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Platinum black coated microdisk electrodes for the determination of high
concentrations of hydrogen peroxide in phosphate buffer solutions
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Abstract

The performance of a series of platinum black coated microdisk electrodes (Pt-Bs) was investigated in H2O2 solutions over the concentration
range 0.1–500 mM, in phosphate buffer media pH 7. The Pt-Bs were prepared by electrodeposition of Pt onto the surface of microdisk electrodes
12.5�m of nominal radius, from aqueous solutions containing hexachloroplatinic acid. The resulting roughness factors (RF, i.e., the ratio
of the effective surface area to the geometric electrode area) varied between about 10 and 100. The voltammograms recorded with these
electrodes, at relatively low H2O2 concentrations (up to 50–100 mM), displayed rather steep mixed anodic–cathodic waves, which attained
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ell-defined and stable current plateaus. At the higher hydrogen peroxide concentrations, additional waves both in the anodic a
egion or dramatic current drop phenomena were observed. The wave split phenomenon was attributed to the insufficient buffering
he base electrolyte solution within the pores of the platinum black, induced by the large amounts of hydrogen ions produced in th
rocess. The current drop was attributed to either the formation of oxygen bubbles, which limit diffusion of H2O2 down the pores, or saturati
f the active sites responsible for the decomposition of H2O2 to O2 and H2O. The H2O2 concentration at which the above phenomena occ
epended either on the phosphate buffer concentration in the bulk solution or the RF factor of the electrodes. The latter conditions a

he dynamic range of detection, the sensitivity and low detection limits. Advantageous analytical characteristics were obtained w
f RF of about 24, which provided a dynamic range between 0.5 and 230 mM, a sensitivity of 1.93(±0.06) A M−1 cm−2 and a low detectio

imit of 0.05 mM. The reproducibility was also very good, it being within 2–3%. The usefulness of the Pt-Bs for real samples ana
ested in an antiseptic solution containing large amounts of H2O2.

2005 Elsevier B.V. All rights reserved.
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. Introduction

Hydrogen peroxide is a molecule of interest to many
elds [1–6], and numerous reports have appeared on
nalytical methods for its determination[1–26]. Among

hem, electrochemical methods based on the measurement
f current derived from H2O2 oxidation or reduction play
predominant role, especially in the topic of biosensors, as
2O2 is produced by the action of enzymes upon reaction
ith bio-substrates[27]. Different electrode systems,
hich include either simple metal electrodes such as

∗ Corresponding author. Tel.: +39 041 2348630; fax: +39 041 2348594.
E-mail address: sig@unive.it (S. Daniele).

platinum [16,23,28–32], gold[14,15,17], iridium [16,18]
and palladium[17,18], or electrodes modified with enzym
[13,24–26,33–37]and Prussian Blue-type analogues[38–40]
have been investigated. These electrodes, in some case
provided good performance in terms of sensitivity, dyna
range and low detection limits (down to 10 nM[37]). How-
ever, upper limits of detection achieved with these amp
metric devices are of a few tens of millimolars (10–20 m
Conditions for the rapid monitoring of H2O2 at higher con
centration levels, which are demanding for control of s
industrial processes[3,22], have been much less investiga

The difficulties that arise in the amperometric de
mination of concentrated hydrogen peroxide solutions
mainly related to the complex nature of the electrode pro

039-9140/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2005.08.023



A. Kicela, S. Daniele / Talanta 68 (2006) 1632–1639 1633

involved. In particular, for metal electrodes, surface processes
usually inhibit the overall electrode reaction. Considering
platinum, which is probably the most employed electrode
material, the current response to hydrogen peroxide is under
mixed kinetic and diffusion control and further complicated
by competitive adsorption of oxygen onto Pt active surface
sites and the protonation of the adsorbed H2O2 complex
species[28–32]. Therefore, a lack of Pt surface sites limits
the rate of the electrode process and causes a current depres-
sion for higher H2O2 concentrations. High surface platinum
black [41], and mesoporous platinum microelectrodes[42]
have been used for H2O2 detection and an upper detection
limit of 40 mM has been reported[41]. In principle, high sur-
face Pt electrodes systems should circumvent the problems
related to the limited number of active sites. However, to
the best of our knowledge, no detailed study exists on their
voltammetric performance in high concentrated solutions of
H2O2.

In this paper we report the results of an investigation aimed
at verifying to what extent platinum black coated platinum
microdisk electrodes (Pt-B) could be used for the determina-
tion of H2O2 at high concentrations. These electrode systems
should combine the high surface area of platinum black and
the favourable properties of microelectrodes. In fact, plat-
inum black electrodes are characterised by a specific surface
area of about 21 m2 g−1 [43], which should ensure a high
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gen peroxide (23 wt.%) and acetic acid (22 wt.%), was pur-
chased from Henkel-Ecolab (Milano, Italy). For test mea-
surements it was diluted with pure water 80–100-fold and
then added of a proper amount of phosphate buffer to pro-
vide pH≈ 7.

All aqueous solutions were prepared with deionised water
purified via a Milli-Q unit (Millipore, Bedford, MA). All
measurements were performed in solutions purged with pure
nitrogen (99.99% from SIAD, Italy).

2.2. Electrodes and instrumentation

All electrochemical experiments were carried out in a two-
electrode cell maintained in a Faraday cage made of sheets
of aluminium to minimise external interference. The refer-
ence electrode was an Ag/AgCl saturated with KCl. In the
platinum electrodeposition experiments and for the hydro-
gen under potential deposition (UPD) measurements, a plat-
inum spiral was used as pseudo reference electrode (PtPRe).
Working microelectrodes were prepared by sealing 12.5�m
radius platinum wires (Goodfellow, Cambridge Science Park,
England) into glass capillary tubes. Prior to each series of
measurements the smooth platinum microelectrodes were
polished mechanically with aqueous suspension of alumina
powder of different size 1, 0.3 and 0.05�m supported on a
m ),
a ical
p ished.
I the
p
f g of
t

by
r
a g
0

I

w -
s ies
(
t

onto
t ous
s ten-
t of
P files
r fer-
e scribed
i EM)
i

per-
f &G
P aly-
s

umber of surface sites for the H2O2 decomposition to O2
nd H2O[44]. On the other hand, the enhanced mass tran
nd the achievement of steady-state conditions in short

ypical of microelectrodes[45], should make easier the an
sis of experimental data, or minimise some of the inhibi
ffects due to the reaction products.

Platinum black coated microelectrodes with roughn
actors (RF) (i.e., the ratio of the effective surface a
o the geometric electrode area) varying from about 1
00 and, for comparison, an uncoated platinum micro
ith RF of about 4 are examined. The hydrogen pe

de concentration range investigated varies from 0.
00 mM, and the measurements are performed in phos
uffers pH 7, at concentrations varying between 0.2
.5 M.

. Experimental

.1. Chemicals and materials

All chemicals employed were of analytical reagent gr
exachloroplatinic acid (HCPA), sulphuric acid, hyd
en peroxide (35% solution in water), potassium chlo
ere purchased from Aldrich. Sodium dihydrogen phosp
onohydrate and di-sodium hydrogen phosphate anhy
ere supplied by Fluka. Hexaammineruthenium (III) ch

ide was purchased from J. Matthey. All chemical were u
s received. The antiseptic solution Oxonia Active, whic
ade by a mixture of peroxyacetic acid (48.6 wt.%), hy
icrocloth polishing paths (Buehler, Lake Bluff, IL, USA
nd then rinsed thoroughly with water. An electrochem
re-treatment of the electrode surface was also accompl

t consisted in cycling several times (three to five times)
otential from−1 to 2 V at 200 mV s−1. In this way, oxide

ormation and reduction occurred which led to refreshin
he electrode surface[46].

The effective radii of the microdisks were determined
ecording the steady-state diffusion limiting current (IL) from

1 mM Ru(NH3)6Cl3 solution in milli-Q water containin
.1 M KCl, and using the following equation[47]:

L = 4nFDcba (1)

here n is the number of electrons,F the Faraday con
tant,D the diffusion coefficient of the electroactive spec
7.0× 10−6 cm2 s−1 [48]), cb the bulk concentration anda is
he radius of the microdisk.

Pt-Bs were prepared by electrodeposition of platinum
he smooth platinum microdisks from a 50% HCPA aque
olution. Platinum deposition was carried out under po
iostatic conditions at−0.6 V versus PtPRe. The amount
t deposited was controlled from the current–time pro

ecorded during the plating step. In this way Pt-Bs with dif
nt surface area were prepared and characterised as de

n the next section. A scanning electron microscopy (S
mage of a Pt black deposit is shown inFig. 1.

Cyclic voltammetry and chronoamperometry were
ormed by using the Potentiostat/Galvanostat M 283 EG
AR (Princeton, NY), and the M 270 electrochemical an
is software (EG & 8G PAR).
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Fig. 1. SEM image of a typical Pt-black deposit.

All measurements were performed at room temperature,
22± 1◦C.

3. Results and discussion

3.1. Voltammetric characterisation of the platinum black
microelectrodes

The electrochemical active surface areas of the Pt-Bs
were evaluated by cyclic voltammetry in a 2 M H2SO4
aqueous solution, and exploiting the hydrogen UPD process
[49,50].Fig. 2shows typical cyclic voltammograms obtained
at 200 mV s−1 over the potential range from−0.3 to 0.7 V
versus PtPRe, with a Pt-B (full line) and that of the corre-
sponding smooth Pt microdisk before platinum deposition
(dashed line). At both types of microelectrodes the typical
voltammetric pattern expected for polycrystalline platinum
is observed[50]. The larger current involved at the Pt-B is
clearly due to the enhanced effective surface area, upon Pt

F
i 2.

Table 1
Roughness factors, steady-state limiting currents and radii of Pt microdisks
before and after platinum black deposition

Smooth Pt Pt-B

RF IL (nA) (±0.05) a (�m) RF IL (nA) (±0.05) a (�m)

3.6 3.51 12.9 97.1 4.45 16.5
1.7 3.40 12.6 23.4 3.46 12.8
4.7 3.38 12.5 32.0 3.70 13.7
3.2 3.41 12.6 50.5 3.84 14.2
2.7 3.37 12.5 10.1 3.43 12.7

deposition. From the hydrogen adsorption/desorption charge
involved in the potential range from−0.4 to −0.3 V ver-
sus PtPRe (Fig. 2) (after the subtraction of the double layer
charge, and assuming a monolayer of hydrogen corresponds
to an adsorption of 210�C/cm2 [51]), the real surface areas
of the Pt-Bs, and, for comparison, those of the correspond-
ing smooth microdisks, were evaluated. These surface area
values were divided for the corresponding geometric area to
produce the RF values shown inTable 1. From this table it is
evident that all Pt-Bs have the surface sensibly enhanced in
comparison with the corresponding polished Pt electrodes.

In order to verify whether the diffusional characteristics
of the microelectrodes were retained at the high surface Pt-
Bs, a series of measurements was performed in a 1 mM
Ru(NH3)63+ + 0.1 M KCl aqueous solution.Fig. 3compares
the cyclic voltammograms obtained at low scan rate at a Pt-B
(RF = 32) and that of the corresponding smooth Pt microdisk.
Both types of electrodes exhibit sigmoidal shaped waves in
the forward and backward scan, which are typical for micro-
electrodes working under steady-state conditions[45]. This
means that the non-uniform current density distribution to the
microdisks was not affected by the platinum black deposit.
However, the voltammogram obtained with the Pt-B displays
a larger hysteresis, probably due to a larger double layer
capacitance. Also, its diffusion-limiting current is larger than
that of the smooth electrode, probably as a consequence of
a ilar

F
1 - -)
S

ig. 2. Cyclic voltammograms recorded at 200 mV s−1 with Pt microdisks
n 2 M H2SO4 solution: (a) smooth Pt 12.5�m radius, and (b) Pt-B; RF = 3
slight lateral growth of the deposited platinum. Sim

ig. 3. Cyclic voltammograms recorded at 5 mV s−1 with Pt microdisks in
mM Ru(NH3)6

3+ containing 0.1 M KCl as supporting electrolyte. (-
mooth Pt 12.5�m radius, (—) Pt-B; RF = 32.
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results were obtained with all Pt-Bs investigated; the hys-
teresis effects and the steady-state limiting currents were the
higher the larger were the RF factors of the electrodes. From
the steady-state limiting currents and Eq.(1), the radii of the
microelectrodes were evaluated.Table 1includes steady-state
limiting currents and the calculated radii of the microelec-
trodes before and after platinum deposition. As expected, the
radius of each Pt-B is larger than that of the corresponding
smooth microdisk, and it is the bigger the greater the RF
value.

3.2. Voltammetric behaviour of platinum black
microelectrodes in H2O2 solutions

Fig. 4shows typical cyclic voltammograms obtained with
a Pt-B (RF = 32) at 20 mV s−1 over the potential range from
−0.2 to 0.8 V (versus Ag/AgCl), in 0.2 M phosphate buffer
containing H2O2 at different concentrations. The voltam-
mograms recorded over the concentration range 1–50 mM
(Fig. 4A, curves a–e and inset) present rather steep mixed
anodic–cathodic waves, which attain well-defined and stable

F
R
1
(
(

current plateaus. The anodic and cathodic branches clearly
correspond, respectively, to H2O2 oxidation and reduction,
according to the following overall reactions[23]:

H2O2� O2 + 2H+ + 2e− (2)

H2O2 + 2e− + 2H+ � 2H2O (3)

The steepness of the curves suggests that a rather fast
apparent electron transfer rate is in any case operative. More-
over, the current–potential curves cross the zero current
axis almost at the same potential: 0.250± 0.006 V versus
Ag/AgCl, which compares well with the open circuit value
of 0.244 V found previously in phosphate buffer solutions
containing H2O2 [31]. Thus, at the latter potential the decom-
position of H2O2 to O2 and H2O occurs to a significant extent
[23,42].

Increasing the hydrogen peroxide concentration, the
voltammetric pattern changed as shown inFig. 4A (curves
f–h). In particular, for H2O2 concentrations above about
80 mM and below 200 mM, both anodic and cathodic waves
split (curves f and g), though the overall currents at more
anodic and cathodic potentials still increase as H2O2 con-
centration is increasing. The shape of the additional waves,
especially that in the anodic region, are more drawn out,
probably because of a higher kinetic contribution in the elec-
trode processes. For HO concentrations of about 200 mM,
i .6 V,
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ig. 4. Cyclic voltammograms recorded at 20 mV s−1 with a Pt-B,
F = 32—(A) 0.2 M phosphate buffer (pH = 7): (a) 1 mM, (b) 5 mM, (c)
0 mM, (d) 20 mM, (e) 50 mM, (f) 100 mM, (g) 150 mM, (h) 200 mM H2O2;
B) 100 mM H2O2 and (- - -) 0.2 M and (—) 1 M phosphate buffer (pH = 7).
Inset) As in (A), curves a–e.
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n the anodic region, beyond the first plateau at about 0
he current drops suddenly (curve h). This phenomen
ccompanied by a general current decrease over the
otential range explored. Further addition of H2O2 in the
olution (up to about 500 mM) provided similar voltamme
ehaviours, the current drop occurring at less positive p

ials. Moreover, at the highest H2O2 concentration, stron
urrent oscillations were observed at the anodic poten
nder these conditions, the current response was no l
seful for analytical purposes (see later).

Calibration plots were obtained from current measurem
oth in the anodic and cathodic regions, over the con

ration range where either a single or multiple waves w
ecorded. In the latter situations, the overall currents,
esponding to the second wave of each anodic or cath
ranch at a fixed and properly chosen potential, were
idered. At least 10 points for each 10-fold H2O2 concentra
ion change were considered. It was found that, the cu
esponses were proportional to concentration for both an
nd cathodic branch, the slopes of the straight lines
ery close to one another, and linearity extended even
he H2O2 concentration range where the phenomenon o
ave split occurred. These results, therefore, suggest th
ame diffusing species is responsible of all waves obse
n Fig. 4.

The general voltammetric behaviour described above
ommon for all Pt-Bs investigated. However, the wave s
he current drop phenomenon and consequently the line
f calibration plots depended, other than on the H2O2 con-
entration, also on the phosphate buffer concentration a
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Table 2
Analytical characteristics of the Pt-Bs and H2O2 concentrations where the wave splits or current drop phenomena occur

Pt-B Phosphate bufferc (M) Calibration plotIL

(nA) = sC (mM) + q
R2 Linear range

(mM)
CH2O2 split

(±10 mM)
CH2O2 drop

(±10 mM)

RF a (�m)

31.9 13.7 0.2 IL
a = 11.3C+ 16.2 0.999 0.1–180 100 200

IL
b = 10.7C+ 22.6 0.999 0.1–180 100 200

31.9 13.7 1 IL
a = 9.1C+ 12.7 0.999 0.1–190 150 200

IL
b = 8.5C+ 15.6 0.999 0.1–180 150 200

10.1 12.7 1 IL
a = 12.1C− 16 0.999 0.1–80 150 200

IL
b = 9.5C+ 10.0 0.999 0.1–80 150 200

23.4 12.8 1 IL
a = 12.5C− 23 0.998 0.1–230 220 250

IL
b = 8.8C+ 13.0 0.999 0.1–200 200 300

50.5 14.2 1 IL
a = 9.3C+ 11.1 0.999 0.1–180 150 200

IL
b = 8.4C+ 13.5 0.999 0.1–180 150 200

97.1 16.5 1 IL
a = 11.1C+ 18.7 0.999 0.5–40 110 50

IL
b = 10.9C+ 12.5 0.999 0.5–40 120 50

3.6c 12.5 0.2 IL
a = 8.3C+ 12.1 0.999 0.05–4.0 d d

IL
b = 8.1C+ 11.4 0.999 0.05–4.0

s = slope,q = intercept; d, no split or drop phenomena were observed.
a Anodic plateau.
b Cathodic plateau.
c Data for an uncoated Pt microdisk.

as on the RF factor of the Pt-Bs.Table 2summarises typical
calibration equations obtained by linear regression analysis
of experimental data points, the linear dynamic ranges, the
hydrogen peroxide concentrations at which the wave split
(CH2O2 split) or current drop (CH2O2 drop) occurred for some
of the Pt-Bs investigated in phosphate buffer solutions at dif-
ferent concentrations. From this table it is evident that the
Pt-Bs with RF in the range 20–50 display good analytical
performance. Moreover, for a given Pt-B, theCH2O2 split is
greater at higher buffer concentrations.CH2O2 drop, apart from
the Pt-B of RF = 97, is over the range 200–300 mM. It must be
considered that bothCH2O2 split andCH2O2 drop values are not
critical. They were observed within about 20 mM changes in
H2O2 concentration.

In order to highlight the importance of the platinum black
deposit and the high surface area that it provides, compara-
tive measurements in H2O2 solutions were performed with
an uncoated Pt microdisk, whose RF was about 4. Although
also in this case a mixed anodic–cathodic wave (not shown)
similar to those obtained at the Pt-Bs were recorded, the
current–potential branches were less steep. As also evident
from the analytical characteristics for the latter microelec-
trode included inTable 2, linearity between current against
concentration was lost at a rather low hydrogen peroxide
concentration value. Because of the low hydrogen peroxide
concentration that can be explored with a smooth Pt disk,
n rded
b

ave
t rop
p n
t

All the above results were rationalised considering the
reaction mechanism reported in the literature, which was
mentioned in the introduction section[28–32]. In fact, the
rather large surface area of the Pt-Bs investigated here allows,
in general, a large number of active sites to be formed, and
consequently to improve the catalytic activity of Pt towards
the H2O2 decomposition. Moreover, because of the high
mass transport involved at the microelectrodes, both O2 and
H+ reaction products could be efficiently removed from the
electrode surface, thus making their inhibition reactions less
effective. For these reasons, the linearity of calibration plots
could be extended to rather high hydrogen peroxide concen-
trations, up to the remarkable value of 230 mM with the Pt-B
of RF = 23.4 (Table 2).

The additional waves observed at the higher H2O2 con-
centrations could be explained by considering that, under the
latter conditions, large amounts of hydrogen ions are involved
either in the oxidation or reduction processes. Consequently,
depending on the concentration of phosphate buffer in the
medium, this may result in a strong decrease of the buffering
capacity of the electrolyte within the platinum black pores. In
particular, a local decrease of pH within the pore may cause
the shift of each branch of the mixed wave towards more
anodic and more cathodic potentials. This view is congruent
with linear sweep and rotating disk experiments for H2O2
on platinum electrodes reported previously[23,24,31]. In
f f the
b ction
w dic,
r pen-
d dium
[

o wave split or current drop phenomena could be reco
efore complete electrode surface saturation.

Surprisingly, the Pt-B with the largest surface area g
he worst analytical characteristics. Also, the current d
henomenon appeared at H2O2 concentrations lower tha

hose at which the wave split.
act, in those experiments it was found that as the pH o
ulk solution was decreased, the oxidation and redu
ave due to H2O2 became more anodic and catho

espectively. This is also a consequence of the de
ence of the electrode reaction rate on pH of the me

31].
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Table 3
Diffusion coefficient of H2O2 and sensitivity obtained from current against
concentration plots in phosphate buffer solutions at different concentrations

Phosphate bufferc (M) D (cm2 s−1) Sensitivity
(A M−1 cm−2)

0.2 1.08× 10−5 a (±0.13) 1.95a

1.01× 10−5 b (±0.01) 1.90b

1 0.97× 10−5 a (±0.18) 2.00a

0.82× 10−5 b (±0.03) 1.85b

2.5 0.85× 10−5 a (±0.05) 1.75a

0.73× 10−5 b (±0.04) 1.70b

a From anodic current.
b From cathodic current.

The hypothesis of insufficient buffering capacity of the
medium at the vicinity of the electrode surface at high H2O2
concentrations is also supported by the experiments per-
formed with a given Pt-B in phosphate buffers at different
concentrations. In fact, as is evident from data shown in
Table 2, for the Pt-B with RF = 32,CH2O2 split is about 100 and
150 mM, for phosphate buffer concentration of 0.2 and 1 M,
respectively. Also, as is illustrated inFig. 4B, which contrasts
typical voltammograms obtained with the Pt-B (RF = 32) in
a 100 mM H2O2 solution containing either 0.2 or 1 M phos-
phate buffer, the wave splits in 0.2 M phosphate buffer, while
a single mixed anodic–cathodic wave applies in 1 M buffer.
The higher phosphate buffer concentration, however, led to
an overall current decrease. This is probably related to the
decrease of the diffusion coefficient of H2O2 as a conse-
quence of the increase of the viscosity of the medium[52].

Apparent diffusion coefficient values for a range of phos-
phate buffer concentrations were evaluated from the slopes
of the calibration plots (both from anodic and cathodic cur-
rents), and the average data obtained from all Pt-Bs are shown
in Table 3. As expected, the diffusion coefficient decreases as
the concentration of the base electrolyte increases, in accor-
dance with the above-mentioned effect of the viscosity of the
base electrolyte. Moreover, the diffusion coefficient values
found here in 0.2 and 1 M buffer are well within those recently
quoted in the literature, which range between 0.6× 10−5 and
1
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a the
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f m
t pore
c
B e
fi

n
t t-B
w d to
t sited
t ould

make the accessibility of the analyte to the active sites less
easy.

The latter considerations may also account for the general
poorer analytical characteristics of the Pt-B with the highest
RF factor. In fact, the non-regular pore distribution of the
platinum black deposit may strongly limit diffusion either
of H2O2 down the pores or O2 and H+ out from them. This
causes all the above discussed detrimental factors for current
versus concentration linear dependence, wave split and cur-
rent drop to be enhanced. Nevertheless, even with the largest
platinum black deposit, linear calibration plots up to about
40 mM could be achieved.

It must be remarked that the general performance of the
smooth Pt microdisk, as expected, are by far lower than those
of any Pt-Bs investigated here and therefore it is not useful for
the detection of concentrated hydrogen peroxide solutions.

3.3. Repeatability, electrode stability, sensitivity and
lower detection limits

Replicate measurements (n= 6–8) performed with the
same Pt-B at a given H2O2 concentration (within the linear
range) displayed high reproducibility (within 2%), regardless
of RF. The stability of the electrodes was investigated by mon-
itoring a 50 mM H2O2 solution during a working day (8 h).
In all cases, the voltammograms and in particular the cur-
r ame
e e for
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p rode
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t ess a
r
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3
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t ti-
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s
a l (as
p ith
p still
.46× 10−5 cm2 s−1 [23,28,42].
The sudden current drop phenomenon in the more

entrated hydrogen peroxide solutions (Fig. 3A, curve h) wa
xplained considering that a large amount of oxygen bub
re also formed within the platinum black pores during
xidation process. This from one side could limit the

usion of H2O2 towards the active sites of the Pt-B; fro
he other, the enhanced oxygen concentration within the
ould induce saturation of available binding sites[28–31].
ased on the wave shape inFig. 3A (curve h), we believe th
rst situation to be prevailing.

As is evident from data ofTable 2,CH2O2 drop depends o
he RF of the electrode, and it is relatively low for the P
ith the highest roughness factor. This is probably relate

he fact that the larger the amount of platinum black depo
he more disordered is its pore structure. This in turn w
ent signals appeared stable (within 3%). Moreover, the s
lectrode could be used with almost identical performanc
bout 10 days. After this period, a series of measurement
erformed to check whether variation of the Pt-Bs elect
adii and RF factors occurred. It was found that the la
arameters decreased by no more than 10% with resp

he initial values. This indicates that the Pt-Bs also poss
ather good stability.

Sensitivity was calculated by the slope of each calibra
urve (both from anodic and cathodic current) in the lin
ange.Table 3 includes the best values found at differ
hosphate buffer concentrations. As is evident the cath
urrents provided lower sensitivities. However, the ave
alue 1.93(±0.06) A M−1 cm−2, calculated from those foun
n phosphate buffers up to 1 M, is within the highest repo
n the literature, i.e., 1–2.8 A M−1 cm−2 [13,42]with amper-
metric devices.

Finally, low detection limits, based on the signal to no
atio equal to 3 were evaluated, and the best value of 0.05
as found using the Pt-Bs with RF of 10.1 and 23.4.

.4. Application to a real sample

To investigate the actual applicability of the Pt-Bs to p
ical usage, the H2O2 concentration of a commercial an
eptic solution was determined. In particular, a solution
o-called clean-in-place process of bottle beverages[53] was
nalysed. On the typical sterilisation process, the origina
rovided by the supplier) antiseptic solution is diluted w
ure water by about 30–50-fold. Since the latter solutions
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Table 4
Results of the determination of H2O2 in an antiseptic solution by voltam-
metry using a Pt-B with RF = 32, and by titration with KMnO4

Diluted
antiseptic
sample

IL (±10 nA)a IL (±10 nA)b Cc (mM)
[R.S.D.%]

Cd (mM)
[R.S.D.%]

1 650 1110 72.5 [1.6] 75.7 [1.2]
2 490 960 54.5 [1.5] 51.7 [1.3]

a Blank current.
b Sample spiked with 50 mM H2O2.
c From anodic current.
d From titration with KMnO4. [R.S.D.] = relative standard deviation from

four replicates.

contain rather high H2O2 concentrations (larger than those for
which linearity applies for the Pt-Bs employed here), a fur-
ther dilution with Milli-Q water was necessary to bring the
hydrogen peroxide content within those shown inTable 1.
Moreover, a phosphate buffer, to maintain the solution pH to
about 7, was also added to the samples. The Pt-B employed
for these experiments had RF = 32.

Cyclic voltammetry at low scan rates was performed on
the diluted solutions and voltammograms similar to those
shown inFig. 4were obtained. The anodic current at 0.80 V
versus PtPRe was used for evaluating the H2O2 concentra-
tion. Trials on each sample tested, using the standard addition
method, were carried out four times. In each case the addi-
tion of a known amount of hydrogen peroxide was made in
order to increase the initial concentration as≈2-fold (i.e.,
about twice the blank current). The average concentration
values thus evaluated were compared with those obtained by
the conventional redox titration using KMnO4 [11]. Table 4
summarises all experimental data obtained from the above
experiments. As is evident concentration data obtained by the
two procedures are satisfactory, the agreement being within
6%.

4. Conclusions

plat-
i s to
i gen
p sys-
t ed,
p phos-
p fact,
a e the
n cat-
a
H a. Pt-
B tory
a erall
e cord-
i de
c ase
e suffi-

ciently high concentration of phosphate buffer is required to
avoid either inhibition of the active sites by their protonation,
or shift of the oxidation–reduction waves to more positive or
more negative potential values. Local decrease of pH may
lead to additional waves, which however if included in the
calibration plots did not affect their linearity. The average
sensitivity of 1.93(±0.06) A M−1 cm−2 found here with the
various Pt-Bs is comparable to other electrode systems. How-
ever, because of the high surface area and the relatively larger
background currents of the Pt-Bs, low detection limits are less
improved. In fact, based on signal to background noise of 3,
a low detection limit of 0.05 mM was established with a Pt-B
of relatively low roughness factors.
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