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Abstract

Fabrication and attractive performance of CuO nanoparticles coated onto TiO, substrate (CuO@TiO,) as electrocatalysts
for glucose and methanol electrooxidation are detailed in this article. These bi-functional electrocatalysts were prepared by
impregnating (5-25 wt%) CuO nanoparticles onto nanosized TiO, substrate and were characterized for morphology and
composition. Cyclic voltammetry and electrochemical impedance spectroscopy provided a detailed account of their elec-
trochemical capacity. All samples in CuO@TiO, series were tested for probable electrocatalysis; however, SCuO@TiO,
possessed significantly improved electrocatalytic activity for methanol and glucose electrooxidation. This can be attributed
to the better conductivity of the electrocatalyst showing that electrocatalytic activity is limited by the amount of CuO load-
ing on CuO@TiO, electrocatalyst. The involvement of the Cu (II) to Cu (III) reversible redox couple was evident in the
electrocatalytic oxidation. The sensitivity of 7.15 pA mM~! cm™2 and a detection limit of 235.0 pM for glucose at a signal
to noise ratio of 3 were obtained using SCuO@ TiO,-modified glassy carbon electrode.
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Introduction

The development of electrocatalytic materials has tradition-
ally relied on precious metal nanoparticles such as Pt, Au,
Pd, Ir, Ru and Rh. The journey from single precious metal
to non-single precious metals and subsequently, precious
metal oxides persisted for almost three decades [1]. Devel-
opment of electrocatalysts without precious metals started
toward the end of 20th century and is growing ever since.
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The strategy lying behind this important adaptation from
one type of electrocatalysts, made out of rather expensive,
vulnerable to corrosion and limited in quantities precious
metals, to the new types of compounds with promising but
unrestricted possibilities was steadily recognized. The need
for active, stable and cost-effective electrocatalysts encour-
aged concerted investigations, resulting in the development
of multi-component non-precious metal catalysts as well
as their metal oxide counterparts [2]. In recent years, an
increasing number of researchers have explored the produc-
tion of novel nanoscale mixed metal oxides, noble metal-
doped metal oxides, metal oxide—-CNTs nanocomposites,
metal oxide-polymer composites and metal oxide coupled
bio derivative components [3].

Metal oxide nanomaterials such as NiO, CuO, CeO,,
Zn0, Co0, Fe,0;, Co;0,, TiO,, MgO and Al,O; as well as
their mixed metal oxide counter parts represent a growing
asset in many industries. With their heightened chemical,
physical and electronic properties compared to their bulk
counter parts, these versatile materials have been widely in
many applications such as environmental remediation [4],
medical technology [5], energy production [6], water treat-
ment [7], catalytic processes [8], solar cells [9] and sen-
sor applications [10-12] to name a few. Considering the
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properties of metal oxides and combining the two certainly
broadens their application potential. Previous studies have
shown that CuO supported on TiO, nanocomposites find
applications in the field of gas sensing [13], photo cataly-
sis [14], as nanofiller for corrosion resistance [15] and for
degradation of organic dyes [16]. Glucose electroxidation
based on Ti—-Cu—O nanotubes [17], CuO/TiO, nanotube
arrays electrodes [18] and CuO/TiO, electrode fabricated
on FTO [19] is also reported. CuO supported on TiO, as
ternary composite for methanol and ethanol electrooxidation
is also available [20].

In previous works [11, 12], we have demonstrated that
CuO loaded onto Al,O; and CeO, substrates can be highly
efficient electrocatalysts for methanol and glucose in alka-
line medium. Inspired by previous studies, in this work, we
systematically and carefully synthesized a series of nano-
sized CuO@TiO, materials for electrocatalysis. The strat-
egy for current work was to investigate electrochemically
active ratio of CuO and TiO, mixed metal oxide system and
their applications in electrooxidation of two model analytes:
methanol and glucose. Methanol and glucose find significant
applications in fuel cell technology [21] and the develop-
ment of next-generation sensing devices, respectively [22,
23].

Experimental
Materials and reagents

Titanium dioxide (TiO,), copper nitrate hexahy-
drate (Cu(NO;);.6H,0), ammonia solution, p-glucose
(C¢H;,04), methanol, potassium hydroxide (KOH), sul-
furic acid (H,SO,), potassium ferrocyanide trihydrate
(K4[Fe(CN)g]*3H,0), potassium chloride (KCI), absolute
ethanol, Nafion® and deionized water (18.2 MQ cm) were
used throughout the experiments. All the chemicals were
purchased from Sigma-Aldrich and used as supplied without
further purification.

Preparation of 5-25Cu0@TiO, nanopowders

As purchased, TiO, substrate was calcinated at 500 °C for
2 h in order to obtain a neat anatase phase. The calcined
sample was subjected to Fourier-transform infrared spec-
troscopy (FTIR), X-ray diffraction (XRD), scanning elec-
tron microscopy (SEM), energy-dispersive X-ray (EDX)
and Brunauer—-Emmett—Teller (BET) surface area analysis
before further use. Impregnation of CuO on the substrate
was carried out by wt/wt% method using copper nitrate
precursor. Five CuO loads: 5%, 10%, 15%, 20%, 25% were
prepared in this regard. Impregnation was carried out on
pre-calcined titania support using requisite volume of copper
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nitrate hexahydrate solution. All the samples were soaked
overnight, dried in oven for 1 h. and further calcinated at
500 °C for 2 h. The final catalyst powders were finely ground
in the presence of acetone, dried and subjected to material
characterization (FTIR, XRD, SEM and EDX) as well as
electrochemical characterization (cyclic voltammetry (CV)
and electrochemical impedance spectroscopy (EILS)).

Preparation of CuO@TiO,-modified electrodes

Glassy carbon (GC) electrode was selected as a modifica-
tion platform due to its broad potential window, low back-
ground current, rich surface chemistry, low economic cost
and appropriateness for various sensing and detection appli-
cations [24]. Prior to the modification, GC electrode was
polished to a mirror finish on a felt pad using alumina pow-
der (0.3 pm) and was then rinsed thoroughly with deionized
water. The electrode was ultrasonicated in deionized water
for 1 min. in order to remove any loose alumina particles and
was later dried at room temperature. For the modification
purpose, the working surface of the clean GC electrode was
wetted with 2 pL of pure ethanol and 0.1 mg of thoroughly
ground catalyst sample was carefully dropped onto it, this
was followed by drop casting 2 pL of 0.5% Nafion solution
as a binder. The electrode was air dried for 30 min. The
prepared modified GC/(5-25)CuO@TiO,/Nafion electrodes
were used for acquiring electrochemical data. For each type
of modified electrode, pre-conditioning steps were per-
formed before each electrochemical measurement in respec-
tive potential windows in order to reduce background current
and obtain a steady voltammogram.

Apparatus

The structural characterization of catalyst powders was
performed by X-ray diffraction (PANalytical X’PERT High
Score’s diffractometer with a Cu Ko radiation, operating in
the range of 20°-70°). FTIR spectra of the catalyst samples
were recorded on Nicolet SPC (Nicolet Analytical Instru-
ment, in the range of 4000—400 cm™"). Surface morphology
of the samples was observed by scanning electron micros-
copy (SEM) (JEOL-JSM-6490A) equipped with energy-dis-
persive X-ray microanalysis (EDX) to determine the elemen-
tal composition of the nanopowders. BET surface area, pore
volume and pore size distribution were determined using
Micromeritics Analyzer (ASAP 2020 V3.01 E).

The electrochemical measurements (cyclic voltammetry
and chronoamperometry) were carried out at room temper-
ature using a conventional three-electrode assembly with
modified glassy carbon (GC) serving as the working elec-
trode (with 0.07 cm? surface area), Pt wire as a counter elec-
trode and saturated calomel electrode (SCE with 3.0 M KCl)
as the reference electrode. All solutions were prepared in
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freshly deionized water, and 10 mL of supporting electrolyte
was utilized for each electrochemical measurement. Prior
to each measurement, the solutions were purged with Ar
gas. Cyclic voltammograms and chronoamperogramms were
recorded on potentiostat interface 1000 by Gamry. Gamry
interface 1000 was also used for electrochemical impedance
spectroscopy (EIS) measurements at a dc bias of 0.25 V with
a signal of 5 mV over the frequency range of 0.1-100 kHz.

Results and discussion

Physical Characterization of TiO, and 5-25Cu0@TiO,
nanopowders

Figure S1 (a) in supplementary section shows the FTIR
spectrum of TiO, substrate. Broad absorption band in the
range from 500 to 1000 cm™! is assigned to Ti—O vibrations
[25]. Pure TiO, has a strong and broad band in the range of
400-1000 cm™! due to Ti-O stretching vibrational modes
corresponding to the anatase phase [25]. Typical stretching
vibrations of the Cu—O bond were observed in the FTIR
spectra of all of the loaded catalysts at around 480-400 cm ™!
(highlighted in the inset of Fig. S1 (b), implying that CuO
has been fully incorporated into TiO, matrix [26].

XRD pattern in Fig. 1a shows high crystallinity for TiO,
substrate. Peaks appearing at 260=25.3°,36.9°, 37.7°, 38.5°,
48.0°, 53.8°, 55.0°, 62.6°, 68.7°, 70.2°, 75.0°, 76.0°, 82.7°
correspond to the diffraction patterns of (101), (103), (004),
(112), (200), (105), (211), (204), (116), (220), (215), (301)
and (303), respectively, of pure anatase phase of titania,
(JCPDS No.21-1272) [27]. The non-appearance of peaks at

(2)

(101)

=
£
>
=
g (200)
£
= (004) 105)
204)
@11) 215)
20)
12 303
Poned aopl| 12 a1 30§

2-Theta/degree

Fig. 1 XRD patterns of pure TiO, (a) and 5-25CuO@TiO, catalysts (b)
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27.4° and 30.8° also refers to the absence of both the rutile
and brookite phases indicating that TiO, has not undergone
phase transformation during the heating process [28].

The results of XRD analysis for 5-25CuO@TiO, nano-
powders are depicted in Fig. 1b. It is quite notable that the
XRD spectra of all the samples are dominated by diffrac-
tion peaks of TiO, nanoparticles, while the signature peaks
for CuO appear at 260=35.4°, 58.3° and 61.5° [29]. These
signals are of weak intensity and begin to show at the begin-
ning of 5 wt% CuO loading; however, these signals gradu-
ally sharpen and their intensity increases with the loading
of CuO from 5 to 25 wt%. As clearly shown in Fig. 1, only
characteristic peaks of anatase TiO, and CuO crystal are
observed. There are no other crystalline forms of copper
oxide (i.e., Cu,0) or copper—titanium oxide (i.e., CuTiO5)
present [30]; indicating that copper oxide exists as mono-
clinic CuO phase after the impregnation process in all the
impregnated samples.

The SEM image showing the morphology of TiO, nan-
opowder is illustrated in Fig. 2a. It is inferred that TiO,
nanoparticles are spherical in shape, small sized and with
narrow size distribution, though particle agglomeration is
also apparent to some extent. An SEM micrograph as a
representative of CuO@TiO, hybrid series is depicted in
Fig. 2c. The surface morphology of TiO, (Fig. 2c, d) hardly
seems to be changed after loading 5 wt% CuO onto it. The
catalyst is composed of a continuous network of spherical
particles. Small voids and hollows are clearly visible within
the catalyst surface.

Results of the EDX analysis for TiO, nanopowder as well
as the entire series are provided in supplementary section
(Fig. S2 and Table S1). These results correspond well with
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Fig.2 SEM micrograph of pure TiO, observed at 500 °C a SEM micrographs for 5CuO@TiO, nanopowders at different magnifications (b, c).
EDX mapping of elemental distribution in 5CuO@TiO, catalyst (d—f)

the XRD results already discussed; where no additional EDX mapping results depicted in Fig. 2d—f for the rep-
peaks other than those of the components, TiO, and CuO  resentative catalyst of this series revealed the homogeneous
could appear, hence indicating the purity of the catalyst sam-  distribution of CuO onto TiO, matrix. This result comple-
ples. These data presented in Table S1 correspond to the  mented the SEM outcomes in Fig. 2b, c.

stoichiometric loading of the catalyst and is in accordance The surface area of the TiO, substrate sample was meas-
with the theoretical loading of CuO onto TiO, substrate. ured using the BET method. The N, adsorption—desorption
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isotherms at 77 K and the pore size distribution evaluated
by the Barrett-Joyner—Halenda (BJH) method are shown in
Fig. 3a, b. The isotherm of TiO, can be classified to be a
type III isotherm with a type H3 hysteresis loop [31, 32]
at the relative pressure, P/Po of 0.7-0.9. The BET specific
surface area was estimated to be 8.21 m* g7!, a total pore
volume around 0.17 cm? g~! and the average pore width of
546.3 A was retrieved by BET.

Electrochemical characterization

In order to provide further information on the properties of
TiO,-supported copper oxide catalysts, their electrochemical
behavior was investigated via cyclic voltammetry in 0.5 M
H,SO, solution (Fig. 4). It appeared that CuO was electro-
chemically reducible and oxidizable as embedded in TiO,
matrix. The electrooxidation and electroreduction of CuO
occurred at about 0-0.35 V and —0.25-0.75 V, respectively.
However, there was a slightly noticeable shifting of both
the anodic and cathodic peaks toward more positive and
negative potentials, respectively, with an increase in CuO
loading. This inference points toward some difficulty toward
oxidation and reduction processes and may relate to the CuO
particle agglomeration effect with increased CuO contents.

The electrochemical response of the electrodes modi-
fied with catalyst powders was in accordance with the EDX
results and increasing the CuO content in respective samples
resulted in an increase in the anodic and cathodic peak cur-
rents. Hence, there is a relationship between the observed
peak currents and the amount of CuO that can be reduced
and oxidized in respective catalysts [33].
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Fig.4 Cyclic voltammograms for 5-25CuO@TiO, nanopowders in
0.5 M H,SO,

Quantification of redox active CuO

The redox capabilities of CuO were demonstrated in acidic
media by using cyclic voltammetry (Fig. 4). The electrochem-
istry of CuO was exploited to quantify the active amount of
CuO present in the CuO@TiO, catalyst powders on the sur-
face of the electrode. By integrating the anodic peak, it is pos-
sible to obtain the charge value (q) associated with the peak.
From this value, the number of moles (mol.) of CuO actively
involved in the redox reaction could be determined by the fol-
lowing equation [34]:

mol. = g/nF (1)
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Fig.3 N, adsorption—desorption isotherm for TiO, substrate (a). Pore size distribution curve of TiO, (b)
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CuO surface concentration (I'), i.e., number of mol./cm? is
calculated by equation:

I' = q/nFA )
where n is the number of electrons involved in the reaction
(2 in this case), F is the Faraday constant (96,486 C mol.”!)
and A is the geometrical surface area of glassy carbon elec-
trode (0.07 cm?). By making use of Avogadro’s number, we
can also calculate the total number of molecules involved
in the reaction. The derived electroactive amount of CuO is
presented in Table S2.

Heterogeneous electron-transfer dynamics
in a redox probe: [Fe (CN),1™*

Electron transport properties of the modified electrodes were
studied in 3.0 M KCI solution containing 5.0 mM redox
probe; potassium ferrocyanide. The electroactive surface
area of 5-25CuO@TiO, electrodes was estimated by CV
profiles using as a redox probe in 3.0 M KClI solution. Fig.
S3 displays the CV results on the 5-25CuO @TiO,-modified
electrodes. Well-defined reversible cyclic voltammograms
were obtained for all the five sets of electrodes modified
with catalyst powders. A noticeable variation in peak cur-
rent was observed for all the five electrodes. The AEp values
for 5-25CuO@TiO,-modified electrodes lied in the range
of 0.062-0.108 mV, respectively. Electrode modified with
5CuO@TiO, showed the highest value of peak current while
25Cu0@TiO, depicted the lowest one. Thus, 5CuO@TiO,
catalyst sample indicated better conductive properties com-
pared to rest of the samples in all series.

Randles—Sevcik equation [35] was applied to estimate the
effective surface area of modified electrodes for K,[Fe(CN)]
probe at fixed experimental conditions, and the results are
presented in Table S3. As predicted, the 5SCuO@TiO, elec-
trode possessed the highest effective surface area. The active
surface area for the modified electrode followed the order:
5Cu0@TiO, > 10Cu0@TiO, > 15Cu0@TiO, >20Cu0@
Ti0, >25Cu0@TiO,.

Electrochemical impedance spectroscopy

EIS is an effective technique for probing the features of
surface-modified electrodes; hence it was employed to pro-
vide noticeable insight into the electrochemical properties
of 5-25CuO@TiO, catalytic materials. EIS was performed
on all of the modified electrodes in 3.0 M KCl and 5.0 mM
potassium ferrocyanide solution.

Two convenient ways of treating the impedance data are:
the Nyquist plot which is the relationship of the imaginary
resistance, Z"(Q), and real resistance, Z'(2), components
of the impedance, and the Bode plot in which absolute
values of impedance or phase angle are plotted against the
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frequency span. EIS study was conducted by analyzing
both the Nyquist plot as well as the Bode plot for the modi-
fied electrodes [36] and Randles equivalent circuit model
was proposed for the system under investigation, (inset in
Fig. 5a) [37]. In order to develop a better understanding of
the processes taking place at the electrode surface, the inter-
pretation of these data was divided into two regions, the
high-frequency and the low-frequency domains as indicated
by the vertical line separation in Fig. 5.

The Nyquist plot Fig. 5a showed a significant difference
in responses for all five electrodes. At high frequency, the
intercept between the impedance part (Z"(€2)) and the real
impedance (Z'(Q2)), gives the magnitude of the solution
resistance (R,) of the cell. The solution resistance offered
by the cell is low and lies between 4 and 6 Q. The other
interesting feature of the high-frequency zone is the semi-
circle observed for CuO @TiO,-modified electrodes. A semi-
circle with a small diameter was observed for 5CuO@TiO,
electrode. However, the diameter of the semicircle gradually
expanded complying with the amount of CuO in successive
samples. This small semicircle domain called the charge
transfer resistance represents the electrode resistance and
is closely related to the surface area and conductivity of the
electrode material. R = 0.3 kQ for 5CuO@Ti0O,, infers a
very low electron-transfer resistance and good conductivity
toward the redox probe. This electrode also depicted a much
higher active surface area compared to rest of the samples as
discussed in the earlier section. However, further enriching
TiO, substrate with CuO did not prove to be effective and
enhanced the electron-transfer resistance and a gradual drop
was observed in rest of the higher loaded catalysts. Thus,
the R, values varied in the order: 5CuO@TiO,>10CuO@
TiO, > 15Cu0@TiO, > 20CuO@TiO, >25Cu0@TiO, with
5CuO@Ti0, being a better electron-transfer facilitator.

At the low-frequency region, the 45° slope of the straight
line of the Nyquist plots corresponds to the Warburg resist-
ance (R,,), which results from diffusion of ions in the electro-
lyte. The effect of the Warburg impedance and its contribu-
tion can be observed at the low-frequency region because the
mass transport of the electroactive species may be limiting
the electron-transfer process.

The EIS 300 nonlinear least squares curve fitting tool was
used to fit equivalent circuit model to impedance spectra.
Table 1 highlights in detail the results of the extracted data
from equivalent circuit modeling as well as calculated appar-
ent rate constant [38]. The higher kapp value for the 5CuO@
TiO,-modified electrode is also an indicative of faster elec-
tron-transfer process at this electrode compared to the four
other electrodes with higher CuO loadings.

Similar information is obtained by examining the Bode
diagram, Fig. 5b, c. R, and (R +R,,) are obtained straight-
forwardly from the Z"(Q) versus log frequency (Hz) plot,
Fig. 5b, at high and low frequencies, respectively, using
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the same argument as the Nyquist plot. The high-frequency
region yielded a slope of close to zero, characteristic of a
pure resistor, while the low-frequency region yielded a slope
of < 1.0 characteristic of a pseudo capacitor. In general, this
data clearly suggest that the impedance of these electrodes
varied from that of a pure resistor at high frequency to
pseudo capacitor at the low-frequency region.

A purely capacitive element (Cy;) was therefore replaced
by a constant phase element (CPE) in the electrical equiva-
lent circuit to obtain a good fit. CPE is the constant phase
element which denotes the deviation from the ideal capaci-
tance owing to the sample surface inhomogeneity. CPE com-
prises sub-element Q which relates to surface electroactive
properties and n which arises from the slope of Z" vs. log
f. The value of n varies between — 1 and 1. When n=0, the
CPE represents a pure resistor; at n=1, a pure capacitor
and an inductor at n=—1. At n=0.5, the CPE corresponds
to Warburg impedance (R,,). The presence of the CPE also
indicates the porous nature of the electrode. An attempt to
replace the ideal Cg; (double layer capacitance) with a CPE
(constant phase element) in the modeling circuit proved suc-
cessful in this regard. The n values provided in Table 1 are
indicative of this pseudo-capacitive behavior.

From the Bode plots of phase angle vs. log (f/Hz) for the
electrodes, all the electrodes presented a phase angle greater
than 60 but less than 90 (which is expected for ideal capaci-
tive behavior) indicating pseudo-capacitive behavior of the
electrodes [39].

Finally, the Kronig—Kramers transformation test [40] was
carried out on 5-25CuO@TiO, electrodes to examine the
validity of the impedance data (Fig. 5d). The Kronig—Kram-
ers transformation gave a X2 (Chi square) of 2.11 x 107° for
5Cu0@TiO,, 7.24 x 107° for 10CuO@TiO0,, 27.84 x 1076
for 15CuO@TiO,, 23.89 x 107°® for 20CuO@TiO, and
24.72 % 107 for 25Cu0 @TiO,. Therefore, the system sat-
isfied all the conditions for very good impedance data (i.e.,
linearity, causality, stability and finiteness of the system).
Thus, the test implied that the impedance data were vali-
dated with respect to impedances over a wide frequency
range and were of very good quality.

Application studies on CuO@TiO,-modified
electrodes

Electrocatalytic oxidation of methanol at CuO@
TiO,-modified electrode

The electro activity of 5-25CuO @TiO, electrodes for metha-
nol oxidation was studied by cyclic voltammetry using 1.0 M
methanol solution in 0.1 M KOH. Cyclic voltammograms
(CV) were retrieved during scanning between 0.2 and 1.0 V
vs. SCE at room temperature. Comparative CV responses
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for methanol oxidation on the working electrode modified
with 5-25CuO@TiO, nanopowders are shown in Fig. S4.
The 5CuO@TiO, composition mediated a better peak profile
compared to rest of the powders. The catalytic behavior of
this sample is expected on the basis of the EC/ET (electro-
chemical/electron transfer) properties rendered by this opti-
mal material as discussed earlier. For the better conduction
phenomenon in the optimal composition, 5SCuO@TiO, can
also be employed in fuel cell applications. A detection limit
of 1.27 pM for methanol electroxidation at 5CuO@TiO,-
modified electrode was also obtained from the CV data.

The effect of scan rate on oxidation peak current has been
investigated in the range of 10—500 mV s~!, Fig. 6a. The
linear increase in the oxidation peak current with the square
root of scan rate (Fig. 6b) is indicative of facile electron-
transfer process at the electrode surface, clearly pointing
toward electrocatalytic ability of the active material. Fig-
ure 6¢ and d presents variation in the oxidation peak current
as a function of square root of the scan rates. These trends
again are the indicative of the diffusion limited process at
low scan rates. It suggests that the overall electrooxidation
of methanol at the modified electrode is governed by diffu-
sion of methanol to the surface redox sites which becomes
kinetically controlled in the region of higher scan rates [41].

The diffusion character of methanol electrooxidation at
lower scan rates was also confirmed by the linear depend-
ence of In i, on In v. The electrocatalytic (EC,,) nature of
the process was shown by the dependence of current func-
tion (ipa/v” %) on scan rate (v) and this function varied expo-
nentially with the scan rate in this study, [42]. A negative
slope indicated that methanol electrooxidation is mediated
in the presence of 5CuO@TiO, (Fig. S5).

Glucose oxidation on CuO@TiO, electrodes

To demonstrate the functional potential of 5-25CuO@TiO,
materials in the construction of biosensors, the electro-
chemical oxidation of glucose was carried out on the GC
electrode modified with these nanopowders (refer to sup-
plementary data for voltammetric responses of 10-25CuO@
TiO, electrodes (Fig. S6 (f—i)). The measurements were
performed in 0.1 M KOH solution with the gradual addi-
tion of glucose. Although all the electrodes had the ability
to electroxidize glucose at their surface; however, 5SCuO@
TiO, offered a better riposte (Fig. 7e). The increase in the
oxidation peak current with glucose concentration from 2.0
to 20.0 mM is a manifestation of the catalysis (currents were
recorded at a potential of +0.65 V). The prominent response
of 5CuO@TiO, electrode toward the glucose oxidation may
be ascribed to the higher surface area and enhanced electron-
transfer capability compared to the other samples in this
series. 20.0 mM glucose was the threshold concentration and
the anodic current ceased to increase after that which may
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«Fig. 7 Electrochemical catalytic oxidation of glucose on 5CuO@ _ _

TiO,-modified electrodes (a). Calibration plot of glucose concentra- CuO + OH™ — CuOOH +e¢ (€)]

tion versus anodic peak current (b). Scan rate effect for SCuO@TiO, or

electrode in 2.0 mM glucose and 0.1 M KOH (c). Linear fit regres-

sion plot for scan rate effect (d). 3D chart highlighting the anodic cur- CuO +H,0+0OH™ — Cu(OH)Z )

rent trends for all the modified electrodes from 2.0 to 20.0 mM glu-
cose concentration (e)

be attributed to passivation/blockage of electrode reactive
sites or formation of glucose isomers which could block the
catalytic sites [43]. From Fig. 7b, a linear fit equation was
obtained and catalyst parameters relating to sensitivity were
evaluated.

A sensitivity of 7.15 yA mM ™! cm~2 and a detection limit
of 235.0 uM for glucose at a signal to noise ratio of 3 was
obtained using 5CuO @TiO,-modified electrode. Table 2
highlights the comparison of upper and lower detection
limits for 5CuO@TiO,-modified GC electrode with some
of the similar electrode materials used for similar detection.
A wide linear upper range of detection was recorded for the
5CuO@TiO, electrode.

The nature of glucose redox process was investigated by
varying scan rate and observing the resultant oxidation cur-
rent by cyclic voltammetry in 0.1 M KOH solution contain-
ing 2.0 mM glucose. A linear relationship of oxidation peak
current (corresponding to a potential of +0.65 V) with the
square root of scan rate (Fig. 7d) was observed.

This linear relation is an indicative of diffusion controlled
reaction and suggests that the overall oxidation of glucose at
5Cu0@TiO,-modified electrode is controlled by diffusion
of glucose to the surface redox sites [44]. The cyclic vol-
tammograms on the modified electrode in glucose solution
exhibited no characteristic peak during the cathodic scan,
thereby showing that electron-transfer process to be com-
pletely irreversible.

Mechanism of glucose electrooxidation on CuO@
TiO,-modified electrode

The mechanism for glucose electrooxidation on CuO is
widely agreed to be attributed to the conversion of Cu (II) to
Cu (IIT) species in alkaline media [48]. The equation below
describes the conversion of Cu (II) to Cu (III) specie and
subsequently its involvement in the glucose electrooxidation.

Cu(IIl) + glucose + e~ — gluconolactone + Cu(Il) )

Gluconolactone — gluconic acid (6)

We were able to detect and capture the subtle progression
of Cu (II) to the electroactive Cu (III) specie via cyclic vol-
tammetry. The cyclic voltammogram provided in Fig. 8a
presents the species generated as the potential was scanned
between — 1.5 and 1.0 V in alkaline media [49]. It is perti-
nent to mention that Cu (III) specie is generated at a poten-
tial around 0.5 V and the onset potential for glucose elec-
trooxidation at CuO @TiO,-modified electrodes is also in the
same range; hence there is a direct participation of Cu (III)
specie in glucose electrooxidation at CuO @TiO,-modified
electrodes.

Chronoamperometry

Chronoamperometry was employed as an effective tech-
nique to inquire not only about the electrochemical stability
of prepared 5-25CuO@TiO,-modified electrodes in 0.1 M
KOH +2.0 mM glucose solution at room temperature, but
also about the nature of the electrochemical process occur-
ring at the electrode/electrolyte interface [50]. Fig. 9 pre-
sents the chronoamperometric curves for all the five modi-
fied electrodes traced for a period of 120 s. The curves were
obtained by applying double potential steps; initially, a for-
ward potential of 0.65 V and then a final reverse potential
of 0.2 V. Fairly high glucose oxidation peak current was
observed for 5CuO@TiO,-modified electrode. The order for
peak currents observed for all of the modified electrodes is
in good covenant with the electrocatalytic activity studied
through cyclic voltammetric measurements and further vali-
date all the electroanalytical findings. The interesting feature
of the chronoamperogrammes is the constant current plateaus
observed for all the modified electrodes when the double
potential steps are applied and the electrodes were main-
tained at these steps for a period of 60 s each. This infers

Table 2 Comparative . Electrode material ~ Linear range Sensitivity (WA mM~' cm™)  Detection limit ~ References

performance of CuO-TiO, based

electrodes fo.r electrochemical CuO/TiO, NT Up to 2.0 mM 79.79 1.0 uM [18]

glucose sensing NiO/CuO/Ti 0.1-1200 pM 1600 0.1 pM [45]
Ni-Cu/TiO, 6.0 mM 719.9 30.0 yM [46]
CuO/TiO, 10.0 pM-2.0 mM 1321 390.0 nM [19]
CuO/TiO, 6.8-12.5 mM 1416 3.4 uM [47]
5Cu0@TiO, 2.0-20.0 mM 7.15 235.0 yM This work
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Fig.8 Cyclic voltammogram
for CuO@TiO,-modified elec-

trode in 3.0 M KOH solution 200
at a scan rate of 500 mV s~!

(a). Graphical presentation

of glucose electrooxidation

mechanism on the modified 1004
electrode (b)

HA

-100 1

Current/

=200

la: (Cu/Cu+1) \j
1la: (Cu/Cu"’2 as well as Cu+1/Cu+2)

IMa: (Cu*2/icu™) m
Ie: (Cu™cut?)

10 (Cu+2/Cu+1)

T T T T T T T T T
-1.5 -1.0 -0.5 0.0 0.5 1.0

glucose Gluconije acid

Potential/V vs. SCE (3.0 M KCI)

3 % —=—5CuO@TiO,

] 1 10CuO@TiO,
24 ——15Cu0@TiO,
——20CuO@TiO,

Current/pA

-1

T T T T T T T T T T T T
0 20 40 60 80 100 120 140
Time/s

Fig. 9 Chronoamperometric plots for 5-25CuO@TiO,-modified elec-
trodes in 2.0 mM glucose concentration and 0.1 M KOH

toward electrochemical stability of the modified electrodes
in the analyte of interest. Secondly, when the final potential
is maintained the current values fall to a negligible value
indicating irreversible nature of glucose electrooxidation on
these modified electrodes resulting in constant negligible
current values [51].

Stability and reproducibility
The mechanical stability of 5CuO@TiO,-modified electrode
was tested in terms of the electrooxidation of methanol in

0.1 M KOH at 100 mV s~! scan rate by cyclic voltammetry.

@ Springer

The reproducibility of voltammograms in 10 cycles was
maintained, Fig. S7 (a). The reproducibility of the sensor
was also determined by conducting five sequential ampero-
metric measurements of 2.0 mM glucose with five 5SCuO@
TiO, electrodes prepared in a similar fashion. The anodic
peak current response for 2.0 mM glucose is represented
in the bar chart of Fig. S7 (b). Small disparity in the anodic
current response was noted for the five identical electrodes.
The average and relative standard deviation (RSD) of modi-
fied electrodes for these measurements were 2.52 +10.6%.

Control experiments of bare GC electrode and TiO, with-
out CuO loading were also performed in the same electrolyte
(0.1 M KOH) at 100 mV s~! scan rate with and without
methanol and glucose. The cyclic voltammograms presented
in Fig. S8 indicate that electrooxidation of analytes was not
observed on GC- and TiO,-modified GC electrodes. Com-
parative voltammograms of 5-25CuO@TiO, in 0.1 M KOH
in absence of methanol and glucose are also presented for
comparison.

Conclusions

This study envisaged a simple fabrication method of CuO@
TiO, mixed metal oxide catalysts with CuO in composition
ranging from 5 to 25 wt%. All the prepared catalyst pow-
ders were subjected to physical and electrochemical charac-
terization. The redox capabilities of 5-25CuO@TiO, mixed
metal oxide catalysts were evaluated via cyclic voltammetry.
Redox data were used to quantify the amount of CuO in each
catalyst. Owing to the larger effective surface area, higher
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electrical conductivity, and the lowest charge transfer resist-
ance as revealed by CV and EIS studies, 5CuO@TiO, was
proposed as a contender for further application studies on
methanol and glucose. The Cu (II) to Cu (III) redox cou-
ple was evidently involved in the electrocatalytic oxidation
process. Although all the prepared compositions manifested
their potential role in the electrooxidation of methanol and
glucose; however, 5SCuO@TiO, responded with higher peak
current profile for both the analytes. The proposed electro-
catalysts also established their stability in alkaline media
for both the analytes in terms of steady current response and
reproducible current value. These electrocatalysts may prove
to be the robust candidates for the future electroanalytical
applications.
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