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ISAleuy,

A disposable copper-plated screen-printed carbon electrode (CuSPE) was developed for the determination of
hydrogen peroxide by flow injection analysis (FIA) at ambient temperature without deoxygenation. Cyclic
voltammetry on the CuSPE in pH 7.4 phosphate buffer solution showed the growth of CuO and Cu,O. A
well-defined reduction signal corresponding to the mediation of CuO and Cu,O occurred in the presence of
hydrogen peroxide. The mechanistic study revealed that the reduction is a coupled-chemical reaction mechanism
with the operation of pseudo-first order kinetics with respect to the concentration of Cu,O. The calculated
electrochemical rate constant (ko) from Laviron’s model is 13.7 s—1. Systematic investigations were made to
optimize the experimental parameters for hydrogen peroxide detection by FIA. With a poised potential of —0.3 V
versus Ag/AgCI and a flow rate of 2 ml min—1, the calibration curve was found to be linear up to 200 uM
hydrogen peroxide with a detection limit of 0.97 uM (S/N = 3). The CuSPE is fairly stable for repetitive

measurements.
I ntroduction

The detection and determination of hydrogen peroxide are of
practical importance in chemical, biological, clinical, environ-
mental and many other fields. The conventional analytical
technique for the detection of hydrogen peroxide was devel oped
using horseradish peroxidase (HRP).1-8 To increase the robust-
ness and durability, a variety of electrode materials and
configurations, such as graphite carbon paste,® polypyrrole,10
sol—gel tetramethyl orthosilicatel! and ferrocene-immobilized
polyion complex,2 and a diversity of mediators suitable for
peroxidase-based electrodes, e.g., Ru(NH3)e2+,13 methylviolo-
gen,14 Prussian Blue, 1516 phosphomolybdic anion,17 iron(in)
tetramethoxyphenylporphyrin chloridel® and cobalt(i1) octa-
ethoxyphthalocyanine,*® have been reported. Nevertheless, a
serious problem in using these electrodes is the stability and
fouling of the mediators by the working matrix.2° For example,
Prussian Blue-modified electrodes were unstable and lost
portions of charge upon strong mechanical stress during
measurements with a rotating disc electrode or in gas evolution
reactions.2! Moreover, most of the mediators and complexesare
unstable at high pH and hence have a limited working pH
range.

From the viewpoint of chemical sensors, several metal
electrodes, e.g., Ag, Pt, Pd and Cu, as their oxides, have been
reported to be promising for hydrogen peroxide reduction
reactions,20.22-24 Among these, considering the operability,
commercial availability and cost, copper electrodes are of
particular interest. Electrochemical investigations with copper
electrodes have been documented and the basic hydrogen
peroxide reduction mechanism on copper electrodes involves a
major contribution from its surface oxides such as Cu,O and
Cu0.25-29 However, so far this property hasrarely been used for
analytical applications, even though it has potential and an
enhanced effect towards the hydrogen peroxide reduction
reaction.

The purpose of thiswork wasto construct a high precision but
inexpensive analytical method. A working copper electrode was
prepared using screen-printing technology, i.e., a copper-plated
screen-printed carbon electrode (CuSPE). Screen-printing tech-
nology is inexpensive, simple, rapid and versatile and it also
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allows the mass production of reproducible, low-cost electro-
chemical sensors.30.31 On the other hand, flow injection analysis
(FIA) coupled with a wall-jet type electrode offers advantages
such as high speed, precision, simplicity and working with a
large dead volume.32:33 The radial flow of the working solution
on the wall-jet electrode system minimizes the diffusion layer
thickness of the analyte during the electron transfer reaction on
the electrode—electrolyte interface. In turn, the current signals
are effectively amplified compared with the normal thin layer
flow cell systems. In the present method, we combined the wall-
jet system with SPE technology and the experimental parame-
ters were optimized. We expect that this non-enzymatic method
will meet the new challenge and demand for hydrogen peroxide

assays.

Experimental
Chemicals and reagents

All chemicals were of analytical-reagent grade from Merck
(Darmstadt, Germany). Stock standard solutions of hydrogen
peroxide were prepared daily in the working buffer and stored
inthe dark at <4 °C. A 1000 ppm Cu'"! solutionin 0.1 M nitric
acid was used for the plating experiments. The other standard
solutions used in interference studies were also obtained from
Merck. Unless stated otherwise, the buffer used was 0.1 M
phosphate buffer solution (pH 7.4) (PBS). All agueous solutions
were prepared with de-ionized water. When anaerobic condi-
tions were chosen, purified argon gas was used to expel the
dissolved oxygen.

Apparatus

Cyclic voltammetric (CV) measurements and FIA experiments
were carried out with aModel 660 electrochemical workstation
(CH Instruments, Austin, TX, USA). The three-electrode
system consists of the CuSPE working electrode, an Ag/AgCl
reference el ectrode and aplatinum auxiliary electrode. Theflow
injection system consisted of a Cole-Parmer (Vernon Hills, IN,
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USA) microprocessor pump drive, a Rheodyne (Cotati, CA,
USA) Model 7125 sample injection valve (20 uL loop) with an
interconnecting Teflon tube and a BAS (West Lafayette, IN,
USA) electrochemical detector. The BAS wall-jet system
consists of the working CuSPE between the gasket and the
closing holder. Thisassembly with CuSPE isnew to FIA. In the
base set-up, acircular path of 3 mm diameter was | eft for fixing
the working electrode. The working part of the CuSPE was
suitably designed to fix exactly in the circular path of the
base.

Design and fabrication on SPE and CuSPE

A semi-automatic screen printer was used to prepare disposable
SPEs. A stencil with a structure of five continuous electrodes
was used in printing the conducting carbon on a flexible
polypropylene film (50 x 70 mm). A silver layer (not in the
working portion) wasfirst printed before coating the carbon ink
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Fig. 1 Cyclic voltammogramsin the absence (A) and presence (B) of 3.2
mM hydrogen peroxidein pH 7.4 PBS at the CuSPE. Scanrate = 5mV s—1;
starting potential = —0.8 V.
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Schemel Mechanism of the mediated reduction of hydrogen peroxide at
the CuSPE. (A) Overall H,O, reduction reaction under static conditions. (B)
FIA at an applied potential of —0.3 V vs. Ag/AgCI (i.e., on C2).

1634  Analyst, 2000, 125, 1633-1637

(Acheron, Tokyo, Japan) to make the SPE effectively conduct-
ing. The unit wasthen cured by UV irradiation at an intensity of
1.85 mW cm—2 for 2 h. After drying, an insulator layer was
finally printed over the SPE, leaving a working area of 0.196
cm? with a conductive track radius of 2.5 mm. The measured
average resistance for the five stripsis 85.64 £ 2.10 Q cm—1,
whichis ~10timeslower than that in arecent SPE report.34 For
the preparation of the CuSPE, a Cu layer was electrochemically
plated on an SPE in 200 mg I—1 Cu(NOs), agueous solution at
—0.7 V versus Ag/AgCl for 300 s. The optimized plating time
was chosen based on experiments ranging from 100 to 400 sin
the presence of 100 or 200 ppm Cu'' solution.

Procedure

The CuSPE wasfirst washed thoroughly with de-ionized water,
then dipped into a working hydrogen peroxide solution
containing PBS for subsequent static experiments. For FIA, the
CuSPE was equilibrated in blank PBS at an optimized potential
until the current became constant. The quantification of
hydrogen peroxide was achieved by measuring the reduction
current from chronoamperometric signals. All experiments
were performed at room temperature (25 °C).

Results and discussion

Electrochemical reduction behavior of hydrogen peroxide
on the CuSPE

Cyclic voltammograms of the CuSPE under quasi-steady
condition (i.e., atv = 5mV s—1) inan oxygen free PBS (pH 7.4)
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Fig.2 CV response of the CuSPE in the absence (A) and presence (B) of
hydrogen peroxide under atmospheric, aerobic and anaerobic conditionsin
pH 7.4 PBS. [H,0;] = 1.62 mM.



isshowninFig. 1(A). Two distinct peaksat —0.164 V (C1) and
—0.205V (C2) in acathodic sweep with one anodic shoulder at
Ey> = —0.075 V were observed. Note that only a single peak
corresponding to the total redox transition of CuO/Cu could be
obtained when the scan rate was higher than 40 mV s—1. Based
on earlier reports, C1 and C2 correspond to Cu''O — Cu',0 and
Cu',0 — Cuo, respectively, and the shoulder comes from the
formation of Cu,O and CuO multilayers.23:29.35 |n other words,
C1 and C2 are the reduction peaks of the CuO/Cu,0 and Cu,O/
Cu redox couples, respectively. Since C1 and C2 have
comparable peak magnitudes, CuO/Cu,O and Cu,O/Cu trans-
formation rates are amost equal. Numerous investigations
regarding the physical and electrochemical behavior of Cu,O
and CuO have been reported.25-2° It is worth noting that Cu,O
is a semiconductor in nature because Cu' has afilled electronic
configuration and isthe key oxide of Cuin most electrocatalytic
applications.29.36-39

Fig. 1(B) shows the CV response of the CuSPE after the
addition of 3.2 mM hydrogen peroxide. A considerableincrease
in the reduction peaks C1 and C2 was observed, which clearly
indicates a mediated reaction through the hydrogen peroxide
reduction on the CuSPE. The lack of a specific signa in the
anodic direction indicates an irreversible reduction mechanism
of hydrogen peroxide on the CuSPE. Most important, the
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mediated reduction signals C1 and C2 obtained were not equal
in magnitude, the mediated signal corresponding to Cu,O/Cu
being much higher than that from CuO/Cu,O. A simple
deconvolution fitting program based on a Gaussian model
yields ~80% of the peak area from the Cu,O/Cu mediated
process, which strongly suggests the effective participation of
Cu,0 over CuO in the hydrogen peroxide reduction reaction.
The exact hydrogen peroxide reduction processes on the CuSPE
could be demonstrated with a coupled-chemical type reaction
mechanism as shown in Scheme 1(A). C1 and C2 correspond to
the chemical oxidation of Cu and Cu,O, respectively, by
hydrogen peroxide together with the electrochemical reduction
reaction on the CuSPE. The very small anodic peak suggests
that both Cu and Cu,O are oxidized chemically by hydrogen
peroxide. The rate of reduction of hydrogen peroxide can be
expected as a first order dependence on the concentration of
Cu,O. Indeed, later experiments based on steady state FIA
confirmed this expectation. Most important, adaptation to a
flow injection system can simplify the reaction mechanism to
that shown in Scheme 1(B), and hence largely favors the
analytical application.

Further CV experiments at various scan rates showed a slope
of 0.499 in a double logarithmic plot of iy, versus v/2 for the
hydrogen peroxide reduction revealing diffusion-controlled
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Fig. 3 Hydrodynamic voltammogramsfor FIA of hydrogen peroxide on the CuSPE with respect to (A) applied potential and (B) flow ratein pH 7.4 PBS.

[Hz0] = 0.32 mM.
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operation of the system. The current function (i) val ue obtained
is 1.145 x 103 A V—Y2 sV2 mol—1 c¢m3. The mechanistic
parameters cathodic transfer coefficient (o) and electro-
chemical rate constant (k) were calculated based on Laviron's
model.40 The plot of Eyc versus log v yielded a gradient of 85
mV per decade, which is equal to —2.303/ancF. Thus, o was
calculated as 0.35 with a Tafel slope (by) of 168.5 by assuming
that the number of electron transfers in the rate-determining
step, N, isone. Based on ke = o .nFV/RT,40 the calculated value
of keat 1V s~1is13.7 s—1. Compared with the reported values
of ke, 0r: and b, on copper wire electrodes of 12.3 s-1, 0.16 and
368.8, respectively,23 the CuSPE obviously shows a more
efficient behavior towards the reduction of hydrogen peroxide.
Further, the apparent diffusion coefficient (D) was aso
calculated by potential step chronoamperometric experimentsat
apotential step of 0to —0.25 V with a pulse width of 300 sfor
1.62, 3.24, 4.86 and 6.48 mM hydrogen peroxide. Based on the
Cottrell equation, i(t) = nNFADY2C*/r/2tV/2, plots of i(t) versus
t=v2 for four different hydrogen peroxide concentrations
showed good linearity at initial timings (t < 10 ms) and tended
towards a plateau at higher values, as expected for a semi-
infinite diffusion-controlled process. The diffusion coefficient
from the linear portion of the plot is (248 £ 0.64) x 106
cm2 s, which is very close to that on conventiona
electrodes,23 and further indicates the suitability of the present
system for analytical applications.

Before initiating analytical experiments, the influence of
dissolved oxygen on the reduction of hydrogen peroxide was
first investigated. Fig. 2 shows the typical responses of the
CuPSE in pH 7.2 PBSwith and without dissolved oxygenin the
presence and absence of 1.62 mM hydrogen peroxide. It was
expected that Cu,O would assist in the oxygen reduction
reaction with the formation of hydrogen peroxide.23 A consider-
able increase in the hydrogen peroxide concentration near the
electrode—€lectrolyte interface can lead to an increase in the
current signal for bulk hydrogen peroxide reduction on the
CuSPE. The sharp increase in the reduction current signals in
the atmosphere and O, purged solution, as shown in Fig. 2(A),
confirms this expectation. Removal of oxygen from the cell can
eliminate the underlying current from the O, + 2Cu + H,O —
Cu,O + H,0, reaction and leaves more Cu sites available for
reaction with the externally added hydrogen peroxide. Hence
the sensitivity is expected to increase with deoxygenation.
Nevertheless, owing to the practical difficulty with the working
solution in FIA, all the experiments were performed similarly
with normal atmospheric conditions only.

Flow injection analysis

Hydrodynamic voltammogramsfor 0.32 uM hydrogen peroxide
under various poised potentials (0 to —1.3 V) and flow rates
(04 ml min—1) are shown in Fig. 3. The optimized values were
chosen based on the peak resolution (R, wA s—1), calculated by
dividing the peak current by the pesk width. A poised potential
of —0.3 V and aflow rate of 2 ml min—* gave the best R, and
these conditions were therefore used to construct the calibration
graph. It is important that the optimized poised potential of
—0.3 V matches exactly the redox potential of the Cu,O/Cu
transition and thus indicates that the surface poisoning due to
CuO is negligible in the present method. Fig. 4 shows typical
FIA responses and a calibration plot for hydrogen peroxide
under the optimized conditions. The linear range is up to 200
uM and the sensitivity is 0.0345 pA uM—1 (r = 0.9985) with a
detection limit of 0.97 uM (S/N = 3). The RSD obtained for
continuousinjection (n = 10) of 10 uM hydrogen peroxide was
1.10%, demonstrating the high precision of the present
method.

The hydrodynamic voltammograms in FIA are similar to
those for the operation of a rotating disc electrode.32:33 Thus,
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under steady hydrodynamic conditions, the peak current (ips)
obtained was taken as the limiting kinetic current to arrive at
some further important mechanistic information. A double
logarithmic plot of iy, versus [H-0,] yielded a slope very close
to 1 for [H,O5] up to 300 uM, and subsequently the slope
decreased to zero. This result indicates a first order reaction
mechanism for [H>0,] up to 300 uM and a surface saturation
effect at high [H,0,] for the CuPSE. The surface concentration
(I of Cu,O at the CuSPE can be calculated according to Q =
NFAT3241 where Qistheanodic chargeatv = 10mV s—1. The
I valueobtained is5.08 x 10— mol cm—2, whichisabout three
orders of magnitude lower than the hydrogen peroxide working
concentrations. It is therefore concluded that the overall rate of
the reduction depends directly on [Cu,O] and is a typical
example of a pseudo-first order mechanism.

Finally, the influence of interfering compounds was studied
and the results are summarized in Table 1. Compounds such as
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Fig.4 (A) FIA response of the CuSPE with various[H20]. (B) Plot of ipa
versus [H,0,] onthe CuSPE by FIA. Theinset showsthe calibration plot for
hydrogen peroxide in the concentration range 10-200 uM. Other experi-
mental conditions asin Fig. 3 Applied potential = —0.3 V; flow rate = 2
ml min—1,



Tablel Interference study in FIA on the CuSPE in pH 7.4 PBS

Peak current ratio (%)

Compound x 102 x 1002 % 10002
NaHCO3 0 0 0
NaClO4 0 0 0
Methylviologen 0 0 0
NaxSO, 0 0 0.8
KNO3 0 15.0 317
NaxS;0g 0 211 499.7
KCI —22 —9.8 —9.7
NaOH —25.9 —334 238.2

a|n excess with respect to 100 uM H,0,.

NaHCO3;, NaClO4 and methylviologen did not interfere, and
SO,—, NO3— and S,0g2— had little influence when in 100-fold
excess. On the other hand, CI— and OH— had a considerable
effect in atering the detection signals, which can be explained
asfollows. If Cu,O reacts with anions at the el ectrode—solution
interface to form a more soluble complex, then the Cu' may
dissolve from the electrode before it is reduced. This is the
source of interference for Cl— and OH— since the copper salts of
these anions are highly soluble.42

Considering that the CuSPE offers an effective route for the
sensitive determination of H,0O,, this same system can be
further developed to obtain biosensors for glucose and alcohol
by coupling with glucose oxidase and alcohol oxidase on its
interface. Fortunately, the CuSPE is a metal-based sensor, so
that enzymes can easily be coated on the surface. The
construction of biosensors based on the CuSPE is in progress.

Conclusion

The disposable CuSPE combined with FIA was successfully
demonstrated to be suitable for hydrogen peroxide detection by
effective catalytic reduction through Cu,O mediation. The
kinetic parameters obtained such as the transfer coefficient (o)
and electrochemical rate contant (kg) indicate the suitability of
the CuSPE in FIA applications. The reduction mechanism was
pseudo-first order with respect to the Cu,O concentration. Since
the reduction process on the CuSPE is diffusion-controlled, the
electrode renewal is very fast (<20 s) with good repeatability
(<1.5%) and low signal-to-noise ratio. The detection limit is
0.92uM (S/N = 3) and is comparable to that in previous work
using HRP. It is worth noting that most applications in clinical
and pharmacological practice require hydrogen peroxide deter-
mination at neutral pH, and this FIA method can obviously fit
this requirement well. Furthermore, the CuSPE can be con-
structed simply and inexpensively, and thus offers an easy route
to extension to real applications.
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