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Abstract We describe the modification of a glassy carbon
electrode by electro-deposition of copper hexacyanoferrate
(CuHCF) in the presence of an amine-terminated dendrimer
(PAMAM) as a template. The electrode containing the
CuHCF template was cycled in alkaline solution to generate
a layer of cupric oxide (CuO). The mechanism of the
formation of CuO and its electrocatalytic activity were
investigated by cyclic voltammetry. Scanning electron
microscopy reveals that the CuO prepared by this method
has a meso-porous grid-like appearance. The formation of
CuO was identified by XPS analysis of the modified
electrode. The ability of the CuHCF film towards the
electrocatalytic oxidation of carbohydrates and alcohols
was detected using cyclic voltammetry. The over-potential
required for carbohydrate and alcohol oxidation is lowered
by ~400 mV compared to other chemically modified
electrodes reported in the literature. Simple methodology
has been adopted in this work for the preparation of the
catalytically active electrode, and this work also explains
the structure directing effect of dendrimer and its influence
on the electrocatalytic oxidation of analytes.

Keywords Copper hexacyanoferrate . Copper oxide
G5-PAMAM dendrimer . Glassy carbon electrode . Cyclic
voltammetry . Electro-catalysis

Introduction

Electrochemical methods provide an effective and inexpen-
sive way for the determination of carbohydrates, but direct
oxidation at bare electrode is not suited for analytical
application due to slow electrode kinetics and high over-
potential required for the oxidation of carbohydrates. Non-
enzymatic sensors for carbohydrate detection are more
advantageous as enzymatic sensors suffer from stability
problem for repeated trials and on the concurrency in
estimation. Precious metals such as Pt, Au and Ag metal
alloys and metal nanoparticles have been extensively
investigated for the development of non-enzymatic sensors
[1–10] wherein development of chemically modified
electrode with good catalytic function has its practical
significance [11]. Several methods such as sol–gel, electro-
deposition and self-assembly techniques were adopted for
preparing chemically modified electrode (CME) [12–14].
The advantage of using transition metals replacing noble
metals is that they can oxidise carbohydrates and alcohols
at constant and lower over-potential and therefore the
instrumentation and operation are simplified. The basis of
the response mechanism to glucose at these transition
metals is the electron transfer mediation of the multi-valent
metal redox couple of the anodised metal electrodes [15].
Copper oxide has been studied intensively because of its
numerous applications in catalysis, semiconductors, bat-
teries, biosensors, etc. [16–22].

Electrocatalysts based on nanometal oxides have
attracted considerable interest in the bioanalytical area
because of their large specific surface area, good biocom-
patibility, simple fabrication and good chemical and
physical stability. Nanocopper oxide particles on nafion-
coated Pt electrode and CuO nanorod-modified pyrolytic
graphite electrode exhibit good response to oxidation of
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H2O2, glucose, fructose and sucrose [23, 24]. The process
of surface modification provides an interesting platform to
alter the basic structure of the underlying substrates and
thereby physical and chemical properties could be modified
to find applications in various fields such as sensors and
catalysis. For example, Baldwin et al. chemically modified
the copper compounds formed on the surface of glassy
carbon electrode for carbohydrate detection [25]. Cu
microparticles dispersed onto gold surface have been used
as an amperometric sensor using glucose as a model
compound [26]. Matsubara and co-workers reported a
flow-through glucose detector based on a copper oxide
film prepared by electroless plating and chemical oxidation
[27]. Copper dispersed electrochemically in polymer films
such as poly-1-naphthylamine and polyaniline were used
for selective carbohydrate detection [28, 29]. Since the
electrocatalytic property of CME was obviously affected by
the physical and chemical state of modifiers on the
electrode surface, developing various new film preparation
methods is of great significance for improving the sensing
capacity and catalysis of the electrode. Oxidation of
carbohydrates in alkaline medium at Cu and Ni electrodes
results in higher analytical currents when compared to Au
and Pt electrodes. This has been attributed to a catalytic
effect which involves multi-electron oxidation mediated by
surface Cu and Ni oxide layers. It has been demonstrated
that, among different analytes, glucose oxidation is most
active in alkaline solution [30]. The oxidation of glucose in
strong alkaline media is particularly interesting in sugar-fed
fuel cells [31], but the most effective catalyst for methanol
oxidation is platinum and its alloys in acidic condition. The
high cost of these noble metals is often prohibitive towards
their use and initiates the search for alternative catalytic
materials [32–36]. Electrocatalytic oxidation of alcohols
based on nickel hydroxide modified on glassy carbon
surface in alkaline condition was reported by El-Shafei
[34]. From the literature survey, it is clear that most of the
reports on methanol oxidation were based on Pt-, Ru- or
Pd-doped electrodes. Oxidation of alcohols in alkaline
condition leads to better polarisation characteristics and
opens up the possibility of using non-noble metals [37–41].
This shows that copper and nickel hydroxide-modified
electrodes can serve as efficient catalyst for direct electron
transfer in fuel cells operating under alkaline conditions. In
our studies, we have used copper hydroxide films obtained
by electrochemical conversion from copper hexacyanofer-
rate (CuHCF) films for carbohydrate and alcohol oxidation
in alkaline condition in the presence of G5-PAMAM
dendrimer.

Transition metal hexacyanoferrates are widely used in
the construction of amperometric biosensors for their
excellent catalytic properties and selective detection. Metal
hexacyanoferrates decrease the kinetic barrier leading to

lower operation potentials. The conversion of metal
hexacyanoferrate to their corresponding oxides has been
previously reported [42]. In this communication, we report
the catalysis of CuO obtained through surface derivatisation
of copper hexacyanoferrate on a GC electrode electrochem-
ically deposited in the presence of G5-PAMAM dendrimer
solution. Literature survey shows that there are no reports
based on CuHCF film electro-deposition in the presence of
G5-PAMAM dendrimer templates on glassy carbon surface.
Further, the structure directing properties of dendrimer
during the formation of CuHCF films and hence its effect
on the CuO formation has been investigated in this work.
The literature so far reported on the electrocatalysis of
carbohydrates and alcohols is based on CuO prepared by
chemical methods. No attempt has been made so far to
prepare electrocatalytically active films of CuO by electro-
chemical methods. Further, the preparation of the film in
presence of the dendrimers aids in the formation of meso-
porous grid-shaped CuO. Dendrimers have unique core–
shell structures possessing core, interior shells consisting of
repeating branching units and terminal groups. PAMAM
dendrimers facilitate the synthesis of metal nanoparticles
since metal ions like Cu2+, Co2+, Pt2+ and Pd2+ are known
to partition into the dendrimer [43–46]. The terminal
functional groups like –NH2, –COOH and –OH serve as
handles for attaching the dendrimers to electrode surface.
Moreover, a single dendrimer molecule can incorporate a
large number of metal atoms, which increases the loading
of metal atoms on the electrode surface. The present work
describes the results of electrocatalytic oxidation of β-
glucose, D-glucose and methanol at CuO/GC surface.

Experimental methods

Reagents

Analytical-grade CuCl2·4H2O, KCl, KOH, K4 [Fe (CN) 6],
HCl, CuSO4·5H2O (All Merck) were used as received. All
stock solutions were prepared using triply distilled water.
G5-PAMAM dendrimer was purchased from Aldrich.

Instrumentation

Cyclic voltammograms were recorded using PARSTAT2263.
A conventional three-electrode setup was used with
glassy carbon electrode as the working electrode, Pt
electrode as counter-electrode and calomel electrode
(1 N KCl) as the reference electrode. X-ray photoelec-
tron spectroscopic studies were carried out using Multi-
lab 2000 model, Thermo Scientific, UK, having Al Kα

source with a binding energy of 1,486.4 eV that was used
for the study. Initially, a full scan from −10 to 1,100 eV
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was performed and later on individual scans of 50–100 eV
with a step energy of 0.5 eV were carried out in order to
analyse the presence of specific elements. The recorded
XPS spectra were analysed using the XPS peak fitting
software programme. The energy scale has been adjusted
on the carbon peak (C 1 s) spectra at 284.5 eV. SEM
images of the electrode surface were taken using Hitachi
S3000-H, Japan, and the images were recorded at 25 kV
using a secondary electron detector.

Copper oxide electrode fabrication and electrocatalytic
oxidation of carbohydrates and alcohols

Surface modification of GC surface was carried out after
polishing with alumina slurry on emery paper and cleaning
ultrasonically for 10 min in distilled water and ethanol,
respectively. CuHCF modification on GC surface was
carried out by electro-deposition in a clear solution
consisting of potassium ferricyanide (0.5 mM), HCl
(0.1 M), KCl (0.5 M) and Cu complexed-G5-dendrimer
solution (10 mM of CuSO4 solution was mixed with
9.08 μM G5-PAMAM dendrimer and kept aside for 1 week
before electro-deposition so that effective complexation
between metal and dendrimer takes place) by cycling the
potential between −0.6 to +1 V vs Hg/Hg2Cl2 (1 N KCl) at
50 mV s−1 for 15 min. The formation of CuHCF on GC
surface and its morphological characteristics were analysed
using SEM and XPS. A control experiment was carried out
by modifying another glassy carbon electrode with CuHCF
in the absence of denrimer for comparing the electro-
catalytic effect of CuHCF films in the presence and in the
absence of dendrimer. CuHCF-modified electrodes were
rinsed with KCl solution and air-dried. Conversion of
CuHCF to CuO was performed by potential cycling in
0.5 M KOH for 10 cycles in the potential range from −1.2
to 0.5 V at a scan rate of 50 mV s−1 (Scheme 1).

Experiments were performed at room temperature. The
electrocatalytic activity of chemically modified electrode
towards alcohol and carbohydrate oxidation in alkaline
medium was studied using cyclic voltammetry. Lower
homologous alcohol like methanol and simple carbohydrate
like glucose were used for the electrocatalytic studies.

Results and discussion

Characterisation of copper (II) hexacyanoferrate-modified
GC surface

In this work, chemical modification of GC by CuHCF was
carried out by electrochemical cycling by direct mixing of
copper complexed dendrimer solution and Fe(CN)6

3−

solution in the presence of KCl + HCl. Literature reports
suggest a two-step procedure for CuHCF modification, in
which a thin layer of copper was deposited on the working
electrode via a reduction process and then the second step
involves polarisation of working electrode anodically at 1 V
in K3Fe(CN)6 solution for a given period [47–52]. This
preparation route results in the coprecipitation of Cu2+and
Fe(CN)6

4−. Only S.M. Chen et al. have reported the
preparation of CuHCF film by direct mixing of Cu2+ and
Fe(CN)6

3− by electrochemical cycling [53]. In this work,
CuHCF modification is carried out by direct mixing in the
presence of G5-PAMAM dendrimer as template.

The electrochemical response of CuHCF film-modified
GC electrode in the presence of dendrimer at various scan
rates in 0.5 M KCl is shown in Fig. 1. The inset shows the
plot of current vs scan rate which depicts a linear response.
The observed redox couple at 0.6 V vs NCE is assigned to
FeII/III redox couple in CuHCF and the electron transfer
reaction governing this process is also represented [54–56].
Copper hexacyanoferrate can also exhibit the redox activity

Scheme 1 Schematic represen-
tation showing the methodology
used for CuHCF deposition on
GC and conversion to CuO via
potential cycling in 0.5 M KOH.
The first step shows Cu2+-com-
plexed dendrimer approaching
the GC surface along with Fe
(CN)6

3−; the second step shows
CuHCF formation; the third step
indicates CuO formation via
potential cycling
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of interstitial copper ions: Cu+/Cu2+. This peak appears
very close to 0.4 V vs NCE; this is due to unreacted copper
electro-deposited on GC surface [57, 58]. Bharathi et al.
reported a similar electrochemical response for CuHCF
modified on gold substrate using mercapto propanoic acid
SAM [59]. The mechanism of CuHCF film formation on
GC surface is shown in Scheme 1.

K2Cu
2þ Fe2þ CNð Þ6
� �! KCu2þ Fe3þ CNð Þ6

� �þ Kþ þ e�

ð1Þ

Variation in peak-to-peak separation values (ΔEp) observed
for films prepared in the presence of dendrimer is listed in
Table 1. Cathodic and anodic peak separation is found to be
3 mV at a scan rate of 10 mV/s. This shows that electron
transfer is more facile for electrode modified using PAMAM
dendrimer. Peak current is proportional to scan rate, confirm-
ing surface-confined electron transfer reaction. Faradaic
charge associated with the process is determined by integrat-
ing the area under redox peak and found to be 27 μC/cm for
a dendrimer-modified electrode. The surface coverage, Γ is
given by

Γ ¼ q

nFA
ð2Þ

where Γ is the molecular surface coverage on the electrode, q
is the charge associated with the redox process, n is the
number of electrons, F is the Faraday’s constant and A is the
geometric area of the electrode used for analysis. The
estimated surface coverage is 1.25×10−8 mol cm−2 for this
electrode. These parameters suggest the formation of multi-

layers of CuHCF on GC surface [60]. The CV response of
CuHCF film-modified GC electrode prepared in the absence
of dendrimer at various scan rates and the peak potential data
are given in the supporting information (S1 in “Electronic
supplementary material”; Table 1).
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Fig. 1 Cyclic voltammograms of CuHCF films prepared in the
presence of dendrimer in 0.5 M KCl at different scan rates. Inner to
outer—10, 50, 100 and 200 mV s−1. Inset shows the plot of peak
current vs scan rate

Table 1 Peak separation (ΔEp) values of CuHCF prepared in the
presence of dendrimer at various scan rates

Scan rate (ν)
(mV s−1)

Epa

(V)
Ipa (A) Epc

(V)
Ipc (A) ΔΕp

(mV)

10 0.635 1.6×10−5 0.632 −1.5×10−5 3

50 0.648 7.7×10−5 0.612 −6.8×10−5 36

100 0.667 1.4×10−4 0.609 −1.2×10−4 58

200 0.680 2.6×10−4 0.580 −2.2×10−4 100
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Fig. 2 XPS spectra of CuHCF prepared in the presence of dendrimer
solution: a Cu 2p, b Fe 2p
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XPS was used to analyse the oxidation state of the
CuHCF films on GC surface. The XPS response of Cu
2p and Fe 2p of CuHCF is shown in Fig. 2a, b. From
the figure, it is clear that the peak corresponding to Cu
(2p3/2) and Cu (2p1/2) appears at 935 and 955 eV
followed by a satellite peak at 943 eV. Peaks
corresponding to Fe (2p3/2) and Fe (2p1/2) appearing at
712 and 723 eV, respectively, indicate the presence of Fe
2p electrons on this modified electrode. Comparison with
standard data indicates that Cu and Fe are in a bivalent
state [61, 62]. The SEM images of these two electrodes
are shown in Fig. 3a, b. Continuous growth of film is
observed for electrode prepared in the presence of
dendrimer and a non-uniform appearance is observed for
electrode modified in the absence of dendrimer. In the
former case, the deposition solution consists of Cu2+ ions
complexed with dendrimer molecules. A dendrimer
molecule can incorporate a large number of metal ions
and a complexed dendrimer molecule acts as nuclei for
the deposit and this aids in uniform deposition over the

Fig. 3 SEM image of CuHCF
film prepared in the a absence of
dendrimer and b presence of
dendrimer
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Fig. 4 a. Cyclic voltammogram of CuO/GC in 0.5 M KOH solution
at 50 mV s−1. b. Cyclic voltammograms of CuO/GC in 0.5 M KOH
under different scan rates (inner to outer 10, 20, 50 and 100 mV s−1).
Inset shows the plot of current vs scan rate

Fig. 5 SEM image of CuO prepared after cycling CuHCF in
0.5 M KOH
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entire region of the substrate. This type of directing
influence is lacking for an electrode modified in the
absence of dendrimer. A similar influence of dendrimers
has been observed during the deposition of Cu [63].

Formation of copper oxide on glassy carbon
and its electrochemical behaviour

Metal hexacyanoferrate-modified electrode is converted
to their oxides by a process of electrochemical potential
cycling. CuHCF-modified GC was converted to CuO by
potential cycling between −1.2 to 0.5 V for 10 cycles at
a scan rate of 50 mV s−1 in 0.5 M KOH. Cyclic
voltammograms of CuO/GC in 0.5 M KOH are shown in
Fig. 4a. Three anodic peaks, a1, a2 and a3, and two
cathodic peaks, c1 and c2, are clearly seen in the
voltammograms. The anodic peaks correspond to the
oxidation of Cu to Cu2O − (a1), Cu2O to CuO − (a2)
and [Cu(OH)2] − (a3). According to Jayalakshmi et al.
[64], cathodic peak c2 is due to the reduction of a3. So,
cathodic peak c2 corresponds to the reduction of Cu(OH)2

to Cu2O and cathodic peak c1 corresponds to the
reduction of Cu2O to Cu [11, 65].

2Cuþ 2OH� ! Cu2Oþ H2Oþ 2e ða1Þ

Cu2Oþ 2OH� ! 2CuOþ OH� þ 2e ða2Þ

CuOþ H2O! Cu OHð Þ2 ða3Þ
The cyclic voltammograms of CuO/GC in 0.5 M KOH

shows an increase in current with scan rate as it proceeds
from 10 to 100 mV s−1. Figure 4b shows the plot of current
vs scan rate and it is found to be linear, which indicates that
the process is surface-confined. A SEM image of CuO
prepared by cycling in 0.5 M KOH is given in Fig. 5. It is
clear from the figure that the CuO film has a meso-porous
grid like structure. From this the structure directing
influence of G5-PAMAM dendrimer can be seen clearly.
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Fig. 6 XPS of CuO/GC-modified electrode

Table 2 Comparison of oxida-
tion potentials of glucose
using various electrodes

Electrode type Potential for glucose oxidation Reference

CuO nanospheres + 0.6 V vs Ag/AgCl Reitz et al. [67]

CuO nanowire-modified copper electrode + 0.33 V vs Hg/HgCl2 Wang et al. [68]

CuO nanowires + 0.49 V vs Hg/HgCl2 Zhang et al. [69]

CuO nanorod bundles + 0.6 V vs Hg/HgCl2 Batchelor et al. [70]

Porous CuO microcubes + 0.61 V vs Ag/AgCl Zhang et al. [71]

Cu nanoparticles + 0.65 V vs Hg/HgCl2 Xu et al. [72]

CuO/MWCNTs + 0.4 V vs Ag/AgCl Jiang et al. [73]

CuO/GC modified in the presence of dendrimer −0.125 V Our work
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Fig. 7 Cyclic voltammogram of CuO/GC in 0.5 M KOH for different
concentrations of D-glucose at a scan rate of 50 mV s−1. Inner to outer—
0.3546, 0.704, 1.048, 1.388 and 1.724 mM D-glucose. Inset shows the
plot of current density vs concentration
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In order to confirm the oxidation state of the modified film,
XPS analysis was performed, which is shown in Fig. 6. From
the analysis, it is clear that copper exists in a divalent state
having mainly d9 character. The XPS detected Cu (2p3/2)
and Cu (2p1/2) at 935.44 and 955.11 eV, respectively. The
main peaks at 935.44 and 955.11 eV are accompanied by
satellite peaks at 944.6 and 963.7 eV, which corresponds to
Cu2+ state [66]. The absence of Fe2+ peak 712 eV confirms
the complete conversion of CuHCF to CuO.

Electrocatalytic activity of carbohydrates and alcohols
on CuO/GC

Surface-immobilised layer often imparts fast electron transfer
characteristics to the underlying substrate. Hence, the possibil-
ity of Cu(OH)2-modified layer towards alcohols and carbohy-
drates oxidation was investigated. We found that analytes D-
glucose, β-glucose and methanol did not exhibit any
characteristic redox peak on bare glassy carbon electrode.
The electrochemical response for the modified electrode in
presence of D-glucose, β-glucose and methanol was recorded.
The cyclic voltammetric response for CuO/GC for various
concentrations of KOH was analysed. The different concen-
trations of KOH used are 0.2, 0.5, 2 and 5 M. Glucose
addition in 0.5 M KOH medium shows good catalytic current
response. An increase in the anodic current response due to
oxidation of respective analytes and the absence of the
cathodic peak reveal electro-catalysis. The oxidation process
occurs at a potential of −0.108 V for β-glucose, −0.125 V for

D-glucose and −0.122 V for methanol. Literature survey
reveals that the exact mechanism of oxidation of glucose in
alkaline medium at Cu-based modified electrode is still not

well studied [7, 25], but the most accepted mechanism
suggests that oxidation of glucose takes place by removal of
hydrogen, leading to the formation of enediol intermediate,
which is further oxidised to gluconolactone and gluconic acid
[29]. From the analysis, it is clear that CuO/GC prepared in
the presence of G5-dendrimer has better ability for carbohy-
drate and alcohol oxidation. Oxidation of the analytes occurs
at the peak potential corresponding to Cu(II)/Cu(I) transition,
and the addition of analytes causes an increase in anodic
current density. Also, the increase in the ratio of anodic peak
current density to cathodic peak current density in the
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presence of methanol and carbohydrates indicates that Cu
(OH)2-modified electrode can be used as an efficient catalyst
for methanol and carbohydrate oxidation.

Moreover, it was found that over-potential required for the
oxidation of analytes is less. A comparison of glucose
oxidation potentials of various electrodes is given in Table 2.
The potential observed for glucose oxidation and methanol
oxidation is found to be very low compared to other
electrodes reported in the literature (approximately 400 mV
less). The appearance of peak at negative direction and the
large anodic current response show that CuO/GC-modified
electrode, in the presence of dendrimer, shows better ability
to accelerate electron transfer between analytes added and GC
electrode surface. Figure 7 shows cyclic voltammograms for

D-glucose addition. CV response shows that the current goes
on increasing after each addition of D-glucose. Oxidation
occurs at a potential of −0.125 V vs NCE for D-glucose; the
cyclic voltammogram of the modified electrode in glucose
solution exhibits no increase in characteristic cathodic peak
current, showing that the reaction is electrocatalytic in nature.
Inset picture shows the plot of current density vs concentration
of D-glucose. From the graph, it is clear that current density
increases linearly with concentration. The regression equa-
tion was found to be j mAcm�2ð Þ ¼ 8:623þ 31; 068:2C Mð Þ:
The modified electrode shows a current density of
849 μA cm−2, with a correlation coefficient of 0.967, while
adding β-glucose oxidation takes place at −0.108 V vs NCE,
which is shown in Fig. 8.There is a slight shift in oxidation
potential towards the positive side compared to D-glucose.
Current density vs concentration plot for β-glucose addition is
shown in inset. The graph shows that peak current values
exhibited a linear dependence on concentration with R=
0.9987 and regression equation was found to be j mAcm�2ð Þ ¼
0:07816þ 22; 875:7C Mð Þ: Cyclic voltammograms for CuO/
GC in the presence of methanol are shown in Fig. 9. It shows
that oxidation occurs at a potential of −0.122 V. In this case
also, we observed an increase in current response with analyte
addition. There is a slight shift in potential towards the
positive side for each addition. Inset shows the current
density vs concentration plot for methanol addition. The
regression equation was found to be jðmAcm�2Þ ¼ 32:497þ
47:99C Mð Þ with a current density value of 680 μA cm−2.

Anodic peak current goes on increasing for several
additions of analytes in the case of electrode modified in
the presence of dendrimer. Electrode prepared in the
absence of dendrimer shows poor catalytic current response
as revealed by a small increase in the catalytic current for
the addition of analytes and the catalytic response was
obtained only for a few additions of the analyte (“Electronic
supplementary material”). Cyclic voltammograms of CuO/
GC (absence of dendrimer) in the presence of β-glucose, D-
glucose and methanol are given in the supporting informa-

tion (Figs. S2, S3 and S4 in “Electronic supplementary
material”). From the above analysis, it is clear that the
catalytic activity of the electrode can be improved by
modifying electrode in the presence of dendrimer.

Applicability in neutral pH

The applicability of the modified electrode for sensing
applications at neutral pH was verified by studying the
electro-catalysis of glucose in phosphate buffer (pH=7.2).
Figure 10 shows the cyclic voltammetric response for glucose
addition in neutral medium. There is an increase in anodic
current, but a shift in potential towards the more positive side
is observed. The over-potential required for the oxidation of

D-glucose was found to be +0.15 V. Further, each addition
shows a shift in potential towards the negative direction. This
result shows that the analysis can be extended to neutral pH,
indicating the suitability of the electrode for glucose analysis
in biological systems with a shift in the potential of detection
from −0.125 to +0.15 V. Selectivity can be obtained by
combining electrochemical detection with HPLC.

Conclusions

In this investigation, we have discussed the preparation of CuO
electrode through a CuHCF template for its application as an
electrocatalyst for carbohydrate and methanol oxidation. The
structure directing the influence of PAMAM dendrimer has
resulted in the formation of an electrochemically reversible
CuHCF template film and leads to the formation of uniform,
continuous meso-porous grid-like structures on the glassy
carbon electrode as revealed by SEM. The use of PAMAM
dendrimers has resulted in the formation of highly active
catalyst material. The electro-catalysis of carbohydrates and
alcohols as shown by the cyclic voltammograms reveals that
the CuO electrode exhibits very low over-potentials for the
oxidation of glucose and methanol when compared to
literature reports. The applicability of the CuO electrode for
sensing applications in neutral media has also been demon-
strated in phosphate buffer (pH=7.2).

Acknowledgement The author S. Priya acknowledges CSIR, New
Delhi, for granting financial support for the above work in the form of
a junior research fellowship. The authors also acknowledge the
funding received from CSIR network project (NWP0035) for this
work to be carried out.

References

1. Cho S, Kang C (2007) Electroanalysis 19:2315–2320
2. Park S, Chung TD, Kim HC (2003) Anal Chem 75:3046–3049
3. SongYY, ZhangD,GaoW,XiaXH (2005) ChemEur J 11:2177–2182

1534 J Solid State Electrochem (2012) 16:1527–1535



4. Li Y, Song YY, Yang C, Xia XH (2007) Electrochem Commun
9:981–988

5. Wang J, Thomas DF, Chen A (2008) Anal Chem 80:997–1004
6. Rong LQ, Yang C, Qian QH, Xia XH (2007) Talanta 72:819–824
7. Sun YP, Buck H, Mallouk TE (2001) Anal Chem 73:1599–1604
8. Kang XH, Mai ZB, Zou XY, Cai PX, Mo JY (2007) Anal

Biochem 363:143–150
9. Cui HF, Ye JS, Liu X, Zhang WD (2006) Nanotechnology

17:2334–2339
10. Jena BK, Raj CR (2006) Chem Eur J 12:2702–2708
11. Wen-Zhi L, You-Qin L (2009) Sens Actuators B: Chem 141:147–

153
12. Aurobind SV, Amrithalingam KP, Gomathi H (2006) Adv Colloid

Interf Sci 121:1–7
13. Zhang D, Chi D, Okajima T, Ohsaka T (2007) Electrochim Acta

52:5400–5406
14. Collins RJ, Sukenik CN (1995) Langmuir 11:2322–2324
15. Yeo I, Johnson DC (2000) J Electroanal Chem 484:157–163
16. Chen J, Deng SZ, Xu NS, Zhang WX, Wen XG, Yang SH (2003)

Appl Phys Lett 83:746–748
17. Chowdhuri A, Gupta V, Sreenivas K, Kumar R, Mozumdar S,

Patanjali PK (2004) Appl Phys Lett 84:1180–1182
18. Lucas E, Decker S, Khaleel A, Seitz A, Fultz S, Ponce A, Li WF,

Carnes C, Klabunde KJ (2001) Chem Eur J 7:2505–2510
19. Luque GL, Rodriguez MC, Rivas GA (2005) Talanta 66:467–471
20. Tamaki J, Shimanoe K, Yamada Y, Yamamoto Y, Miura N,

Yamazoe N (1998) Sens Actuators B 49:21–27
21. Wang HB, Pan QM, Zhao HW, Yin GP, Zuo PJ (2007) J Power

Sources 167:206–213
22. Zheng ZG, Xu CN, Tomokiyo Y, Tanaka E, Yamada H, Soejima

Y (2000) Phys Rev Lett 85:5170–5177
23. Miao XM, Yuan R, Chai YQ, Shi YT, Yuan VY (2008) J

Electroanal Chem 612:157–163
24. Batchelor-McAuley C, Du Y, Widgoose GG, Compton RG (2008)

Sens Actuators B: Chem 135:230–235
25. Prabhu SV, Baldwin RP (1989) Anal Chem 61:852–856
26. Casella IG, Gatta M, Guascito MR, Cataldi TRI (1997) Anal

Chim Acta 357:63–71
27. Mastsubara H, Ondo TK, Kanno W, Hodouchi K (2000) Yamada.

Anal Chim Acta 405:87–93
28. Eramo FD, Marioli JM, Arevalo AH, Sereno LE (2003) Talanta

61:341–352
29. Farrell ST, Breslin CB (2004) Electrochim Acta 49:4497–4503
30. Vasilev YB, Khazova OA, Nikolaeva NN (1985) J Electroanal

Chem 196:127–133
31. Schechner P, Kroll E, Bubis E, Chervinsky S, Zussman E (2007) J

Electrochem Soc 154:B942–B948
32. Su L, Jia W, Schampf A, Ding Y, Lei Y (2009) J Phys Chem C

113:16174–16180
33. Yin Z, Zheng H, Ma D, Bao X (2009) J Phys Chem C 113:1001–

1005
34. El-Shafei AA (1999) J Electroanal Chem 471:89–95
35. Green GL, Kucernak A (2002) J Phys Chem B 106:1036–1047
36. Nonaka H, Matsumara Y (2002) J Electroanal Chem 520:101–110
37. Jafarian M, Moghaddam RB, Mahjani MG, Gobal F (2006) J

Appl Electrochem 36:913–917
38. Nozad AG, Maragheh MG, Irannejad L, Asgari M (2006) Russ J

Electrochem 42(2):167–172

39. Nozad AG, Asgari M, Maragheh MG, Shahrokhian S (2006) J
Electroanal Chem 588:155–160

40. Golabi SM, Nozad A (2006) Electroanalysis 16:199–204
41. Ciszewski A, Milczarek G (1997) J Electroanal Chem 426:125–130
42. Joseph J, Gomathi H, Prabhakara Rao G (1991) Electrochim Acta

36:1531–1539
43. Zimmerman SC, Wendland MS, Rakow NA, Zharov I, Suslick KS

(2002) Nature 418:399–403
44. Archut A, Azzellini GC, Balzani V, De Cola L, Vögtle F (1998) J

Am Chem Soc 120:12187–12191
45. Zhao M, Crooks RM (1999) Angew Chem Int Ed 38:364–366
46. Yeung LK, Crooks RM (2001) Nano Lett 1:14–17
47. Siperko LM, Kuwana T (1983) J Electrochem Soc 130:396–400
48. Zadroneck M, Linek IA, Stroka J, Wrona PK, Galus Z (2001) J

Electrochem Soc 148:E348–E353
49. Garjonyte R, Malinanskas A (2000) Sens Actuators B 56:93–97
50. de Mattos IL, Gorton L, Laurell T, Malinauskas A, Karyakin AA

(2000) Talanta 52:791–798
51. Ravi D, Narayanan SS (1999) Sens Actuators B 55:191–196
52. Liu C, Wang Y, Zhu G, Dong S (1997) Electrochim Acta

42:1795–1800
53. Chen S, Chan C-M (2003) J Electroanal Chem 543:161–173
54. Makowski O, Stroka J, Kulesza PJ, Malik MA (2002) J

Electroanal Chem 532:157–164
55. Malik MA, Kulesza PJ (1996) Electroanalysis 8:113–116
56. Kahlert H, Retter U, Lohse H, Siegler KS, Schloz F (1998) J Phys

Chem B 102:8757–8765
57. Shankaran DR, Narayanan SS (1999) Fresen J Anal Chem

364:686–672
58. Pauliukaite R, Ghica ME, Brett CMA (2005) Anal Bioanal Chem

381:972–978
59. Bharathi S, Nogami M, Ikeda S (2001) Langmuir 17:7468–7471
60. Bard AJ, Faulkner LR (eds) (1976) Electrochemical methods:

fundamentals and applications, 2nd edn. New York, Wiley
61. Cataldi TRI, Guascito R, Salvi AM (1996) J Electroanal Chem

417:83–88
62. Yang G, Shen Y, Wang M, Chen H, Liu B, Dong S (2006) Talanta

68:741–747
63. Berchmans S, Varghese MT (2008) Anal Bioanal Chem

3909:939–946
64. Jayalakshmi M, Balasubramanian K (2008) Int J Electrochem Sci

3:1277–1287
65. Nakayama S, Kaji T, Shibata M, Notoya T, Osakai T (2007) J

Electrochem Soc 154:C1–C6
66. Yin M, Wu C-K, Lou Y, Burda C, Koberstein JT, Zhu Y, O’Brien

S (2005) J Am Chem Soc 127:9506–9511
67. Reitz E, Jia W, Gentile M, Wang Y, Lei Y (2008) Electroanalysis

20:2482–2486
68. Wang G, Wei Y, Zhang W (2010) Microchim Acta 168:87–92
69. Zhang XJ, Wang GF, Zhang W, Hu NJ, Wu HQ, Fang B (2008) J

Phys Chem C 112:8856–8862
70. Batchelor-McAuley C, Yi Du, Wildgoose GG, Compton RG

(2008) Sens Actuators B 135: 230-235
71. Zhang L, Li H, Ni Y, Li J, Liao K, Zhao G (2009) Electrochem

Commun 11:812–815
72. Xu Q, Zhao Y, Xu JZ, Zhu J-J (2006) Sens Actuators B: Chem

141:379–386
73. Jiang LC, Zhang WD (2010) Biosens Bioelectron 25:1402–1407

J Solid State Electrochem (2012) 16:1527–1535 1535


	Copper...
	Abstract
	Introduction
	Experimental methods
	Reagents
	Instrumentation
	Copper oxide electrode fabrication and electrocatalytic oxidation of carbohydrates and alcohols

	Results and discussion
	Characterisation of copper (II) hexacyanoferrate-modified GC surface
	Formation of copper oxide on glassy carbon and its electrochemical behaviour
	Electrocatalytic activity of carbohydrates and alcohols on CuO/GC
	Applicability in neutral pH

	Conclusions
	References




