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In this work, we report the facile approach to synthesize processable silver nanoparticles (AgNPs), 

bimetallic nanoparticles (Ag-Au/Au-Ag) decorated Prussian blue nanocomposite (PB-AgNP). The 

presence of cyclohexanone/formaldehyde facilitates the formation of functional AgNPs and Ag-

Au/Au-Ag from 3-aminopropyltrimethoxysilane (3-APTMS) capped respective noble metal ions. The 

use of aforementioned reducing agents (3-APTMS and cyclohexanone) also enables the synthesis of 10 

polycrystalline Prussian blue nanoparticles (PBNPs). As synthesized PBNPs, AgNPs and Au-Ag 

enable the formation of nano-structured composites (PB-AgNP, PB-Au-Ag) displaying better catalytic 

activity than that recorded with natural enzyme. The nanomaterials have been characterized by UV-vis, 

FT-IR and Transmission Electron Microscopy (TEM) with following major findings: (1)  3-APTMS 

capped silver ions in the presence of suitable organic reducing agents [3-15 

Glycidoxypropyltrimethoxysilane (GPTMS), Cyclohexanone and Formaldehyde] are converted into 

AgNPs under ambient conditions, (2) the time course of synthesis and dispersibility of the 

nanoparticles are found as a function of organic reducing agents, (3) the use of formaldehyde and 

cyclohexanone in place of GPTMS with 3-APTMS outclasses the other two in imparting better 

stability to amphiphilic AgNPs with reduced silanol content, (4) an increase in 3-APTMS 20 

concentrations causes decrease in nanogeometry of AgNPs, (5) simultaneous synthesis of bimetallic 

nanoparticles under desired ratio of silver and gold cations are recorded, (6) cyclohexanone mediated 

synthesis of AgNPs and Ag-Au/Au-Ag enable the formation of homogeneous nanocomposite with 

PBNP as peroxidase mimetic representing potential substitute of peroxidase enzyme. The peroxidase 

mimetic ability has been found to vary as a function of 3-APTMS concentration revealing the potential 25 

role of functional silver nanoparticles in bioanalytical applications. 

 

Introduction 

Silver nanoparticles (AgNPs) have received 

closer interest, especially because of their unique 30 

optical properties,
1-4

 fascinating catalytic 

activity,
5-6

 and potential applications such as 
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antimicrobial agent
7-9

 catalysis
10 

and printed 

electronics.
11 

However, the synthesis of 

stabilized functional AgNPs under ambient 

conditions remains a challenge from following 

angles;
10-12 

(1) stability and dispersibility in a 5 

variety of solvents, (2) processability for 

nanocomposite formation and (3) functional 

ability and biocompatibility for specific 

applications. Bimetallic nanoparticles (Ag-

Au/Au-Ag) have been demonstrated to exhibit 10 

improved catalytic performance, because of the 

synergistic effect and electronic effect. Although, 

many experimental studies on Ag-Au/Au-Ag 

nanoparticles are available in literature, however, 

most of the them have been centred on specific 15 

applications
12-20

 due to lack of dispersibility and 

processability in a variety of solvents. 

Nevertheless, advances in fine tuning of 

functional ability, dispersibility and 

processability of bimetallic nanoparticles for 20 

nanocomposite formation by controlled reaction 

protocol still remains a research task.  Recently, 

biocomponent or multicomponent composite 

catalysts have attracted great attention 
21 

since 

loading or dispersion of catalytically active 25 

nanoparticles into the host mesoporous network 

results in nano-structured composites affecting 

the catalytic reaction process. Therefore, simple 

and facile approaches are needed for the 

synthesis of functional Ag-Au/Au-Ag with 30 

desirable size that enables the formation of 

nanocomposite for catalytic application. The use 

of reducing agents like organic amine enabled 

the synthesis of AuNPs having sufficient stability 

for practical applications.
22,23

  The role of 35 

alkylchain linked to amine group has also been 

demonstrated to control the dispersibility of NPs 

in organic and aqueous media.
24 

Further the 

functional ability of organic amine linked to 

alkoxysilane group
25

 facilitated the synthesis of 40 

AuNPs, PdNPs, Au-Pd/Pd-Au, justifying the role 

of 3-APTMS for controlling nanogeometry, 

dispersibility, functional ability and 

processability in a single step
26-31

. 3-APTMS 

itself does not allow the formation of AuNPs, 45 

however, it facilitates rapid synthesis of metal 

nanoparticles in the presence of 3-APTMS 

compatible organic reducing agents.
26-28, 31 

The 

micellar activity of 3-APTMS allows the use of 

various organic reducing agents for desired 50 

applications. In addition to that 3-APTMS and 

cyclohexanone also permits the synthesis of 

polycrystalline PBNPs.
32,33

 The use of common 

reducing agents during synthesis of AgNPs, Ag-

Au/Au-Ag and PBNPs may facilitate the 55 

formation of nano-structured composites with a 

crystalline framework for better catalytic 

applications.  

Recently, the intrinsic enzyme-like activity of 

nanomaterials has become a growing area of 60 

interest in specific and sensitive biomolecular 

detection mainly due to high stability and low-

cost alternative to natural enzymes.
34-37

 AgNPs 

and its bimetallic, have been recently 

investigated with peroxidase-like activity.
36,38

 65 

However, in clinical diagnostics, as well in food 
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quality control, the required selectivity and 

sensitivity of the NPs as peroxidase mimetic 

remains an issue of research findings. The use of 

Prussian blue as an electrocatalyst has been 

demonstrated to exhibit 3 orders of magnitude 5 

more active/selective than that of conventional 

catalyst in H2O2 reduction and oxidation in 

neutral media.
39 

However, most of the findings 

are centred on the electrocatalytic properties 

rather than their use as peroxidase mimetic in 10 

homogeneous medium because of the 

insolubility of material in many solvents
40

,
41 

Therefore, simple and facile approaches are 

needed for the controlled synthesis of functional 

PBNPs that enables the formation of 15 

nanocomposite with AgNPs/Au-Ag for catalytic 

applications. Recently, the controlled synthesis 

of processable PBNPs has been demonstrated 

justifying the active participation of 3-APTMS 

and cyclohexanone for use in both homogeneous 20 

and heterogeneous media.
32

 These findings 

directed us to examine the possibility for the 

formation of nanocomposite of PBNPs and 

AgNPs/Ag-Au/Au-Ag in order to tune the 

catalytic activity even better than that of 25 

peroxidase under feasible experimental 

conditions. Apart from their application in 

homogeneous catalysis, it is also intended to 

understand the electrocatalytic ability of 

nanocomposite in heterogeneous phase as 30 

chemically modified electrode justifying the 

significance of as synthesized nanomaterials for 

wider applications. With the example of AgNPs, 

Au-Ag and nanocomposite of PBNPs, tailoring 

of peroxidase-like activity is realized by using 3-35 

APTMS and organic reducing agents like 

cylohexanone/formaldehyde which introduces 

another effective way to regulate the synthesis 

and catalytic activity of NPs. 

Experimental section 40 

Chemicals 
 
3-Aminopropyltrimethoxysilane (3-APTMS), 3-

Glycidoxypropyltrimethoxysilane (GPTMS), 

silver nitrate (AgNO3), tetrachloroauric acid 45 

(HAuCl4) and o-dianisidine were obtained from 

Aldrich Chemical Co., India. Potassium 

ferricyanide, cyclohexanone, formaldehyde and 

hydrogen peroxide were obtained from Merck, 

India. All other chemical employed were of 50 

analytical grade. 

Synthesis of Ag, Ag-Au and Au-Ag 

nanoparticles 

  3-APTMS and cyclohexanone 

mediated synthesis of AgNPs, Ag-Au and Au-55 

Ag. A typical process for cyclohexanone and 3-

APTMS mediated synthesis of AgNPs sol 

consisted of following steps: 50µL of 10 mM of 

AgNO3 solution in methanol was premixed with 

10µL of methanolic solution of 3-APTMS of 60 

desired concentrations [0.25 M for AgNP1 and 

0.5 M for AgNP2] stirred for 2 min, followed by 

addition of cyclohexanone (1.9 M). The solution 

was kept undisturbed for 2 h. AgNPs sols of two 

different size (AgNP1 and AgNP2) of yellow 65 

colour were obtained within <3 h. The findings 
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on the effect of 3-APTMS and Cyclohexanone 

during the synthesis of AgNPs are shown in 

supporting information (S1). The preparation of 

bimetallic nanoparticles involves known ratio of 

metal salts. Ag-Au is made using AgNO3 and 5 

HAuCl4 in 4/1 ratio. The Ag-Au synthesis 

involves the mixing of 12µl methanolic solution 

of AgNO3 (0.025 M) and  12 µl methanolic  

solution  of  HAuCl4 (0.0025 M) under  stirred  

condition  followed  by  the  addition  of  06 µl 10 

of  3-APTMS  (0.5  M)  and 10µl  of  

cyclohexanone.  The  reaction  mixture  turned  

purple within  2  h. Whereas Au-Ag is made 

using HAuCl4 and  AgNO3 in 4/1 ratio and the 

synthesis involves the mixing of 12 µl 15 

methanolic solution of HAuCl4 (0.025 M) and  12 

µl of methanolic  solution  of  AgNO3  (0.0025 

M) under  stirred  condition  followed  by  the  

addition  of  06 µl  of  3-APTMS  (0.5  M)  and 

10µl  of  cyclohexanone.  The reaction mixture 20 

turned Dark yellow within 1 h. 

 3-APTMS and formaldehyde mediated 

synthesis of AgNPs. A typical process for 

formaldehyde and 3-APTMS mediated synthesis 

of AgNPs sol consisted of following steps: 50µL 25 

of 10 mM of AgNO3 solution in methanol was 

premixed with 10µL of methanolic solution of 

desired concentration of 3-APTMS stirred for 2 

min, followed by addition of formaldehyde. The 

reaction mixture turned Dark yellow within 30 30 

min. 

 3-APTMS and GPTMS mediated synthesis 

of AgNPs. The typical synthesis of GPTMS and 

3-APTMS stabilized AgNPs was similar as 

described earlier.
26,42 

Methanolic suspension of 35 

3-APTMS treated Ag
+ 

ions (0.025 M) was added 

to methanolic solution of GPTMS. The resulting 

mixture was stirred over a vertex cyclo mixer for 

2 min. The mixture was left to stand in the dark 

for 12 h. After this, the colour of the sols turned 40 

to yellow indicating the formation of AgNP (I). 

Synthesis of Nanocomposite of PBNPs with 

AgNPs and Au-Ag. PBNPs were synthesized as 

described earlier.
32

 Nanoparticles decorated 

PBNP (PBNP-AgNPs and PBNP-Au-Ag) 45 

nanocomposite were prepared by careful mixing 

of as synthesized AgNP1, AgNP2, AgNP (I), Au-

Ag and PBNPs. AgNPs /Au-Ag  (15µl)  and 

PBNPs (5µl) under ambient conditions and left 

undisturbed  for 5 minutes at room temperature 50 

(25
0
C). 

 

Peroxidase-like catalytic activity of 

Nanocomposite. The peroxidase-like activity of 

as synthesized PBNP-AgNP1, PBNP-AgNP2, 55 

PBNP-AgNP (I) and PBNP-Au-Ag were 

determined spectrophotometrically by measuring 

the formation of the oxidized product of o-

dianisidine at 430 nm (ε = 11.3 mM
-1

 cm
-1

) using 

a Hitachi U-2900 spectrophotometer. The 60 

mimetic behaviour of nanocomposite [PBNP-

AgNP1, PBNP-AgNP2, PBNP-AgNP (I) and 

PBNP-Au-Ag] was recorded in 0.1M phosphate 

buffer also using o-dianisidine at 25
0
C. 
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Hydrogen peroxide was added to start the 

reaction, unless otherwise specified. 

 Kinetic Parameters Analysis. Steady-state 

kinetics was performed by varying the 

concentration of H2O2 (0–50 mM), at a fixed 5 

concentration of o-dianisidine. The reaction was 

carried out in 2 mL phosphate buffer (0.1 M, pH 

7.0) and the variation of the absorbance was 

monitored using a spectrophotometer (Hitachi U-

2900) in the time scan mode at 430 nm (ε = 11.3 10 

mM
-1

 cm
-1

). The kinetic parameters were 

calculated by fitting the absorbance data to the 

Michaelis–Menten equations, 

v = Vmax[C]/Km + [C]           ...... [1] 

where v is the initial velocity, Vmax is the 15 

maximal reaction velocity, C is the concentration 

of the substrate, and Km is the Michaelis–Menten 

constant. 

Preparation of modified carbon paste 

electrodes. PBNP/PBNP–AgNP (I) modified 20 

carbon paste electrode was made using electrode 

body (MF-3010) obtained from Bioanalytical 

Systems Inc. West Lafayette.  The active paste 

having composition (w/w): PBNP/PBNP–AgNP 

(I) = 3 %, graphite powder = 67 %( w/w), Nujol 25 

oil = 30% (w/w) was mixed thoroughly and 

stored in stoppered glass vials at room 

temperature. The active paste was filled into well 

of the electrode body and the surface was 

manually smoothened on a clean butter paper. 30 

Electrochemical measurements.  All 

electrochemical measurements were performed 

in an electrochemical cell equipped with a three 

electrodes configuration having working volume 

of 3 mL with Electrochemical Analyzer Model 35 

CHI 830B, CH Instruments Inc. TX, USA. The 

working electrodes were CPE/PBNP and 

CPE/PBNP-AgNP (I). An Ag/AgCl reference 

electrode and a platinum counter electrode were 

used in all electrochemical measurements. The 40 

hydrogen peroxide sensing was carried out 

through cyclic voltammetry by scanning the 

potential between −0.2 to 1 V vs Ag/AgCl at the 

scan rate of  0.01 Vs
−1

, in 0.1 M phosphate buffer 

pH 7.0 containing 0.5 M KCl. 45 

Results and Discussion 
 

Role of organic reducing agents during 3-

APTMS mediated synthesis of AgNPs, Ag-Au 

and Au-Ag.  50 

At first instant it is important to understand the 

significance of 3-APTMS during the synthesis of 

noble metal nanoparticles. Four major roles of 3-

APTMS have been extensively studied for 

specific applications i.e.; (1) as a potential 55 

stabilizer for noble metal nanoparticles, 
43-46

 (2) 

formation of organic inorganic hybrid as 

catalytic material,
47 

(3) in the commercial 

preparation of amino-silanized glass 

beads/surface functionalized agent having 60 

potentiality for Schiff-base linkage/carbodiimide 

coupling during biotechnological designs
48-50

 and 

(4) formation of biocompatible 

mesoporous/nanoporous thin film of organically 

modified silicate.
51-58

 These properties of 3-65 

APTMS directed us to examine its role in 
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nanomaterial synthesis.
26-28 

 We have reported 3-

APTMS and GPTMS mediated synthesis of 

AgNPs which are dispersible in aqueous media 

under specific composition of 3-

APTMS/GPTMS ratio whereas the same is 5 

dispersible in non-aqueous media at all 

composition.
26,42 

Such findings although, 

provided a novel report on the synthesis of 

AgNPs, but suffers a disadvantage due to 

increased alkoxysilane content which limits its 10 

use for many practical applications due to the 

formation of Si–O–Si linkage with time. 

Accordingly we tried to decrease the silane 

content by substituting other reagents in place of 

GPTMS. Recent reports demonstrated that the  3-15 

APTMS itself does not enable the conversion of 

noble metal cations (Au
3+

, Ag
+ 

, Pd
2+

) into 

respective nanoparticles, however, in the 

presence of suitable organic reducing agents 

facilitate the synthesis of the same.
28-31

 Micellar 20 

nature of 3-APTMS enable controlled synthesis 

of NPs dispersible in various solvents as a 

function of organic reducing agents.
27,30,42  

 

Fig. 1 Real time synthesis of AgNPs as a function of 25 

3-APTMS concentrations [a= 0.5 M, b= 2 M] 

containing constant concentration of formaldehyde.
 

Fortunately, the choice of formaldehyde and 

cyclohexanone provided valuable information on 

the synthesis of AgNPs and its bimetallic (Ag-30 

Au/Au-Ag) that not only decreased the silane 

content but also expedited the controlled 

formation of AuNPs, PdNPs and its bimetallic 

Pd–Au/Au-Pd.
24,30

 The role of 3-APTMS and 

cyclohexanone has not been limited to noble 35 

metal NPs synthesis but also precisely enabled 

the synthesis of polycrystalline PBNPs,
32 

revealing the potentiality of these NPs in the 

formation of nanocomposite. Accordingly, the 

role of formaldehyde/cyclohexanone on real time 40 

conversion of 3-APTMS capped silver ions has 

been studied. Figure 1a shows the real time 

synthesis of AgNPs mediated by 3-APTMS and 

formaldehyde at lower concentration of 3-

APTMS (0.5 M), whereas Figure 1b shows the 45 

similar result at 2M APTMS. The results, as 

shown in Figure 1, clearly demonstrate the rapid 

synthesis of AgNPs as a function of 3- APTMS 

concentration. The higher concentration of 3-

APTMS enable the complete conversion of Ag
+ 

50 

cations into AgNPs within < 0.5 h whereas, > 1 h 

is required at lower 3-APTMS (0.5 M) (Figure 

1). Exchange of formaldehyde by cyclohexanone 

under similar condition again causes an increase 

in time of complete conversion of Ag
+ 

into 55 

AgNPs i.e. 1.5-3 h. In order to understand 

precisely the requirement of both 3-APTMS and 

organic reducing agents, the formation of AgNPs 

under two different conditions; (1) keeping 

constant concentration of cyclohexanone while 60 

Page 6 of 19RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



 

This journal is © The Royal Society of Chemistry [year] Journal Name, [year], [vol], 00–00  |7 

changing the concentration of 3-APTMS; and (2) 

keeping 3-APTMS constant while changing the 

concentrations of cyclohexanone; are studied as 

shown in Supporting information S1A and S1B. 

The results revealed the requirement of an 5 

optimum concentration of formaldehyde 

/cyclohexanone for NPs synthesis (Supporting 

information S1C and S1D). On the other hand 

higher concentrations of 3-APTMS always 

facilitate the AgNPs formation whereas, 10 

relatively lower concentration (<0.05M) retard 

the same. The proposed mechanism for the 3-

APTMS and cyclohexanone mediated synthesis 

is shown in Scheme 1: 

 15 

Scheme 1 Mechanism of 3-APTMS and 

cyclohexanone assisted synthesis of AgNPs. 

 

Cyclohexanone in the prevailing medium 

undergoes keto– enol tautomerism. Enolate ion 20 

acts as an electron donor to 3-APTMS capped 

Ag
+
 ion, which in turn acts as a Lewis acid, 

leading to the formation of AgNPs along with 

organic-inorganic hybrid (Scheme-1) as 

confirmed by FTIR spectra (Supporting 25 

information S2). 

Both 3-APTMS and organic reducing agents 

control the nanogeometry of AgNPs. The TEM 

images of as synthesized AgNPs made from 3-

APTMS and cyclohexanone at two different 30 

concentrations of 3-APTMS are shown in Figure 

2 (a and d) along with SAED pattern (b and e) 

and particle size distribution (c and f). 

 

Fig. 2 TEM images of AgNPs made from the use of 35 

fixed concentration of cyclohexanone (1.9 M) and 

increasing concentrations of 3-APTMS (0.25 M for a, 

0.5 M for d) along with respective SAED patterns (b 

and e) and particle size distribution (c and f); TEM 

images (g), SAED pattern (h) and particle size 40 

distribution (i) of AgNPs made from formaldehyde 

(0.8 M) and 3-APTMS (0.5 M). 

The finding shows the circular nanogeometry 

with average size of 5 nm (AgNP1) and 7 nm 

(AgNP2) at 0.25 M and 0.5 M 3-APTMS 45 

respectively keeping constant concentration of 

cyclohexanone (1.9 M). The use of hydrophilic 

organic reducing agent like formaldehyde results 

homogeneous distribution of AgNPs having 

average particle size to the order of 4 nm  as 50 

shown in Figure 2 (g) along with selected area 

electron diffraction (SAED) pattern (Fig.2 h) and 

particle size distribution (Fig.2 i).  These 

findings reveal that an increase in 3-APTMS 

concentrations causes decrease in 55 

nanogeometry.
28 

The question of whether the 
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similar reducing agents (3-APTMS and 

cyclohexanone) may also enable the synthesis of 

bimetallic nanoparticles of silver and gold was 

next explored.
59

 The results based on UV-Vis 

spectroscopy on Ag-Au formation at two 5 

different ratios of Ag/Au i.e 1/4 and 4/1 are 

shown in Figure 3 (a) and (b) respectively that 

reveal the formation of bimetallic NPs. 

 

Fig. 3 UV-vis absorption spectra of Ag-Au 10 

nanoparticles made by using 3-APTMS and 

cyclohexanone with varying silver:gold ratio: (A) 

Ag-Au (1/4) and (B) Ag-Au (4/1). Inset shows the 

visual photographs of Ag-Au nanoparticles. UV-vis 

spectra of Monometallic AuNPs (a) and AgNPs (b) 15 

respectively. 
 

The insets (a) and (b) to Figure 3 shows 

respective spectra for monometallic AuNPs and 

AgNPs respectively. TEM image of Ag-Au (1/4) 20 

nanoparticles shows circular morphology with 

average particle size of 10.3 nm (Figure 4a and 

4b). The SAED pattern (Figure 4c) of the same 

clearly demonstrate the polycrystalline 

pattern
20,60-61

 and were indexed with the (111), 25 

(200), (220), (311), (222) and (331) lattice planes 

with spacing 0.220 nm, 0.191 nm, 0.134 nm, 

0.114 nm, 0.110 nm and 0.087 nm. 

 

Fig. 4 TEM image (a), particles size distribution (b), 30 

and SAED pattern (c) of bimetallic Ag-Au (1/4) 

nanoparticles. 
 

Effect of organic reducing agents on the 

dispersibility of AgNPs 35 

The micellar behaviour of 3-APTMS and the 

critical micellar concentration of organic 

reducing agents (cyclohexanone, formaldehyde) 

play important role in determining the 

dispersibility of as synthesized nanoparticles. 40 

Dispersibility of AgNPs largely depends on the 

medium which in turn is determined by 

hydrophilic/hydrophobic behaviour of the 

organic moieties (formaldehyde/cyclohexanone). 

 45 
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Fig. 5 (a) UV-vis absorption spectra of increasing 

concentrations of AgNPs made by using 

formaldehyde and 3-APTMS in water, methanol, 

acetonitrile and butanol; Respective insets show the 5 

dependence of absorption maxima (λmax) on AgNPs 

concentration; (b) UV-vis absorption spectra of 

increasing concentrations of AgNPs made from 

cyclohexanone and 3-APTMS in water, methanol, 

acetonitrile, toluene, dichloromethane; Respective 10 

insets show the dependence of absorption maxima 

(λmax) on AgNPs concentration. 
 

The results on the dispersibility of AgNPs, made 

from 3-APTMS and formaldehyde, as a function 15 

of their concentrations in water, methanol, 

acetonitrile and butanol has been recorded in 

Figure 5a revealing linear relation between λmax 

vs AgNPs concentrations whereas, the use of 

cyclohexanone (Figure 5b) facilitate the 20 

dispersibility in non-aqueous media only i.e. 

methanol, acetonitrile, toluene and 

dichloromethane. 

Nanocomposite of AgNPs, Ag-Au with PBNPs. 

The advances in fine tuning of AgNPs/Au-Ag as 25 

biocomponent or multicomponent composite 

facilitate the catalytic activity of resulting 

nanomaterial. The use of same reducing agents 

while making the AgNPs/Au-Ag and functional 

host like PBNP may facilitate the possibility of 30 

such nanocomposite formation for catalytic 

application as peroxidase mimetic. Recently the 

role of 3-APTMS and cyclohexanone has been 

demonstrated in the synthesis of polycrystalline 

PBNP dispersion providing a suitable host matrix 35 

for nanocomposite preparation.
33

 The tuning of 

AgNPs/Au-Ag and processable PBNP may 

facilitate the catalytic activity of composite 

material even better than that of peroxidase 

under feasible experimental conditions. Indeed 40 

excellent finding has been recorded on 

nanocomposite formation from as synthesized 

AgNPs/Au-Ag and PBNPs (~15.8 nm) made as 

described earlier.
32  

 45 

Fig. 6 UV-vis absorption spectra of AgNPs (a), 

PBNPs (b) and PBNP-AgNP2 nanocomposite (c) 

made from 3-APTMS and cyclohexanone. The insets 

show the visual photographs of b and c. 
 50 

The results on the formation of nanocomposite 

based on UV-vis spectroscopy are shown Figure 

6. The curve-a shows the absorption spectra of 

AgNPs, curve-b of PBNPs whereas curve-c 
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represents the same for PBNP-AgNP2 (Figure 6). 

The presence of hump at 419 nm (characteristics 

of AgNP) and maxima at 640 nm (characteristics 

of PBNP) as shown in Figure 6(c) justify the 

nanocomposite formation. The visual photograph 5 

of PBNP-AgNP2 nanocomposite suspension as 

shown in inset of Figure 6(c) also revealed the 

tuning of AgNPs and PBNPs during 

nanocomposite formation. The TEM image of 

PBNP-AgNP2 (Figure 7a and 7c) shows circular 10 

morphology with average particle size of 13 nm. 

The SAED pattern
62 

(Figure 7b) of PBNP-AgNP2 

clearly demonstrates the polycrystallinity of 

nanocomposite and reveals the presence of 

AgNP and PBNP. 15 

 

Fig. 7 TEM image (a), SAED pattern(b) and particle 

size distributions(c) of PBNP-AgNP2 nanocomposite. 

TEM image (a) and particle size distributions (b) of 

PBNP-AgNP(I). nanocomposite. 20 

 

The effect of partial tuning between AgNPs and 

PBNPs has also been explored. For this AgNP (I) 

were synthesized from 3-APTMS of same 

concentration and replacing cyclohexanone by 25 

GPTMS. TEM images of PBNP-AgNP (I)  

(Figure 7d and e) shows average particle size of 

38 nm revealing tendency for agglomeration of 

NPs justifying the requirement of  homogeneous 

composition of reducing agents during  30 

nanocomposite  of better catalytic activity. 

 

Peroxidase Mimetic activity of 

nanocomposite. The catalytic activity of 

nanocomposite as peroxidase mimetic was next 35 

explored. Earlier findings suggested better 

catalytic activity of bimetallic as compared to 

monometallic NPs
60 

however, catalytic ability 

and km to reach the desired sensitivity remains a 

challenging task as compared to peroxidase 40 

enzyme for practical applications. Since PBNPs 

represent an excellent class of peroxidase 

mimetic, the nanocomposite of the same may be 

a suitable candidate of peroxidase replacement. 

Accordingly we have examined the H2O2 45 

mediated oxidation of o-dianisidine in the 

presence of as synthesized nanomaterial as 

follows (Scheme 2):  

 

where, o-dianisidine(red.) and o-dianisidine(ox.)  50 

represent the reduced and oxidized forms of o-

dianisidine. Apart from tuning of AgNPs/Au-Ag 

and PBNP during nanocomposite formation, 

another advantage of as synthesized 

nanomaterials is the formation of organic-55 

inorganic hybrid between the 3-APTMS and 

cyclohexanone as predicted in Scheme 1. The 

presence of inorganic-organic hybrid facilitates 

the catalytic activity of nanomaterial.
46 

An 

increase in 3-APTMS concentration during 60 
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nanoparticle synthesis enable an increase in the 

formation of such hybrid material and the 

catalytic activity as a function of 3-APTMS 

concentration is explored. A comparative study 

on the catalytic activity of AgNPs, PBNPs, 5 

PBNP-AgNP and PBNP-Au-Ag justifying the 

variation in absorbance at 430 nm as  a function 

of time is shown in Figure 8 A, B, C and D 

respectively. The findings clearly demonstrate 

better catalytic activity of PBNP-Au-Ag as 10 

compared to AgNPs, PBNPs and PBNP-AgNP 

(Figure 8).  

 

Fig. 8 Time-dependent  absorbance  changes  at  430  

nm  in  the  presence  of  (A) AgNPs, (B) PBNPs, (C) 15 

PBNP-AgNP  and (D) PBNP-Au-Ag  nanoparticles. 
 

.  The catalytic activity of nanocomposite made 

with two size of AgNPs (AgNP1 and AgNP2) i.e. 

PBNP-AgNP1, PBNP-AgNP2 is also explored as 20 

shown in Table 1. The results justify better 

catalytic activity of PBNP-AgNP2 and confirm 

the role of organic-inorganic hybrid as relatively 

higher concentration of 3-APTMS is required 

during the synthesis of AgNP2 as compared to 25 

that of AgNP1 (Supporting information S1). 

Further bimetallic nanoparticles made from 

Ag/Au ratio of 1/4 was used to make PBNP-Au-

Ag nanocomposite for such catalytic 

measurement as shown in visual photographs 30 

(Figure 9a) in order to calculate the Michaelis-

Menten constant (Km) and maximal reaction 

velocity (Vmax). The results on catalytic activity 

are recorded in Table 1. Our results revealed 

better catalytic behaviour of PBNP-Au-Ag 35 

nanocomposite as compared to others PBNP, 

PBNP-AgNP1, PBNP-AgNP2 (Table 1). Typical 

results for PBNP-Au-Ag nanocomposite are 

shown in Figure 9b. The nanocomposite is 

efficient to probe glucose oxidase catalyzed 40 

reaction with excellent sensitivity on glucose 

analysis (data not shown). 

 

Fig. 9 (a) Colour evaluation upon addition of PBNP-

Au-AgNPs to o-dianisidine-H2O2 system; (b) Kinetic 45 

analysis for PBNP-Au-AgNPs with o-dianisidine as 

substrates; (c) Kinetic analysis for PBNP-AgNP (I) 

with o-dianisidine as substrates in phosphate buffer. 
 

The best km to the order of 1.7 mM is recorded 50 

for PBNP-Au-Ag nanocomposite representing 

better catalytic behaviour than that of peroxidase 

recorded to 3.7 mM under experimental 
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condition
63,64

 prevailing for controlling the 

nanoparticle/enzyme concentrations to record 

reliable optical measurement.  The replacement 

of cyclohexanone by GPTMS resulting in less 

tuned nanocomposite formation and yield high 5 

Km value to the order of 6.6 mM (Figure 9c, 

Table 1) and reveals the significance of 

processable Prussian blue and AgNPs/Au-Ag 

NPs for nanocomposite formation. The kinetic 

parameters support that the present 10 

nanocomposite may be a candidate of perfect 

peroxidase replacement for biomedical 

applications. It should be noted that Km is 

recorded keeping similar concentrations of 

nanomaterials during catalytic measurement.  In 15 

addition to that the presence of 3-APTMS may 

also encourage selective binding of receptor 

protein through Schiff-base/carbodiimide 

coupling facilitating the possibility of present 

material for better clinical applications. 20 

 

Electrocatalytic ability of Nanocomposite. 

Apart from homogeneous catalytic applications 

of as synthesized nanocomposite, the finding on 

heterogeneous catalysis has also been explored. 25 

The PBNP-AgNP (I) nanocomposite are used to 

make a chemically modified electrode for 

evaluating the electrocatalysis ability of the 

material. The presence of AgNP (I) with PBNP 

enable improvement in electrochemical 30 

behaviour as shown in Figure 10A with respect 

to cathodic and anodic peak potential separation. 

 

Fig. 10 (A) Cyclic voltammograms of PBNPs (a) and 

PBNP-AgNP (I) (b), in 0.1 M KNO3 at scan rate of 35 

0.01Vs
-1

.Cyclic voltammograms of PBNPs (B) and 

PBNP-AgNP (I) (C) in absence (a, a’) and the 

presence of 5mM H2O2 (b, b’) at the scan rate of 

0.01Vs
-1

 in 0.1 M phosphate buffer (pH 7.0) 

containing 0.5 M KCl. 40 

 

The electrochemical behaviour of nanocomposite 

between -0.2 to 1 V vs Ag/AgCl is shown in 

inset to Figure 10A revealing the significance of 

chemically synthesized PB-nanocomposite. The 45 

electrocatalytic behaviour of PBNP-AgNP (I) 

nanocomposite has been examined on the 

reduction of H2O2 and compared to that of the 

same recorded on only PBNP-modified electrode 

as shown in Figure 9C. H2O2 undergo both 50 

oxidation and reduction. The direct oxidation of 

the same involve large overvoltage whereas 

direct reduction of H2O2 start at 0 V vs Ag/AgCl 

and dynamics of such reduction increases with 

an increase in cathodic potential.
65

 Catalytic 55 

reduction, as shown in Figure 10 B and C, start 

close to the redox potential of PB and 

subsequently follow similar trend as observed in 

direct reduction. The use of Horseradish 
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peroxidase (HRP) also facilitate the reduction of 

H2O2 at slightly anodic potential and dynamics 

of the same increases with an increase of 

operating potential in cathodic direction
 65 

similar 

to that as recorded in Figure 10 B and C. 5 

Table 1 

Kinetic parameters for the peroxidase-like activity of 

PBNP-AgNP and PBNP-Au-Ag nanocomposite. 

 
S No. Catalyst Substrate Km/mM  Vmax/ms

-1
 

1. PBNP H2O2 9.04 8.40x10
-7

 

2. PBNP-AgNP1 H2O2 3.32 3.15x10
-7

 

3. PBNP-AgNP2 H2O2 2.05 4.15x10
-7

 

4. PBNP-Au-Ag H2O2 1.7 7.82x10
-7

 

5. PBNP-AgNP(I) H2O2 6.6  6.30x10
-7

 

6. HRP
63,64

 H2O2 3.7 8.71x10
-8

 

 10 

The results based on voltammetry for (B) PBNP 

and (C) PBNP-AgNP (I) systems in absence (a, 

a’) and the presence (b, b’) of 5 mM H2O2 

confirm the better catalytic behaviour of PBNP-

AgNP(I) electrode system. The finding confirms 15 

enhanced electrocatalytic activity of 

nanocomposite as compared to that of only 

PBNP on H2O2 analysis. Again the modified 

electrode is suitable material for electrochemical 

probing of many oxidase catalyzed reaction 20 

coupled in a flow injection system presenting the 

wider application of nanocomposite modified 

electrode for efficient detection of H2O2 

generated in enzymatic packed bed reactor.
66 

 25 

Conclusions 
 
A facile method for the synthesis of functional 

AgNPs and bimetallic Au-Ag NPs are reported 

representing major contribution of organic 30 

reducing agents i.e. formaldehyde and 

cyclohexanone and micellar behaviour of 3-

APTMS. The use of similar reducing agents also 

enables the synthesis of polycrystalline PBNPs 

that allow the formation of nano-structured 35 

composites of a crystallized framework. In 

addition to that the suitable composition of 3-

APTMS and organic reducing agents not only 

control the dispersibility in variety of solvents 

but also enable the formation of organic- 40 

inorganic hybrid that facilitated catalytic activity 

of as synthesized nanomaterials. The finding also 

demonstrates the requirement of suitable 

composition of nanoparticles that can be tuned 

for nanocomposite formation for better catalytic 45 

activity with wider applications in both 

homogeneous and heterogeneous catalysis. With 

the example of AgNPs, Ag-Au and 

nanocomposite of PBNPs, tailoring of 

peroxidase-like activity justifying another 50 

effective way to regulate the synthesis and 

catalytic activity of NPs is reported. 
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Figure S1. Formation of AgNPs as a function of; (A) 3-APTMS concentrations (Table S1A, 

Sr. no. 1 to 10) and (B) Cyclohexanone concentrations (Table S1B, Sr. no. 1 to 10): keeping 

constant concentrations of cyclohexanone/3-APTMS (1.9 M/0.5 M) and 0.01 M AgNO3. 

Table S1 (A) 

Characteristics of different Silver nanoparticles (AgNPs) made from Cyclohexanone as a 

function of 3-APTMS concentration. 

Sr. 

no. 

AgNO3  

(M) 

3-APTMS 

(M) 

Cyclohexanone 

(M) 

AgNPs formation Extent of 

formation 

1 0.01 0.1x10
-3
 1.9 White - 

2 0.01 0.001 1.9 White - 

3 0.01 0.005 1.9 White - 

4 0.01 0.01 1.9 White - 
5 0.01 0.05 1.9 White - 

6 0.01 0.1 1.9 White - 

7 0.01 0.25 1.9 Light Yellow(AgNP1) ++ 
8 0.01 0.5 1.9 Yellow(AgNP2) ++++ 

9 0.01 1 1.9 Yellow ++++ 

10 0.01 2 1.9 Yellow ++++ 

“-” sign represents that the AgNPs are not formed whereas number of “+” sign denotes the 

relative rate of AgNPs formation.   
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Table S1 (B) 

Characteristics of different Silver nanoparticles (AgNPs) as a function of Cyclohexanone 

concentration. 

S. no. AgNO3  

(M) 

3-APTMS 

(M) 

Cyclohexanone 

(M) 

AgNPs formation Extent of 

formation 

1 0.01 0.5 0.3 White - 
2 0.01 0.5 0.6 White - 

3 0.01 0.5 0.9 Light Yellow + 

4 0.01 0.5 1.4 Light Yellow ++ 
5 0.01 0.5 1.9 Dark Yellow ++++ 

6 0.01 0.5 2.4 Light Yellow +++ 

7 0.01 0.5 2.8 Light Yellow +++ 
8 0.01 0.5 3.2 Light Yellow +++ 

9 0.01 0.5 3.5 Light Yellow +++ 

10 0.01 0.5 3.8 Light Yellow +++ 

“-” sign represents that the AgNPs are not formed whereas number of “+” sign denotes the 

relative rate of AgNPs formation.  

 

Figure S1. Formation of AgNPs as a function of: (C) 3-APTMS concentrations (Table S1C, 

Sr. no. a to j) keeping constant concentrations of Formaldehyde (0.8 M) and 0.01 M AgNO3.  

Table S1 (C) Characteristics of different Silver nanoparticles (AgNPs) made from 

Formaldehyde as a function of 3-APTMS concentration. 

Sr. 

no. 

AgNO3  

(M) 

3-APTMS 

(M) 

Formaldehyde 

(M) 

AgNPs formation Extent of 

formation 

a 0.01 0.1x10-3 0.8 White - 

b 0.01 0.001 0.8 White - 

c 0.01 0.005 0.8 White - 
d 0.01 0.01 0.8 White - 

e 0.01 0.05 0.8 Grey  - 

f 0.01 0.1 0.8 Dark Grey - 
g 0.01 0.25 0.8 Light Yellow +++ 

h 0.01 0.5 0.8 Yellow +++ 

i 0.01 1 0.8 Yellow ++++ 

j 0.01 2 0.8 Dark Yellow ++++ 

“-” sign represents that the AgNPs are not formed whereas number of “+” sign denotes the 

relative rate of AgNPs formation.  
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Figure S1 (D) Effect of Formaldehyde concentrations on the formation of AgNPs [(a) 0.4 M, 

(b) 0.8 M and (c) 1.2 M] keeping constant concentration of 3-APTMS (0.5 M).  

 

Supporting Information S2. 

Cyclohexanone in the prevailing medium undergoes keto– enol tautomerism. Enolate ion acts 

as an electron donor to 3-APTMS capped Ag
+
 ion, which in turn acts as a Lewis acid, leading 

to the formation of AgNPs along with organic-inorganic hybrid (Scheme-1) and has been 

confirmed by FTIR spectroscopy. The broad band between 3800 and 2800 cm
-1
 is related to 

the overlap of O-H vibration modes with the organic modes. The IR peaks at 1090-1120 cm
-1
 

due to the vibrations of the C-Si-O group. A series of bands at around 2820-2940 cm
-1
 due to 

the vibrations of methylene -(CH2)3- and the peaks at about 1220-1275 cm
-1
 are due to the 

vibrations of Si-CH3. 

 

 

Page 18 of 19RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



  

 

 

A  facile  method  for  the  synthesis  of  functional  AgNPs  and  bimetallic  Ag-Au/Au-Ag are  reported 
enabling the formation  of  nanocomposite with Prussian blue in a crystalline framework for bioanalytical 

applications, involving active role of organic reducing  agents and 3-aminopropyltrimethoxysilane.  
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