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In this work, we report for the first time a one-step electrochemical deposition of-gulassian blue
(PB) nanocomposite films. The catalytic activity of gold nuclei toward the decomposition of ferricyanide
to free ferric ions and controlled generation of gold nanoparticles from HAs@litions during potential
cycling are exploited to form these nanocomposites. Concomitant electrochemical formation of both PB
and gold phases leads to a “perfect blend”, in which each phase controls the growth of the other. The
mechanism of formation and the features that distinguish this approach from others are highlighted. The
nanocomposite films were characterized using voltammetry aneh\i8/spectroscopy, field emission
scanning electron microscopy (FE-SEM), and atomic force microscopy (AFM). Interestingly, reversibility
of the redox conversions of PB is enhanced by the presence of Au nanoparticles, as indicated by the
reducedAE, value in cyclic voltammetry and low charge-transfer resistanee impedance spectroscopy.
The nanocomposite (AtPB)an, Shows dramatically high catalytic activity toward electroreduction of
hydrogen peroxide relative to that of PB on polycrystalline gold electrodes. Nanomolar detection of
hydrogen peroxide is found to be feasible using these films at low cathodic potentials, which might be
exploited to develop a new type of enzymeless biosensor.

Introduction the most common strategy for electrosynthesis involves
potentiodynamic cycling between preset potential limits of

Among the transition metal hexacyanoferrates, Prussiany,e \orking electrode in a supporting electrolyte containing
blue (PB) or iron(lll) hexacyanoferrate(ll) is the classical both the metal ion (WF: M = Fe) and ferricyanide species.

prototype. Apart from their appealing solid-state ch_emistry Inert substrates such as glassy carbon (GC), graphite,
and structural features, these compounds have gained reChatinum (Pt), or gold (Au) have been used. In these cases,
ognition because of their electrocatalytic, electrochromic, ion- the metal ions are added to the ferricyanide-containing
exchang?, |on—sensmgé anld photcr)]magnenc ?ropérﬁééheb supporting electrolyte. Potentiodynamic cycling then activates
struc_tura aspgcts an electroc §m|stry of PB ave been iy precipitation of the insoluble PB on the inert substrate.
previously rewevygd in several articles, fgr example, in ref A thin surface derivatizing layer of PB often imparts

6. As the transition between PB and its reduced form, optimally fast electron-transfer characteristics to an underly-

Plru33|an Wh'tf (E.W).'s aszouated W|thhrelatévely fa;ter ing substrate. This electrocatalytic phenomenon is useful
electron-transfer kinetics and serves as the redox me Iatorfrom both analytical (i.e., sensor) and electrosynthetic

in catalysis and electroanalysi8PB has been prepared by viewpoints. PB and its analogues have been considered as

bOth. chemicdl and electrochem!c%ﬂll methods. If we another class of interesting materials for electrocatalysis of
confine ourselves to supported films of these Compounds'reduction of hydrogen peroxide {B), thus allowing its

: ~ amperometric detectiol?. Among its redox states, the PW
ka;a?;g;zzﬁgg;ﬁgililgpn?r. Tel: 914565227555. Fax: 914565227779. E-mail: state has been recognized as reducia@gl—hnd acting as
(1) Zhao, G.; Feng, J.-J.; Zhang, Q.-L.; Shu-Ping Li, S.-P.; Chen, H.-Y. an electron-transfer mediator between the electrode abd H

Chem. Mater2005 17, 3154. i ; i A
(2) Ricel, F.: Palleschi, GBiosens. Bioelectrar2005 21, 389 for its reductlon'to occur at. low potentllals. Monlto_rmg of.
(3) Pyrasch, M.; Toutianoush, A.; Jin, W.; Schnepf, J.; TiekeCBem. hydrogen peroxide content is of great importance in medi-
Mater. 2003 15, 245. _ cine, environmental control, and industfy.
(4) Monk, P. M. S.; Mortimer, R. J.; Rosseinsky, D. [Electro- . ) ] . .
chromism: Fundementals and Applicatioh4CH: Weinheim, Ger- Prussian blue has been extensively investigated in the form
many, 1995. i i i ; i
(5) Zhott, P.- Xue, D.: Luo, H.. Chen, ano Lett 2002 2, 845. of t_h|n polycrystalline electrodepo§|ted f|Ims._ It is now
(6) Itaya, K.; Uchida, I.; Neff, V. DAcc. Chem. Re<.986 19, 162. realized that the use of nanoparticles can improve the
(7) Senthil Kumar, S. M.; Chandrasekara Pillai, {ectrochem. Commun.
2006 8, 621.
(8) GonZéez, G. L. L.; Kahlert, H.; Scholz, FElectrochim. Acta2007, (12) Karyakin, A. A.; Puganova, E. A.; Budashov, I. A.; Kurochkin, I. N.;
52, 1968. Karyakina, E. E.; Levchenko, V. A.; Matveyenko, V. N.; Varfolo-
(9) Neff, V. D. J. Electrochem. Sod978 125, 886. meyev, S. DAnal. Chem2004 76, 474.
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analytical performance for electroanalytical detecfibn. formed during this proces&or this, a highly acidic species
Nanosized particles have unique physical and chemicallike hydrogen tetrachloroaurate needs to be present in the
properties, often showing very interesting attributes un- electrolyte medium. In what follows, we demonstrate that it
matched by their bulk counterparts. The large surface-to- is possible to arrive at a nanocomposite of particles of both
volume ratio and the increased surface activity of nanopar- PB and gold that electrocatalyzes reduction of hydrogen
ticles, when compared to those of bulk materials, enable theirperoxide, leading to its nanomolar detection. In this novel
use in catalysis and sensing. Nanoparticles of PB have beerapproach, we take advantage of the interactions of HAuUCI
prepared using reaction conditions involving stabilization by Au and ferricyanide such as (a) Au-catalyzed decomposition
PVP ! synthesis in surfactant, and liquid crystalline media of ferricyanide under low pH conditions for the supply of
for magneti¢®1’and electrochemical applicatiofKaryakin ferrous ions; (b) low interfacial pH arising from aqueous
et al’? have produced nanostructured thin films of PB for HAuUCI, and (c) anodic oxidation of Au. In this environment,
electrochemical applications, for example, in the detection once Au is nucleated on GC, PB formation is instantaneous,
of H,O,” and glucose and in biosensadfs. a feature that distinguishes the present approach from those
In the context of generating nanostructures of PB, a few using sequential deposition, assembly on the basis of
synthetic details need particular attention here: electrogen-dendrimers; and electrostatic layer-by-layer depositfi®
eration of PB films from solutions of hexacyanoferrate The formation process is elucidated and the resultant
complexes has been extensively reported in literétfire. nanocomposite films are characterized using voltammetry
Gomathi and R&8 reported the formation of PB on glassy UV —vis spectroscopy, FE-SEM, and AFM.
carbon (GC) electrodes when the anodic potential limit was
extended to 1.5 V during potential cycling in ferricyanide Experimental Section
+ KCI solutions. Although potential excursion into high
anodic potential region renders the interface acidic, favoring
generation of ferric ions, high oxygen evolution in this
potential region degrades the film quality. Yang et'dbund
that in a weakly acidic medium (pH 3.6), a thin film of PB vV : ) ) _
. . X . . oltammetric and amperometric experiments were carried out
is deposited F)n a gold eIeCtrpde by using potential C,yCI'ng‘ using a Potentiostat/Galvanostat BAS 100 B (Bioanalytical Systems
In an alternative electrochemical approach, an ultrathin layer ¢ y 5t ambient temperature (251 °C). For voltammetric studies,
of PB nanoclusters was obseréédo form on a gold a glassy carbon working electrode of area 0.07 (BAS Inc.), a
electrode from an acidic solution of ferricyanide at potential platinum foil auxiliary electrode, and an Ag/AgCl (3 M NacCl)
negative with respect to the equilibrium potential of the ferric/ reference electrode (BAS Inc.) were used; the potential values
ferrous redox couple. The slow decomposition ensures mentioned in this text are against this reference electrode. The
controlled supply of ferric ions needed for the formation of surfaces of the glassy carbon and gold electrodes were polished
a compact ultrathin film of PB nanoclusters. using 4/0 grade alumina-coated emery paper. Prior to any electro-

Eventhough PB formation can take place on Au from a chemical measurements, the electrode surfaces were examined for
single ferricyanide solution under low pH conditichs? their cyclic voltammetric responses that are devoid of any redox

h h f d ft f b f | peaks in the case of GC and characteristic gold dissolution/
the growth was found to cease after a few number of cyc es'redeposition peaks in a potential range of 0.0 to 1.0 V. Alumina

In all these investigations, there is an implicit involvement particles adhering to the electrode surface were removed by
of gold surface in the mechanism of ferricyanide decomposi- yjrasonication. Electrochemical impedance characteristics of the
tion, that may be corroborated by our present finding that modified electrodes were measured using a Solartron system
glassy carbon surface does not favor this process as readilyElectrochemical Interface SI 128# Impedance/Gain-Phase
as Au. In addition, when ferricyanide solution is used in an analyzer SI 1260 coupled with &&E& G potentiostat model 273)
acidic medium for potential cycling, the only solid phase ina frequency range of 0.1 MHz to 0.1 Hz at an impressed potential
that is formed on the electrode surface is PB, because theEp Which is the midpeak potential of the redox pea&s= (Epa +

acid medium promotes release of ferric/ferrous ions that canErd/2 With an amplitude of 10 mV arouné,. Amperometric
combine with the solution ferricyanide. It is intriguing to experiments were performed at a constant potential of 300 mV

askif another solid phase such as gold particles can be under stirred conditions with an addition of,®; at every 50 s

HAuCI, (Aldrich) and potassium ferricyanide, potassium nitrate,
hydrochloric acid, sulfuric acid, sodium hydroxide, and hydrogen
peroxide from E-Merck were used as received. All aqueous
solutions were prepared in Milli-Q water (18® Millipore).

time interval.
(14) Martin, C. R.; Mitchell. D. TAnal. Chem1998 70 (9), 322A The UV-vis absorption spectra of the deposited films on
artin, C. R.; Mitchell, D. TAnal. Chem , . . . . .

(15) Uemura, T.; Kitagawa, S.. Am. Chem. So@003 125, 7814. fluorl_ng-doped tin oxide (FTQ)-coated glass substrates (supplied

(16) Choudhury, S.; Bagkar, N.; Dey, G. K.; Subramanian, H.; Yakhmi, J. by Pilkington, USA, sheet resistanee20 Q/cny) were collected
V. Langmuir2002, 18, 7409. ) ] on a Varian Cary-500 scan UWis—NIR spectrophotometer in

an Is_hrfz"fgggz%'zjziéhﬂe%' T.. Du, J.; Liu, Z.; Han, B.; Chen,Cblloids the wavelength range of 26B00 nm. The FTO plates were cleaned

(18) Tacgom, N. R.: Rajeéhwar, K.: Lezna, R.Chem. Mater2003 15, by sonicating in detergent solution followed by treatment in an
3046. ethanol+ water mixture. Au-PB nanocomposite films coated on

(29) Vi, I.-J.; Kim, J.-H.; Choi, Y. J.; Kang, C. J.; Kim, Y.-$icroelectron.

Eng.2006 83, 1594.

(20) Gomathi, H.; Rao, G. Rl. Appl. Electrochem199Q 20, 454. (24) Bustos, E.; Manriquez, J.; Orozco, G.; Godinez, LLangmuir2005

(21) Yang, R.; Qian, Z.; Deng. J. Electrochem. Sod998 145, 2231. 21, 3013.

(22) (a) Zhang, D.; Wang, K.; Sun, D. C.; Xia, X. H.; Chen, H.Ghem. (25) (a) Bharathi, S.; Nogami, M.; lkeda, Sangmuir2001, 17, 7468; (b)
Mater. 2003 15, 4163. (b) Zhang, D.; Wang, K.; Sun, D.; Xia, X.; Zhang, D.; Zhang, K.; Yao, Y. L.; Xia, X. H.; Chen, H. Yangmuir
Chen, H.J. Solid State Electrocherg003 7, 561. 2004 20, 7303.

(23) Abbaspour, A.; Kamyabi, M. AJ. Electroanal. Chem2005 584, (26) Qiu, J.-D.; Peng, H.-Z.; Liang, R.-P.; Li, J.; Xia, X.-Hangmuir2007,

117. 23, 2133.
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Figure 1. Cyclic voltammetric behavior of Au electrode during potential  cycling between 1.0 and 0.0 V in 0.1 M KN@edium containing HAUG!

cycling in 0.1 M KNQ; medium containing 1 mM potassium ferricyanide  and potassium ferricyanide at scan rated.05 V s (measured solution
at pH 3.2 in the potential range from 0.0 to 1.0 V. Inset: Cyclic pH 3.2).

voltammogram of the PB-modified Au electrode in 0.1 M Kj@H 3.2
(scan rate= 0.05 V s'1).

3E-005 —
FTO glass substrates were characterized using PicoSPM atomic ’
force microscopy (Molecular Imaging) operated in contact mode. 2E-005
A gold-coated SiMcantilever (Force Constant 0.12 N/m) was used i
as the force sensor and the radius of curvature of the probe tip was I 1E-005 —
about 5-10 nm. The measurement was made with the “small” 6 e 1
um piezoelectric z-scanner, which was standardized using calibra- S 0—
tion gratings. SEM measurements were made using Hitachi FE- 'g J
SEM (Model S4700) with an acceleration voltage of 10 kV in O LE-005 | ©
normal mode. | i
. . -2E-005 — E“’ m ato (VY.
Results and Discussion 1 3w e
Mechanism of Formation of PB on GC vis-avis Au. -3E-005 ‘ » ‘ ‘ |
Figure 1 shows the behavior of the polycrystalline (pc) Au 0 200 400 600 800 1000

electrode during potential cycling in KN®nedium contain- . .Potential (mV) vs A9/A9_°' _
ing potassium ferricyanide at pH 3.2 in the potential range E'nggg fr-orxoa"t?n”:;ﬁmccgenstgﬁﬂsg ﬂlﬁﬁggdﬁoﬁgigﬁdmﬁ@ﬂﬁ o
from 1.0 to 0.0 V atv = 0.05 V s*. After the electrode o1 M kNOy; Inset: () CV response of the film inZ80; medium, after
potential is cycled for more than 20 cycles, the surface of PB removal using alkali; (b) plot of peak current vs scan rate for anodic
the Au electrode is modified with a small quantity%110-2° and cathodic peaks presented in figure.
moles cm?) of PB as evident from the typical redox
characteristics of PB as seen from the Figure 1 (inset). It is formation is observed to cease after the formation of an
interesting to note that when the GC electrode on prolonged extremely thin film (Figure 1). Obviously, continuous gold
potential cycling in the medium using the above experimental dissolution and redeposition needed for the nanocomposite
conditions, no modification of the electrode surface with PB formation is not possible in case of PB deposition on a
was observed. Recently, formation of PB on a gold electrode polycrystalline gold electrode. Because PB formation on the
from acidic solutions containing single ferricyanide was electrode surface is basically an electrochemical process,
reported by a few grougd-2® The only paper where the acidic conditions combined with the presence of reducible
formation of PB is described from single ferricyanide gold ions in solution are likely to yield novel AtPB
medium on GC is by Gomathi and R#bin this work, the nanocomposites. On the basis of this background, some of
authors employed extremely high anodic potential up to 1.5 the observations on cycling the GC electrode between 0.0
V vs NCE to effect decomposition of ferricyanide/ferrocya- and 1.0 V in medium containing 1 mM HAuCH 1 mM
nide ions in neutral KCI solutions that leads to the formation potassium ferricyanide in 0.1 M KN{Q(Figure 2) assume
of PB on the electrode surface. importance. Interestingly, a continuous growth of voltam-
It is pertinent to know that PB formation on a glassy metric peaks during potential cycling (15 cycles), indicative
carbon surface has been reported to be a very slow processf the formation of PB-like film on the GC electrode surface,
from solutions of low pH containing single ferricyanide. In was observed. The film-covered electrode was then shifted
the context of synthesizing a PB-based nanocomposite onto a blank solution containing 0.1 M KNQacidified to pH
the electrode surface, a gold-based acidic solution will be 3.2) for cyclic voltammetric examination (Figure 3). The
of great interest. One may believe that potential cycling of response observed is typical of Prussian blue in KNO
a gold electrode in acidic ferricyanide solutions can lead to solutions and is free from features corresponding to that of
the formation of this kind of hanocomposite, but the film Au. However, the features of Au appear when cycled in 0.1
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M H,SO, solution, after the film is freed from PB by alkali

Chem. Mater., Vol. 19, No. 19, 20025

F&" + [Fe(CN)]* — [F&*'Fe(CN)]~ (5)

treatment (see discussion below). A high surface excess of

PB (Figure 3), viz., Ix 10" moles cm? relative to that of
PB on the pc-Au electrode is observed.

We do not find the explanation of PB formation on the
basis of the generation of free ferric ions at lower pH
satisfactory, as we failed to obtain any PB deposit on cycling
GC in KNO; medium containing 1 mM potassium ferricya-
nide alone at pH 3.2 during the time duration of the
experiment. Thus the decomposition of ferricyanide to free

Under cyclic voltammetric conditions (Figure 3, inset b), the
peaks corresponding to the redox transitions of PB follow
the linearity of peak current vs potential scan rate up to a
scan rate of 0.1 V § (Figure 3, inset b), which is
characteristic of the ideal surface react®mit scan rates
>0.1V s}, linearity of peak current as a function of square
root of the scan rate was observed, signifying change over
of the charge-transport mechanism to a diffusion-controlled

ferric ion is assumed to be a very slow process in the absenceyrgcess! To estimate the diffusion coefficient for the charge

of HAuCl, in solution, yielding no significant amounts of
ferric ions. This proves that a factor in addition to the acidity

transport within the film, we exceeded the scan rate up to
1.0 V s'1, as this apparently renders the charge transport

of the medium must be operative in this process and we gnq the counterion diffusion to be rate-determining. In the

assume this to be the availability of metal nuclei on the
electrode surface. Under potential cycling conditions, AuCl
readily undergoes electrochemical reduction to forrm Au
rather than combining with ferricyanide. To explain the
formation of ferric ions, we propose the involvement of Au
particles in the film in aiding the dissociation of ferricyanide.
As the codeposition proceeds, both Au and PB will form as
a nanocomposite film (AtPB).ane This film, after the PB
film is decomposed by treatment in alkali, yields a voltam-
metric response typical of Au dissolution/redeposition ja H
SOy medium (Figure 3, inset a). This is clear proof for the
formation of Au codeposit along with PB.

Au particles form on GC during potential cycling accord-
ing to the reactions

HAUCI,— H" + AuCl,” 1)

)

for example, in the reports of Ma et dland Zhang et aP?
gold nanoparticles were observed to form from HAUCI
solutions in KNQ.

During potential cycling of the Au deposited electrode,
the formation of gold oxide/hydrated oxide consumes OH
ions, decreasing the local pH, as in the following equation

AuCl,” + 3e— Au®@ + 4cI

Au® + 3HOH— Au(OH), + 3H" ()

The reaction in eq 3 results in a sudden drop in the interfacia

pH that causes decomposition of ferricyanide to ferricidns
in the vicinity of the Au particles

[Fe(CN)]*” + 6H" — F€*" + 6HCN (4)

scan rate range of 0.1 to 1.0 Vsthe peak current follows

a linear relationship with/*2 according to Randleevak
equation, yielding a value d¢ = 1.5 x 10°*? cn?/s under
semi-infinite linear diffusion conditions. This value is in
excellent agreement with those reported in the literattife.

It may be recalled that the charge transport in PB is
dependent on the diffusion of supporting electrolyte cation
in and out of the film during its redox transitions, as depicted
below

K [Fe*'F&* (CN)j) =—— KFe*'F&*(CN);  (6)
Prussian white Prussian blue
KFe"'[Fe' (CN)d; ————=F€"[Fe (CN)]  (7)

Prussian blue Berlin green

Having realized the role of gold in the formation of PB, it is
reasonable to believe that PB deposition is dependent on the
Au nuclei formation and hence the ratio of HAuGb
ferricyanide. Experiments involving variation of the ratio of
[AuCl,7] to [ferricyanide] keeping the other experimental
conditions same confirm that the PBwu nanocomposite
formation is maximum when they are equimolar. Figure 4
shows the integrated charge under the peak corresponding
to the redox process PW PB as a function of [AuGl]
concentration. The observation of higher PB formation with
higher [AuCl] in the modification mixture is consistent

|With the expected role of the electrochemically deposited

Au as explained above (Figure 4). At AuClconcentrations

much below 1 mM, the formation of PB needed a few
potential cycles, indicating the need for “seeding” the GC
surface with a critical number of Au nuclei to enable PB
formation. In this sense, PB formation “lags behind” the Au

Unstirred conditions and a relatively faster potential scan huclei formation. This feature has not been thus far exploited
ensure retention of lowered local pH near the electrode for preparing (Au-PBano composites. In this way, the

surface.
Fe** can be converted to Feduring potential cycling.
The generated Fé and [Fe(CNyJ®~ will interact at the

interface to form Prussian blue on the electrode surface

according to the equation

(27) Ma, Y.; Yin, B.; Wang, S.; Jiao, Y.; Pan, W.; Huang, S.; Chen, S
Meng, F.Chem. Phys. Chen2004 5, 68.

(28) Zhang, X.; Shi, F.; Yu, X.; Liu, H.; Fu, Y.; Wang, Z.; Jiang, L.; Li,
X. J. Am. Chem. So@004 126, 3064.

(29) Sharpe, A. GThe Chemistry of Cyano Complexes of the Transition
Metals Academic Press: London, 1976.

present approach does not depend on assembly on the basis
of dendrimer*33 and electrostatic layer-by-layer deposi-
tion.?>26 However, when the concentration of AuClis

(30) Murray, R. W. Chemically Modified Electrodes. Eiectroanalytical
Chemistry Bard, A. J., Ed.; Marcel Dekker: New York, 1984; Vol.
13.

(31) Ohsaka, T.; Okajima, T.; Oyama, M.Electroanal. Cheni986 215
191.

(32) Senthil Kumar, S. M.; Chandrasekara Pillai JXElectroanal. Chem
2006 589, 167.

(33) Zamponi, S.; Kijak, A. M.; Sommer, A. J.; Marassi, R.; Kulesza, P.
J.; Cox., J. AJ. Solid State Electrocher2002 6, 528.
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increased beyond 1 mM, the coverage of Au on GC is
maximum and any further increase in its concentration results
in the increased rate of deposition of gold more than  ¢.15
necessary for PB formation. —_
After arriving at an optimum ratio of [AuGt]:[ferricyanide] % .
as 1:1 for the formation of (AttPB)anocomposite, it is of 40107
interest to examine the role of solution pH visda the (e}
interfacial pH. The pH of the solution employed for electrode g5
modification was varied from 1.9 to 6.5. For the growth of
the film, a solution of 0.1 M KNQ@ at different pH values ] TTT—a———"
containing equimolar (1 mM) potassium ferricyanide and ~ 0:00
HAuCl, was employed. The films deposited using 15 —
potential cycles between 1.0 and 0.0 V were examined for 0 200 400 600 800 1000
their cyclic voltammetric behavior in a blank solution of 0.1 Applied potential (mV) vs Ag/AgCI

M _KNO3 (see the Supporting Informatio_n’ Figure S'l) .It is Figure 5. Effect of applied deposition potential on the charge under (a)
evident from Figure S-1 that the formation of PB is limited Qg in 0.1 M KNO; (PW peak); (0)Qaunanoin 0.1 M H;SOy (reduction

in the very low pH region of 1.9 pH < 3.2 and decreases Peak).
when pH is increased beyond 3.2 to 4.5. It can be found
from this figure that PB formation is maximum around pH
3.2. A further increase in pH to 6.5 does not show any PB
formation. It is well-known that PB becomes unstable and
ferricyanide dissociation is very slow in alkaline soluti#s.

It should be noted that the formation of PB from ferric
chloride and ferricyanide by conventional electrochemical Because the deposition of nanoparticles of both gold and
method&32is favored at lower pH values. Although this is PB are potential-dependent, studies on the effect of deposi-
true in the case of PB deposition on GC electrodes, the low tion potential on the formation of the nanocomposite are in
PB formation in the experiments involving HAuChnd  order. The charge under the PW pe&¥k\) as a function
ferricyanide may be due to low electrodeposition of Au on Of applied potential under potentiostatic conditions was
GC at lower pH values because of the suppressed ionizationstudied to elucidate the mechanism of PB deposition and its
of the gold complex (reaction 1). This observation also dependence on the presence of gold crystallites (clusters/
supports our argument that the electrodeposition of Au is a particles) on the glassy carbon surface. Panels a and b in
prerequisite for the PB formation. As the pH effect on Figure 5 clearly show that PB deposition commences only
ferricyanide dissociation to ferric ions is different from that after the gold crystallites are formed on the surface, as the
of HAuCI, dissociation, it is not reasonable to assign the applied potential should reach values cathodic to 0.4 V for
above behavior to the solution pH conditions. It is now the facile formation of the nanocomposite. This suggests that
confirmed that the deposition of PB is preceded by the the nanocomposite formation can be elegantly controlled
generation and reoxidation of Au nanoparticles (eq 3) and electrochemically. The deposition protocol is also amenable
the consequent changes in the interfacial pH. The solutionto improvements, as the control parameters such as potential
pH also plays an important role in the sense that it controls pulse amplitude, [AuGt]: [ferricyanide] and time can be
the release of AuGl from the complex salt because of the varied at will.

suppressed dissociation of the latter. In summary, it should
be stressed that the interfacial/local pH conditions generated
in eq 3 rather than the solution pH conditions are effective

in the formation of PB.
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Figure 6. Nyquist plots of films of (a) PB formed on GC from ferric

chloride and ferricyanide at pH 3.2 (black); (b) (ABB)ano(red) at a bias
potential corresponding to the midpeak potentiBh{(+ Ep5)/2] from Figure

3.

The nanocomposite films were routinely analyzed for their
electrochemical response in blank solutions containing KNO
(pH3.2), as the redox conversions of surface films of PB
involve the ingress and egress off Kons under cyclic
voltammetric conditions. The symmetric voltammograms
obtained at various scan rates exhibit current peaks with
peak-to-peak separation,) of zero, and the peak current
scales linearly with scan rate up#e= 0.1 V s%, confirming
the perfectly reversible surface redox process characteris-
tics 3° Though the redox transitions of conventionally pre-
pared PB films are known to be highly reversible, most
experiments thus far have shown deviation from an ideal ] ]
AE, by about 46-50 mV. It is interesting to find that our fFrl?nlf]ronl}ticF)E;SoEfA{Ia;n;aeggioézgg(?:lmi iﬂr%?fr,\de?\lnozT (Ob)g&ilszz(scusitrates
films of (Au—PB)ano composite exhibit this ideal redox -+ HAuCI,in 0.1 MKNOs at pH 3.2. Inset: corresponding images at higher

behavior. A plausible explanation that can be considered is magnification.
the presence of'gqld.partlcle_s n the nanqcomposne that helps To study the effect of thickness on the voltammetric
remove the resistiveR) barriers in the film. . . : ;
behavior of the nanocomposite, we subjected GC to potential
Electrochemical impedance characteristics were assesse@ycnng for various cycle numbers (3300 cycles) in the
to delve further into the redox characteristics of the film that potential region mentioned above (see the Supporting
show a distinct difference between the conventionally |nformation, Figure S-1c). The\E, obtained from the
prepared PB and the (AtPBano composite films. Figure  yoltammetric responses presented in Figure S-1c does not
6a presents a typical case in which the high-frequency regiondeviate much from that expected for an ideal surface process,
is marked by a semicircle that is associated with a finite typically 10-15 mV. This confirms the film's perfectly
charge-transfer resistanc®&; of approximately 200€, reversible surface film characteristics. In a similar vein, no
whereas in Figure 6b, the semicircle is a depressed one withdistinguishable semicircle associated with charge-transfer
reducedR::. This observation is in agreement with the results resistance was observed upon changing the thickness of the
of cyclic voltammetric studies. The presence of incomplete fiim. Detailed studies on the impedance characteristics of

Warburg part of the spectrum suggests that there is nothe nanocomposite as a function of thickness and gold content

significant diffusional barrier to charge transport within the are under current investigation and will be reported sepa-

films. The low-frequency region is capacitive in nature in rately.

both cases. The shift in the capacitive rise toward the high-  Characterization of the Nanocomposite Film.The films

frequency region for (AtPB).anocOmposite is an interesting  were deposited by electrochemical cycling in a potential

feature that may reflect its enhanced switching characteristics.region of 0 to 1.0 V on cleaned FTO glass substrates for 15

This highlights the role of PB-covered gold particles \is-a cycles. The FE-SEM pictures show that (Figure 7a) the

vis unmodified gold particles in the film. The observation continuous film is composed of a closely spaced network of

of near-zeroAE, and reduced?; implies an ideal mix in PB nanoparticles (2650 nm in size) deposited from a

the nanocomposite and may prove valuable in devices mixture of ferric chloride and potassium ferricyanide,
whereas spherically shaped (ABB)an, cOMposite ag-

10.0um

involving fast switching rates.
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Scheme 1
a—
(1) @ | @ @, ©
GC @®Gold nanoparticles  ®Prussian blue . PB@Au nanocoposite

(1) HAuCl, + 3¢ —Electrodeposition __, Ay®+ H* +4CI-
(2) Av? + 3H,0 —Electoomidation , Au(OH), + 3H* ;[ Fe(CN),]* +6H*
Fe3* +6HCN
(3) Fe3* —&= 5 Fe2+;  Fe2t + | Fe(CN)/]> ——[Fe**Fe(CN)J
(4) On continuous cycling between the potential region between 1.0 V to 0.0V
(5) Removal of PB in alkali

gregates 58300 nm in size were observed for films formed appearance of an absorption shoulder at 525 nm suggests
using ferricyanide and HAuGI(Figure 7b). It is believed  that the composite film consists of gold nanoparticles
that the gold nanoparticles being the “seeds” for the growth deposited on the surface. This is in contrast with the
of PB are hidden inside of each aggregate. The presence obbservations of Qiu et &t where the surface plasmon
any unmodified exposed gold nanoparticles formed during resonance band at 525 nm is masked by the absorption of
gold deposition cycles is assumed to provide interaggregatePB. These authors have attributed the absence of absorption
contact within the film. It appears that the surface seeded at 520 nm to complete coverage of gold nanoparticles with
with gold nanoparticles first favors the formation of PB over Prussian blue. In the present case, the absorption around 520
the nanoparticle surface as a nanocomposite film on continu-nm can be due to either the “free” or “partially covered”
ous cycling. Although it appears that the method of prepara- gold nanoparticles. This feature might reflect the difference
tion of nanocomposite is achieved with electrochemical of the present method from that reported by Qiu et al. It is
cycling in a single step, more than one event take place, viz.,likely that the sequence of assembly employed by Qiu et al.
PB formation preceded by gold nuclei formation, interde- ended with PB and an additional step of placing gold
pendent growth of each component of the nanocomposite.nanoparticles on the PB layer would have shown up as
This sequence of events, as described in Scheme 1, leads tabsorption maximum in the spectrum. The nanocomposites
distinctly different morphological features. However, nano- are usually amenable to theoretical treatments of Mie and
composite film composition and its dependence on the Maxwell-Garnett® but considering the lack of resolution
deposition conditions remain unexplored, and these aspects
are of current interest in our laboratory. 0.16
The topological aspects of the film were analyzed using

atomic force microscopy (see the Supporting Information,
Figure S-2) that shows an approximate thickness of 100 nm 8
with features corroborating the observations made in FE- g |
SEM investigations. The larger aggregates contribute to the 'g 0404

3

<

0.14 1

0.12 1

overall thickness of the film measured using AFM.

Because both gold nanoparticles and PB show absorption 0.08 - l
in the UV—vis region, the spectrum for the nanocomposite- 1
modified FTO glass substrate was recorded in the region 0.06 -

300—-800 nm. As can be seen from Figure 8, the absorption

of PB starts from 400 nm to spread up to 800 nm wiithy

at 700 nm, in which the surface plasmon band corresponding 400 500 60 700 800

to gold nanoparticles appears only as a shoulder at ap- Wavelength (nm)

proximately 520 nm on the broad absorption of PB. The peak _ ) _ _ _
Figure 8. UV —vis absorption spectrum of (AtPB)anofilm deposited on

at 700 _nm is due to the _mixed'valence Charge'tranSfer FTO glass substrate (arrow mark indicates surface plasmon absorption peak
absorption of the polymeric Fe(H)CN—Fe(lll).** The of Alnang.

0.04
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in the spectra observed in the present studies precludes such 2E-005
possibility with the existing data to elucidate the effect of
the PB matrix on the surface plasmon band of gold
nanoparticles. It is our intent to highlight this behavior in 0
detail in a separate study.

Electrocatalytic Activity of (Au —PB)nano for Electro-
catalytic Reduction of Hydrogen Peroxide.Having estab-
lished the conditions for the formation of the nanocomposite,
it is worthwhile to consider these films for applications in
electrocatalysis and electroanalytical chemistry. It is impor- -4E-005 — i
tant to recognize the fact that PB electrocatalyzes reactions .
through redox mediation. Electrocatalysis through redox ol

-2E-005 —

Current(A)

2
Gone. of 202

mediation needs, as a prerequisite, the catalyst to possess -6E-005 T T T

200 400

0 X . 0
fast redox kineticg® The potential at which the substrate Potential(mV) vs Ag/AgCI

reduction/oxidation takes place should be in proximity to _ _ _
that of the redox mediator. The role of gold nanoparticles is E:?;:f:ﬁ; i(r:]yg'rgs‘géae”;?ft;iﬂrgzp‘i’n”g‘.els &%ﬂ&iﬁ*g;f’!&gﬁgﬁ
in providing a “platform” for the formation of nanostructured (.05 v s2. Inset: Plot of peak current vs concentration for (4B ano
PB. One of the substrates that has attracted the attention ofilm in a concentration range of-66 mM of H0,.
electrochemists in this context is the reduction of hydrogen g\;rface22 as the PB thickness increases, the surface is
peroxide, as its detection is of concern in analytical chemistry «starved” of gold concentration, whereas in case (b), as PB
and biosensorS. The importance of nanocomposites in  formation is dependent on the availability of gold particles
electroanalytical chemistry is obviously due to the inherently ,n the GC surface generated by potential cycling, there is
high surface-to-volume ratio and the consequent high Signal'synchronized growth leading to the formation of a “perfect
to-noise ratio that can aid detection at lower concentration pieng” of PB over gold and vice versa. In essence, the films
levels with good sensitivity. Recently, we demonstrated proqyced in case (b) are associated with faster redox kinetics
signal enhancement in the detection of dopamine using theihat qualifies to serve as a redox mediator. The highlight of
synergism between the polymer matrix and the gold nano- thjs kind of nanocomposite films is that they exhibit an ideal
particles, typically with sensitivity of 0.8%A nM .3 In  g;1face-bound redox, unlike the filfishat are associated
this analytical approach, the gold particles enhance the,ith very highAE, (typically, 210 mV), an indicator of the
current signal (sensitivity), whereas the polymer matrix aids fjjny's capability to catalyze reactions through redox media-
separation of the current signals due to the analytes (selectivyjon These results clearly demonstrate the ability to control
ity). The impetus to undertake studies on the reduction of {he electrocatalytic characteristics of the nanocomposite at
hydrogen peroxide and its detection was provided by the nangscale. It is well-known that the glassy carbon surfaces
improved kinetics of redox of PB in the presence of gold are passive to hydrogen peroxide reduction and hence need
nanoparticles, as the nanocomposite is characterized by neary, pe chemically modified. GC electrodes modified with
zeroAE, and lowR (see Discussion). In addition, modifiers  (a,—pB).... composite films were studied by cyclic volta-
“perfectly blended” with a high-surface-area noble metal in mmetry in blank 0.1 M KNQ@ (pH 3.2) and solutions
the form of a nanocomposite are of current interest and ¢ontaining 1 mM hydrogen peroxide (Figure 9a). For the
expected to enhance the value of electroanalytical chemistry.gake of comparison, the response of the polycrystalline gold
In what follows, we show the superiority of these nanocom- g|ectrode modified with PB formed upon cycling in single
posite films in the nanomolar detection of hydrogen peroxide fericyanide solution (PBAu,) is also presented in Figure
following its reduction. 9b. The potential was cycled from 0.6 t60.1 V vs Ag/
Before describing the catalytic activity of the nanocom- AgCl in the blank and in the sample solution with a scan
posite, a few remarks on the electrochemical properties of rate of 0.05 V st in both cases. These measurements were
the PB films prepared through two different routes are aimed at testing the catalytic activity of the nanocomposite
appropriate here. Figure 9 presents the cyclic voltammogramsfilm. As a first indication, the onset potential of hydrogen
of the films deposited (a) on a polycrystalline gold electrode peroxide reduction on AuPB nanocomposite is unmistak-
by potential cycling in single ferricyanide solution (following ably less negative compared to that on PRI, The
the work in the literaturé=2% and (b) on a glassy carbon catalytic current of hydrogen peroxide reduction at 0.30 V
surface by potential cycling in a mixed solution of HAYCI is related to the anodic current of the PB response. The
and potassium ferricyanide. It can clearly be seen that thecatalytic effect per amount of catalyst can then be expressed
current response is very poor in case (a), with a lafgfey as an activity factor,y = i@au-pejnandipe—pc-au. FOr the
value compared to case (b). This may be understood in termsdetermination of this factor, the same experimental conditions
of the limited coverage of PB on a polycrystalline gold were employed for both electrodes. This factor works out to
be approximately 3.8, as calculated using the peak current
(34) Itaya, K.; Uchida, 1Inorg. Chem 1986 25, 389. values from Figure 9. The current measurements performed
(35) Feldheim, D. L.,Foss, C. A, Jr., Eddetal Nanoparticles: Synthesis,  for peroxide concentrations ranging from 0 to 5 mM show
Characterization and Application#arcel Dekker: New York, 2002. (see the Supporting Information, Figure S-3) an excellent

(36) Kumar, S. S.; Mathiyarasu, J.; Phani, K. L. N Electroanal. Chem. - g : _ ) ] )
2005 578 95. linear relationship with the concentration (Figure 10, inset).
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2] limitation is common to all PB-based,B, sensors but can
07 » R et be overcome in a flow-through cell arrangement, where the
1 1 % o8] residence time is minimal. It is also possible to extend the
3g007 | L—L_ g L application range of this kind of nanocomposites to electro-
z | M., o chromic devices in order to increase the switching rates, and
~ N . to biological sensors, for example, of the type reported in
E -6E007 - " - the literature?®
£ e
O oe007 WW,L% Conclusions
%m A novel method based on Au-triggered electrochemical
1.2E-006 — % formation of PB from single ferricyanide is conveniently used
| | for the synthesis of (AttPBano cOmposite for electrode

I 1 modification. The presence of gold nanoparticles not only

300 6‘;9 900 1200 1500 enhances the reversibility of Prussian blue redox but also
ime (s) modifies the electrocatalytic activity of the nanocomposite
Figure 10. Amperometric detection of $D, using (Au—PBano film in ; ; ihili ; i ;
0.1 M KNO; solution under stirring. Applied potential: 0.3 V. Inset: Plot film, Thls enhanced reverSIblhty aids I.n catalyzmg the
of current vs [HO] with each addition corresponding to 10 nVy®b. reduction of HO, to occur at low potentials and enables

amperometric detection at nanomolar levels. With gold
Amperometry performed (as shown in Figure 10) using the nanoparticles and hexacyanometalate as a variant, there exist
nanocomposite at a working potential of 0.30 V yields a possibilities for enlarging the scope of these nanocomposites
calibration plot (inset in Figure 10) for concentration in the  for various applications. This method offers several attractive
nanomolar range (10 nM to 5 mM) with 5 nA/nM sensitivity  features: first, the Prussian blue film is a relatively cheap
and signal-to-noise ratio of 3. The response time<2§)  and good electron-transfer mediator, which can enhance the
this sensor, usually estimated from the time required to reachcyrent response and the sensitivity of the sensor; second,
95% steady-state current, is much lower than those reportedihe electrodeposited gold nanoparticles present an excellent
recently. The stability and renewability of the nanocomposite enyironmental and electrochemical stability. Using various
electrode are found to be very high, as the products of experimental electrochemical parameters, it will be possible
reduction of hydrogen peroxide do not affect the sensor t control the growth of the composite at nanoscale levels.
performance in this range of concentration. A series of 10 |t is also expected that because of the interdependent growth
measurements indicated good electrode-to-electrode reproyf the nanocomposite, homogeneity of the films is built-in.
ducibility of the fabrication protocol described above.
However, the nanocomposite appears to become unstable Acknowledgment. S.S.K. thanks C.S.I.R., New Delhi, for
when used in high concentrations of hydrogen peroxide, the award of a Senior Research Fellowship. The authors thank
possibly because of the generation of significant amounts N. Alagirisamy and Madrid Johnson of Hindustan Lever Ltd.
of interfacial OH" ions through the following mechanigh#® for help in acquiring FE-SEM images.

2KoFe(INFe(IN(CN)] + H0, — Supporting Information Available: Figures S-1 through S-3.
2KFe(IN[Fe(I(CN)4 + 20H" + 2K* (8) This material is available free of charge via the Internet at
http://pubs.acs.org.

which damages the PB part of the nanocomposite. This
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