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Biosensors
Facile Synthesis of Au-Nanoparticle/Polyoxometalate/
Graphene Tricomponent Nanohybrids: An Enzyme-Free 
Electrochemical Biosensor for Hydrogen Peroxide

  Rongji   Liu  ,     Shiwen   Li  ,     Xuelian   Yu  ,     Guangjin   Zhang  ,*     Suojiang   Zhang  ,*     Jiannian   Yao  , 
    Bineta   Keita  ,*     Louis   Nadjo  ,     and   Linjie   Zhi  
8

 A green, facile, one-pot synthesis of well-defi ned Au NPs@POM–GNSs tricomponent 
nanohybrids is reported (POM stands for polyoxometalate and GNSs for graphene 
nanosheets). The synthesis is convenient, rapid and environmentally friendly. The 
POMs serve as both reducing, encapsulating molecules, and bridging molecules; 
this avoids the introduction of other organic toxic molecules. Characterization 
using transmission electron microscopy, X-ray diffraction, X-ray photoelectron 
spectroscopy, and Raman spectroscopy analysis is performed, and the structure of 
the prepared nanohybrids of Au NPs@POM–GNSs is verifi ed. Most importantly, the 
amperometric measurements show the Au NPs@POM–GNSs nanohybrids have high 
catalytic activity with good sensitivity, good long-term stability, wide linear range, 
low detection limit, and fast response towards H 2 O 2  detection for application as an 
enzyme-free biosensor. Transformation of the POMs during H 2 O 2  detection does not 
affect the catalytic activities of the nanohybrids. Thus, the synergistic effect of Au NPs 
and GNSs in the nanohybrids leads to the enhanced catalytic property. 
  1. Introduction 

 Since its discovery by Novoselov et al., [  1  ]  graphene, with an 

atomically thin two-dimensional lattice of  sp  2  carbon atoms 
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packed into a dense honeycomb, and characterized as “the 

thinnest known material in the universe and the strongest 

ever measured”, has received considerable attention due to 

its high surface area (around 2600 m 2  g  − 1 ), [  2  ]  high chemical 
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 stability, [  3  ]  and unique electronic [  4–6  ]  and mechanical proper-

ties, [  7  ]  which ensure its potential applications in many fi elds, 

such as nanocomposites, [  5  ,  8  ]  fi eld-effect transistors, [  9b  ,  10  ]  

batteries, [  11  ]  solar cells, [  12  ]  supercapacitors, [  2  ]  nanoelec-

tronics, [  13  ]  and ultrasensitive sensors. [  14  ,  15  ]  In parallel, metal 

nanoparticles (NPs) have emerged as a new class of mate-

rials due to their unique electronic, optical, magnetic, and 

catalytic properties. [  16  ]  Thus, much effort has been made to 

decorate graphene nanosheets (GNSs) with various metal 

NPs, in order to produce novel nanohybrid materials with 

properties from two functional nanoscale materials com-

bined, to achieve a wider range of applications. [  17  ]  For these 

purposes, a large variety of conditions and protocols were 

followed for synthesis of nanohybrid of metal NPs–GNSs, 

including, for example, microwave treatment, [  18  ]  sonochem-

ical methods, [  19  ]  electrodeposition, [  20  ]  and chemical deposi-

tion. [  21  ]  Among these, chemical reduction holds the great 

advantage of low cost and bulk quantity production. How-

ever, as many of these approaches employ reductants, espe-

cially hydrazine, they are highly hazardous, use of which 

should be made with extreme care and minimized. Also the 

chemical processes are time-consuming and require high 

temperature. Thus, it is desirable to develop a simple, mild 

and effective route that provides well-dispersed metal NPs 

with good controllability and reproducibility without using 

hazardous organic molecules. Among the NPs, the attach-

ment of Au NPs to GNSs is particularly promising for novel, 

highly effi cient electrochemical cells and photoelectronic 

sensor devices. Thus, more and more attention has been 

aroused towards the development of both enzymatic [  22–24  ]  

and enzyme-free [  25  ,  26  ]  hybrid Au–GNS-based biosensors. 

In particular, enzyme-free biosensors have received more 

interest because they show promise in overcoming various 

drawbacks of enzymatic ones, including a complex structure 

that increases cost and poor long-term stability due to the 

inherent nature of enzymes. Hydrogen peroxide (H 2 O 2 ) 

is not only a reactive oxygen species as an essential medi-

ator [  27  ]  but also a by-product of many oxidative biological 

reactions, including those of glucose oxidase, cholesterol 

oxidase, uricase, alcohol oxidase, galactose oxidase, sarco-

sine oxidase, and  l -amino-acid oxidase, etc. Thus it is impor-

tant to develop a good biosensor for detection of H 2 O 2  with 

high sensitivity, long stability, large detection range, and 

good selectivity. Various Au NP-based biosensors have been 

developed, however, to the best of our knowledge, only a 

few systems showed satisfactory properties regarding the 

above parameters. The attachement of Au NPs on GNSs 

may increase the electrocatalytic activities and thus improve 

the properties of the biosensors. Therefore, it is important 

to develop a facile method for preparation of Au NP–GNSs 

nanohybrids for enzyme-free biosensors of H 2 O 2 . 

 Recently, we developed a novel green method for deco-

ration of Au, Pt, and Ag NPs on carbon nanotubes (CNTs) 

by using polyoxometalate (POMs) as the sole agent to build 

metal NPs@POM–CNTs tricomponent nanohybrids. [  28  ]  It has 

also been reported that POMs can act as an effective pho-

tocatalyst to reduce graphene oxide (GO) nanosheets under 

UV irradiation, [  9  ]  yielding reduced graphene oxide (RGO) 

with good electrical conductivity. POMs are early transition 
© 2012 Wiley-VCH Verlag Gmbsmall 2012, 8, No. 9, 1398–1406
metal oxygen anionic clusters, which exhibit remarkably rich 

redox and photoelectrochemical properties, and thus show 

promising properties in photo-electrocatalysis. [  29  ,  30  ]  

 Herein, we report for the fi rst time a facile approach to 

prepare nanohybrid Au NPs@POM–GNSs materials without 

the addition of other surface active agents. Specifi cally, the 

POM H 3 PW 12 O 40  (denoted as PW12 hereafter), with a typ-

ical Keggin structure, has been employed to serve as both a 

reducing and encapsulating molecule for the NPs and GNSs, 

as well as a bridging molecule. Our work represents a new 

type of tricomponent Au NPs@POM–GNSs heterostruc-

ture with several important benefi ts. The reaction can be 

performed at room temperature without any other organic 

templates and surfactants, which is benefi cial for its electro-

catalytic activities. Well dispersed and uniform Au NPs were 

decorated onto the GNSs. Encouragingly, such a nanohybrid 

offered a remarkably improved sensitivity, selectivity, and 

stability toward H 2 O 2  detection.   

 2. Results and Discussion 

 During synthesis, the POMs not only serve as reducing 

agents for both GO and Au 3 +  , but also as bridging molecules. 

 Scheme    1   shows the preparation procedure for representa-

tive tricomponent Au NPs@POM–GNSs nanohybrids. The 

samples were centrifuged and washed with pure water before 

characterization.  Figure    1   shows typical transmission elec-

tron microscopy (TEM) images of the GNSs before and after 

decoration with Au NPs. Figure  1 a displays the as-prepared 

graphene as a crumpled nanosheet. A typical TEM image of 

39.6% Au NPs@POM–GNSs (Figure  1 b) shows that Au NPs 

with an average diameter of 15  ±  3 nm (determined from a 

statistical study of 50 NPs) are uniformly dispersed on GNSs 

(a typical large-scaled TEM image is also shown in Figure S1, 

Supporting Information). It is interesting to see that the Au 

NPs preferentially adhere to the surfaces of GNSs, rather than 

to regions without GNSs. A magnifi ed image of fi ve Au NPs 

suggests an Au@POM core–shell structure for the NPs. A thin 

layer with about 2 nm thickness is clearly observed in Figure  1 c, 

which is in accordance with our previous works. [  28  ,  31  ]  The 

POM layer here facilitates the binding of Au NPs to the 

GNSs, in agreement with the earlier work demonstrating that 

PW12 clusters can be adsorbed on the reduced GO during 

the photoreduction process. [  9a  ]  The Au NPs showed a highly 

monocrystalline character, which is proved by the high resolu-

tion image shown in Figure  1 d. The lattice fringe of Au (111) 

crystalline face (0.23 nm) was observed in the fi gure. The 

electrostatic repulsion between negatively charged POMs 

prevents Au NPs from aggregating, as was reported in our 

earlier work. [  32  ]  The POMs behave like an anionic stabilizer. 

In situ energy dispersive X-ray (EDX) analysis (Figure S2, 

Supporting Information) showed that strong tungsten peaks 

exist as well as the gold peaks, confi rming the existence of 

the POM around Au NPs–GNSs. The strong peaks of Cu are 

from the copper grid. The actual Au loading of the hybrid 

was determined to be about 35 wt-% by inductively coupled 

plasma-mass spectroscopy (ICP-MS), which is close to the 

initial designed loading amount (39.6 wt-%).   
1399www.small-journal.comH & Co. KGaA, Weinheim
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     Scheme  1 .     Preparation procedure of representative tricomponent Au NPs@POM–GNSs nanohybrids.  

GO

UV irradiation

/ isopropanol

Without UVHAuCl4

GNS@reduced PW12

Reduced form of PW12

Oxidized form of PW12

Au NP

Au NPs@PW12-GNSs
 The nanohybrid was further characterized by X-ray dif-

fraction (XRD), X-ray photoelectron spectroscopy (XPS), 

and Raman spectroscopy. An XRD pattern of PW12, 

graphite (G), GO, and 39.6% Au NPs@POM–GNSs is dis-

played in  Figure    2  . It can be seen that G showed a sharp 

diffraction peak at 26.5 °  corresponding to (002) plane with 
www.small-journal.com © 2012 Wiley-VCH V

     Figure  1 .     TEM images of: a) bare GNSs; b) 39.6% Au NPs@POM–GNSs comp
image of fi ve Au@POM core–shell structures; and, d) HRTEM image of sin
 d -spacing of 0.336 nm. Compared with G, the feature diffrac-

tion peak of GO appeared at 11.2 °  corresponding to the C 

(002) interlayer spacing of 0.790 nm. [  33  ]  The increase in the  d  

value of GO may be due to the evolution of 0.336 nm spacing 

between typical graphene sheets in graphite to integrate the 

water molecules trapped between oxygen containing func-
erlag GmbH & Co. KGaA,

osites; c) magnifi ed 
gle Au NP.  
tional groups in GO sheets. The absence 

of any peak at a 2  θ   value of 26.5 °  reveals 

the complete oxidation of G. [  34  ]  After the 

exfoliation of GO by POM-assisted pho-

toreduction, the sharp peak of G at 26.5 °  

almost disappeared and became a broader 

peak at around 20 ° –30 ° , [  35  ]  meaning the 

layers of G along the  c -axis were exfoli-

ated and the carbon  sp  2  bonds restored. 

In addition, the Au NPs@POM–GNSs 

nanohybrid also showed diffraction peaks 

for both the POM and Au (the observed 

characteristic peaks at 38.4 °  and 44.3 °  are 

assigned to the (111) and (200) planes of 

Au crystals with face-centered cubic (fcc) 

structure), which confi rmed the forma-

tion of tricomponent hybrid of Au NPs@

POM–GNSs. These results are consistent 

with the TEM observations.  

 XPS was used to further verify the as 

synthesised nanohybrids. The reduction 

of GO was further confi rmed by using 

XPS to detect the constitutional change 

of carbon atoms in different chemical 

states of GO before and after photore-

duction.  Figure    3  a and b show the C 1 s  

XPS spectra of GO and 39.6% Au NPs@

POM–GNSs. As for GO (Figure  3 a), four 

types of carbon with different chemical 
 Weinheim small 2012, 8, No. 9, 1398–1406
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     Figure  2 .     XRD patterns of raw PW12, natural G, GO, and the as-prepared 
39.6% Au NPs@POM–GNSs.  
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states are observed, which appear at 284.8 eV for graphite-

like C, 286.8 eV for C–O, 287.8 eV for C = O and 289.0 eV for 

O–C = O. After the photoreduction (Figure  3 b), the content of 

C–O group decreases from initial 51.2% to 20.8% (shown in 

Table S1, Supporting Information), indicating that the pho-

toreduction can effectively eliminate the oxygen containing 

groups on GO. Meanwhile, the content of C–C/C = C group 

increased from 39.1% to 79.0%, indicating that signifi cant 

 sp  3 / sp  2 -hybridized carbon structures were restored.  

 The oxidation state of gold in the NPs attached on GNSs 

and the presence of tungsten were also determined by 

XPS, as shown in Figure  3 c and d. The XPS spectrum of the 
© 2012 Wiley-VCH Verlag GmbHsmall 2012, 8, No. 9, 1398–1406
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     Figure  3 .     C 1 s  XPS spectra of: a) GO before photoreduction, and, b) as-pre
the Au 4 f  (c) and W 4 f  (d) in the as-prepared nanohybrids.  
as-prepared Au NPs@POM–GNSs nanohybrid shows the Au 

4 f  7/2 and 4 f  5/2 doublet (Figure  3 c). With the charge effect 

corrected by fi xing the photoelectric peak 1 s  of carbon at 

284.8 eV, the 4 f  7/2 level is located at 84.0  ±  0.3 eV and the 

4 f  5/2 level at 87.8  ±  0.3 eV. [  28    a]  These values suggest unam-

biguously that gold is present only in the metallic form, indi-

cating the formation of Au NPs on the surface of GNSs. The 

presence of tungsten was also detected, despite the thorough 

washing of the samples. As shown in Figure  3 d, there are W4 f  
5/2 and W4 f  7/2 doublets with binding energies of 36.13 and 

38.23eV respectively; these values indicate that tungsten is in 

its full oxidation form in the POM. 

 Raman spectroscopy provides information on the struc-

tural properties of carboneous materials, including disorder 

and defect structures. The Raman spectra of the G, GO, and 

as-prepared 39.6% Au NPs@POM–GNSs were detected 

to further confi rm the oxidation of G and the subsequently 

reduction of GO ( Figure    4  ). It has been reported that the G 

band corresponds to the fi rst-order scattering of the  E 2 g  mode 

from the  sp  2  carbon domains and the D band is a breathing 

mode or  k -point photons of  A 1 g  symmetry originating from 

the disorder-induced mode associated with structural defects 

and imperfections. [  36  ]  The intensity ratio of D and G bands, 

 I  D / I  G , is a measure of disorder degree and average size of 

the  sp  2  domains. As shown in Figure  4 , G exhibited a strong 

sharp G band at 1564.3 cm  − 1  and a relatively weak D band 

at 1340.4 cm  − 1  from which  I  D / I  G  was 0.129. For GO, the G 

band broadened signifi cantly and shifted upward to a higher 

frequency of 1593.2 cm  − 1 , and  I  D / I  G  increased to 0.949, indi-

cating the reduction in size of the in-plane  sp  2  domains due 

to the extensive oxidation. For the 39.6% Au NPs@POM–

GNSs nanohybrids, the G band shifted back to 1580.8 cm  − 1  
1401www.small-journal.com & Co. KGaA, Weinheim
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     Figure  4 .     Raman spectra of natural G and GO before photoreduction, 
and as-prepared 39.6% Au NPs@POM–GNSs after photoreduction.  
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     Figure  5 .     CV curves of Au NPs@POM (a), 24.7% Au NPs@POM–GNSs 
(b), and 39.6% Au NPs@POM–GNSs (c) in Ar-saturated 0.4  M  PBS 
(pH  =  7) solutions without (solid line) and with (dotted line) 10 m M  H 2 O 2  
at a scan rate of 50 mV s  − 1 .  
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and  I  D / I  G  decreased to 0.813. Since the ratio of D/G inten-

sity is proportional to the average size of the  sp  2  domains, the 

PW12-assisted photoreduction indeed increased the average 

size of the crystalline graphene domains due to the graphitic 

‘‘self-healing’’ in Au NPs@POM–GNSs. This is consistent 

with the reported results for reduced graphene by hydrazine 

and thermal treatment. [  37  ,  38  ]   

 The density of Au NPs on the GNSs can be simply tuned 

by changing the concentration of Au 3 +   under identical condi-

tions as those used for preparation of samples in Figure  1 . 

For example, when the concentration of HAuCl 4  changed 

from an initial 0.25 m m  to 0.125 and 0.5 m m,  the density of 

Au NPs on the surface of GNSs is substantially altered, and 

thus the Au loading changed to about 24.7 and 56.8 wt-%, 

respectively. Typical TEM images of the sample with these 

Au NPs loadings are shown in Figure S3 (see the Supporting 

Information). 

 The promising application as enzyme-free biosensor 

for H 2 O 2  was selected as a preliminary test of the electro-

catalytic behaviors of the prepared nanohybrids. In order to 

obtain the optimum potential for the amperometric measure-

ments of the hybrids, cyclic voltammetric (CV) measurements 

were taken fi rst. The CV curves of Au NPs@POM (actual Au 

loading mass was approximately 6.16  ×  10  − 3  mg), hybrids of 

24.7% Au NPs@POM–GNSs (actual Au loading mass was 

approximately 3.08  ×  10  − 3  mg) and 39.6% Au NPs@POM–

GNSs (actual Au loading mass was approximately 6.16  ×  10  − 3  

mg) electrodes in Ar-saturated 0.4  m  PBS (pH  =  7) toward 

H 2 O 2  reduction are shown in  Figure    5  . According to the lit-

erature, [  39–41  ]  the mechanism for H 2 O 2  electro-reduction pro-

ceeds as follows:

 H2O2 + e− → OHad + OH−
  (1)   

 OHad + e− → OH−
  (2)   

 2OH− + 2H+ → 2H2O   (3)   

   It is clearly shown that all the catalysts exhibit catalytic activ-

ities toward H 2 O 2  reduction with a cathodic reduction peak 
02 www.small-journal.com © 2012 Wiley-VCH V
after addition of 10 m m  H 2 O 2  (dotted curves), but there was 

no current response without addition of H 2 O 2  in the poten-

tial range  − 0.9 to 0.2 V vs. saturated calomel electrode (SCE) 

(solid curves). Compared with Au NPs@POM (Figure  5 a), 

which showed a cathodic reduction peak at around  − 0.8 V 

vs. SCE, the peak potential of Au NPs@POM–GNSs shifted 

positively to –0.65 V vs. SCE. (Figure  5 b and c) with a higher 

peak current response, indicating a higher electrocatalytic 
erlag GmbH & Co. KGaA, Weinheim small 2012, 8, No. 9, 1398–1406
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 activity of the synthesized Au NPs@POM–GNSs nanohy-

brids towards H 2 O 2  reduction than the Au NPs@POM. We 

attribute the better performance of the nanohybrids to the 

following two major factors: i) the highly conductive GNSs 

connect gold nanoparticles and improve the charge transfer 

between the modifying layer and substrate glassy carbon 

(GC) electrode; and, ii) a synergistic effect of the well-dis-

persed Au NPs and GNSs is benefi cial to their electrocata-

lytic activities. 

 As shown above, the as-prepared Au NPs@POM–GNSs 

nanohybrids displayed higher catalytic activities than the 

Au NPs@POM electrode. Thus the amperometric response 

to H 2 O 2  of the Au NPs@POM–GNSs was studied to make 

sure that the as-prepared nanohybrids possess promise for 

application as enzyme-free biosensors. There is no doubt 

that the sensitivity of electrochemical biosensors is strongly 

dependent on the applied potential. The cathodic current 

of H 2 O 2  obtained at Au NPs@POM–GNSs nanohybrid-

modifi ed electrodes increased with the negative shift of the 

operating potentials and reached a highest current at about 

–0.65 V vs. SCE. So the electrode potential –0.65 V vs. SCE 

was selected as the optimized potential after an overall con-

sideration of the detection sensitivity, where the background 

current is minimized. Under these optimum conditions, a 

typical current–time plot of 39.6% Au NPs@POM–GNSs 

modifi ed electrode upon the successive addition of aliquots 

of H 2 O 2  is shown in  Figure    6  a. As the H 2 O 2  was added into 

the stirred PBS solution, well-defi ned steady-state current 

responses were obtained in around 3 s at the applied poten-

tial, and the currents increased stepwise with successive 
© 2012 Wiley-VCH Verlag Gmbsmall 2012, 8, No. 9, 1398–1406

     Figure  6 .     Typical amperometric responses of the 39.6% Au NPs@POM
–0.65 V vs.SCE in 0.4  M  PBS solution (pH  =  7.0) (a) and the corresponding
(c). (b) and (d) are local images corresponding to the rectangular area of (
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additions of H 2 O 2 . It can be concluded that small molecules 

have a rapid diffusion from the solution to the nanohybrids 

modifi ed electrode and that the better electron transfer 

rate of GNSs may play an important role. Moreover, the 

obvious increase of the current could be observed when 

the concentration of H 2 O 2  was as low as 5  μ  m  (Figure  6 b, 

a local image corresponding to the rectangular area of 

Figure  6 a shown for the response of the low concentrations 

of H 2 O 2 ). The corresponding calibration curve shown in 

Figure  6 c indicated that the hydrogen peroxide biosensor 

based on 39.6% Au NPs@POM–GNSs exhibited a linear 

response range (LRR) from 5  ×  10  − 6  to 1.8  ×  10  − 2   m  with a 

linear regression equation (LRE) of  I  ( μ A)  =  4.12  C  (mM) 

– 0.18 ( R   =  0.99979), a limit of detection (LOD) of 1.54  μ  m  

(based on  S / N   =  3) and a sensitivity of 58.87  μ A cm  − 2  m m   − 1 . 

Figure  6 d is a local image corresponding to the rectangular 

area of Figure  6 c. When we further studied the performance 

of the as-prepared hybrids in details, it is interesting to fi nd 

that the sensitivity of the hybrids can be tuned by the actual 

Au loading mass in the hybrids; the resulting performance 

of the 24.7% and 56.8% Au NPs@POM–GNSs (actual Au 

loading mass was approximately 1.23  ×  10  − 2  mg) were is 

shown in Figure S4 and S5 (see Supporting Information), 

respectively. Encouragingly, a lower LOD of 1.33  μ  m  was 

obtained from 56.8% Au NPs@POM–GNSs. Table S2 (see 

Supporting Information) is shown for a visualized compar-

ison of the performance for different Au NPs@POM–GNSs 

nanohybrids to H 2 O 2  detection. It can be seen that the sen-

sitivity of the nanohybrid becomes higher with increasing 

Au loading.  
1403www.small-journal.comH & Co. KGaA, Weinheim

–GNSs modifi ed electrode to successive addition of aliquot H 2 O 2  at 
 calibration plot of steady-state currents against concentrations of H 2 O 2  
a) and (c), respectively.  
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 The H 2 O 2  detection performance of the proposed bio-

sensor was compared with other biosensors based on Au 

NPs; the results are shown in Table S3 (see Supporting Infor-

mation). They show that the Au NPs@POM–GNSs exhibits 

excellent performance in terms of a wider LRR, a relatively 

lower LOD, and fast current response for H 2 O 2 , suggesting 

the proposed biosensor based on Au NPs@POM–GNSs 

nanohybrids can be compared advantageously with respect 

to other Au-based enzymatic and non-enzymatic biosensor 

designs. The graphene here plays an extremely positive role, 

as was shown in our previous work in which the Au NPs@

POM system had a relatively narrow LRR from 5  ×  10  − 6  to 

1.0  ×  10  − 2   m  toward H 2 O 2  detection. [  42  ]  

 Since selectivity and stability are two important factors in 

the performance of a biosensor, we investigated the selectivity 

and stability of 39.6% Au NPs@POM–GNSs-based H 2 O 2  bio-

sensor in details. Several common electroactive compounds 

in real biological samples – ethanol, methanol, glucose, and 

ascorbic acid – were measured to examine whether they inter-

fered with the determination of H 2 O 2 . As shown in Figure S6 

(see Supporting Information), H 2 O 2  solution was fi rst injected 

into the electrochemical cell, followed by the addition of inter-

ferents. It can be observed that an obvious amperometric 

response appeared immediately when 0.1 m m  H 2 O 2  was 

injected at 120 s. However, the subsequent addition of ethanol 

(1 m m ), methanol (1 m m ), glucose (0.5 m m ). and ascorbic acid 

(0.2 m m ) did not cause any further amperometric changes. 

When more H 2 O 2  was added to reach 0.5 m m , the current 

changed proportionally even with the existence of the interfer-

ents, indicating the nanohybrid has a good selectivity to H 2 O 2 . 

 The electrode was stored in air at room temperature 

when not in use. The stability of the biosensor under storage 

was investigated by measuring the amperometric response in 

0.4  m  PBS (pH  =  7) under successive addition of aliquots of 

H 2 O 2  after 1 week. It can be observed that the biosensor still 

had the high sensitivity to H 2 O 2  detection and had almost 

99% of its original current response to H 2 O 2  ( Figure    7  ). The 
www.small-journal.com © 2012 Wiley-VCH

     Figure  7 .     Amperometric responses of the 39.6% Au NPs@POM–GNSs-
modifi ed electrode to successive addition of aliquots of H 2 O 2  at 
–0.65 V vs.SCE in 0.4  M  PBS solution (pH  =  7.0) at initial test (solid line) 
and tested after 1 week (dotted line).  
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good long-term stability could be attributed to the strong 

interaction between Au NPs and GNSs.  

 It should be noted that the present POM is not stable 

in the proposed experimental environment (pH  =  7), as was 

suggested in our previous work [  28  ]  c]  and also elsewhere. [  43    a]  

Thus, the corresponding fragments issued from the decom-

position may remain in the hybrids during the electrochem-

ical reactions. This was confi rmed by the CV characteristics 

of PW12 before and after the experiment of H 2 O 2  detection 

(Figure S7, see Supporting Information). Both the character-

istic features of bulk gold electrodes (0.9 V vs. SCE) and the 

POM redox systems (1 electron reduction peak of PW12 at

 –0.02 V vs. SCE) [  43    b,c]  before H 2 O 2  detection were observed. 

While the POM redox systems disappeared after H 2 O 2  detec-

tion, which indicated the decomposition of the PW12. How-

ever, such decomposition of the POMs does not affect the 

catalytic activities of the nanohybrid, as shown in the stability 

test. GNSs and Au NPs are known to promote fast electron 

transport within their structures. As a consequence, it can 

be hypothesized that the superior catalytic activities of the 

nanohybrids toward H 2 O 2  may be mostly attributed to a syn-

ergistic effect of Au NPs and GNSs, reinforced by the pres-

ence of decomposition fragments of the POM.   

 3. Conclusion 

 Novel tricomponents of Au NPs@POM–GNSs were prepared 

using solely POM as both reducing, encapsulating molecules 

and bridging molecules. This synthesis is green, simple, and 

rapid. The Au NPs@POM–GNSs nanohybrids showed high 

electrocatalytic activity towards H 2 O 2  reduction because of 

the synergistic effect of Au NPs and GNSs. The Au NPs@

POM–GNSs nanohybrids have high catalytic activity with 

good sensitivity, good long-term stability, wide linear range, 

low detection limit, and fast response towards H 2 O 2  detection 

for application as enzyme-free biosensors. This unique nano-

hybrid material has wide potential applications in biosensors 

and catalysis. At the same time, the methodology developed 

in this study could serve as a general approach to the devel-

opment of other metal NPs@POM–GNSs nanohybrids that 

also have potentially catalytic activities.   

 4. Experimental Section 

  Materials : PW12 and HAuCl 4  · 3H 2 O were purchased from the 
Aldrich Chemical Company. Isopropanol was purchased from the 
Beijing Chemical Reagents Corporation (Analytic grade) and was 
used as received. All other reagents were of analytical grade. 
Ultrapure water purifi ed with the Milli-Q (MQ) plus system (Milli-
pore Co.) with resistivity of 18.2 M Ω  cm was used exclusively in all 
aqueous solutions and rinsing procedures. 

  Synthesis of Nanohybrid of Au NPs@POM–GNSs : GO was oxi-
dized from natural G fl akes by a modifi ed Hummers’ method [  44  ]  
using H 2 SO 4 , NaNO 3 , and KMnO 4  in an ice bath, as reported in 
great detail elsewhere. [  9  ]  The resulting homogeneous brown GO 
dispersion was tested to be stable over several months and used 
for reduction. For preparation of Au NPs@POM–GNSs nanohybrid, 
the PW12 was fi rst reduced photochemically. A 500 W Hg lamp 
 Verlag GmbH & Co. KGaA, Weinheim small 2012, 8, No. 9, 1398–1406
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 was used as a UV light source. In a typical synthesis, PW12 (2 mL, 
2 m M ) was added in a spectrophotometer cell (1 cm pathlength) 
and mixed with isopropanol (220  μ L). GO (19  μ L, 8 mg mL  − 1 ) was 
then added into the mixed solution followed by deaeration with Ar 
for 15 min. Then the mixed solution was irradiated under UV light 
for 30 min. The concentration of the reduced PW12 can be con-
trolled by varying the irradiation time. Then the blue–black solu-
tion of reduced PW12 and GNSs hybrids was mixed with aqueous 
solution of HAuCl 4  (1  μ L, 0.5  M ) at room temperature by soft 
shaking by hand. After several minutes of reaction, the tricompo-
nent nanohybrids were prepared. The samples were then centri-
fuged at 13 500 rpm for 60 min and washed three times with pure 
water. At last, the samples were redispersed in pure water (2 mL). 
The Au NPs@POM was prepared by the same method, without 
adding GO. 

  Characterization : TEM images were obtained using a JEM-2010 
transmission electron microscope at an acceleration voltage of 
200 kV. XPS measurements were performed in ultrahigh vacuum 
(UHV) with Krato, AXIS-HS monochromatized Al K α  cathode 
source, at 75–150 W, using a low-energy electron gun for charge 
neutralization. XRD studies were recorded on a Bruker AXS D 
advance powder diffractometer with a Cu K α  (  λ    =  0.15418 nm) 
source. Raman spectra were obtained with a Renishaw Raman 
system model 1000 spectrometer. The 532 nm radiation from a 
20 mW air-cooled argon ion laser was used as the exciting source. 
The laser diameter was 1  μ m, and the laser power at the sample 
position was 4.0 mW. The data acquisition time was 10 s. The 
composition of catalysts was determined by ICP-MS (X Series 2, 
Thermo Scientifi c USA). 

  Electrochemistry Experiments : The mother solution was centri-
fuged at 13 500 rpm for 60 min and partial black catalyst paste 
(approximately 80  μ L) was left in the bottom of the centrifuge tube. 
Then, the prepared catalyst ink (5  μ L) was dropped onto the sur-
face of a pre-polished GC disk electrode (3 mm in diameter), fol-
lowed by dropping Nafi on solution (0.5%, 5  μ L) in isopropanol as 
a binder after 12 h. 

 CV and amperometric measurements were performed on a 
ZAHNER ZENNIUM electrochemical workstation (ZAHNER Instru-
ment, Inc.). A standard three-electrode cell was used and was 
controlled at 25  ° C using a water bath during the experiment. A 
platinum foil (3.0 cm 2 ) and SCE were used as counter and refer-
ence electrode, respectively. The prepared thin-fi lm GC electrode 
was used as the working electrode. The electrolyte, consisting 
of a solution of 0.5  M  H 2 SO 4  or 0.4  M  phosphate buffer solution 
(PBS, pH 7.0), was saturated with ultrahigh-purity Ar for 30 min 
before CV measurements and an Ar atmosphere was kept over 
the solution in the cell during amperometric measurements. In 
steady-state amperometric experiments, the potential was set 
at –0.65 V with a stirring rate of 300 rpm, and the current–time 
curves were recorded after a constant background current had 
been established.   

 Supporting Information 

 Supporting Information is available from the Wiley Online Library 
or from the author.  
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