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a b s t r a c t

This study compares the non-enzymatic glucose sensing performance by Cu2O nanorods/nanotubes
grown using electrochemically anodized Cu foam and Cu plates to form binder free one-dimensional
Cu(OH)2 nanostructures which were subsequently annealed at higher temperatures. Resulting Cu2O
nanorods/nanotubes had diameters between 100 and 200 nm and lengths in excess of 10 mm. The surface
morphology and structure of these thin films studied using scanning electron microscopy, X-ray
diffraction and energy dispersive X-ray spectroscopy showed that the copper foam based Cu2O structures
consisted of nanotubes/nanorods distributed over entire 3-dimensional space containing dense nano-
pores of size ~20 nm on outer surfaces. Cu plate based nanorods consisted of grooved macaroni type
surface morphologies. Non-enzymatic glucose sensing made using chronoamperometric and cyclic
voltammetric measurements showed that the Cu2O/Cu foam electrodes had a high sensitivity of
5792.7 mAmM�1 cm�2, a very low detection limit of 15 nM (S/N¼ 3), multi-linear detection ranges of
15 nMe0.1 mM and 575e4098.9 mM with a faster response time of less than 1 s. Cu plate based nanorods
showed a sensitivity of 141.9 mAmM�1 cm�2, with a lower detection limit of 510 nM (S/N¼ 3). The
significantly high sensitivity of Cu2O/Cu foam electrodes is attributed to the availability of increased
amount of active sites due to the large effective surface area provided by Cu2O nanorods/nanotubes. The
study also demonstrates the influence of the substrate on surface morphology of the nanorods/nano-
tubes. These Cu foam based Cu2O electrodes provide a promising platform for non-enzymatic glucose
detection with high specificity and reproducibility.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Tunable morphological and electrocatalytic properties of the
nanoscale oxide semiconducting materials have led to the con-
struction of miniaturized sensing devices at nanoscale including
glucose sensors [1,2]. Although enzymatic glucose sensors are
iversity of Colombo, Colombo
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characterized with high glucose selectivity, they suffer deactiva-
tion due to long time storage and on exposure to elevated tem-
peratures. Therefore, there is renewed interest on the
development of highly sensitive, reproducible, and robust not-
enzymatic glucose sensors. Many metals (Au [3], Pt [4], Cu [5,6]
etc.) and metal oxides (ZnO [7e9], TiO2 [10], Co3O4 [11,12]), and
CuO [13e15] have been investigated in this regard. Among them
copper oxide based sensors have received much attention due to
ease of fabrication and low cost, and non-toxicity [16,17]. In recent
times, interests have arisen towards the development of transition
metal oxide nanostructures in one-dimension (1D). Investigations
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on such nanostructured electrodes have opened paths to optimize
the mass and charge transport properties and electron transfer
kinetics [12,18]. On the other hand, Faradaic currents associated
with kinetically controlled electrochemical processes depend on
the real surface area of an electrode, rather than its geometric
area. Therefore, electrodes with high surface area can be used to
enhance selectively the Faradaic current of a kinetically controlled
electrochemical reaction [19]. Moreover, electrochemical reactions
between the interface of electrolyte and surface of the electrode,
ionic movements between the electrodes and current collector
(substrate) are essential to enhance the electronic conductivity. In
the development of electrodes with morphological structures such
as 1D nanostructures: nanowires (NWs), nanotubes (NTs), and
nanorods (NRs), Cu2O has become an attractive material [20,21]. It
also has the potential to be one of the best materials for the
development of glucose sensors due to its inherent properties
such as excellent electro-catalytic activity and electron transfer
ability.

In this article, investigation of non-enzymatic glucose detec-
tion by the combination of 1D nanoporous nanorod/nanotube
(NR/NT) arrays of Cu2O grown on 3D structured Cu foam (CF) and
grooved macaroni type Cu2O nanorods grown on Cu plates
following facile and simpler in-situ electrochemical technique is
discussed. The deposition method was free of the usage of
co-casted polymer binders such as Nafion or polyvinylidene
fluoride (PVDF) to form a matrix film from the substances and
make the connections between substances and the current col-
lector. These binders affect negatively on performance of sensors.
Moreover, polymer binders introduce additional cost. Therefore,
synthesis of Cu2O nanowires by in-situ direct etching from con-
ducting Cu substrate in different electrolytes offers a convenient
path for sensor electrode construction. Recently, Gao et al. [1]
have synthesized mesocrystalline Cu2O hollow nanocubes with
sensitivity of 52.5 mAmM�1 and a lower detection limit (LOD) of
0.87 mM for glucose. Dong et al. [18] have reported ultrahigh
sensitivity and ultralow detection limit of 97.9 mAmM�1 cm�2

and 5 nM respectively for CF supported Cu2O nanothorn arrays.
Cu2O pod-like NWs on CFs have been grown using NaOH elec-
trolyte by Lu et al. [17]. They have reported sensitivities as high as
6680.7 mAmM�1 cm�2 and LOD of 0.67 mM. Li et al. have reported
a sensitivity of 2217.4mAmM�1 cm�2 and a lower detection limit
of 300 nM for non-enzymatic glucose detection using CuO
nanowires grown on CF via anodization [22]. Yu et al. have
developed arrays of CuO/Cu2O@CuO/Cu2O core-shell nanowires
for non-enzymatic glucose detection with ultra-high sensitivity,
low detection limit and wide linear range of 10,090 mA
mM�1cm�2, 480 nM and 0.99 mM - 1330 mM respectively [23].
CuO nanoneedles modified Graphene/Carbon nanofibers/GCE
electrode have been modified by Ye et al. for the detection of
glucose, and have reported a sensitivity of 912.7 mA mM�1cm�2

and a low detection limit of 100 nM [15]. Xu et al. have grown
CuO nanotube arrays using electrochemical anodization for non-
enzymatic glucose sensing applications and reported a sensitivity
and a linear detection range of 1890 mA mM�1cm�2 and 5 mM to
3.0mM respectively [24]. In this study, we report performance of
CF supported 1D Cu2O nanostructures containing a mixture of
Cu2O, NRs and NTs synthesized via electrochemical anodization
in a NaOH electrolyte and used as electrodes in glucose sensing
using Chronoamperometry. This performance shows a remark-
able improvement compared to Cu2O nanorod electrodes fabri-
cated using electrochemically anodized Cu plates. Therefore, the
reported CF based Cu2O nanoporous sensors may be useful to
sense glucose, not only in blood but also in interstitial and adi-
pose tissue, in tears and in glucose based fuel cells.
2. Experimental

2.1. Fabrication of one dimensional nanostructures

Initially, fabrication of 1D Cu(OH)2 nanostructures was accom-
plished using Hokuto-Denko-Potentiostat/Galvanostat-HA30. The
counter electrode was a Pt sheet and the working electrodes were
CF (Sigma Aldrich, purity - 99.9% and thickness - 2mm) or Cu plate
(Sigma Aldrich, purity - 99.9%, area - 2 cm� 1 cm and thickness e
0.1mm). All solutions were prepared using de-ionized water and
anodization was performed in an alkaline medium. Prior to the
anodization, CFs and Cu plates were ultrasonically cleaned in
acetone, ethanol and finally in de-ionized water, each for 10min.
The films were subsequently dried at 60 �C in a dry air stream for a
few minutes. The anodization of CFs were carried out in an elec-
trolytic bath containing 3M NaOH (SigmaeAldrich, purity� 98.0%)
at a bath temperature of 25 �C without stirring. Prior to the anod-
ization, the solution was degassed by ultra-sonication for 15min at
a frequency of 40 kHz. Some experimental information for mate-
rials growth were adapted from Li et al. [22]. The applied current
density was 10mA cm�2 and anodization times were, 30min for CF
and 10min for Cu plates. After anodization, the samples were
thoroughly washed in de-ionized water several times and dried in a
dry air stream at 100 �C for 5min. Prepared Cu(OH)2 (blue color)
nanostructures on CFs and Cu plates were converted to Cu2O (dark
brown) by keeping in a controlled N2 atmosphere at 180 �C for 1 h
and then 500 �C for 3 h in a tube furnace (ISUZU Micro Computer
Controller). The films were then allowed to naturally cool down to
room temperature.

2.2. Materials characterization

Zeiss Evols15 scanning electron microscope (SEM) was used to
analyze the morphology of the samples. The crystalline structure of
the deposited films were studied with X-ray diffractometry (XRD)
(Shimadzu (XD-D1)) using Cu-Ka (l¼ 1.542 A

̊

) as the source of X-
rays. The scan rate was 2� min�1. In addition, High-energy X-ray
diffraction (HEXRD) measurements were obtained at room tem-
perature with incident photon energy of 61.37 keV and wavelength
of 0.202 Å, at the BL04B2 beamline of the 8 GeV synchrotron radi-
ation facility SPring-8, Hyogo, Japan. Data were collected using four
CdTe detectors and two Ge detectors in step scan mode at a scan
rate of 0.1� s�1 for the scan angle region from 0.3� to 17� to cover a
scattering angle from 0.3� to 45�. Samples for x-ray diffractionwere
prepared by peeling off the Cu2O films from the substrates and
packing them in silica capillaries having dimensions of 1mm
ID� 0.2mm t� 70mm length.

2.3. Electrochemical characterization

Cyclic voltammetric (CV) and Chronoamperometry (CA) tech-
niques were performed using Ziew SP5 electrochemical worksta-
tion to study the electrochemical kinetic properties of the
electrodes. Reference and counter electrodes were Ag/AgCl and a Pt
sheet respectively. CV measurements were also utilized to deter-
mine the active microscopic surface area using Randle’s-Servcik
equation. All the measurements were made at room temperature
(25 �C).

3. Results and discussion

3.1. Materials characterization

Increasing temperature up to 180 �C for 1 h and then further
increasing up to 500 �C for 3 h anodized Cu(OH)2 structures



Fig. 1. SEM images at different magnifications of (a)e(d) - Cu(OH)2 film grown on Cu Foam after anodization in a 3M NaOH solution by applying a current density of 10mA cm�2 at
25 �C for 30min and (e)e(h) nanoporous mixed-structures of Cu2O nanotubes/nanorods at different magnifications, after annealing of Cu(OH)2 thin films under N2 atmosphere at
180 �C for 1 h and 500 �C for 3 h. Yellow circles indicate the tube facets with outer diameters around 100 nm.
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transform into Cu2O nanostructures. The decomposition follows
the sequence; Cu(OH)2 / CuO / Cu2O and the conversion of
Cu(OH)2 to CuO corresponds to dehydration in a N2 gas atmo-
sphere. Fig. S1 shows the SEM images of CF substrates at different
magnifications. It can be seen that CF has a honeycomb-like 3-
dimensional (3D) structure (Fig. S1 (a)), that provides a large
area for surface reactions [18]. In-situ structural evolution from
Cu(OH)2 nanostructures to Cu2O nanostructures grown on CF and
Cu plates were studied by SEMs. As can be seen in Fig. 1(a)e(d),
arrays of straight Cu(OH)2 NRs/NTs are formed on CF in an in-situ
electrochemical anodization process in a 3M NaOH solution at
25 �C for 30min. These nano-structured Cu(OH)2 arrays have
dimensions of length more than 10 mm and the diameters in the
range ~ 100e300 nm. As can be observed in SEM images taken at
different magnifications (Fig. 1(e)e(h)). Fig. 1 (f) shows that the
Cu2O nanostructures had lost the straight upright nature
observed in the Cu(OH)2 nanostructures. It is also noteworthy to
observe the highly porous nature of the Cu2O surfaces with
structures shrinking to have diameters in the range 100e200 nm
(Fig. 1(g) and (h)) compared to the Cu(OH)2 nanostructures
shown in Fig. 1 (d). Also, resulting Cu2O nanostrucutres have both
nanotubular and nanorod type configurations with nano-pores
(Fig. 1(g) and (h)) of sizes around 20 nm on outer surfaces.
Sahoo et al. who have reported the growth of a mixture of Cu2O
nanostructures on different areas on SiO2/Si substrates via
anodization [25].

Fig. 2 shows Cu(OH)2 and Cu2O nanostructured thin films
grown on Cu plates. Initially formed Cu(OH)2 NRs on Cu plate
through electrochemical anodization by applying 10mA cm�2 in a
3M sodium hydroxide solution for 10min can be seen in
Fig. 2(a)e(d). Morphology characterized by SEM revealed that the
diameters of the NR structures were in the range from 100 nm to
200 nm with lengths exceeding 1 mm (Fig. 2(a) and (b)). Fig. 2(c)
and (d) show the Cu2O NRs formed by repeating the annealing
Fig. 2. (a) and (b) - scanning electron microscopic images of Cu(OH)2 nanorods at different
after annealing of Cu(OH)2 thin films under N2 atmosphere at 500 �C for 3 h..
process applied to obtain CF based Cu2O nanostructures. The
surface morphology of the resulting Cu2O NRs resemble grooved
macaroni (rigatoni) type features on their outer surfaces. This
shows the effect of substrates (geometry) that has on surface
morphology of Cu2O nano structures during anodization. A com-
parison of the two morphologies show that the Cu2O NRs/NTs
grown on CF have a very large surface area compared to the Cu2O
NRs grown on Cu plates. Literature reports both Cu2O and CuO
NWs obtained using different fabrication techniques. Wang and
co-workers have successfully synthesized crystalline CuO and
Cu2O NWs with an average diameter of about 10 nm and lengths
of several tens of microns using Cu(OH)2 NWs as templates [26].
Also, single crystalline Cu2O NWs have been grown through facile,
solution-phase route by Tan et al. [27]. The diameters of the Cu2O
NWs were 40e70 nm and uniform in length. Li-Xu and co-workers
have reported the growth of CuO NTs following electrochemical
anodization on a copper plate. The reported average diameter and
the length of the CuO NTs were about 300 nm and 10 mm,
respectively [24].

Fig. 3(a) and (b) show the Laboratory XRD and HEXRD patterns
obtained for Cu2O nanostructures grown on CF. It can be seen that
the laboratory XRD pattern shows no impurity peaks (Fig. 3 (a)). In
the HEXRD pattern shown in Fig. 3 (b), peaks of very low intensity
arising from the CuO phase can be observed. The comparison of the
peak strengths are indicative that the samples are essentially due to
formation of polycrystalline Cu2O phase. Fig. S2 (a) and (b) show
the HEXRD patterns for Cu2O NRs grown on Cu plate. Even though
weakly intense CuO peaks exist, comparison of the peak strengths
with Cu2O peaks indicates that the samples grown on Cu plate also
contain essentially the polycrystalline Cu2O phase.
3.2. Cyclic voltammetry measurements

The CV measurements were performed to study the
magnifications and (c) and (d) - Cu2O nanorods (at different magnifications) obtained



Fig. 3. (a) - Laboratory XRD pattern (l¼ 1.54 Å) of Cu2O nanostructures grown on Copper foam (B corresponds to Cu peaks and, � corresponds to Cu2O peaks) (b) - The enlarged
pattern of HEXRD measurements (l¼ 0.202 Å) obtained for Cu2O nanostructures grown on copper foam.
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electrochemical behavior of the bare Cu2O/CF, and Cu2O/Cu plate
electrodes in a 0.1 M NaOH solution under the potential range
from �0.2 V toþ1.0 V vs. Ag/AgCl. Fig. 4 (a) shows the CVs of Cu2O/
CF electrode in the absence (black solid lines) and presence (red
solid lines) of 3 mM glucose. It also shows that enhanced current in
the presence of glucose occurs throughout the oxidation potential
range corresponding to the different oxidation states of Cu. A peak
and a shoulder in the absence of glucose were observed with the
increase of scan potential from �0.2 V to þ1.0 V. The peak at �0.12
V and the shoulder at þ0.59 V correspond to the conversion of
Cu(I)/Cu(II) and Cu(II)/Cu(III) respectively. Generally, it is believed
that the formation of Cu(III) is initialized around þ0.6 V [28,29].
However, that peak would be very weak and it is attributed to the
use of the low concentration of the alkaline solution (0.1M NaOH)
[30]. Next, the rapid increase of anodic current was observed after
the potential reached approximately þ0.60 V due to the oxidation
of water. Similar results have been observed by Gong et al. for the
non-enzymatic glucose oxidation on porous copper@carbon ag-
glomerates [31]. The reduction peak at þ0.59 V can be attributed to
the conversion of Cu(III)/Cu(II) [31]. In the presence of glucose,
oxidation of glucose started from around þ0.4 V. At þ0.6 V, the
increased oxidation current can be attributed to the electro-
oxidation of glucose. As shown in Fig. 4 (b), clear redox peaks
cannot be observed in the absence of glucose. However, in the
presence of 1 mM glucose, the oxidation shoulder appears
around þ0.5 V.

Fig. 5 shows the CVs of Cu2O/CF at different glucose concen-
trations. Obviously, it shows that with the increase in glucose
concentration from 0mM to 6mM, the anodic oxidation current
regularly increases, while the cathodic reduction current decreases
suggesting the excellent electrocatalytic properties of Cu2O/CF
electrodes towards the glucose oxidation. The electrocatalytic
oxidation process of glucose proceeds in several steps as shown in
the following reactionmechanism (Equations (3)e(5)) [17,32]. In an
alkaline medium, CuO electrochemically oxidized into highly
oxidizing species of Cu(III) such as CuOOH. Glucose is catalytically
oxidized into hydrolysate gluconic acid by the Cu(III) species.

Cu2O þ 2 OH� / 2 CuO þ H2O þ 2 e� (3)

CuO þ OH� / CuOOH þ e� (4)
C6H12O6 þ2 CuOOH/ C6H12O7 þ 2 CuO þ H2O (5)

The microscopic effective surface areas for Cu2O/CF electrode
and Cu2O/Cu plate electrode that were estimated using the Randle’s
Servcik equation [18] were found to be ~0.52 cm2 and ~0.14 cm2

respectively. The electro-oxidation of 1mM glucose on the nano-
porous 1D Cu2O/CF electrode in 0.1M NaOH solution was studied
by varying the scan rate from 50 to 250mV s�1. Fig. 6 shows the CVs
obtained at different scan rates of 50, 75,100,125,150,175, 200, 225
and 250mV s�1 with the addition of 1mM glucose to a 0.1M NaOH
(30ml) solution for Cu2O/CF and Cu2O/Cu plate electrodes respec-
tively. It can be seen that, with increasing scan rate, both oxidation
and reduction peak currents were increased. Moreover, for Cu2O/CF
electrode, the reduction peak current has shifted towards the more
negative region, suggesting a quasi-reversible electron transfer
reaction. A Similar observation has beenmade for glucose oxidation
by Cu2O nanothorn electrodes by Dong et al. [18]. As seen in
Fig. 6(c) and (d), both oxidation and reduction currents obtained
around þ0.5 V vs. Ag/AgCl are directly proportional to the square
root of scan rates. This shows that the redox reactions on nano-
porous Cu2O/CF and Cu2O/Cu plate electrodes are diffusion-
controlled electrochemical processes [17]. The regression equa-
tions between the peak current and square root of the scan rate can
be expressed by equations (6)e(9) given below.

For Cu2O/CF electrodes:

Ipa
�
mA

�
¼

�
0:293 ± 0:005

�
� V1=2

�
mV s�1

�1=2

�
�
1:051 ± 0:061

�
; R2 ¼ 0:997 (6)

Ipc
�
mA

�
¼

�
� 0:495 ± 0:012

�
� V1=2

�
mV s�1

�1=2

þ
�
2:731 ± 0:142

�
; R2 ¼ 0:996

(7)

For Cu2O/Cu plate electrodes:



Fig. 4. Cyclic voltammograms of (a) Cu2O/CF and (b) Cu2O/Cu plate electrodes in the absence and presence of 3mM and 1mM glucose in a 0.1M NaOH solution.

Fig. 5. Cyclic voltammograms of Cu2O/CF electrode in a 0.1M NaOH solution with
successive addition of glucose with the concentrations of 0mM, 1mM, 2mM, 3mM,
5mM and 6mM. The applied scan rate was 25 mV s�1.
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Ipa ðmA
�

¼
�
4:149 ± 0:231

�
� V1=2

�
mV s�1

�1=2

�
�
18:152 ± 2:743

�
; R2 ¼ 0:978 (8)

Ipc ðmA
�

¼
�
� 4:148 ± 0:128

�
� V1=2

�
mV s�1

�1=2

þ
�
28:022 ± 1:519

�
; R2 ¼ 0:993

(9)
3.3. Chronoamperometric measurements

Chronoamperometric measurements were accomplished with
successive addition of glucose into the electrolyte with continuous
stirring under the applied potential of þ0.4 V vs. Ag/AgCl. Fig. 7 (a)
shows the amperometric response of Cu2O/CF electrode of step-like
increase of current with successive addition of 0.02mM, 0.5mM
and 5.0mMglucose into a 0.1MNaOH solution. The nanoporous 1D
Cu2O structured electrode (Cu2O/CF) shows multi-linear detection
ranges (up to 0.1mM) and (575 mMe4098.9 mM) and the high
sensitivities of 5792.7 mAmM�1 cm�2 and 1002.1 mAmM�1 cm�2

respectively (Fig. 7(b) and (c)). As seen in Fig. 7 (c) (an enlarged
section of Fig. 7 (b)) the corresponding linear regression equations
can be represented by equations (10) and (11).

I
�
mA

�
¼

�
3:012 ± 0:058

�
� C

�
mM

�
þ

�
0:091 ± 0:004

�
; R2

¼ 0:998

(10)

I
�
mA

�
¼

�
0:521 ± 0:012

�
� C

�
mM

�
þ

�
0:395 ± 0:031

�
; R2

¼ 0:996

(11)

The current produced from the glucose oxidation, gradually
reaches a steady state with increasing glucose concentration. For a
comparison, Fig. S3 shows the chronoamperometric response and
the corresponding calibration curve on Cu2O/Cu plate electrode
with successive addition of 0.1 mM and 1.0 mM glucose in a 0.1 M
NaOH solution at þ0.4 V vs. Ag/AgCl. For Cu2O/Cu plate electrode,
the wide linear range of 27 mMe17,280 mM was observed and the
sensitivity was only 141.9 mAmM�1 cm�2. The corresponding linear
regression equation of Cu2O/Cu plate electrode is as follows
(Equation (12)).

IðmAÞ ¼ ð20:687 ± 0:166Þ � CðmMÞ þ ð10:917 ± 1:551Þ
(12)

The sensitivity of Cu2O/CF electrode is ~41-fold larger than the



Fig. 6. (a) and (b) - Cyclic voltammograms of Cu2O/CF and Cu2O/Cu plate electrodes at different scan rates from 50 to 250mV s�1 in a 0.1M NaOH solution in the presence of 1mM
glucose. (c) and (d) - the corresponding plots of anodic and cathodic peak currents vs. (scan rate) ½ of (a) and (b) respectively.
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sensitivity of the Cu2O/Cu plate electrode. This sensitivity is
extremely larger when compared with the sensitivity
(490 mAmM�1) reported for CuO/Cu plate [14],
2217.4 mAmM�1 cm�2 for CuO nanowires [22]. Furthermore,
detailed performance of numerous electrodes are summarized in
Table 1.

The Langmuir isothermal theory can be used to fit the calibra-
tion curve (Fig. 7 (b)) since electrochemical oxidation of glucose on
the electrode is a surface catalytic reaction [18]. According to the
glucose oxidation, the Langmuir isotherm relationship can be
ascribed as follows. The current produced from the glucose
oxidation (it) is proportional to the concentration of glucose on the
material’s surface (Cgs). Therefore it¼ Kb Cgs, where Kb is the
adsorption constant. The sensitivity of the calibration curve can be
written as (S)¼ dit/dCg. Then, according to the Langmuir theory, the
glucose concentration of the surface can be derived as in equation
(13) where, Ca is the concentration of active sites on the surface
(mol cm�2), Cg is the concentration of the bulk glucose solution
(mol cm�3), Ka is the ratio between the adsorption rate constant to
the desorption rate constant.

Cgs ¼ KaCgCa
1þ KaCg

(13)

Then : it ¼KbKaCgCa
1þ KaCg

(14)

Therefore : S¼ dit
dCg

¼ KbKaCa�
1þ KaCg

�2 (15)

I ðmAÞ¼ ð0:814±0:024Þ � CðmMÞ
1þ ð0:055±0:002Þ � CðmMÞ;R

2 ¼ 0:998 (16)



Fig. 7. Chronoamperometric measurements performed on nanoporous Cu2O nanostructured electrode in a 0.1 M NaOH solution, (a) - with successive additions of different glucose
solutions having concentrations of 0.02, 0.5, 5.0 mM at the applied potential of þ0.4 V, (b) - the corresponding calibration curve, (c) - an enlarged view of a section of (b).
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This yielded a wide detection range up to 60mM and high
sensitivity for the nanoporous 3D Cu2O/CF electrode with a high
correlation coefficient of R2¼ 0.998. As Cg is very much lower
(1 mM), the sensitivity can be derived from Equation (16) to be
1565.2 mAmM�1 cm�2.

Fig. 8 (a) shows the chronoamperometric response of Cu2O/CF
electrode with the addition of low glucose concentrations from
15 nMe500 nM. Even, with the addition of solutions with glucose
concentrations as low as 15 nM, significantly high current response
can be seen with an extremely fast response time which is lower
than 1 s (Fig. 8 (b)) when compared with the response time of ~10 s
for CuO nanotubes array [24] and ~2 s for CuO nanoneedles [15].
Noticeably, this very low LOD obtained from nanoporous 3D Cu2O
electrode (15 nM) is extremely lower than the results obtained for
glucose detection by Cu based oxide nanomaterials, such as 670 nM
for pod-like Cu2O nanowires [17], 300 nM for CuO nanowires [22],
49 nM for CuO nanowires/Cu plate [14], 100 nM for CuO nanotube
arrays [24] and 100 nM for CuO nanoneedles [15]. Also this LOD is
lower than those for metallic copper and noble metal based
nanomaterials such as 35 nM for copper nanowires [33], 100 nM for
3D ordered macroporous platinum template [34], 500 nM for
copper nanoparticles on MWCNTs [5] and 2 mM for platinum
nanoflower monolayer on a single-walled carbon nanotube mem-
brane [35]. The superior performance shown by nanostructures
grown on CF having a very low LOD and a high sensitivity is
attributed to the distribution of Cu2O nanotubes and nanorods



Table 1
Non-enzymatic glucose sensing performances of porous or 1-dimensional nanostructures.

Electrode material Detection potential
(V)

Sensitivity (mA
mM�1 cm�2)

Linear Range
(mM)

LOD (mM) (S/
N¼ 3)

Electrolyte Response time
(s)

Ref.

Nanoporous Cu2O NRs/NTs/CF þ0.4 (vs. Ag/AgCl) 5792.7 Upto 100 0.015 0.1M NaOH <1 This
work

” ” 1002.1 575-4098.9 e ” <1 ”

Cu2O NRs/Cu plate þ0.5 (vs. Ag/AgCl) 141.9 27-17,280 0.51 0.1M NaOH ~5 ”

3D ordered, macroporous platinum
template

þ0.5 (vs. SCE) 31.3 1-10,000 0.1 PBS (pH
9.18)

<2 [34]

Mesoporous 3D Cu2O nanothorns þ0.55 (vs. Ag/AgCl) 97,900 0.005 0.1M NaOH e [18]
Pod-like Cu2O NWs þ0.5 (vs. SCE) 6680.7 1e1800 0.67 0.1M NaOH e [17]
CuO NWs þ0.35 (vs. Ag/AgCl) 2217.4 1-18,800 0.3 1.0M NaOH e [22]
CuO NWs/Cu plate þ0.33 (vs. Ag/AgCl) a490 0.4e2000 0.049 0.15M

NaOH
<1 [14]

CuO nanoneedles þ0.6 (vs. SCE) 912.7 1-5300 0.1 0.1M NaOH <2 [15]
Cu NWs þ0.6 (vs. Ag/AgCl) 420.3 Upto 3000 0.035 0.05M

NaOH
e [33]

CuO NTs array þ0.32 (vs. SCE) 1890 5-3000 0.1 1.0M NaOH <10 [24]

a - mA mM�1.

Fig. 8. Chronoamperometric measurements performed on nanoporous Cu2O nanostructured electrode in a 0.1M NaOH solution, (a) - at low concentrations of glucose having
concentrations of 15, 100, 500 nM (e) - the enlarged amperometric response step.
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grown on CF over the entire space and increased effective surface
area that is present in them due to the high porosity in the surface.
As a result, these nanostructures provide a higher accessibility to
glucose molecules increasing the number of active sites compared
to rigatoni type nanostructures grown on Cu plates.

3.4. Interference, selectivity, stability and reproducibility

Fig. 9 (a) shows the chronoamperometric responses of nano-
porous 3D Cu2O/CF and Cu2O/Cu plate electrodes to glucose upon
addition of 0.1 mM fructose, sucrose, ascorbic acid (AA), NaCl, uric
acid (UA) and citric acid (CA) in 0.1 M NaOH solution at þ0.4 V vs.
Ag/AgCl. For a better comparison, the current response of the
nanoporous 3D Cu2O film electrode to 1mM glucose was set at
100%, and the other electrochemical responses were normalized by
the electrochemical response of 1mM glucose on the nanoporous
3D Cu2O film electrode (black bars) (Fig. 9 (b)). For the Cu2O elec-
trode, interference response from fructose, sucrose, AA, CA and UA
were only 8.9, 3.9, 7.9, 3.0 and 9.0%, respectively. In addition,
0.1mM NaCl showed a negative response of �1.0% suggesting high
robustness for inactivity of the sensor for chloride ions. For further
elaboration of enhanced selectivity of nanoporous 3D Cu2O/CF
electrode, the selectivity study was performed with the addition of
1.0mM fructose, sucrose and AA, at the same time for better
comparison, similar concentration of 1mM glucose was added. As
can be seen in Fig. 9 (b) (red bars), the normalized current response
for 1mM fructose, sucrose and AA were 35%, 50% and 60%
respectively. This shows that the electrochemical detection of
glucose by Cu2O/CF electrode is disturbed by the presence of the
interfering electroactive species. It can be stated that the higher
surface area accelerates the kinetically controlled electro-oxidation
reaction of glucose. In addition, the high selectivity of Cu2O/CF
electrode to glucose also proves that the oxidation of fructose, su-
crose, AA, CA and UA are diffusion-controlled electrochemical
processes, while the oxidation of glucose is a kinetically controlled
electrochemical process. The results reveal that the in-situ grown



Fig. 9. Chronoamperometric response of Cu2O/CF (black solid line) and Cu2O/Cu plate (red solid line) electrode with successive addition of glucose (1.0 mM) and other interfering
species (0.1 mM) of fructose, sucrose, ascorbic acid, NaCl, citric acid and uric acid into a 0.1 M NaOH solution at þ0.4 V. (c) The long-term stability of nanoporous 3D Cu2O/CF and
Cu2O/Cu plate electrodes over 10 days.
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nanoporous Cu2O/CF electrode provides a promising platform for
fabrication of non-enzymatic glucose sensors.

The long-term stability of in-situ nanoporous Cu2O/CF and Cu2O/
Cu plate electrodes over 10 dayswere observedwith the addition of
1mM glucose. Current response at first day was set as 100% and the
current responses for 1mM glucose of other days were normalized
as shown in Fig. 9 (c). Fig. 9 (c) reveals that the current response of
the Cu2O/CF and Cu2O/Cu plate electrodes were around 95% after 10
days suggesting this electrode exhibits good stability for oxidation
of glucose. At the same time, the relative standard deviation for the
reproducibility of the electrodes were measured to be 2.8% and 3%.

4. Conclusions

Electrochemically anodized Cu(OH)2 nanostructures were con-
verted to 1D Cu2O nanostructures having highly porous nanotubes
and nanorods formed on CF and grooved macaroni type structures
formed on Cu plate, and employed for non-enzymatic detection of
glucose. Electrochemical glucose sensing performance of 1D Cu2O
nanostructures grown on Cu foam produced excellent sensor per-
formance with a very low detection limit and high sensitivity of
15 nM and 5792.7 mAmM�1 cm�2 respectively and very fast
response time of less than 1 s, wide detection range fitted by
Langmuir isothermal theory was up to 60mMwith high sensitivity
of 1565.2 mAmM�1 cm�2. The sensitivity was ~41-fold larger than
when compared with the sensitivity (141.9 mAmM�1 cm�2) of Cu2O
nanorods formed on Cu plate. This shows that the different surface
morphological properties associatedwith nanostructures grown on
CF and Cu plates have given rise to contrasting differences in
response to glucose sensing. In addition, nano-porous Cu2O elec-
trode had satisfactory selectivity for glucose, with no significant
interference from commonly existing interfering species in blood,
such as fructose, sucrose, AA, NaCl, CA and UA. Glucose response of
both types of nanostructured Cu2O film electrodes remained stable
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with only a depreciation of ~5% in sensitivity during the first 10
days.
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