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CuO/Cu composite nanospheres on a TiO, nanotube array

for amperometric sensing of glucose
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Abstract

A non-enzymatic glucose sensor based on the use of CuO-Cu nanospheres placed on a TiO2 nanotube (TNT) array with excellent
performance is described. The electrode was fabricated by coating the CuO-Cu nanospheres onto the TNT array through
electrochemical deposition. The CuO-Cu nanospheres with a diameter of ~200 nm are well dispersed on the TNT surface, which
warrants smooth interaction and a 3D nanostructure with high uniformity. The modified electrode was then used for ampero-
metric determination of glucose in 0.1 M NaOH solution. Figures of merit include (a) a typical working voltage of 0.65 V (vs. Ag/
AgCl). (b) a linear range as wide as from 0.2-90 mM, (c) good sensitivity (234 pA mM ! cm ), and a 19 nM lower detection
limit. The sensor is selective over ascorbic acid (AA), dopamine (DA), uric acid (UA), lactose, sucrose, and fructose.
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Glucose sensor

Introduction

Glucose monitoring is important in many clinical and indus-
trial areas [1-4]. Current glucose sensors are mainly com-
posed of two types: enzymatic and non-enzymatic sensors.
Enzymatic glucose sensor based on glucose oxidase (GOx)
is most widely used in the entire sensor market mainly due
to its high selectivity toward glucose and the wide detection
range. Current market is dominated by enzymatic glucose
sensor but there are many critical drawbacks. All types of
enzymatic glucose sensor necessitate enzyme immobilization
and it inevitably influenced by the uncertainty of artificially
biological substances. Because of the oxygen dependency of
enzymatic glucose sensor, oxygen deficiency can cause signal
deviation [5]. It also suffers from several drawbacks such as
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limited durability, high cost, critical operation conditions,
complicated electrode construction, and challenges in direct
electron transfer [6, 7]. Non-enzymatic glucose sensor
emerged as next generation of glucose sensor by using func-
tionalized nanomaterials to directly electro catalyze the glu-
cose oxidation. The choose of the nanostructured and electro-
catalytic material is one crucial step for non-enzymatic glu-
cose sensor. Many efforts have been devoted to explore nano-
structured material as electrode [7, 8]. For instance, transition-
al metals (Pd [9], Pt [10, 11], Au [12], Ni [13] and Cu [14]),
metal alloys (Pt-Ni [15, 16], Pt-Au [17]), and metal oxide
(CuO [18], Cu,O [19], NiO [13], NiCo0,04 [20], Fe;04
[21]). Among these materials, copper and its oxide-based
nanomaterials showed great electrochemical catalytic proper-
ties toward glucose sensing. The composite material of nano-
structured copper oxide (CuO and Cu,0O) and Cu was found to
promote the redox reactions due to multiple valences and re-
dox couples on the surface oxide layer. As the inherent con-
ductivity of copper oxide is very poor and not favorable for
electrode, introducing metallic Cu can facilitate electron trans-
fer of electrode. Thus, catalytic nanoparticles combining both
Cu and copper oxide can help promote the electrochemical
glucose sensing and increase conductivity. Titania (TiO;)
nanotube arrays are excellent candidates to serve as
supporting matrix for loading catalytic metal/metal oxide
nanoparticles [22, 23] due to its large specific surface area,
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excellent thermal stability and biocompatibility. Its vertically
aligned nanostructures not only facilitate catalysts absorbed
onto the surface of TiO, nanotubes but also promote rate of
electron transfer. Other than the selection of material, the mor-
phology of assembled nanomaterials in terms of shape and
size is another contributing factor. It was found that [24] an
electrode consisting of homogeneous particle contributed to
electrochemical properties by forming a regular network.
Well-ordered nanostructured anode materials can reduce the
diffusion length of Li* and improve the cycling performance
for lithium-ion battery [25].

Current non-enzymatic glucose sensors show major
drawbacks of linear range outside physiological range
and poor selectivity to glucose in presence of other
sugars. We successfully fabricated CuO-Cu/TiO, elec-
trode by depositing the CuO-Cu nanospheres onto
TiO, nanotube arrays surface through electrochemical
deposition method, which is a fast procedure. The
CuO-Cu modified electrode were then used as the work-
ing electrode, while Ag/AgCl as reference electrode and
Pt wire as counter electrode. The electrochemical prop-
erties of the electrode toward glucose oxidation were
studied under alkaline condition in 0.1 M NaOH solu-
tion. The sensor exhibited a wide linear range between
0.2-90 mM with high sensitivity of 234 pA mM ' cm >
toward glucose sensing. This wide linear range is very
promising in real application as blood glucose concen-
trations are typically in the range of 4.9-6.9 mM for
healthy patients, increasing to up to 40 mM in diabetics
after glucose intake; Moreover, glucose concentration
can increase up to 80 mM for biopharmaceutical indus-
try [26]. In light of this information, the proposed non-
enzymatic glucose sensor has great potential for contin-
uous monitoring of glucose in most clinical and bio-
pharmaceutical applications.

Experimental session
Chemicals and reagents

Titanium foil (0.25 mm, 99.7% trace metals basis), ammoni-
um fluoride (NH4F), ethylene glycol (99.8%), copper sul-
fate (>99.9 % ), D-(+)-glucose (>99.5 %), ascorbic acid
(AA), dopamine (DA), uric acid (UA), D-lactose, sucrose,
and fructose were all purchased from Sigma Aldrich (https://
www.sigmaaldrich.com/technical-service-home/product-
catalog.html).

Preparation of the TiO, nanotube array (TNT)

A sheet of titanium (99.7% trace metals basis, Aldrich) was
cut into several small foils with the size of 2.5 cm by 2 cm.
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Then the foils were polished manually with sandpaper (220-
400-800 assorted grit, 3 M Wetordry) for 30 min and cleaned
sequentially with methanol, acetone, ethanol, and deionized
water (DI water) using an ultrasonic cleaner for 15 min each.
After that, 5 mL of DI water, 15 mL of 70% HNOj acid, and
5 mL of 50% HF acid was mixed to make 25 mL of HF/HNO;
mixed acid (1:3:1 ratio in volume). The cleaned titanium foils
were then immersed into the mixed acid for 15 s and rinsed by
DI water.

3.351 g of NH4F solid was dissolved in 270 mL of ethylene
glycol and 30 mL of DI water (1 wt% NH4F in ethylene glycol
electrolyte containing 10 vol% of water) to make the electro-
lyte solution for anodization. A piece of cleaned Ti foil and a
platinum mesh (1.5 cm X 2 cm) were carefully immersed in
parallel into the electrolyte to form a two electrodes electro-
chemical cell and connected to a direct current (DC) power
supply station (DCS80-13E, Sorensen). Ti foil was anodized
under different pairs of voltages and times under stirring (re-
action area: 1.5 cm X 1.5 cm). The attempted voltage range
was between 20 V and 30 V, and anodizing time varied from
20 to 100 min. The anodized foils were rinsed with DI water.
Finally, the final foils were annealed at 350 °C for 1.5 h and
then cooled naturally to room temperature.

Preparation of CuO-Cu/TNT electrode (CuO-Cu/TNT)

CuO-Cu NPs were deposited onto the TiO, nanotube array
electrode through a two-step electrodeposition method [17].
A constant potential of —0.37 V was first applied to the TiO,
nanotube in a solution of 50 mM CuSO,4 + 0.5 M H,SO, for
100 s to deposit Cu first. Then, the electrode was scanned in
0.1 M NaOH with cyclic voltammetry (CV) under the poten-
tial range of —0.5 t0 0.3 Vat 100 mV s~ for 10 cycles to allow
the partly oxidization of Cu to CuO nanospheres.

Characterization

Scanning electron microscopy (SEM, JEOL, JSM-7000F) op-
erating at 10 kV was applied to characterize the morphology
of samples. Structural analysis of the TiO, nanotube arrays
and CuO-Cu /TiO, nanotube arrays was investigated by X—
ray diffraction (XRD, Bruker-AXS D8 focus, 40 kV, 40 mM,
Cu Ka radiation). All electrochemical measurements were car-
ried out using an Autolab PGSTAT12 electrochemical work-
station (Metrohm, USA Inc.). A conventional cell with a
three-electrode configuration were used throughout this work.
The working electrode is the TiO, nanotube array. A platinum
mesh and an Ag/AgCl (saturated KCl) were used as the coun-
ter electrode and the reference electrode, respectively. All the
electrolytes were deaerated by bubbling nitrogen gas for
30 min before the experimental procedure. All the experi-
ments were carried out at room temperature.
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Results and discussion
Characterization of CuO-Cu/TNT

The structural and morphological information were carefully
studied by XRD and SEM. Figure 1a and b shows the XRD
patterns of TiO, nanotube arrays and CuO-Cu nanospheres
deposited TiO, nanotubes respectively. The observed diffrac-
tion peaks can be assigned to Cu, CuO, anatase TiO, and Ti
substrate. The diffraction peak at 25.4° can be easily indexed
to the (1 0 1) plane of TiO, anatase phase (JCPDS card
NO.21-1272), while peaks at 40.3°, 53.1°,63.0°, 70.8° and
76.4° can be attributed to Ti substrate. After electrodeposition,
Peaks density at 20 = 35.5°, 38.4° is much higher, which is
corresponded to CuO crystallites (JCPDS card no.65-2309
and JCPDS card NO.44-0706). Aside from that, peaks at 20
=43.5°, 50.5° attributed to the (111) (200) planes of Cu with
cubic phase (JCPDS card NO.04-0836). Thus, the presence of
CuO-Cu was confirmed in the sample after deposition. The
morphology of bare TiO, nanotube arrays and CuO-Cu/TNT
are characterized by SEM and displayed in Fig. 1c and d. TiO,
nanotubes with a diameter of ~100 nm formed a smooth
supporting substrate surface. After the electrodeposition,
CuO-Cu nanospheres with a diameter ~200 nm was well dis-
persed on TNT surface, forming a 3D nanostructure with high
uniformity. The intimate interface between the highly electro-
catalytic material (CuO-Cu) and conductive supporting sub-
strate TiO, nanotubes array (TNT) for electron transfer reac-
tions in the electrode, thus increasing current signal in the
electrode. The uniform 3D nanostructure may lower the

adsorption of the intermediates after oxidation, which possibly
leads to a larger detection range.

Electrochemical oxidation of glucose on CuO-Cu/TNT
electrode

The electrochemical properties of Bare TNT and CuO-Cu/
TNT electrode was examined by cyclic voltammetry (CV) in
0.1 M NaOH at a scan rate of 100 mV s~ . It was performed in
the potential range of 0 to 0.8 V. Because of the direct oxida-
tion of glucose in the alkaline medium [27], NaOH concen-
tration at 0.1 M was reported as the optimal concentration
[19]. Figure 2a shows the CV of bare TiO, nanotube arrays
and CuO-Cu/TiO, in absence and presence of glucose. TiO,
nanotubes as supporting matrix showed no electrocatalytic
activity toward glucose as there is no reduction and oxidation
peak observed (Line a and b). After modifying the TNT with
CuO-Cu nanospheres, only reduction peak appeared in blank
NaOH solution (line ¢) while oxidation peak appeared after
the addition of glucose (line d). The reduction peak at about
+0.55 V in NaOH correlates with the redox couple Cu (II)/Cu
(IT): CuO + OH — CuOOH , which was reported by previ-
ous researchers [28]. After addition of glucose solution, a
single oxidation peak occurred corresponding to the glucose
oxidation process. The oxidation process starts at approxi-
mately +0.2 V with broad peak around +0.45 V. This may
be attributed to electro-oxidation of glucose to gluconolactone
catalyzed by thermodynamically unstable Cu (III) species ac-
cording to previous reports [29-31].
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Fig. 2 a CVs of bare TiO, nanotubes in absence(a)/presence(b) of
glucose. CVs of CuO-Cu/TiO, in absence(c)/presence(d) of glucose. b
CVs of CuO-Cu/TiO, in presence of different concentration of glucose
between potential range of —0.5-0.8 V (¢) CVs of CuO-Cu/TiO; electrode

To fully understand the glucose electro-oxidation pro-
cess, CV responses of CuO-Cu/TNT electrode with differ-
ent concentration of glucose (0, 0.5, 2, 5 mM) are shown in
Figure 2b. The oxidation peak starts with an onset of
+0.2 V which is corresponded to glucose electrooxidation
process. As expected, the anodic peak currents gradually
increase with increasing of glucose concentration from 0 to
5 mM. The result is in accordance with the Randles-Sevcik
equation, i, = 268600n%AD%Cv%, where i, is the peak cur-
rent, A as electrode surface area, D as diffusion coefficient,
C as the concentration, and v as the scan rate. We also
noticed a gradual positive shift of oxidation peak with in-
creasing concentration of glucose, it may be attributed to
the interaction of glucose with the electrode surface cov-
ered with low valence copper species. As it is reported by
Wang [32] that the glucose oxidation occurred with wide
peak around +0.60 V on Cu foil electrode and it will neg-
atively shift to +0.48 V at the CuO nanoplatelets electrode.
This confirmed that Cu is also responsible for the glucose
oxidation, and the process is reported [33] as multi-steps
including the formation of strong oxidizing Cu (III) spe-
cies. Thus, for our CuO-Cu/TNT electrode, CuO species
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obtained in 0.10 M NaOH solution containing 2 mM glucose at different
scan rates (inner to outer): 20, 40, 60, 80, 100 mV/s. And the dependence
of the oxidation peak current density of glucose on scan rate (left inlet)

are initially reduced to form Cu (III). When the glucose
is at high concentration, the Cu species get to be involved
in the electrooxidation, generating wider detection range.
The combination of Cu and CuO not only increase conduc-
tivity but also facilitate electrochemical properties.

Figure 2c shows the effect of scan rate (20-100mV/s) of
CuO-Cu/TNT in 0.1 M NaOH solution in the presence of
2 mM glucose. It was found that the current peaks of glucose
oxidation increases linearly with square root of scan rate (Left
inlet) in accordance with the Randles-Sevcik equation, indi-
cating a surface-controlled electrochemical process [34].

Amperometric response of the electrode

To test the analytical performance of glucose sensor, ampero-
metric measurements were performed in 0.1 M NaOH solu-
tion with magnetic stirring. A linear relationship can be drawn
between current and glucose concentration within the detec-
tion range. While applying high potential is useful for getting
a wide linear range [35], a high potential may lead to large
interference signals resulting non-specificity. In our experi-
ment, an optimized potential of +0.65 V was obtained taking
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consideration of these two factors. Figure 3a shows the am-
perometric response under +0.65 V with step-wise addition of
glucose solution (0.2—-8 mM) with an interval time 0of 30 s. The
linear relationship between current and concentration is settled
in a wide range of 0.2-90.4 mM, which is much superior to
other non-enzymatic glucose sensor. Figure 3b shows the cor-
responding calibration plot (current response versus glucose
concentration), which exhibited a linear dependence on glu-
cose concentration (I=0.0117C +0.1391, R%Z= 0.9996). From
linear regression equation, the sensitivity(S) of CuO-Cu/TiO,
is calculated as 234 A mM ' cm 2 by dividing the slope of
linear calibration plot with electrode surface area. Limit of
detection is calculated as 0.019 M according to LOD =3
Sy/S, where 3 is the noise to signal ratio (S/N), Sy, is the
standard deviation of blank solution, and S is the sensitivity.
The good sensitivity and low LOD may be attributed to three
significant factors: (i) multi redox couples of CuO/Cu com-
posite nanospheres improve the electrocatalytic properties (ii)
the presence of Cu provides good conductivity to the CuO-
Cu/TiO; electrode. (iii) High uniformity of nanostructure fa-
cilitates the mass transport of glucose onto the electrode.
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Fig. 3 a Amperometric measurement of CuO-Cu/TiO, electrode
responses to stepwise addition of glucose (0.2 mM—-8 mM) in 0.10 M
NaOH solution at potential at 0.65 V. b The calibration plot of the current
response versus glucose concentration

The stability of the current response was investigated by
current response to 4 mM glucose during a long operational
period of 30 min (Fig. 4). The CuO-Cu/TiO, response to one
time adding of glucose solution was stable with a loss of only
3.5% in current signal, indicating high reliability of the re-
sponse signal.

Selectivity and short-term stability

Selectivity is another important performance parameter for
a biosensor, especially in practical applications. The selec-
tivity of CuO-Cu/TiO, was tested with various interference
species. Ascorbic acid (AA), Uric acid (UA) and dopamine
(DA) are representative electroactive interferences
coexisting with glucose in blood. The normal physiological
level of glucose in human blood is 3-8 mM compared to
about 0.1 mM of interfering species (with Glucose/
interferents ratio of more than 30:1) [36], however the
Glucose/interferents ratio is much lower in food samples
and biopharmaceutical industry (with glucose/interferents
ratio of 10:1). In food industry and biopharmaceutical in-
dustry, there are many other sugars commonly coexisting
with glucose as well. Therefore, the interference experi-
ments were carried out by successive injection of 4.0 mM
glucose, 0.4 mM Ascorbic acid (AA), Dopamine (DA), Uric
acid (UA), Lactose, Sucrose, and Fructose. According to
amperometry results (Fig. 5), there was a vivid response of
glucose while insignificant responses to interfering species.
And the current response to glucose maintained consistent
even after adding all the interference species. Thus, it con-
firms the suitability of CuO-Cu/TiO, electrode for the se-
lective detection of glucose in presence of other easy oxida-
tive species and sugars possibly included in blood or biore-
actor. The high selectivity makes it a good candidate for
both clinical application and biopharmaceutical application.
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Fig. 5 Amperometric measurement of the CuO-Cu/TiO, electrode
responses to successive addition of 4 mM glucose, 0.4 mM Ascorbic
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Lactose, 0.4 mM Sucrose and 0.4 mM Fructose in 0.10 M NaOH solution
at0.65V
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Reproducibility, reusability, and long-term stability

Furthermore, reproducibility, repeatability, and long-term sta-
bility are also vital paramaters for non-enzymatic glucose sen-
sor. To evaluate the electrode-to-electrode reproducibility, five
electrode were under same conditions, as shown in Fig. 6a, a
good relative standard deviation of 4.1% was achieved. The
repeatability of CuO-Cu/TNT electrode was also measured
with one electrode to detect 4 mM glucose five times and a
relative standard deviation (RSD) of 2.12% was obtained.

(Figure 6b). The long-term stability of the sensor was investi-
gated by measuring its sensitivity(S)/initial sensitivity(So)
over successivively five days, about 87% of its initial sensi-
tivity was obtained with the fabricated electrode at the fifth
determination (Fig. 6¢). The good reproducibility, repeatabil-
ity and long-term stability makes CuO-Cu/TNT applicable for
practical use.

Conclusions

A non-enzymatic glucose sensor was developed by fabricat-
ing well-alligned TiO, nanotubes with well dispersed CuO-Cu
nanospheres on it. The hierarchical 3D structure of nanotubes
and nanospheres with high uniformity facilitates electron
transfer for electrochemical process. Well dispersed CuO-Cu
nanospheres onto substrate generates a smooth electrode sur-
face. This facilitate analyte glucose solution diffusion into
electrocatalytic catalyst. Overall, the electrochemical perfor-
mance of this electrode exhibited wide linear detection range
up to 90 mM with high sensitivity and low limit of detection.
Good selectivity, stability, and reproducibility. Those excel-
lent sensing performance originate from (a) improved
eletrochemical properties because of the presence of
nanohybrid CuO/Cu, which possess the synergistic effect be-
tween Cu and CuO; (b) high uniformity of nanostructures
which simultaneously minimizes the electron transfer resis-
tance for elctrode and diffusion resistance between electrode
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glucose (b) Repeatability of one 40 ]
electrode for detecting 4 mM < _ < 301
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and electrolyte interface. Because of the exellent electrochem-
ical performance, this non-enzymatic glucose sensor has great
potential for continuous glucose monitoring in different areas
such as biopharmacuetical industry and clinical usage.
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