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Abstract

Electrochemical sensors for monitoring biochemical substances are attracting considerable
attention. These devices are usually based on enzymes that are sensitive and very specific. Still, the
activity of those enzymes is lost with changes in temperature or pH. Non-enzymatic electrochemical
sensors — fabricated via the modification of the electrode surface with metal oxide nanoparticles —
are a judicious answer. In this study, we investigated the photo-electrochemical properties of CuO—
TiO; heterojunctions for glucose sensing in alkaline media. A combination of high-resolution
(scanning) transmission electron microscopy, spatially resolved electron energy-loss spectroscopy,
energy-dispersive X-ray spectroscopy and X-ray powder diffraction, was used to study in detail the
microstructures of the prepared specimens. These results highlighted the strong intertwining
between the TiO, nanoparticles and the Cu-based nanoparticles, which present a metallic core with
a CuO rich surface. In addition, we showed that CuO, joint to TiO,, has smaller size compared to pure
CuO, which entails larger surface area available for the glucose electro-oxidation, which
consequently enhanced the electrochemical features. The influence of Cu loading over the sensing
performance of TiO, was examined in detail carrying out electrochemical sensing tests under dark,
laboratory illumination and halogen lamp irradiation. Results demonstrated that, under halogen
lamp irradiation, the modified CuO-TiO; electrodes showed a higher specific response signal than
that of pure CuO. Those increased photo-electrochemical properties in CuO-TiO, heterojunctions
are likely due to a synergistic effect between the microstructural characteristics and effective
separation of photo-generated exciton created at the heterojunction interface. Results of this study
offer applicable guidelines for designing photo-electrochemical screen-printed electrodes based on

nano-sized CuO on titania for an efficient detection of glucose.



1 INTRODUCTION

The development of new electrochemical sensors for monitoring biochemical substances is a very
competitive research area and, as such, has high relevance and applications in industrial,
pharmaceutical, food and personal care fields. Today, these devices are generally based on enzymes
that are sensitive and very specific [1]. For instance, cholesterol, glucose and triglyceride are usually
determined via the quantitation of hydrogen peroxide production in enzymatic or enzymatic-like
reactions [2]. However, the activity of enzymes is affected by instability, high cost of enzymes,
complicated immobilisation procedures and critical operating conditions [3]. Non-enzymatic
electrochemical sensors have become of great interest through the modification of the electrode
surface with metal oxide nanoparticles (NPs) [4]. For example, metals oxides, such as copper oxide
(Cu0) and nickel oxide (NiQ), are often recognised to be viable solutions for the oxidation of glucose
[5], which allows for glucose to be directly oxidised on the electrode surface [6—8]. These researches
shall provide a development in high sensitive, robust and precise non-enzymatic electrochemical
sensors for the quantification of glucose in clinical, pharmaceutical and industrial sectors. Indeed,
because of their broad applications, particularly in diabetes diagnosis, the research about glucose
sensors is extensive nowadays [9]. Diabetes has become one of the most common diseases
worldwide, with a death-toll of around 1.6 million in 2016 [10]. As accurate detection of human
glucose concentration is an effective way to prevent or treat diabetes, a cheap, affordable yet

effective fabrication of glucose monitoring devices is imperative [11].

Given this context, here we present a study devoted to the optimisation of the photo-
electrochemical properties towards glucose oxidation of CuO NPs on titanium dioxide (TiOz). CuO
NPs received considerable interest due to their high activity towards glucose oxidation in alkaline
conditions, whereas TiO, NPs possess many advantages, ie. large surface area, excellent
semiconducting properties, low-cost, high chemical stability. Besides, they are very well known to
exhibit photo-catalytic properties in the oxidation of various organic molecules [12]. CuO-TiO,
heterojunctions have been widely used as composite photocatalyst to decrease the recombination
of the photo-generated exciton, as well as to increase reaction kinetics, whereby charge carriers are
transferred along junctions formed at the interface between the semiconductor particles [13]. Thus,
we synthesised CuO-TiO; heterojunctions with different CuO loadings with the aim to investigate

that system for glucose sensing.

Photo-activated electrochemical (PEC) sensors based on photocatalytic systems have been recently
exploited for electroanalytical purposes, attracting great attention for obtaining high sensitivity with
low background noise [14]. Most of these systems are based on TiO,, a semiconductor material

which has received significant attention for various applications such as gas sensors, solar cells,
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water splitting and, more recently, for the development of electrochemical sensors [15,16]. On the
other hand, copper oxides have been already reported for PEC sensing of some biomolecules under
visible-light irradiation [17,18]. It is also well-known that CuO contributes as visible-light absorber in

CuO-TiO; photocatalytic systems [19,20].

Despite glucose sensing being of outmost importance, studies on CuO-TiO, composites for the
electrochemical sensing of glucose are surprisingly very much limited [21-24]. Furthermore, and
even more surprising, in the wide body of literature on photocatalysis, studies on CuO-TiO;

heterojunctions for PEC sensing of glucose are totally lacking.

Out on these bases, CuO-TiO; screen-printed carbon electrodes (SPCE) have been fabricated and
tested under dark condition, laboratory, and halogen lamp irradiation. The objective was to
investigate the PEC performances of CuO-TiO, heterojunctions for an efficient quantification of

glucose.

2 EXPERIMENTAL

2.1 CuO-TiO; synthesis

Aqueous titanium(lV) hydroxide sols were made via the carefully controlled hydrolysis and
peptization of titanium(IV) isopropoxide (Ti-i-pr, Ti(OCH-(CHs)z)s) with distilled water diluted in
isopropyl alcohol (IPA, propan-2-ol), following a protocol previously reported in detail [25]. CuO
modified TiO; sols, with a TiO,:CuO molar ratios ranging between 1.0:0.0 to 0.0:1.0, were prepared
adding stoichiometric amounts of copper(ll) nitrate trihydrate (Aldrich, > 98.5%) to the TiO; sol
Afterwards, dried gels were thermally treated at 450 °C under a static air flow, at heating/cooling
rate of 5 °C.min™t. CuO end-member (i.e. TiO,:CuO molar ratio equal to 0.0:1.0) was similarly

prepared and thermally treated at the same temperature.

2. 2 Samples characterisation

Analysis using X-ray powder diffraction (XRPD) was carried out to quantify the weight percentage of
crystalline phases in the specimens prepared in addition to microstructural features. Semi-
guantitative phase analysis (QPA) of the XRPD data was performed using the Rietveld method.
Rietveld refinements were assessed using the GSAS-EXPGUI software suite [26,27]. XRPD data were
collected on a PANalytical X’Pert Pro (NL) 6/6 diffractometer, equipped with a fast real-time multiple
strip (RTMS) detector (PIXcel 1D, PANalytical), using Cu K, radiation (45 kV and 40 mA) with a virtual
step size of 0.02 °26 and virtual time per step of 200 s over a 20—-80 °26 range. The instrumental

broadening was measured using the NIST SRM 660b standard (LaBs) with data collected under the
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same conditions as those used for the TiO, specimens. XRPD was also used to determine
microstructural features from the specimens. For this purpose, XRPD data were collected in the
same instrument with identical set-up as that used for QPA analysis. The angular range 20-145 °26
was investigated, with virtual time per step of 500 s, to employ data with high signal-to-noise ratio.
Microstructural features of the specimens were analysed through the whole powder pattern
modelling (WPPM) method [28], as implemented in the PM2K software package [29], using the same
modelling strategy as in previous reports by the authors [30,31]. Diffuse reflectance (DR)
spectroscopy was used to assess the optical properties of the specimens. DR spectra were recorded
on a Shimadzu UV-3100 spectrometer (JP), equipped with an integrating sphere and a white
reference material made of Spectralon®, in the UV—Vis spectral range (250-850 nm), with 0.2 nm in
resolution. DR spectra were transformed into pseudo-absorption spectra by means of the Kubelka-

Munk formalism [32].

The morphology of the aggregates of TiO, and CuO-TiO, was studied using a JEOL JSM-6480LV
scanning electron microscope (SEM) with Oxford INCA Energy X-ray Analyser correlated using an
acceleration voltage of 20 keV and a spot size of 60 um. A higher magnification study of the particles
was obtained using a Zeiss Orion NanoFab. The images were acquired using He* ions with an
accelerating voltage of 25kV. High-resolution scanning TEM (HRSTEM) imaging, quantitative
spatially-resolved Energy-dispersive X-ray spectroscopy (SR-EDS) analyses and spatially-resolved
electron energy-loss spectroscopy (SR-EELS) were performed using a FEI Titan Themis microscope
which was operated at 200 kV. The Themis is equipped with a double Cs aberration-corrector, a
monochromator, an X-FEG gun, an Ultra High Resolution Energy Filter (Gatan Quantum ERS) which
allows working in Dual-EELS mode and a Super X EDS detector, which consists of a 4-windowless
detector that can be used independently. To avoid Cu signal arising from the TEM environment
during EDS analyses, gold TEM grids were used for the sample preparation and they were mounted
on the TEM sample holder by using non Cu-based clips. HRSTEM imaging was performed by using
high-angle annular dark-field (HAADF), annular dark-field (ADF) and bright field (BF) detectors. SR-
EELS spectra were acquired with an energy dispersion of 0.1 eV.pixel™, an acquisition time of 0.1
second.pixel™, and an energy resolution of 0.9 eV. The convergence and collection angles were 21
and 41 mrad, respectively. The EELS spectra were acquired in dual EELS mode allowing for the
precise calibration of the spectra and correction of energetic instabilities by recording
simultaneously low-loss and core-loss spectra. EELS datasets were processed by using Digital
Micrograph and scientific python packages, such as Hyperspy [33], which were used for principal

component analysis and chemical mapping.



The specific surface area (SSA) of the prepared samples was determined using the Brunauer—
Emmett—Teller (BET) method. Adsorption isotherms were recorded using N as the adsorbate gas, on

samples degassed at 120 °C on a Micromeritics Gemini 2380 (US) surface area analyser.

2. 5 Photoelectrochemical glucose sensing tests

Electrochemical measurements were performed in laboratory conditions using commercial screen-
printed carbon electrode (SPCE), comprising of a planar substrate equipped with a carbon working
electrode (4 mm in diameter, geometric area of 0.1257 cm?), a silver pseudo-reference electrode
and a carbon auxiliary electrode. To modify the bare SPCEs, *** mg of each CuO-TiO;
nanocomposites were ultrasonically dispersed in distilled water (1 mL). Then, **ul of the
homogenous dispersions were directly drop casted onto the surface of the carbon working electrode
and left at room temperature to dry until further use. Cyclic voltammetry (CV) and amperometry (/-t)
techniques were applied at DropSens uStat 400 potentiostat empowered by Dropview 8400
software for data acquisition. All experiments were performed at room temperature unless

otherwise stated, under dark, ambient light and halogen lamp (50 W).



3 RESULTS AND DISCUSSION

3.1 Morphological characterisation
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Figure 1. STEM analyses of the sample Til1l.00:Cu0.25 a) STEM-HAADF image; b) EDS chemical maps; c)
corresponding EDS spectra extracted from the areas highlighted by the white squares on the chemical map; d)
HAADF, Cu and Ti intensity profiles extracted from the area highlighted by the white arrow in the chemical
map.

Figures S3 shows an HR-STEM BF micrograph acquired on the sample Ti1.00:Cu0.25. The NPs have a
size < 5 nm, with a high crystalline quality. Figure 1a displays a STEM HAADF micrograph acquired on
the same sample. A local increase in intensity can be highlighted in the micrograph (red arrows in
Figure 1a), which points out a local increase in the mass density and/or a local increase in thickness,
thus suggesting the presence of Cu-based NPs. However, direct interpretation of intensity variations
in this image is not straightforward due to thickness variations of agglomerated grains. To get more
insight on the microstructure of CuO-TiO; samples, SR-EDS analysis was performed in the same area
(Figure 1b). The presence of Cu-rich and Ti-rich separated areas are clearly visible in the EDS
chemical maps, and in the corresponding EDS spectra (Figure 1c). In particular, the presence of Cu-
based clusters at the surface of TiO, NPs can be clearly highlighted in the intensity profile (Figure 1d).

These clusters have a typical size of about one nanometre, and can be seen as larger agglomerates in




thicker parts of the sample. To confirm these results, SR-EELS analysis were also performed on the
same area. Figure S4a shows the Cu-L,3; edge integrated intensity EELS map. There is an excellent
agreement between the EELS and EDS results. Figure S4b shows the Cu-L; 3 EELS edge fine structures
acquired on a Cu-based nanoparticle with a size of about 6 nm. Cu-L; 3 fine structures can be used to
discriminate the chemical local environment of the copper, and to distinguish between metallic
copper, CuO and Cu,0 [34]. The EELS spectrum displayed in Figure S4b shows a fine structure
retaining an intermediate behaviour between metallic copper and a coper oxide. To check the
presence of spatial inhomogeneity in the copper local chemical environment, the experiment was
repeated at higher magnification, and with a better spatial resolution. Figure 2 shows the SR-EELS
analysis performed on an individual Cu-based NP with a size of about 4.7 nm. The Cu-L;; fine
structures of the core part of the particle presents a plateau, typical of metallic copper. On the other
hand, the Cu-L, 3 fine structures of the spectrum acquired at the surface of that NP clearly shows a
peak at around 930 eV, which is common of a copper oxide. Due to the signal-to-noise ratio,
distinguishing between CuO and Cu;O0 is not straightforward. However, there is shift of about 2.5 eV
between the peak acquired at the surface of the NP, and the left side of the plateau, which indicates
the presence of CuO at the surface of the NP. All these results show the strong intertwining between
the TiO; NPs and the Cu-based NPs. The Cu-based NPs have a size < 5 nm, and present a metallic
core with a CuO rich surface. Figure S5 shows the STEM analysis performed on the sample
Ti1.00:Cu0.50. In this case, in addition of the small Cu-based NPs, bigger NPs with a size of about 10

nm were also observed, suggesting a non-ideal distribution of the NPs.
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Figure 2. SR-EELS analyses of the sample Ti1.00:Cu0.25 a) STEM-ADF micrograph
acquired simultaneously as the EELS dataset; b) Cu-L,5 edge integrated intensity
map; c) EELS spectra acquired at the core and surface of a Cu-based NP, in the
areas highlighted by red and green rectangles, respectively, on the corresponding
EELS chemical map.




3.2  Microstructural characterization

XRPD patterns of the CuO-TiO, samples are reported in Figure 3. A graphical output of a Rietveld

refinement is shown in Figure S6. Information about the crystalline component in the set of

prepared specimens, as obtained using Rietveld QPA refinement of XRPD data, is listed in Table 1.
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Figure 3. XRPD patterns of the CuO-TiO, samples. a) TiO,
and CuO-TiO, specimens having TiO, molar amounts >
than CuO. The vertical bars represent the three most
intense reflections of: anatase (red), rutile (blue), tenorite
(green). b) XRPD patterns of CuO (tenorite), and CuO-TiO,
specimens having TiO, molar amounts < than CuO. The
vertical bars represent the most intense reflection of
anatase (red), and the five most intense reflections of
tenorite (green).
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Table 1. Rietveld agreement factors and phase composition (QPA) of the prepared specimens.

Sample No. of Agreement factors Phase composition (wt%)
variables

R(2) (%)  Rwp (%) X2 anatase rutile brookite tenorite
TiO, 19 3.91 3.79 1.66 83.3+0.1 6.9+0.3 9.810.4 -
Ti1.00:Cu0.10 17 4.68 3.14 1.42 90.5+0.1 3.01£0.5 6.4+0.8 -
Ti1.00:Cu0.25 20 3.21 3.29 1.44 99.6+0.1 - - 0.410.2
Ti1.00:Cu0.50 20 7.43 3.26 1.75 85.8+0.2 - - 14.210.2
Ti1.00:Cu0.75 21 5.59 3.49 1.89 77.1+0.4 - - 22.9+0.2
Ti1.00:Cul.00 21 6.45 4.45 2.13 64.110.6 - - 35.940.2
Ti0.75:Cul.00 18 8.54 2.67 3.61 39.0:0.5 - - 61.0+0.1
Ti0.50:Cul.00 18 9.38 2.79 4.55 29.5+0.5 - - 70.510.1
Ti0.25:Cul.00 18 8.45 2.97 6.07 19.0+0.6 = - - 81.040.1
CuO 17 4.75 3.62 13.85 - - - 100

Note: there were 2285 observations for every refinement; the number of anatase, rutile, brookite and tenorite

reflections was 32, 31, 154 and 48, respectively.

Titania specimen is composed of anatase (83.3 wt%), rutile (6.9 wt%) and brookite (9.8 wt%) TiO,
polymorphs. Presence of brookite is not unexpected, as it is a frequent “by-product” when the
synthesis is performed in acidic media [35]. Anatase is the thermodynamically stable TiO; polymorph
on the nanoscale [36]. However, both anatase and brookite are TiO, metastable polymorphs, and

transform irreversibly themselves to rutile when they are subjected to thermal treatment.

Addition of copper retarded the anatase-to-rutile phase transition (ART). When the TiO,:CuO molar
ratio was 1.00:0.10 (Ti1.00:Cu0.10), we had: 90.5 wt% anatase, 3.0 wt% rutile, the remaining wt%
being brookite. At this modification level, CuO was not detected by XRPD. Specimen Ti1.00:Cu0.25
was only composed by anatase (99.6 wt%) and traces of tenorite (CuO, 0.4 wt%). Increasing the
amount of copper in the system led to an increased amount of tenorite, this latter accounting for
35.9 wt% (together with 64.1 wt% anatase) in the specimen in which the TiO,:CuO molar ratio was
1.00:1.00 (Ti1.00:Cul.00). That trend continued in specimens having TiO; molar amounts lower than
those of CuO: 39.0 wt% anatase together with 61.0 wt% tenorite in Ti0.75:Cul.00. To reach 81.0
wt% tenorite and 19.0 wt% anatase in Ti0.25:Cul.00. This means that introducing copper in the TiO;
system led to a grain-boundary pinning (i.e. Zener pinning) [37], which eventually culminates in

totally delaying the ART — the onset of it being specimen Ti1.00:Cu0.25.

Microstructural information as obtained by means of the WPPM formalism are reported in Tables 2
and 3 and Figure 4a-d; an example of WPPM graphical output is shown in Figure S7. From the
virtually nil differences in unit cell volumes (cf Table 2), we can discard any Cu?* entrance in the TiO;

structure and vice-versa (i.e. Ti** entrance in the tenorite structure) [30,37]. However, the presence
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of copper in the TiO,-CuO system led to a considerable decrease in the average diameter of anatase

crystalline domains. Indeed, looking at the values tabulated in Table 3, anatase in the unmodified

specimen had 8.0 nm in average diameter. This decreased to 4.4 nm in Ti1.00:Cu0.10, up to 3.3 nm

in Ti1.00:Cul.00. On the contrary, increasing the relative CuO amount led to a faster nucleation and

growth of CuO crystals. The average diameter of CuO was 5.3 nm in Ti1.00:Cu0.50, going to 36.9nm

in Ti0.25:Cul.00, see Table 3. As for CuO crystals, their average diameter is 40.1 nm in CuO

specimen.
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Figure 4. Size distributions, as obtained by means of WPPM modelling of: a) anatase fraction in the TiO, and selected
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Table 2 — WPPM agreement factors and unit cell parameters for anatase (TiO,) and tenorite (CuO) mineralogical phases in synthesised samples.

Sample

TiO;

Ti1.00:Cu0.10
Ti1.00:Cu0.25
Ti1.00:Cu0.50
Ti1.00:Cu0.75
Ti1.00:Cul.00
Ti0.75:Cul.00
Ti0.50:Cul.00
Ti0.25:Cul.00
CuO

Table 3 — Mean crystalline domain size of anatase (ant) and tenorite (tnr) — defined as the mean of the lognormal size distributions; maximum values (mode), median, skewness of the

lognormal size distributions, and polydispersity index (PDI, D), as derived from the WPPM method. Specific surface area values of the specimens are reported in the last column.

Sample

TiO,

Ti1.00:Cu0.10
Ti1.00:Cu0.25
Ti1.00:Cu0.50
Ti1.00:Cu0.75
Ti1.00:Cul.00
Ti0.75:Cul.00
Ti0.50:Cul.00
Ti0.25:Cul.00
CuO

Agreement factors
Rexp (%)

Rup (%)

3.01
2.71
2.18
2.25
2.58
2.53
1.70
1.78
1.92
3.25

Mean crystalline
domain diameter

{Dtnr) (nm)

(Dant) (nm)

8.0+0.6
4.4+0.2
3.7+0.3
3.6+0.3
3.4+0.1
3.3+0.5
3.5+0.5
3.6+0.1
3.5+0.1

5.3+0.3

9.3+0.5

13.0+0.6
23.5+0.6
35.614.5
36.9+4.3
40.1+2.1

2.63
2.35
2.04
1.78
2.11
1.98
1.23
1.15
1.06
0.88

lZ

1.14
1.16
1.07
1.27
1.22
1.27
1.38
1.54
1.80
3.70

Unit cell parameters

Anatase

a=b (nm)
0.3789(1)
0.3796(3)
0.3789(7)
0.3788(3)
0.3787(2)
0.3785(3)
0.3779(2)
0.3780(2)
0.3776(2)

Mode of the size

distribution
Ant (nm)

6.5+0.5
3.5+0.1
3.2+0.2
3.2+0.3
2.8+0.1
2.7+0.8
2.7+0.5
2.7+0.1
2.5+0.1

Tnr (nm)

2.1+0.1
4.1+0.2
7.4+0.3
16.9+0.5
32.0+4.1
32.3#4.0
36.7+1.9

¢ (nm)

0.9512(3)
0.9499(12
0.9508(18
0.9557(17
0.9447(29
0.9551(17
0.9521(11
0.9557(7)
0.9553(4)

—_— ===

V (nm3)
0.137(1)
0.137(2
0.137(3
0.137(2
0.136(1
0.137(2)
0.136(1)
0.137(1)
0.136(1)

)
)
)
)

Median of the size

distribution
Ant (nm)

7.4+0.5
4.1+0.2
3.5+0.3
3.4+0.3
3.2+0.2
3.1+0.4
3.2+0.5
3.3+0.1
3.1+0.1

Tnr (nm)

3.9+0.2

7.1+0.4

10.8+0.5
21.0+0.6
34.4+4.4
35.3#4.2
39.0+2.0

Tenorite

a (nm)

b (nm)

Skewness of the size

distribution
Ant (nm)

1.2#0.1
1.2#0.1
1.0+0.1
0.9+0.1
1.2#0.1
1.1+0.2
1.4+0.1
1.5#0.1
1.640.1

Tnr (nm)

3.6:0.1
3.1+0.4
2.3+0.2
1.640.1
0.8+0.1
0.9+0.1
0.8+0.1

¢ (nm)

0.5136(2)
0.5129(1)
0.5133(1)
0.5130(1)
0.5131(1)
0.5133(1)
0.5132(1)

b

Ant (nm)

0.15+0.02
0.16+0.04
0.10+0.06
0.09+0.05
0.15%0.06
0.13%0.05
0.1840.01
0.22+0.01
0.24+0.01

B()

99.5(1)
99.4(1)
99.5(1)
99.5(1)
99.5(1)
99.4(1)
99.5(1)

V (nm3)

0.082(1)
0.081(1)
0.082(1)
0.081(1)
0.081(1)
0.081(1)
0.082(1)

SSAger (m2.g71)

Tnr (nm)

- 64.6+0.9
- 88.211.0
- 103.2+1.2
0.86+0.08 96.911.2
0.7210.10 94.511.1
0.4510.06 79.9+0.8
0.2410.04 55.9+0.6
0.071£0.04 44.610.4
0.0910.01 27.5+0.3
0.06£0.03 1.4+0.2
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However, CuO nanocrystals in the CuO-TiO; specimens are likely polydisperse, as suggested by the
STEM analyses. Indeed, looking at the output of the WPPM modelling (specimen Ti1.00:Cul.00),
adopting a monodisperse model, does not lead to a perfect fit, as some features are still present in
the difference curve. This might be due to a non-ideal distribution of CuO coherently diffracting
domains. Thus, we adopted a bimodal model for the size distribution of CuO in the TiO,—CuO system.
This led to a better fit, as shown in Figures S7,S8, Table S1, and Figure 4c. For instance, the size
distribution of CuO in Ti1l.00:Cul.00 adopting a bimodal size distribution model showed small CuO
NPs (average diameter ~2.0 nm) together with bigger CuO NPs (having ~16.0 nm in average
diameter). Furthermore, as can be noted, the absence of TiO; in the TiO,-CuO system, led to a faster
nucleation and growth of CuO crystals. As shown in Figure 4d, the average diameter of the CuO NPs

is ~40 nm.

3.3 Optical properties

DRS spectra of prepared specimens are reported in Figure S9. Unmodified TiO, shows a single
absorption feature at < 400 nm, ascribed to the band gap transition in titania [32]. Adding CuO to
TiO; led to modification in the optical properties of the specimens. The strong absorption band seen
at lower energies and centred at ~850 nm in Til1l.00:Cu0.10 and Ti1.00:Cu0.25, belongs to d-d
electronic transition in Cu®* [38]. This band shifts itself to higher energies as the CuO molar amount
increases, up to reach a maximum at around 750 nm, and becoming the only band detectable in
tenorite (specimen CuO). A further absorption feature, placed at around 450 nm, is detectable in the
CuO-TiO; specimens. This belongs to interfacial charge transfer (IFCT) processes — an electron

transferring from the valence band of TiO; to the CuO clusters that are grafted around titania [39].

3.4 Electrochemical tests

The electrochemical behaviour of modified CuO/TiO,/SPCE electrodes in the presence of glucose
was investigated by performing CV in 0.1 M KOH solution in the range of potential 0-1 V, at a scan
rate of 50 mV.s™l. Examples of tests performed with different CuO-TiO, specimens are shown in
Figure 6. Tests were carried out in ambient conditions of temperature and laboratory illumination.

Preliminary, no peak and/or significant current variation was observed on TiO,/SPCE electrode in the
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presence of glucose concentrations up to 10 mM. Data reported shows instead clearly that the
modified CuO/TiO,/SPCE electrodes exhibit significant variation in the oxidation of glucose. A broad
anodic peak, due to the irreversible glucose oxidation, is indeed observed at CuO/TiO,/SPCE
electrodes. The oxidation current starts to increase at approximately 0.35-0.45 V, and shows an

anodic peak at 0.70-0.85 V.

Data also clearly show that the current variation linked to glucose oxidation is strictly dependent on
CuO loading. This confirms that this latter species acts as the precursor of active sites in the electro-
oxidation of glucose in alkaline environment, in agreement with previous reports [21]. In detail, an
increase in the oxidation peak current with CuO loading is observed. The highest response was noted
for the CuO/SPCE electrode, which is obviously related to higher amount of CuO active sites
available for the glucose oxidation. This finding is well confirmed by the shift of the oxidation peak

versus the lower potential, with increasing the CuO loading, from 0.82 Vto0 0.71 V.
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Figure 6. Electrochemical behaviour of modified CuO/TiO,/SPCE electrodes in the presence of glucose between 0 and 10 mM. Potential

range = 0-1V; electrolyte = 0.1 M KOH solution; scan rate =50 mV.s™.
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Calibration curves obtained with the different CuO-TiO, specimens, in the glucose concentration

range between 0 and 10 mM, under ambient condition, are reported in Figure 7.

CuO-TiO; heterojunctions have been widely used as composite photocatalysts [13]. Under
illumination, the CuO-TiO, p—n heterojunction results in the injection of electrons in the TiO;
conduction band and accumulation of holes in the narrower CuO band gap semiconductor valence
band (creating strong oxidant sites). This process is expected to provide a better charge separation,
which could also increase the charge transport efficiency, leading to an efficient photo-

electrocatalysts.

250

| —*—CuO
—A— Ti1.00:Cu0.25
200 —— Ti1.00:Cu0.75

| —@—Ti1.00:Cu0.10
—&—TiO,

=

a

o
1

100

Current (nA)

50

Glucose (mM)

Figure 7. Calibration curves for various CuO-TiO,/SPCE electrodes as a function of
glucose concentration.

Out on this basis, we have tried to verify if direct irradiation of CuO/TiO,/SPCE electrodes could be
advantageous to further improve glucose oxidation. Then, these electrodes have been tested under
the irradiation of a halogen lamp (50 W). Figure 8a shows the current value in Ti1.00:Cu0.10 sensor
as function of glucose concentration, for different light conditions, compared to standard ambient

condition. Results obtained in dark have been also reported for comparison.

The slight increase of current observed with Ti1.00:Cu0.10 under ambient illumination, compared to
dark condition, suggests that visible light has an effect on the sensitivity towards glucose. It can be

also clearly observed that the tested CuO-TiO; electrode, directly irradiated with halogen light,
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exhibits a more pronounced effect, indicating that the use of halogen light enhance remarkably the
oxidation of glucose. Examining the calibration curves obtained on some CuO/TiO,/SPCE electrodes
(Figure 8b), it appears clear as the effect of illumination is strictly linked to CuO/TiO, composition.
First, it is noteworthy that illumination with halogen light is irrelevant in order to improve glucose
current on both TiO,/SPCE and CuO/SPCE electrodes, thus meaning that CuO-TiO, p-n
heterojunction is essential in this context. Indeed, with CuO/TiO,/SPCE electrodes in the presence of
CuO, the current increases remarkably under halogen lamp illumination. The relative improvement is

then related to CuO-TiO; composition.

a ) 50 b ) 100

Ti1.00:Cu0.10 - LSW with glucose 0-10 mM —A— Ti1.00:Cu0.25 halogen lamp
- -4 - Ti1.00:Cu0.25
404 —A— Ambient light 75 Ti1.00:Cu0.50 halogen lamp
—A— Dark Ti1.00:Cu0.50
—A— Alogen lamp illumination —%— CuO halogen lamp
30 --% - Cu0

204

Current (pA)
Current (uA)

N
a1
L

10

0 T T T T T T

0 2 4 6 8 10 0 1
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Figure 8. a) Calibration curves for Til.00:Cu0.10 SPCE electrode, operating in different conditions, as a function of glucose
concentration. b) Calibration curves for different TiO, loadings, under illumination, and with no light. No difference in glucose
sensitivity is noticeable in the specimen made of only CuO.
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Figure 9. a) Comparison of the electrochemical responses to glucose under different illumination conditions (dark, ambient and
halogen light illumination) as a function of CuO loading. b) Comparison of the specific electrochemical responses to glucose
under ambient and halogen light illumination as a function of CuO loading. c) Comparison of the specific electrochemical
responses to glucose under ambient and halogen light as a function of CuO particle size. d) Photoelectrochemical efficiency for
the investigated glucose sensors as a function of CuO loading.

To better understand this aspect, we collected all the data related to glucose current derived by CV

performed in the conditions above described (see Figure 9a).

If we report the obtained response normalised to the quantity of the CuO active sites, the CuO-TiO,
specimens display better performances compared with pure CuO specimen (Figure 9b). Data also
revealed that there is a dependence of the response with the CuO particle size (Figure 9c). The curve
obtained indicates that the best PEC response is linked to the presence of very small CuO particles.
This is particularly evident in Figure 9d, where the photochemical efficiency, i.e. the ratio between
the current response in light and under ambient illumination, is plotted as a function of the CuO
molar ratio. A strong increase in the photochemical efficiency appeared at around 20 mol% CuO
(Ti1.00:Cu0.20), which is attributed to the optimal combination of CuO amount and small particle

size.

18




1.3.4. Quantitative determination of glucose

Quantitative analysis of glucose is essential in clinical, pharmaceutical and industrial sectors [40]. To
evaluate the ability of the sensor developed for the quantitative detection of glucose, the linear
sweep voltammetry (LSV) technique was used here. Potential sweeps were done at 50 mV.s™?,
beginning at 0.3 V, and sweeping up to 1.0 V. As an example, the quantitative determination of
glucose on the **Cu-TiO, electrode, registered adding successively different glucose amounts to the

0.1 M KOH electrolyte solution, is shown in Figure 10.

It is noteworthy that, increasing the concentration of glucose, the oxidation potential shifts towards
more positive values, due to kinetic limitations at the electrode surface. It can be supposed that the
detection mechanism involved during the LSV process in alkaline medium, follows first the
generation of the active site layer, i.e. CUOOH, on the surface of **Cu-TiO, electrode. Then, the
oxidation of glucose to gluconolactone catalysed by the CuO/CuOOH redox couple leads to an

increase of anodic current:
Cu(I1)O = Cu(Il)OOH
Cu(lll)OOH + glucose = CuO(ll) + gluconolactone

Cu(lll)O0H specie acts as an electron transfer mediator for the oxidation of glucose [41], revealing

the strong electrocatalytic activity of Cu species towards glucose oxidation.

1004 Ti1.00:Cu0.25

Current (UA)

Potential (V)

Figure 10. LSV registered adding successively different glucose amounts to the 0.1 M
KOH electrolyte solution on the **Cu-TiO2 electrode.
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The calibration curve for some of the electrodes is reported in Figure 11. This shows almost a linear
relationship (R*= ****) between current intensity and glucose concentration up to 10 mM — glucose
having a regression equation: / (HA) = 12.78 x Cgucose (MM) + 6.61. The limit of detection (LOD)

estimated from the calibration curve for the sensor was *** uM (at S/N = 3), and the calculated

sensitivity was *** yA.mM~—.cm™.

300d 4 Til.00:Cu0.25 Lamp
< Til.00:Cu0.75 Lamp
% Til.00:Cul.00 Lamp

250 4
200
150 4

100 -

Current (pA)

50

0 | 5 10
Glucose (mM)

Figure 11. LSV registered adding successively different glucose amounts to the 0.1 M KOH
electrolyte solution on the **Cu-TiO, electrode.

In the literature there are many papers dealing with non-enzymatic glucose sensors based on several
copper nanostructures [***]. The performances of the sensor fabricated in this work were thus
compared with other non-enzymatic glucose sensors, revealing that the former are consistent with,

or even better than those reported in recent literature (see Table 1).
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Table 1 — Analytical parameters of glucose non-enzymatic electrochemical biosensors using various
copper nanostructures.

Electrode Modifier Ej:::\ttli:r(mV) ieAr}inltmtc\:n'z (Duel\tne)ctlon limit Refs
GCE Cu(NP)-graphene 500 157.2 0.5 [42]
GCE Cu/PEI/MWCNTs 350 714.4 0.5 [43]
GCE CuO nanocubes—graphene 590 1360 0.7 [44]
Cu foil Cu(OH); nanotubes 400 418 0.5 [41]
GTE Cu nanowires 550 1100 1.6 [45]
GCE Cu,0/NiO,/graphene oxide 600 285 0.4 [46]
GCE CuO/mesoporous carbon 450 1154.1 0.1 [47]
TiO; Cu/Ni (NP) 600 1590.9 5 [48]
GCE CuO/graphene 600 1065 1 [49]
SPCE CuO-TiO; 700 *okk *k This work

GCE = glassy carbon electrode; GTE = graphene transparent electrode; MWCNTs = multi-walled

carbon nanotubes; NP = nanoparticles; PEIl = polyethylenimine.

Results suggest that TiO, provides a large surface area for CuO, which in turn enhances
electrochemical activity for glucose detection. The PEC sensing electrode exhibited remarkable high
performance in terms of sensitivity, wide response range, response time, selectivity, reproducibility,

repeatability, and stability.

4 CONCLUSIONS

To summarise, CuO nanoparticles decorating TiO, particles are effective in promoting glucose
oxidation reaction in alkaline media. Apart this electrocatalytic effect, we also demonstrated that
they are very effective in operating under (halogen lamp) illumination. The improved performances
of CuO/TiO,/SPCE electrodes may be mainly associated to the p—n junction between CuO and TiO,

nanoparticles, which enhances the photocurrent density by promoting charge separation.

The performance of CuO/TiO,/SPCE electrodes for quantitative determination of glucose was also
reported using LSV, determining the sensitivity, linear concentration range and LOD. The high
sensitivity obtained shows that the CuO/TiO,/SPCE is very much suitable for use as a transducer

layer for non-invasive glucose monitoring.
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