AgNPs which will further augment the 
catalytic activity of the developed RGO/AgNPs nanohybrid. 
Accordingly, RGO/AgNPs nanohybrid developed in the pre-
sent study exhibited superior catalytic activity towards the 
reduction of 4-NP and MB in comparison with previously 
reported graphene/graphene oxide/reduced graphene oxide-
supported AgNPs catalysts. The catalytic reduction of 4-NP 

Table 2  The comparison 
of the catalytic activity of 
RGO/AgNPs nanohybrid 
with previous reports on G/
GO/RGO-supported metal 
nanoparticles towards the 
reduction of MB

Nanohybrid k Time (s) Reference

Ag/Fruit extract - 600 (Saha et al. 2017)
Co/RGO - 3000 (Krishna et al. 2016)
Graphene hydrogel/Cu 0.127  s−1 30 (Zelechowska et al. 2016)
Magnetic GO/Ag 7.5 ×  10−3  s−1 600 (Doan et al. 2021)
Pd/RGO-A.abrotanum 0.049  s−1 40 (Hashemi Salehi et al. 2019)
RGO/Ag NPs - 480 (Sahu et al. 2019)
G/Ag 0.23 ×  10−3  s−1 1800 (He et al. 2016)
RGO/Fe3O4 - 720 (Vinothkannan et al. 2015)
GO/Ag 0.63 ×  10−3  s−1 900 (Sreekanth et al. 2016)
Ag/RGO 2.6 ×  10−3  s−1 2400 (Dat et al. 2020)
RGO/QCP/Ag 20.6 ×  10−3  s−1 125 (Zhou et al. 2020)
RGO/Ag 7.5 ×  10−3  s−1 225 (Zhou et al. 2020)
Ag/3D-RGO 13.93 ×  10−3  s−1 - (Han et al. 2022)
Ag-Ni/RGO 4.14 ×  10−3  s−1 420 (Han 2023)
Ag/RGO 0.23 ×  10−3  s−1 1800 (He et al. 2016)
Ag NPs/F-RGO 24 ×  10−3  s−1 70 (Zarei et al. 2021)
RGO/AgNPs 131.5 ×10−3  s−1 22 Present study

(6575×10−4  s−1  mg−1)

Fig. 9  The percent of conver-
sion of a 4-NP and b MB 
solutions using recycled RGO/
AgNPs nanohybrid for five 
consecutive cycles
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and MB followed pseudo-unimolecular kinetics in the pre-
sent study and the rate constants were found to be 18.83 × 
 10−3  s−1 and 131.5 ×10−3  s−1 respectively for 4-NP and MB. 
Additionally, RGO/AgNPs nanohybrid showed good recy-
clability with negligible loss in its activity up to five recy-
cle runs. The excellent catalytic activity, favorable kinetic 
parameters, and sustained catalytic efficiency after recycling 
make the RGO/AgNPs nanohybrid a promising catalyst for 
the reduction of organic pollutants in wastewater treatment.
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