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Abstract Prussian Blue (PB) has been electrochemically

grown through thin mesoporous silica films of novel gen-

eration, exhibiting regular arrays of hexagonally packed

mesopores channels (3 nm in diameter) oriented perpen-

dicular to the underlying electrode surface. Due to con-

finement effects, special care has to be taken to ensure

effective permeability of PB precursors through the hard

silica template, which was best achieved by pulsed elec-

trodeposition from a high ionic strength medium (2 M KCl).

Energy dispersive X-ray spectroscopy associated to electron

microscopy was used to evidence the presence of PB in the

vertically-aligned mesopores, which was also assessed by

their electrocatalytic behavior towards H2O2 reduction.

Introduction

Ordered porous thin films become increasingly exploited in

electrochemistry [1]. Mesostructured silica-based materials

are usually deposited as homogenous thin films onto flat

supports by evaporation-induced self-assembly (EISA) of a

surfactant-silicon alkoxide(s) mixture [2] and the perme-

ability of mesoporous silica films on electrode surfaces is

dependent on both the pore size and the mesostructure type

[3–5]. We have recently discovered that electrochemistry

provides a convenient way to prepare highly ordered

mesoporous silica thin films with mesopore channels ori-

ented perpendicularly to the underlying electrode [6], i.e.,

an ‘‘ideal’’ configuration for many applications, which

remains very difficult to get by EISA [2, 7]. Here, such

high-tech films are evaluated as possible hard template to

electrodeposit Prussian Blue (PB) through a very high

density of mesopore channels.

Prussian Blue (PB) derivatives represent an important

class of mixed-valence compounds, which are among the

most widely used mediators in electrochemical sensing and

biosensing (see some representative reviews [8–10] and

references cited therein). Recently, particular attention was

given to nanostructuration of PB as this has proven to

dramatically increase its analytical performance, notably

the electrocatalytic detection of hydrogen peroxide [11,

12]. PB nanostructures are mostly manufactured in the

form of nanotube or nanowire arrays, via electrodeposition

through polycarbonate [13, 14] or porous alumina [15, 16]

membranes, with sizes restricted to the 50–200 nm range.

PB nanoparticles can be also prepared but they need to be

stabilized by polymers for practical use in sensors [17]. An

elegant method relies on PB electrodeposition using col-

loidal crystals (e.g., polystyrene beads [18]) or lyotropic

liquid crystalline [11] or alkoxysilane sols [12] as sacrifi-

cial templates to generate continuous porous films.

Here, we have thus evaluated the possibility to generate

PB nano-objects through an oriented mesoporous silica

matrix previously formed on ITO electrode, which pore

diameter (ca. 3 nm) much smaller than the polymer or

ceramic membranes. After optimization of the electrode-

position parameters, the presence of PB will be pointed out

by physico-chemical and electrochemical methods, and its

electrocatalytic behavior will be tested for H2O2 detection.

A. Goux � A. Walcarius (&)

Laboratoire de Chimie Physique et Microbiologie pour

l’Environnement, UMR 7564—CNRS—Nancy-Université, 405,

rue de Vandœuvre, 54600 Villers-lès-Nancy, France

e-mail: alain.walcarius@lcpme.cnrs-nancy.fr

J. Ghanbaja

Service commun de microscopies électroniques et microanalyses
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Experimental

Mesoporous silica thin films preparation

Oriented mesoporous silica films were potentiostatically

deposited (-1.3 V for 20 s) onto ITO plates (surface

resistivity = 8–12 X, Delta Technologies), onto a surface

area of 0.50 cm2. This was made as previously described

[6, 19], from a precursor sol consisting in 20 mL etha-

nol (95–96%, Merck), 20 mL aqueous solution of 0.1 M

NaNO3 (99%, Fluka) and 0.1 M HCl (37%, Riedel de

Haen) to which 75 mM tetraethoxysilane (TEOS, 98%,

Alfa Aesar) and 24 mM cetyltrimethylammonium bromide

(CTAB, 99%, Acros) were added under stirring. The

electrode was quickly removed from the solution and

immediately rinsed with distilled water and the deposit was

dried and aged overnight in an oven at 130 �C. Extraction

of the surfactant was achieved by calcination at 450 �C for

30 min (effectiveness of template removal was checked by

IR spectroscopy).

Prussian Blue electrodeposition

Three electrochemical methods have been used to prepare

PB deposits: cyclic voltammetry (CV), chronoamperometry

(CA), and pulsed chronoamperometry. Typical solutions

contained 4 mM K3Fe(CN)6 (analytical grade, Fluka),

4 mM FeCl3 � 6H2O (analytical grade, Fluka), 0.1 M HCl

and KCl (99%, Prolabo) at concentrations ranging from 0.1

to 4 M. CV synthesis consisted in potentiodynamic cycling

between ?0.3 and ?0.8 V (at 40 mV s-1). Electrodepos-

ition of PB by CA or pulsed CA consisted in applying

?0.35 V for a given period of time or pulses at ?0.35 V

and ?0.55 V for defined lapses of time, respectively. The

silica film was immersed in the electrodeposition solution

15 min before applying potentials. After deposition, PB was

electrochemically activated in 0.1 M HCl and 0.1 M KCl

by CV from -0.05 to 0.35 V (at 40 mV s-1) until reaching

a stable voltammogram. H2O2 (35%, Carlo Erba) detection

was performed by CV in phosphate buffer (pH 6).

Instrumentation

Mesoporous silica films and PB deposits were characterized

by transmission electron microscopy (TEM) using a Philips

CM20 microscope at an acceleration voltage of 200 kV

coupled with an energy dispersive X-ray (EDX) spec-

trometer. Line scans (0.7 lm length; 10 nm point spacing)

were recorded for quantitative analysis of Fe, Si, and In

elements. Samples were supported on a carbon-coated

copper grid after mechanical removing from the electrode.

Field-emission scanning electron microscopy (FE-SEM)

was carried out using a Stereoscan 440 SEM apparatus

(LEICA) having a 4.5-nm resolution and grazing-incidence

X-ray diffraction (GIXD) was performed using a Nonius

Kappa—CCD diffractometer equipped with an ApexII

CCD detector (copper cathode (kK�a ¼ 1:54184Å).

All electrochemical measurements were performed at

room temperature with an Autolab PGSTAT-12 potentio-

stat (Eco Chemie) monitored by General Purpose Electro-

chemical System Software. Experiments were carried out

in a three-electrode cell using ITO as working electrode, a

silver/silver chloride reference electrode and stainless steel

as counter-electrode.

Results and discussion

PB deposition on bare ITO electrode

Several tens of papers are published in the literature deal-

ing with PB electrodeposition on various electrode surfaces

(see [8–10] and Refs. therein), including some using ITO

[20–25] even if this material is not the most common

substrate for PB electrosynthesis. No information is,

however, available on getting very thin (\50 nm, i.e., the

order of magnitude of thickness of silica films) PB films in

a controlled way so that deposition procedures were first

investigated on bare electrode. Most conclusions are

drawn from Fig. 1A–D. Typical deposition method is CV

(Fig. 1A), involving the two redox systems: Berlin Green-

PB at ?0.78 V and PB-Prussian White at ?0.5 V [26].

Figure 1B illustrates the electrochemical activation step

after medium exchange to HCl/KCl solution, giving rise to

characteristic peaks centered at ?0.18 V corresponding to

the FeIII/FeII redox couple (Eq. 1) [27].

FeIII
4 ½FeIIðCNÞ6�3 þ 4Kþ þ 4e� , K4FeII

4 ½FeIIðCNÞ6�3
ð1Þ

The shape of CV curves and location of voltammetric

peaks are in good agreement with previous observations for

PB on ITO [20, 25], the large difference in anodic-to-

cathodic peak potentials being ascribed to both uncom-

pensated ohmic drop and slow electron transfer processes

[20]. These are due to surface-confined redox active spe-

cies as their intensity was found to vary linearly with scan

rate (in the range studied here: 20–100 mV s-1). Film

thickness can be estimated from integration of these signals

according to Eq. 2 [20]:

l ¼ Q

nFA

d3NA

4
ð2Þ

where Q is the electrical charge obtained from voltam-

mograms (Fig. 1B), A the electrode area, F the Faraday

constant, n the number of electrons in the redox process, d
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the length of the unit cell containing four iron atoms

(10.17 Å) and NA, is Avogadro’s number.

Typical results (Fig. 1C) indicate a linear relation

between film thickness and the number of cycles as well as

faster growth when decreasing the potential scan rates (i.e.,

8 and 2 nm/cycle at, respectively, 20 and 50 mV s-1). This

method operates quite well but does not allow preparing

very thin films (\20 nm) as high potential scan rates and

small number of cycles did not result in good PB films. A

potential step (CA) was then applied, giving rise to film

thickness increasing linearly with the deposition time, with

a lower limit again at about 20 nm (Fig. 1D). The best

results were obtained by pulsed CA, which permitted to

control more accurately the electrodeposition process at

short synthesis times. This gave rise to thin films growing

linearly with deposition time in a thickness region down to

5 nm (see inset in Fig. 1D), independently on the pulse

duration (1 or 10 ms, compare parts b, c).

PB deposition through mesoporous silica

Electro-assisted self-assembly (EASA) is a powerful and

versatile method to produce crack-free mesoporous silica

films exhibiting regular arrays mesopore channels oriented

perpendicular to the underlying electrode surface [6, 19,

28]. Some physico-chemical characteristics of the films

used here are illustrated in Fig. 2; they do not provide novel

information with respect to previous reports [6, 19], but they

are shown here to prove the good quality of the hard tem-

plate then used for PB electrodeposition. The FE-SEM

image (part A in Fig. 2) shows the uniformity of the deposit

while TEM views (top and cross-sectional, see parts B and

C in Fig. 2) point out the high level of ordering of hexag-

onally-packed mesopores normal to the ITO substrate. Part

d of the figure confirms the existence of the highly ordered

and oriented hexagonal mesostructure as GIXD pattern

exhibits well-defined diffraction spots in the equatorial

plane, which can be indexed to (11), (20) and (21) signals of

a hexagonal lattice with a parameter of 40.7(±0.2) Å. The

absence of cracks was demonstrated by cyclic voltammetry

(see part E in Fig. 2) as no signal for a solution-phase redox

probe ([Ru(bpy)3]2?) can be detected prior to removal of

the surfactant template (curve b ? inset) whereas a nice CV

response was obtained after template extraction (curve c)

which was even more intense than on bare ITO (curve a)

as a result of favorable electrostatic interaction of the
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Fig. 1 A Electrodeposition

of PB on ITO electrode (scan

rate 40 mV s-1) from 4 mM

K3Fe(CN)6, 4 mM FeCl3,

0.1 M HCl and 0.1 M KCl.

B Activation of the PB film

(scan rate 40 mV s-1) in 0.1 M

HCl and 0.1 M KCl. C and D
Variation of the calculated

thickness of PB films deposited

by cyclic voltammetry at two

different scan rates, 20 mV s-1

(solid square) and 50 mV s-1

(open circle), as a function of

the number of cycles (C)

and by chronoamperometry at

?0.35 V (D) and pulsed

chronoamperometry (inset in D)

with two different pulse

duration, 1 ms at ?0.35 V

and 10 ms at ?0.55 V (open
triangle) and 10 ms at ?0.35 V

and 100 ms at ?0.55 V (solid
circle), as a function of

deposition time (D)
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positively-charged probe with the negatively charged silica

surface. These results are also indicative of the effective-

ness of the surfactant extraction procedure.

PB deposition was thus made through such highly

ordered and oriented mesoporous silica films on ITO (this

substrate has been used as it ensures strong adhesion of the

film to the electrode surface), first by applying the CV

electrodeposition method. Comparing CV curves in part a

of Fig. 1 and part a of Fig. 3 clearly indicate dramatic

decrease in peak currents in the presence of the film on

ITO. Also, the electrochemical activation (Fig. 3b) con-

firms the presence of electrodeposited PB, but in much
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Fig. 2 A FE-SEM image, B top

view TEM, C cross-sectional

view TEM, and D GIXD pattern

of a template-extracted

mesoporous silica film which

has been electrogenerated on

ITO. E Cyclic voltammograms

recorded in 0.5 mM

[Ru(bpy)3]2? at (a) bare ITO

and at ITO electrodes covered

with the mesoporous silica thin

film, (b) prior to and (c) after

surfactant extraction (inset:

enlargement of curve b)
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Fig. 3 a Electrodeposition of

PB through a mesoporous silica-

modified ITO electrode (scan

rate 40 mV s-1) from 4 mM

K3Fe(CN)6, 4 mM FeCl3, 0.1 M

HCl and 0.1 M KCl and b
activation of the PB film (scan

rate 40 mV s-1) in 0.1 M HCl

and 0.1 M KCl
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lower quantity as on bare ITO. No improvement was

observed when applying CA or pulsed CA instead of CV

for PB electrodeposition. The reason is probably a resis-

tance to mass transport through the film, which was,

however, not observed with [Ru(bpy)3]2? probe but could

occur with negatively charged redox species as Fe(CN)6
3-,

as reported for other mesoporous silica films deposited on

electrode surfaces [4].

This was assessed by CV experiments (Fig. 4). Part A of

the figure confirms that the film is homogeneously depos-

ited over the entire ITO surface as it is totally impermeable

to redox probes prior to surfactant extraction (see curve b),

as previously discussed (Fig. 2E). After template removal,

the film becomes permeable to Fe(CN)6
3- species, but the

CV response remains dramatically lower than on bare ITO

(compare curves c and a in Fig. 4A). This restriction can be

attributed to unfavorable electrostatic interactions between

the negatively-charged mesopore walls and Fe(CN)6
3-

anions in such a confined environment [4]. It is thus nec-

essary to control the charge selective behavior of the film

by altering the ionic strength of the medium (Donnan

exclusion behavior, as previously reported for templated

polymer films [29]). Figure 4B shows that increasing the

supporting electrolyte concentration contributes indeed to

increasing significantly the permeability of the mesoporous

silica film to Fe(CN)6
3- anions. Two molar KCl was chosen

as the best compromise between sufficiently fast mass

transport and long-term stability of the PB electrodeposit-

ion solution. Also, too long bathing of the mesoporous film

in such highly ionic solution has to be avoided: it was

checked by GIXD that the mesostructure was kept after ca.

2 min (i.e., less than the PB synthesis time) stay in 2 M

KCl solution (similar GIXD pattern as in Fig. 2D), whereas

significant loss in the ordered structure was observed after

2 h bathing in the same medium (disappearance of dif-

fraction spots and presence of ill-defined ring on the GIXD

pattern).

After checking that such change in ionic strength does

not affect PB deposition on ITO, this medium was applied

to generate PB through the mesoporous silica matrix on the

electrode surface, respectively, by CV, CA and pulsed CA.

This later gave the best results probably because the delay

between each pulse is likely to favor re-equilibration of

reagent concentrations in the restricted environment of

mesopore channels. The CV activation curve (Fig. 5a)

confirms the successful generation of PB by pulse CA on

ITO through the mesoporous film and points out the ben-

eficial effect of high ionic strength as CV signals are more

than one order of magnitude larger than previously

(Fig. 3b). The difference between anodic and cathodic

peak potentials (10 mV, Fig. 5a) was much less than the

bulk PB film (100 mV, Fig. 1B), arguing in favor of

nanoscale deposits (values of 40 mV [14] and 20 mV [30]

have been reported for PB nanowires of 200 and 50 nm

sizes, respectively). Considering the measured electrical

charge under the voltammetric signal (2.5 lC) and the

effective iron atoms in the PB unit cell (4), data of Fig. 5a

indicate that about 4 9 1012 unit cells of electroactive PB

have been formed. Comparing this number to the number

of mesopore channels present onto the ITO surface (about

2 9 1012 on the 0.5 cm2 area sampled here), and assuming

all mesopores likely to be filled (which is probably an

overestimation), suggest that only 2 PB unit cells have

been generated per mesopore. This is not that much,

probably because the mesopore diameter (3 nm) is only a

small multiple of the primitive cubic cell dimensions for

PB (1.02 nm) and/or due to electrostatic repulsions of

negatively charged PB precursors and the negatively

charged silica surface, which is known to induce severe

restrictions in the confined environment of long mesopore

channels [31]. Attempts to increase the amount of depos-

ited PB failed, presumably because of these restrictions

(resistance to mass transport due to unfavorable electro-

static interactions). This suggests on the one hand that PB
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Fig. 4 A Cyclic

voltammograms recorded in

0.1 M KCl solutions containing

0.5 mM K3Fe(CN)6 using a bare

ITO electrode (a) or an ITO

electrode covered with a

mesoporous silica thin film (b)

before and (c) after template

extraction. B Cyclic

voltammograms recorded as in

(c) in part A of the figure, but in

solutions containing 0.5 mM

K3Fe(CN)6 and increasing KCl
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was not generated at defects places (otherwise PB would

has continue to grow, including above the silica film) and,

on the other hand, that nano-objects generation in so con-

fined areas is not easy and one cannot state at this stage that

nanowires have been formed but PB is indeed present on

the electrode surface.

Direct observation of so small nano-objects in silica

mesochannels is not straightforward, especially because the

film is strongly adhesive to ITO and it has to be removed

from the electrode surface to be imaged by TEM. Indeed,

the film has undergone some damage upon pulling out and

the cross-sectional view (Fig. 5b) does not allow identify-

ing PB nano-objects, probably because of lack of contrast

between silica and PB or too short wire length. Anyway, in

spite of poor regularity of the observed sample (i.e., some

part of the silica film are folded back to the ITO part),

multi-element EDX analysis along the line depicted on

Fig. 5b indicates from Si, Fe, and In profiles (Fig. 5c) that

PB is mainly situated in the mesoporous silica film close to

the ITO surface (Fe profile superimposes to the Si one but

not to the In one). This suggests that PB is really formed

within mesopores (Fig. 5d) and not within eventual cracks

(yet not evidenced), which is also supported by the fact that

no PB overlayer on the mesoporous silica film template

was never observed when attempting to get thicker

deposits. The amount of deposited PB was also too small to

enable XRD characterization.

Response to H2O2

Some preliminary experiments have been performed to

compare the electrocatalytic behavior of a bulk PB film-

modified ITO (Fig. 6A) and PB nano-objects in mesopor-

ous silica-modified ITO (Fig. 6B). In both plots, the curve

‘‘a’’ was registered in a blank buffered solution, and curves

‘‘b’’ and ‘‘c’’ in the presence of 10-4 and 10-2 M H2O2,

respectively. Even if no attempt to optimize H2O2 detection

has been made, these data indicate better electrocatalytic

signal-to-background ratios for PB nanostructures in the

silica matrix (see much bigger ratios between cathodic

currents of curves ‘‘c’’ and ‘‘a’’ in part b than in part a of

Fig. 6). Such enhancement appears rather overwhelming

when considering that the amount of PB deposited in the

mesochannels is lower by more than two orders of mag-

nitude as in the bulk PB film. However, the particular shape

of CV curves (linear increase in current for H2O2 reduction

beyond 0.2 V, see Fig. 6B, as observed independently on

scan rate in the 20–100 mV s-1 range) suggests either high

resistance or some other significant limitation that might be

due to the aforementioned restrictions in confined mesop-

ores but no clear explanation is available at this stage. Also,

the sensitivity to H2O2 remained much higher for the bulk

PB film deposited on ITO (22 mA cm-2 M-1 in the H2O2

concentration range between 0.1 and 1.0 mM) in compar-

ison to that observed with PB generated through the mes-

oporous silica film on the same geometric surface area

(5 mA cm-2 M-1). This effect can be also related to the

dramatic difference in the measured currents on both types

of PB deposits (Fig. 6), indicating that the electroactive PB

area is ca. 1–2 orders of magnitude lower than the geo-

metric surface area of the modified electrode, which sug-

gests that a limited number of mesopore channels really

incorporate PB nano-objects.
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Fig. 5 a Cyclic voltammogram (scan rate 40 mV s-1) recorded in

0.1 M HCl and 0.1 M KCl using the PB nanowires prepared by

pulsed chronoamperometry within the mesoporous silica matrix;

experimental deposition parameters: 10 ms at ?0.35 V and 100 ms at

?0.55 V (whole deposition duration at ?0.35 V = 5 s) from a

solution containing 4 mM K3Fe(CN)6, 4 mM FeCl3, 0.1 M HCl and

2 M KCl. b Back-scattered electrons cross-sectional view of a piece

of mesoporous silica/Prussian Blue film on ITO substrate. c Line

scans recorded for quantitative analyses of silicon, iron, and indium,

along the gray line depicted on part (b) of the figure. d Simplified

scheme of electrodeposition of PB within the oriented mesoporous

silica matrix

6606 J Mater Sci (2009) 44:6601–6607

123



Conclusion

This work demonstrates that PB can be deposited through

dense mesochannels of very small dimension (3 nm) but

also that generation of nano-objects in a so confined

medium suffers from strong restrictions as only a very

small part of the pore volume can be filled. In spite of low

amounts of deposited PB, their electrocatalytic properties

towards reduction of H2O2 were maintained. This opens the

way to the preparation of other oriented nano-objects (e.g.,

metal deposits) via nanocasting in electrogenerated meso-

porous silica films.
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