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ARTICLE INFO ABSTRACT

Keywords: Cupric oxide (CuO) has been used as a non-enzymatic glucose sensor for decades. However, there is a paucity of
Thin Film publications on bare CuO-based photo electrochemical (PEC) glucose detection. In this study, a photo active CuO
Cuo thin film was electrodeposited onto conductive glass and its band gap was tuned by etching in NH3 solution. A 6
Photoelectrochemical

W light-emitting diode (LED) bulb was used as the light source for PEC glucose oxidation. Various physical and
electrochemical characterization techniques were used to study the PEC behavior of the CuO thin film electrode
during glucose oxidation. The electrochemical oxidation of glucose was found to be an irreversible electron
transfer process controlled by diffusion at the electrode surface under illumination and dark conditions. Elec-
trochemical impedance spectroscopy (EIS) confirmed that the charge transfer resistance in the light decreases by
several orders of magnitude. Good amperometric performance was obtained for the CuO film with a 4 s response
time and negligible interference from other species present in human blood. The as prepared sensor exhibited a

Glucose sensor
Band gap tuning
Etching

remarkable wide linear range up-to 29 mM.

1. Introduction

Diabetes has been affecting the human population for over three
millennia. This disease is characterized by irregular glucose levels in the
blood. The human body detects these irregularities and subsequently
releases the hormone, insulin which is responsible for the removal of
glucose from the bloodstream by converting glucose into glycogen. Our
body’s inability to make effective use of or produce insulin is termed
diabetes. Several studies have revealed that glucose level monitoring
and controlling, both increased the life expectancy of patients living
with the disease as well as reduced the co-morbidities associated with it
[1,2]. Transition and precious metals have shown great promise toward
glucose detection, however, their high costs have hindered their appli-
cation for a real world solution [3]. A need for more cost-effective non-
enzymatic glucose detection, has steered research toward the develop-
ment and inclusion of metal oxides (MO’s) such as Co304, CuO, NiO,
TiOg, Cup0 and ZnO in glucose sensors [4,5].

Photo-activated electrochemical (PEC) sensors based on photo-
catalytic systems have lately been used for electroanalytical purposes, i.

* Corresponding author.
E-mail address: chowdhurym@cput.ac.za (M. Chowdhury).

https://doi.org/10.1016/j.apsusc.2021.151822

e., glucose detection, and they have attracted a lot of interest because of
their high sensitivity and minimal background noise. Photoactive ma-
terials with excellent optoelectronic capabilities are essential for build-
ing the PEC sensor. MO semiconductors are mostly used in conjunction
with a conductive support material, which shuttle electrons to promote
conductivity. The majority of these systems are based on TiO3, a semi-
conductor material that has gotten a lot of interest for applications like
gas sensors, solar cells, and water sensors [6]. Most of the MO based non-
enzymatic glucose sensors suffer from a low linear range. This hinders
the role out of MO based non-enzymatic glucose sensors for real life
applications.

Recently CupO was used as a PEC sensor for glucose [7]. Vertical
nanowires of CuO has been used a PEC biosensor for ethanol detection
[8]. Even though glucose sensing is critical, research regarding pristine
CuO electrodes for electrochemical glucose sensing is surprisingly
restricted. Comparatively, tenorite (CuO) enjoys the narrowest band gap
thus requires less photon energy incident on its surface to produce a
photocurrent. CuO has been considered as a potential game changer
with its impressive sensing performance over the years.
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Deposition or attachment of MO films onto substrates often requires
costly or time-consuming techniques such as vapor deposition, hydro-
thermal synthesis or spin coating. Alternatively, electro-deposition is a
highly scalable technique that allows for rapid synthesis of nano-
materials while displaying high porosity and increased surface area [9].
In addition, this technique allows for a highly reproducible nano-
structure further aiding in up-scaled production. A post electro-
deposition treatment such as etching has in the past been found to
enhance the electronic characteristics of copper oxides and even reshape
their surfaces [10,11].

In this study a CuO thin film was electrodeposited onto conductive
glass for PEC detection of glucose over an ultrawide range (up to 29 mM)
using a very low powered LED light (6 W). The PEC sensor also showed
good inter and intra electrode reproducibility and a fast response time of
4s.

2. Experimental methods
2.1. Materials

Copper Cyanide (CuCN), Sodium Cyanide (NaCN), Sodium Carbon-
ate (NayCOs), d-(+)-Glucose, Ascorbic Acid (AA), Sodium Hydroxide
(NaOH), Fructose, Sucrose, Sodium Chloride (NaCl), Uric Acid (UA),
Citric Acid (CA), Acetaminophen and Fluorine doped Tin Oxide (FTO)
glass were purchased from Sigma Aldrich South Africa and used without
any further purification.
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2.2. CuO thin film electrode synthesis

The CuO photocatalyst thin film deposition involved the optimiza-
tion of three separate processes, i.e. electro-deposition, calcination and
etching. The results pertaining to the “as-deposited” and ‘“calcined”
samples are included in the supplementary document unless stated
otherwise. The Fluorine doped Tin Oxide (FTO) glass sheet was cut into
4 x 1.5 cm slides. These slides along with all glassware and stirring
beads were ultrasonically cleaned with degreaser for 15 min, followed
by a mixture of ethanol and acetone for another 15 mins and finally
sonicated in deionized water. The glassware and slides were dried in a
convection oven at 60 °C for 4 h. Electro-deposition of a CuO layer from
a cyanide strike solution containing 0.036 M CuCN, 0.067 M NaCN and
0.014 M NayCO3 was carried out at 4 V for 2 min. The anode and cathode
used were both cleaned FTO glass slides submerged 2 cm into the so-
lution and separated by a constant distance of 4 cm. The FTO slides with
the electrodeposited layer were annealed in a furnace for 1 h at 450 °C at
atmospheric pressure. After allowing the samples to cool to room tem-
perature, they were submerged into vials containing sufficient NHs at
25% (V/V) for 2 min. An overview of the synthesis procedure is pre-
sented in Fig. 1a. The overall synthesis process involved the optimiza-
tion of the three-separate process (Electrodeposition, Calcination and
Etching). The deposition voltages investigated were 2V, 3V, 4 Vand 5V
over a time (min) of 0.5, 1, 2 and 4 respectively. The calcination tem-
peratures were varied from 100, 250, 350, 450, 550 and 650 °C for 1, 2,
3 and 4 h respectively. The NH3 concentration was kept constant
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Fig. 1. Schematics of the A) thin film CuO electrode fabrication and B) PEC testing procedure.
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however the submersed times were varied between 1, 2 and 4 mins. Each
synthesis stage was optimized by identifying the maximum difference
between the anodic peak currents in the light and dark conditions to
achieve enhanced photo-electrochemical glucose detection.

2.3. Electrochemical characterization

The electrochemical experiments were conducted using a three-
electrode set-up and Autolab PGSTAT302 N potentiostat. The CuO
thin film was used as the working electrode, an Ag/AgCl (3 M KCL)
reference electrode and a platinum wire counter electrode. All testing
solutions were 0.1 M NaOH containing glucose at designated concen-
trations for cyclic voltammetry and chronoamperometry evaluations.
The cyclic voltammograms (CV’s) conducted in the dark were per-
formed in an optical (quartz) glass box with dimensions of 5 x 5 x 5 cm>
and a 2 mm thick wall housed in cardboard to block ambient light. The
same cardboard housing was used for samples undergoing illumination
through a cut out in the box just big enough to fit the light source as
shown in Fig. 1b. The light source was a cool white LED (6 W, 540 1m)
with accompanying LED driver powered by NOVA 2.0 software. The
potential window for the CV’s ranged from 0.0 V to 0.8 V vs Ag/AgCl
over 25, 50, 100 and 200 mV/s scan rates. Electrochemical impedance
spectroscopy (EIS) experiments were conducted in 0.1 M NaOH solution
with and without glucose in the light and dark over a frequency range of
0.1 Hz to 10° Hz with and applied 5 mV AC bias. All electrochemically
tested samples surfaces were limited to only 1 cm? exposure using
lacomit varnish.

2.4. Surface characterization

Phase identification was done using x-ray diffraction (XRD). The
“etched” samples were characterized using a Cu- Ka radiation source at
an operational tube voltage of 45 kV and a current of 40 mA. The
diffraction patterns were collected at increments of 0.02 via a contin-
uous scan. All X-ray photoelectron spectroscopy (XPS) measurements
were conducted using a Thermo-ESCAlab 250Xi with a monochromatic
Al- Ka source (1486.7 eV) and a power of 300 W at an operational
pressure of 10~ mBar. A Zeiss Auriga field emission scanning electron
microscope (SEM) was employed to evaluate the morphology and to
determine the layer thickness for Hall Effect measurements. All images
were collected using an in-lens secondary electron detector with the
beam accelerated to an accelerating voltage of 5 kV. The Hall Effect
measurements were conducted at 300 K, 500 pA and 0.55 T using an
Ecopia HMS-3000 measuring system. The optical properties of the
samples were conducted on a Cary 5000 UV-Vis-NIR spectrophotometer
equipped with an integrating sphere within wavelength range of
200-2500 nm.
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3. Results and discussion
3.1. Thin film electrode surface characterization

An analysis of Fig. 2a revealed the “calcined” sample was comprised
of structural features indicative of a monoclinic structure indexed from
PDF-01-070-6831 [12]. The findings confirmed that a CuO film was
synthesized and no peaks were recorded for any other Cu species. The
was no evidence of peak broadening or peak shifts between the “calci-
nated” and “etched” samples. The stability of the diffractograms sug-
gested that the crystallographic CuO structure remained monoclinic
even after NHs etching. Major amplitude decreases were recorded for
most FTO peaks. Similarly, the intensity of the CuO peaks remained
mostly unchanged up to a scan angle of 2 = 50. Extending the scan
angle past this point revealed that the (202), (113), (221), (312), (132),
and (204) intensity decreased by approximately a third though no shift
or peak broadening were observed. This decrease in intensity may be
associated with thinning of the CuO layer as would be expected via
etching as is further analyzed using SEM.

SEM images presented in Fig. 2B show morphological transitions
between the calcined and etched stages. Post calcination Fig. 2B
(1.1-1.2), the particles appear to fuse together in trapezoidal shapes
with regular grain sizes and crystallinity. The “as-deposited” sample
SEM images haves been included in the supplementary as Fig. S1. Upon
etching the surface of the calcined thin films Fig. 2B (2.1-2.2), the
trapezoidal nanostructures size reduced, which may have increased the
surface area of the thin film. This decrease in film thickness confirmed
the removal of a thin layer of CuO from the surface of the electrode and
the decrease in peak intensity presented on the XRD diffractograms. The
film was at its thickest (=~ 225nm) after calcination and reduced by a 12
% (~ 200nm) following etching.

The core Cu 2p, O 1s, C1 sand Sn 3d peaks are presented in the XPS
plots shown in Fig. 3. The Cu 2p core level’s emission spectra for the
“etched” sample feature two peaks corresponding to Cu 2ps,» and Cu
2p1,2 at binding energies of 933.4 eV and 953.2 eV respectively. The
former binding energy is assigned to Cu®* ions which is characteristic of
the CuO phase while the latter further confirms the presence of CuO by
matching with the standard XPS spectra for CuO [13]. At least three
satellite peaks are recorded at higher binding energies relative to their
main peaks at 940.8 eV, 943.4 eV and 962.0 eV which are assigned to the
Cu 3d° configuration. The position of the Cu 2ps,, peak with respect to
its satellite indicates the existence of two CuO configurations which are
the Cu 3d'° and the Cu 3d° (ground state) [14]. This further confirmed
the presence of CuO. The binding energies associated with the O 1 s XPS
spectra revealed a strong peak at 529.2 eV which is associated with a
metal-oxygen bond in the lattice. A peak at 529.4 eV confirms the M—O
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Fig. 2. Surface characterization of etched CuO thin film electrode; A) XRD and B) Cross sectional and surface SEM images respectively for Calcined (1.1-1.2) and

Etched (2.1-2.2) electrode.
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Fig. 3. XPS spectrographs for the “etched” sample measured for A) Cu2p, B) O 1s,C) C1s, and D) Sn 3d.

bond is in fact a Cu—O bond, however, some impurities were detected in
the form of C—O bond at 531.0 eV and a C=O0 bond at 532.8 eV. The
detection of these impurities is common in samples which have been
stored in air as opposed to an evacuated vial. XPS did not detect any
form of (—OH) species on the samples surface though the carbon-based
impurities were further investigated in the C 1 s core level scan. A sp®
(C—C) peak was detected at 284.2 eV along with a secondary confir-
mation of the contaminant (C—O) and (C=O0) species at 285.8 eV and
287.6 eV respectively. Finally, it was confirmed that the FTO glass
substrate remained un-altered after etching in NHg as Sn** was detected.

Raman spectroscopy was employed to characterize the molecular
states in selected samples. The Raman peaks presented in Fig. 4 occur at
280.6, 323.3 and 613.4 cm ™! respectively.

The results revealed three common peaks for the various synthesis
stages which confirmed that the primary molecular state remained sta-
ble. The primitive cell of CuO contains two molecules such that there
exists nine optical zone-centered modes, namely A; +4A, +2B,; +5B,
[15]. Of these, only three modes are Raman active (A + 2B,). Upon
comparison with other works, the 280.6 cm™! peak can be assigned to
the A, whilst the 323.3 em~! and 613.4 cm™! are B; modes [16]. The
intensities of the peaks have been normalized however; it can be noted
that the intensity of the “as deposited” sample after 50-cycles is much
sharper as compared to the others. It has been reported that intensity is
related to grain size and that Raman peaks are observed to shift with
grain size variations [17]. Considering the SEM images showed an
apparent increase in surface area; the small deviations noted among the
wave numbers in the Raman spectra are attributed to the grain size
differences, post etching. Raman can also be used to identify the pres-
ence of unintended species such as CuyO or even Cu(OH); [18]. Glucose
has been reported to reduce copper hydroxides to form cupric oxide
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Fig. 4. Raman spectra for the various stages of synthesis including those
following 50 CV cycles.

according to Equation (1), [19], however the Raman data obtained for
samples after glucose testing shows no Cuy0 in any of the films.
CM(OH)2+C6H1206—>CM20+H20 (1)

New minor peaks form after etching at 450.1 cm™! and decreases to
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444.5 cm™! following glucose testing. Based on the position and lack of
intensity of these peaks, it is plausible that a small amount of surface
hydroxyl species was introduced onto the film post-etching. Surface
hydroxyl species will not be detected in XPS as the analysis is performed
under vacuum and will likely cause any trace hydroxyls to fall to oxide.
Also, XRD will not show surface hydroxyls as these species are non-
crystalline. The presence of such a small amount of surface hydroxyl is
believed to not make any active contribution toward glucose sensing nor
its properties. Following thermal oxidation, the 323.3 cm™! peak de-
creases to 320.5 cm ™ which may be as a result of the increased presence
of oxygen in the crystal structure as seen in the XPS data. Then post-
etching, the 613.4 peak shifts to 610.6 cm ™! and is ascribed to the
decrease in crystallinity in the A, mode.

3.2. Electronic properties of the CuO thin film electrode

To better understand the electronic transport of the deposited
semiconductor, Hall Effect measurements were performed to identify
the type of charge carriers, the carrier concentration, Hall mobility as
well as conductivity of the samples. These parameters are included in
the supplementary Table S1 for the “As-deposited”, “Calcined” and
“Etched” samples including tests conducted after 50 CV cycles. The
thicknesses of the films were obtained from SEM images and reported
alongside the Hall measurements. From the Hall coefficients it can be
deduced that throughout the synthesis and testing process, the CuO film
remains an n-type semiconductor. This is due to the negative relation of
the Hall coefficients, which decrease through the stages of fabrication. In
addition, these findings reveal that the majority charge carriers are
electrons. This means that although no doping occurred for these sam-
ples, there exists a donor state close to the conduction band which can
accept free electrons within the band gap. This n-type behaviour is due
to oxygen vacancies commonly found in nanostructured metal-oxides.
The Van der Pauw method was applied in an iterative process to
determine the charge carrier mobility and sheet concentration. The
carrier mobility tripled (7.91 — 25.4 cmZ/Vs) following the “calcina-
tion” step which is due to the increased crystallinity and uniform
morphology along with the increase in layer thickness seen in the SEM
images. Additionally, the grain sizes were larger in the calcined sample
and are inclination free which could result in a more direct flow path. A
decrease in mobility was found following the etching stage due to the
decreased particle sizes, uniformity and layer thickness. The etched
samples mobility (12.3 cmZ/Vs), however, is close to double that of the
original as deposited sample (7.91 cm?/Vs). A three-fold increase in
resistivity (5.89E-5 — 1.94E-4 Qcm) yielded an approximately equiva-
lent threefold increase in carrier mobility. Wu and co-authors (2014)
noted that high resistivities (better insulators) are associated with low
carrier mobilities though are greatly influenced by temperature. This
could be the reason for the abnormally decreased resistivity and
mobility seen in the etched sample data [20]. The calculated resistivities
in this work are very low and more comparable with that of bulk Cu.
Nevertheless, there are reports where the resistivities of CuO-based
nanomaterials fall between 2.0E +5 and 1.0E + 6 Qcm [21-23]. Dur-
ing electrodeposition, the formation of electrically active vacancies
could be replaced by neutral CuO sites which lead to decreased re-
sistivities and so upon calcination, an increase in the generation of
carriers in the crystalline structure [24] occurs. Low range resistivities
especially for semiconductors are highly sought after as it shows better
conductivity which translates to increased mobility. The bulk carrier
concentration (—8.85E + 20 cm’3) was the largest in the etched sample
which could explain why it showed relatively high mobilities. Other
authors have noted carrier concentrations of 4.0E + 18, 9.0E + 19 and
6E + 20 cm 3, of which some are several orders of magnitude smaller
than those presented in this work [20,22,25]. Such high charge carrier
concentrations could be an indication of low valence band maximums
which cause fermi-level pinning [26]. Li et al. investigated the rela-
tionship between carrier concentration and mobility while comparing
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the effects to sensing performance. They found that decreased carrier
concentrations and increased carrier mobilities resulted in higher
sensitivity [27].

3.3. Optical properties of the CuO thin film electrode

The UV-Vis diffuse reflectance spectra of the “As-deposited”,
“Calcined” and “etched” CuO samples were assessed to determine the
light absorption properties of these films. The spectra were run from a
wavelength of 200 nm to 2500 nm while recording the reflectance R (%).
The optical band gap of semiconductors can be evaluated using the
theory from Kubelka and Munk [28]. As the Tauc method assumes the
absorption coefficient (K) is energy dependent, it may be replaced with a
ratio of (K) and the scattering coefficient (S). Fig. S2 A, shows the
reflectance spectra for the three samples and while Fig. S2 B reveals the
absorption (K) and scattering coefficients (S) in relation to the photon
energy. From the reflectance spectra, the ratio (K/S) was determined by
applying the following relationship.

K (1—R,)

F(RW)ZEZT 2)

where R, = (R.Sample /Rgmrda,d) represents the reflectance of a sample
with infinite thickness, K denotes the absorption coefficient whilst S is
the scattering coefficient. Upon substitution of this ratio into the
modified Tauc relation, the following equation is obtained.

(g (hv)> ' B(w—E,) 3)

Here, hv is the photon energy, B is a constant and E, is the band gap.
The n power is especially important as this defines the nature of the
electron transition which is associated with direct or indirect bands.
Whenn = 0.5, a “direct allowed” band structure is present and if n =2,
an “indirect allowed” band structure prevails. However, n can also be 2/
3 in which case the transition is “direct forbidden” and also 1/3 for
“indirect forbidden” [29]. Based on these variations to the model, the
optical band gap can change dramatically depending on the value of n.
Typically, the transition for CuO exhibits a direct band (DB) structure
though some reports indicate indirect band (IB) gaps [30]. The band gap
of a semiconductor is determined by identifying the type of transition
via examining the position of the absorption edge. Diffuse Reflectance
Spectroscopy (DRS) measurements offer identification of the absorption
coefficient which is used in the modified Tauc relation (Eq. (3)). A
straight line is drawn through the steep region where the absorption
increases with ho. The band gap approximations for the samples were
determined using the x-axis (hv) intercepts of the plots in Fig. 5.
Following DB transitions, (E;) decreased accordingly; “As Deposited” >
“Calcined” > “Etched”. Lee and Wang (2021) determined that annealing
temperatures above 400 °C led to single CuO phase formation whilst
reducing the E; by as much as 0.56 eV as compared to its as-deposited
counterpart [31]. An E, of 1.19 eV was found for the etched sample,
1.40 eV for the calcined sample and the As-Deposited sample displayed
the largest optical band gap of 1.59 eV under DB transitions. The E,
decrease between the As-deposited and calcined samples is believed to
be as a result of the increased crystallinity post-annealing accompanied
by the fusion of smaller crystals into larger ones. In contrast, the IB
transition in Fig. 5B reveals a large increase in band gap energy post
calcination. Two band gaps were identified for the As-deposited sample
at 2.00 eV and 2.17 eV while for the Calcined and Etched samples the
band gaps were found to be 3.66 eV and 3.49 eV, far outside those
typically reported for CuO (1.2-2.1 eV). Based on these findings com-
bined with the elucidations from XRD, XPS and Raman, we believe that
the CuO film synthesized undergoes direct band transitions.

Quantitatively, it is also observed that in both DB and IB transitions,
the band gap decreases post NH3 etching. This is believed to be as a
result of a decrease in the optical reflection between the calcined and
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Fig. 5. Band gap determination via A) Direct band transition at n = 0.5 and B) Indirect band transition with n = 2.

etched samples at shorter wavelengths. It can be seen from the SEM
images that the surface of the film presents more concave arrangements
resulting in a more textured surface post-etching and could result in
decreased reflection via increased scattering [11]. This also agrees well
with the anti-reflective properties of silicon nanotips and GaSb nano-
pillar arrays which showed decreased reflection upon etching [32].
Minimizing the loss of light energy due to reflection coupled with less
film transparency via a rougher surface leads to enhanced absorption
thereby decreasing the optical band gap.

3.4. Photoelectrochemical behavior

The electrochemical characterization of the CuO film was evaluated
using cyclic voltammetry (CV) in an alkaline medium (0.1 M NaOH)
both in the presence and absence of glucose with and without illumi-
nation. Glucose is non-conductive as it dissolves in water but does not
dissociate. In an effort to counter this, NaOH bridges the gap and allows
for a conductive solution. Human blood also slightly basic with a pH of
approximately 7.4, thus incorporation of NaOH during testing is a
commonly accepted practice [33]. The electrochemical activity towards
the oxidation of glucose was measured in a 1 mM solution of glucose in
the dark and light through the optical box. A total of 10 stabilization
cycles were performed before the data was recorded to ensure stability.
Using the optimized synthesis parameters (4 V for 2 mins electro-
deposition, 450 °C calcination for 1 h and 2 mins of NHj3 etching) the
resultant current densities are represented in Fig. S3. The current density
of the “as-deposited” CuO film is the greatest at 1.87 mA/cm? in the
dark. In the light however, the current increases by only 0.175 mA/cm?.
The “as-deposited” CuO film produced the smallest difference between
dark and light, its photoactivity toward glucose was inferior when
compared to the calcined and etched samples. This may be due to its
increased band gap (1.59 eV) compared to the calcined samples.
Nevertheless, the current density produced by this sample in the pres-
ence of 1 mM glucose was impressive as it enjoys higher current den-
sities in both light and dark scenarios. The increase in current density for
the calcined samples was 0.261 mA/cm? whilst the greatest difference
was recorded for the etched sample with an increase of 0.328 mA/cm?
from dark to light. A possible reason for this increase in photocurrent
could again be attributed to the decrease in band gap from calcined
(1.40 eV) to etched sample (1.19 eV). A smaller band gap in a semi-
conductor translates to less energy being required to promote an elec-
tron from the valence band into the conduction band. This clearly shows

that the inclusion of the etching stage enhanced the CuO band gap,
charge transfer properties as well as the difference in light/dark peak
current. The oxidation of carbohydrate species on Cu-based electrodes
occurs over a similar potential range to that of the Cu (III) species for-
mation. The redox couple between Cu(I)/Cu(IIl) is reported to occur at
potentials 0.58 and 0.61 V vs Ag/AgCl in 0.1 M NaOH [34]. Non-
enzymatic glucose electrooxidation is believed to be mediated by this
redox couple as CV measurements indicate oxidation over this wide
potential range. The formation of the CuyOs3 species has also been re-
ported, however under the same alkaline conditions (0.1 M NaOH) this
formation occurs at higher potentials than oxygen evolution [35]. The
formation of highly reactive hydroxide radicals has been proposed to act
as the mediators in glucose oxidation. The standard potential for this
redox pair (E greater than 1.33 V) is, however, well outside the potential
window tested [36]. The glucose oxidation mechanism therefore most
often considered by other researchers involves the formation of highly
oxidative Cu®* species. This demands the formation of individual, or a
combination of, Cu®*, CuO,~, Cuy03, CuOOH, Cu(OH)3 or Cu(OH)4
species for the process to proceed [35,37]. The reactions associated with
Cu(I)/Cu(IIl) redox pair are summarized in Equations 4-6 and glucose
is oxidized as per Equation (7) to form gluconic acid after hydrolysis of
gluconolactone:

CuO+ OH™ +H,O—~Cu(OH), + e~ @
CuO+20H +H,0—Cu(OH), +e¢~ 5)
CuO+ OH —CuOOH + e~ ©
Cu®* + Glucose—Cu** + Gluconolactone (2]

Barragan et al (2018) determined that while the CuOOH species is
most commonly used to describe the glucose oxidation mechanism via
cu®", no equilibrium potential nor CV peaks are obtained for its reaction
[2]. Although it is well known that CuO exhibits semiconductive
behaviour, few works make use of this property and information
regarding the photo-electrochemical oxidation of glucose is scarce.
These photoelectro-oxidative properties of CuO were investigated under
cool white LED illumination (6 W, 540 Im) in a blank 0.1 M solution of
NaOH and 1 mM glucose solution. As per the CVs in Fig. 6A, in the
absence of glucose at 100 mVs ! scan rate, there are no observable redox
peaks for both bare FTO nor for the etched CuO electrode. A prominent
current plateau is evident in both cases with an exponential anodic
current increase at potentials greater than 0.65 V for this CuO electrode.
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Fig. 6. Electrochemical behavior at 100mVs~!

light, conditions.

This rapid current rise can be attributed to the formation of oxygen on
the surface of the electrodes following the oxidation of OH™ ions
[2,38,39].

The separation observed between the forward and reverse scan of the
etched sample in 0.1 M NaOH could be attributed to the chemical re-
action Eq. 8-9 [40].

Cu(OH), + OH™—CuOOH + H,0 + ¢~ ©))

CuO +OH —-CuOOH™ +e~ 9

The shape of the CV curve presented in Fig. 6 changes dramatically
with clear oxidation peaks evident in the presence of glucose both in the
dark and light. This isolates the electrocatalytic activity toward glucose
as being solely due to the copper species deposited on the substrate.
Fig. 6A features an oxidation peak at 0.56 V vs Ag/AgCl accompanied by
an anodic current density of 1.41 mA/cm? These peaks occur well above
the current plateau observed in the blank solution. Fig. 6B shows CV-
curves, in which the significant enhancement of the oxidation process
by light-illumination is readily observed. The etched CuO electrode
presents anodic photocurrents in the presence of glucose in the dark and
light at onset potentials of 0.27 V and 0.15 V respectively. A decrease in
onset potential has previously been reported, however, it is very unique
for Cu based electrodes [41]. A peak current density of 1.795 mA/cm?
was observed while illuminated, which, equates to an increase of 0.382
mA/cm?, far greater than in the dark. Although the general CV shape
appears consistent, upon closer examination it was found that under
illumination, the oxidation potential increased by 0.014 V thus requiring

scan rate for the etched CuO electrode in a blank NaOH and 1 mM glucose solution under A) dark and B)

an applied potential of 0.576 V. This small potential change is attested to
a shift in the equilibrium position of the system to less anodic values.
Due to the semiconductive nature of CuO and the subsequent in-
crease in current density as seen by the voltammograms in the light, it is
required to investigate alternate mechanisms which could explain this
increase. An overall depiction of the possible reaction pathways for the
oxidation of glucose in both the light and dark is represented in Fig. 7A.
Both reaction pathways 1 and 2 have been well documented for group
(II1) M—O for glucose oxidation in the dark [2,41-43]. The etched CuO
film was excited by the light incident on its surface resulting in the
generation of e~ and h* which undergo charge separation as depicted in
pathway 3. The conduction band (CB) energy level for FTO is lower than
that of CuO which results in electron transfer from CuO to FTO as this is
the more energetically favorable process [44]. Good contact between
the FTO and CuO due to the high calcination temperature provided the
ideal electron transport system which translated into high light sensi-
tivity and aided in reducing electron hole pair recombination. The
CuO(h™) left behind in the valence band (VB), pair with OH™ ions which
are oxidized to form hydroxyl radicals under the assumption that charge
transfer occurs efficiently [2]. These radicals desorb from the CuO sur-
face and so leave behind an active site for more hydroxyl ions to adsorb
to [45]. Glucose molecules are then attacked by the radicals as depicted
in Fig. 7B. The radicals react with D-glucose by means of hydrogen
abstraction that forms an intermediate glucose species with a carbon
centered radical. This is followed by oxygenation of the subsequent in-
termediate by releasing a carbonyl group which forms gluconolactone

CH,OH CH,OH CH,OH
o M oo @ o OH : Hydrogen Abstraction | Qxygenation ©
“c-C-R ——— C-C-R+ — ‘c=C-R [ o o
W NaO 7 T e W . OH | . OH OH
H H H OH  H/S + OH == S o R <
| H | H | H
1 g ol ol o (OOH) o
+ 20H+ H,0— Cu(OH), + H,0 OH T (o5
N H OH H OH H O
» c=C-R— Cu(lll)-Glu+e
2 4 D-Glucose
CuO +—5s OH- +CUOOH+ e + + Gluconolactone
CH,OH oH
+ OH— CuOOH--OH + —» Cu(OH), + Glucose o Hydration
. OH OH
hv — CuO(h*)+ CuO(e’) | OH <+ H0 € o o
(Charge separation) (radical) ol H OH
» OH+ CuO(h*)— OH- + Glucose ol o
H O CH,OH

Gluconolactone Gluconic Acid

Fig. 7. Possible glucose oxidation mechanism, A) various oxidation pathways and B) hydroxyl radical mediated glucose oxidation.
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[46]. Hydration of the gluconolactone species results in the reversible
gluconic-acid/gluconolactone system.

The glucose sensing mechanism during illumination is represented in
pathway 3 (Fig. 7A) and aligns well with other reports of carbohydrate
oxidation through hydroxyl radical attacks [2,46]. However, this reac-
tion pathway often results in sensors of this type suffering from low
selectivity; this will be further addressed in the chronoamperometric
analysis below. The formation of hydroxyl radicals via surface adsorbed
OH™ have been extensively studied [47-49]. The reduction potential of
surface bound OH radicals is far less than the OH~ /+OH redox couple
thus providing additional evidence for the mechanism proposed in
Fig. 7B. In both the light and dark conditions, the shape of the CV curves
remained similar, though the peak currents differed. It is thus entirely
plausible that during illumination there is an additional generation of
oxidative «OH species over and above the oxidation occurring via the Cu
(I1)/Cu(IIl) couple. This would explain the increase in current density
seen in the light as more electrons would be excited into the conduction
band of the CuO photoelectrode thus increasing the conductivity.

The kinetic interactions occurring at the electrode’s interface allow
for more meaningful conclusions regarding the glucose oxidation pro-
cess. Fig. S4A reveals how the oxidation potential and ultimately peak
current variation with scan rate, measured at 25, 30, 40, 50, 70, 100,
150, 175, 200 and 300 mV/s in a solution containing 1 mM glucose and
0.1 M NaOH. A shift in potential to more positive oxidative levels is
observed with increasing scan rate suggesting that the glucose oxidation
process is irreversible whilst the Cu(II)/Cu(IIl) redox couple is electro-
chemically reversible. A plot (Fig. S4B - 1) of peak potential vs log (v)
revealed a slope of 57.5 mV/decade further supporting the theory that
an irreversible electron transfer process is the reason for the oxidation
peaks during the anodic scan. Also, no reduction peaks are formed at
potentials lower than the oxidation potential (0.6 V vs. Ag/AgCl) con-
firming the irreversible nature. There is a strong linear dependence
between the peak current (i,) and square root of the scan rate (1/v) with
a regression coefficient of R? = 0.999 in the dark. Similarly, a strong
linear relationship was found between i,and/v which retained a
regression coefficient of R% = 0.993 in the light. The etched CuO sample
sowed a slope of 61.4 mV/decade in the light as depicted in Fig. S4B - 2.
These dependencies in both the light and dark indicate that the oxida-
tion of glucose at this CuO electrode is a mass transfer process within the
double layer controlled by diffusion of glucose to the active redox sites.
Also, these findings rule out the possibility of a quasi-reversible system
as in such processes, linearity between i,and,/v is not found. Anodic
shifts were also noted to increase potentials with increasing scan rate in
the light (Fig. S4C). The difference, however, is the magnitude of anodic
current, which is far greater than in the dark with all other parameters
equal. The cathodic scan also reveals little change in peak potentials;
however, these were more easily distinguishable. This may be due to a
difference in the kinetic rate constant. The electrochemical rate con-
stants (k,) for this system could not be assessed via CV experiments as
the formal potential (E°) for this glucose/CuO system was not obtainable
[50]. Alternatively, the rate constants can be predicted by making use of
EIS measurements. For each of the scan rates in the light and dark
conditions, the peak oxidation potentials (E,) were assessed along with
the half peak potentials (E,/») which are recorded in Table 1 and 2. For
an irreversible mass transport-controlled system the diffusion coefficient
was assessed using the Equations (10) and (11), where the electro-
chemical transfer coefficient must first be calculated. In both the light
and dark, the diffusion coefficient decreased exponentially with
increasing scan rate as depicted in Fig. S5. This decrease is due to the
depletion of the diffusion layer at higher scan rates. From the CVs
conducted at various scan rates the mean diffusion coefficients in the
light and dark were 1.8 x 10~ cm?/s and 3.3 x 105 cm?/s respec-
tively. These values are in good agreement with literature [51-53]. An
increase in the mean diffusion coefficient was noted in transitioning
from the dark to light condition. This is ascribed to the presence of
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Table 1

Important electrochemical parameters deduced at various scan rates in the dark.
Scan Rate, v in mV/s ip, in MA Ep,inV Eyj2,inV a D,
25 1.086 0.554 0.396 0.301 7.02E-05
30 1.108 0.542 0.398 0.331 4.60E-05
40 1.146 0.579 0.400 0.268 3.43E-05
50 1.201 0.552 0.403 0.320 2.01E-05
70 1.303 0.559 0.410 0.320 1.21E-05
100 1.413 0.562 0.415 0.326 6.86E-06
125 1.489 0.569 0.420 0.320 4.96E-06
150 1.571 0.579 0.425 0.310 3.95E-06
175 1.636 0.586 0.430 0.305 3.20E-06
200 1.696 0.583 0.432 0.315 2.55E-06
300 1.885 0.601 0.442 0.301 1.47E-06

Table 2

Important electrochemical parameters deduced at various scan rates in the light.
Scan Rate, v in mV/s ip, in MA Ep,inV Eyj2,inV a D,
25 1.367 0.601 0.403 0.241 1.39E-04
30 1.383 0.579 0.400 0.268 8.88E-05
40 1.399 0.559 0.398 0.296 4.62E-05
50 1.469 0.549 0.403 0.326 2.97E-05
70 1.644 0.576 0.410 0.287 2.15E-05
100 1.795 0.576 0.420 0.305 1.18E-05
125 1.946 0.583 0.427 0.305 8.88E-06
150 2.008 0.598 0.432 0.287 6.98E-06
175 2.151 0.598 0.437 0.296 5.71E-06
200 2.228 0.601 0.442 0.301 4.62E-06
300 2.439 0.601 0.449 0.315 2.35E-06

additional charge carriers (e” /h") present at the electrodes surface
which assist in the glucose oxidation process.
1.857RT

(Bp —Epz) = — 5 — (10)

2
— iP
D, = ((2.99 X 105)(1"-5AC0D2'51)“-5> an

3.5. Effect of glucose concentration

Fig. S6 shows cyclic voltammograms of the “etched” CuO photo-
electrode in the presence of various concentrations of glucose in the dark
and light at a 100 mV/s scan rate. A typical electrochemical response
was recorded under both conditions. Upon increasing the glucose con-
centration, the anodic peaks shift toward higher oxidative potentials.
Similarly, the positive sweep peak currents increased with glucose
concentration. The onset potential remained mostly unchanged
regardless of glucose concentration. Also, the semiconductive properties
of the “etched” CuO film is showcased with vastly greater oxidation peak
currents in the light as opposed to the dark under the same conditions.
Under illumination, the 5 mM glucose response lost its characteristic
oxidation peak and appeared to be saturated. In contrast, the dark CV
presented clearly visible oxidation peak however, above 5 mM glucose,
the CV responses were completely saturated showing no clear oxidation
peaks.

3.6. Charge carrier transport assessment

The electrochemical impedance characterization of selected samples
was carried out in a solution of 0.1 M NaOH with various glucose con-
centrations both in the dark and under illumination. The impedance
measurements were used to construct Nyquist plots over a range of
glucose concentrations as presented in Fig. 8. Here, the shape of Nyquist
plots varies drastically between the light and dark condition. In the dark,
the Nyquist plots displayed flattened and incomplete capacitive arcs
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Fig. 8. Nyquist plots in the dark (A-1 and A-2) and under illumination (B-1 and B-2) over a range of glucose concentrations.

which decrease in size with increasing glucose concentration. Typically,
this feature is associated with the formation of a passive film over the
surface of the electrode. In the light this is only true at low concentra-
tions where at concentrations above 1 mM, the diameter of the Nyquist
plot increases. The charge transfer mechanism is much more complex in
the light. Under illumination, higher glucose concentrations produce a
larger barrier to interfacial charge transfer which may be due to
decreased OH™ ion concentration near the surface of the electrode.
Under illumination, a clear depressed semi-circle is visible both in the
presence and absence of glucose. The semi-circle peak in the medium
frequency range increases with glucose concentration suggesting higher
charge transfer resistances between the solid and electrolyte interface
(Rcr)- The analysis of Nyquist plots in the high and medium frequency
region is especially complex and to accurately interpret charge carrier
transport, an appropriate equivalent circuit must be used to fit the EIS
data. Previously, Yang et al.,(2018) Meng and Liu (2019) made use of a
modified Randel’s circuit with a double parallel arrangement to depict
EIS data in an equivalent circuit for two-time constants [54,55]. Due to
the grain-like morphology and nature of the coating, the circuit pre-
sented in Fig. S7 was used to further interpret the EIS data as the
diffusion paths are similar. From the electrical equivalent circuit, R
represents the solution resistance, R¢ and C. denote the coating resis-
tance and capacitance respectively whereas Cg is the double layer
capacitance and R¢r is the charge transfer resistance. The capacitive
elements were replaced with constant phase elements (CPE) to account
for the scattering effect as a result of surface heterogeneity [56]. It is

common practice to make use of CPE’s as the electrochemical responses
are believed to be purely capacitive in nature. The aforementioned cir-
cuit was used to fit both the light and dark scenarios with great success.
The equation derived from this circuit including CPE components is
complex though after some work simplifies to Equation (12).

(CPE 11 Xkeat — CPE 12 Ximag) +J(CPE12Xreat + CPE11 Xinnag )
(CPEj; + Xgea) +J(CPE 12 + Ximag)

Zcirenit = Ry +

12)

Using the overall circuit equation upon separating the real from the
imaginary, the fitting parameters were found using Microsoft excel and
Excel’s Solver add-in. The results are tabulated (Table S2: Dark,
Table S3: Light) for both the light and dark conditions under various
glucose concentrations. The difference in charge transfer resistance be-
tween the light and dark condition is staggering with the light condition
enjoying (Rcr) which are several orders of magnitude smaller. In the
dark, the charge transfer resistance (Rcr) fluctuates slightly at low
glucose concentrations (0.0025 mM to 0.025 mM) and then peaks at 0.1
mM. This indicates that between a blank solution and up to 0.1 mM, the
charge transfer process is complex. By increasing the glucose concen-
tration (0.1 mM to 20 mM) the charge transfer resistance decreases to
levels below that of the blank solution indicating a more favorable
charge transfer process. In the light however, the Rcr decreases from
1634 Q/cm? in a blank solution until a minimum is reached at 1377 Q/
cm? for 0.005 mM glucose. The Rcr then increases steadily to 2146 Q/
cm? in 15 mM glucose before decreasing again. The surface
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heterogeneity factor in both the light and dark are close to n = 1 indi-
cating good surface exposure to the electrolyte.

Upon closer inspection of both the light and dark conditions in a 1
mM glucose testing solution, a smaller depressed semicircle is observed
as a tail in the high frequency region as per Fig. 9. This high frequency
region semi-circle is attributed to the resistance of the surface passiv-
ating layer [57]. The Bode-modulus plot reveals constant phase behavior
in the middle and high frequency region in the dark. Conversely, in the
light, this constant phase behavior is reduced significantly in the lower
end of the high frequency range. According to the Bode-phase plot, one-
time constant is observed in the high frequency region and another in
the mid frequency region. The latter corresponds to the charge transfer
reaction whereas the former represents the properties of the passive film
form on the surface during testing [54]. In both dark and light, the so-
lution resistance (R;) fluctuates. These deviations can be attributed to
inhomogeneous mixing following the addition of glucose to the testing
solution. It was expected the solution resistance would increases with
increased glucose concentration as glucose does not dissociate into its
ions making it a poor conductor in solution. This, however, is not the
case as the concentrations used are so limited it has little effect on the
solution resistance. Finally, the relationship between glucose concen-
tration and charge transfer resistance could not be established and
cannot be used detect glucose accurately.

An investigation into the determination of k° via EIS as oppose to CV
was conducted by Edward P. Randviir who found that both approaches
are comparable [58]. Due to the irreversible nature of the reaction be-
tween glucose and CuO, an accurate determination of the standard
reduction potential is not possible and hence was rather be examined via
EIS. As such, the Rcr is related to the exchange current (i,) and subse-
quently the heterogeneous electron transfer rate (k°) by the expressions:
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RT
Rer = —— 13
= Fn 13)
i, = nFAC,k° a4

where R is the universal gas constant, T is the temperature, n is the
number of electrons (can be considered as = 1) and F which is Faraday’s
number. By applying these equations, the mean electron kinetic transfer
rate over a glucose concentration range of 0.1 mM to 20 mM, was found
to be 9.7E-08 cm/s and 3.46E-04 cm/s in the dark and light respectively.
These k° values align well with other reports using CV measurements as
oppose to EIS thus further confirming the findings by Randviir and
others [52,58,59].

3.7. Chronoamperometric glucose detection

The chronoamperometric detection of glucose was carried out to
determine the current response of the CuO photoelectrode samples to
successive glucose injections. From the CV’s, the E; occurred between
0.55 V and 0.60 V which was subsequently used as the applied potentials
for the analysis in the dark and light. An interval time of 50 s between
each successive glucose addition was used under constant stirring in 0.1
M NaOH solution. Though this interval time is long, the time taken to
reach a steady state current was rapid. The peak currents were deter-
mined using CVs in solution containing 1 mM glucose in 0.1 M NaOH.
This means that the peak potentials were found for this particular con-
centration of glucose not a range. As a result, independent chro-
noamperometric studies were conducted under 0.55V, 0.57 V and 0.6 V
bias. Upon finetuning the applied voltage, the largest difference between
light and dark current density was achieved at 0.55 V as presented in
Fig. S8. Over the range of applied potentials, the iconic staircase rise in
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current was evident in the dark and light. As the applied voltage is
increased, the difference between light and dark current decreased. This
suggests the possibility of a maximum current difference between the
dark and light scenario as seen in the CV measurements. The chro-
noamperometric data in Fig. S8 shows that glucose detection in con-
centration levels below 0.41 mM show no significant difference between
the dark and illuminated samples. Above this concentration, the semi-
conductive behavior of the CuO photoelectrode become apparent with
higher current responses to the same glucose concentration. The diver-
gence between the recorded current and the glucose concentration
measured in the dark and light continued to grow even after an addition
of 20 mM glucose. A closer inspection of the 0.60 V “etched” sample’s
chronoamperometric response in Fig. SO confirms that the difference
between light and dark only become apparent following the addition of
0.41 mM of glucose. After this critical point, the difference continued to
grow even after the highest glucose concentration injection. Impres-
sively fast response times of 4 s were recorded for both the dark and light
tests indicating that light had no influence on the time taken to respond
to glucose additions.

The peak currents following each successive glucose injection were
determined and plotted against the respective glucose concentrations to
develop a calibration curve. Fig. 10 shows this calibration curve for the
“etched” CuO sensor in the light and dark. A total of 3 linear ranges (LR-
1, LR-2 and LR-3) are clearly identified under both scenarios with strong
correlation coefficients. LR-1 covers a 0-2.77 mM glucose range, LR-2
spans across 2.77-9.95 mM and LR-3 covers the largest range between
9.95 mM and 29.12 mM glucose. These linear ranges were not altered by
the inclusion of light in the system however, the correlation coefficients
of LR-1 are seen to increase from dark to light and decrease for the LR-2
range. The increased oxidation current of the optimized CuO thin film
also had no effect on the linear ranges. With smaller formations on the
surface of the etched electrode, the surface area is increased. This in-
crease in surface area has been reported to cause small increases in
linear range though coupled with good adhesion to the FTO substrate,
the linear range is further enhanced. The major contribution to the
increased linear range is believed to be due to the enhanced electronic
properties and more specifically charge carrier mobility and conduc-
tivity. With such high conductivities, charge carrier separation is easily
attainable. The sensitivity and limit of detection, however, were greatly
influenced by illumination. The sensitivity in the dark was found to be
197uA /mMcm?, whereas in the light, it increased to 263uA/mMcm?. The
low sensitivity could be attributed to the described high charge carrier
concentration. This is supported by numerous reports concerning
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semiconductors having decreased sensitivity as a result of increased
charge carrier density [59-61]. Additionally, the LOD at (S/N) of 3
decreased from 0.079 to 0.059 mM showing enhanced lower detection
limits under illumination. The detection properties for this sensor are
highly comparable with many works as presented in Table S4.

As such, to mimic the constituents found in human blood the inter-
fering species (Fructose, Sucrose, NaCl, Uric Acid, Citric Acid, Ascorbic
Acid, Acetaminophen) were added in 100 s intervals to a testing solution
containing 0.1 M NaOH. Fig. 11 A shows the current/time characteris-
tics associated with the addition of these interfering species. The results
from the interference study showed that even closely related mono-
saccharides such as fructose (isomeric to glucose) and sucrose did not
result in any significant response at levels similar to those present in
human blood. An addition of 0.1 mM uric acid (UA) produced the
greatest interference with the CuO thin film with a decrease of almost
0.1 mA/cm?. This interference is ascribed to the anionic nature of the UA
which causes a decrease in current density. The addition of light caused
no changes in the sensor’s response toward interfering species. A com-
mon cause for interference and catalyst poisoning comes in the form of
Cl, however, this work showed no Cl poisoning, even at very high NaCl
levels. Overall, the response to glucose was significant before and after
the introduction of interfering species which makes this “etched” CuO
thin film a promising non-enzymatic biosensor.

The reproducibility of the etched CuO thin film was electrochemi-
cally tested using CV in a solution of 0.1 M NaOH and 1 mM Glucose.
Samples were first stabilized at a scan rate of 100 mV/s for ten cycles and
the data was recorded at 50 mV/s. Anodic peak current densities of the
five prepared samples were recorded at 0.54 V vs Ag/AgCl. The repro-
ducibility of the etched CuO films is represented in Fig. 11 B. This shows
excellent electrode reproducibility in both the light (RSD = 4.85%) and
dark (RSD = 1.86%) scenarios. The shelf life of the CuO electrode was
validated under the same conditions as those used for the reproducibility
test (Fig. 11C). An etched sample was selected and repeatedly tested
over a period of one month (1-day, 2-days, 4-days, 7-days, 14-days, 21-
days, and 28-days). The results depicted in Fig. 11C reveal that in the
dark the deterioration was subtle with the largest photocurrent decrease
(0.026 mA/cm?) occurring between 2 and 4 days. In the light however,
clear evidence of photo-corrosion is seen with much larger deterioration
over the same time frame. The RSD’s for the dark and light condition
were found to be 2.40% and 4.56% respectively. Under these same
conditions, one electrode was subjected to repeated CV cycles to assess
the repeatability of the anodic peaks obtained. As per Fig. 11D, it was
found that the oxidation peaks for this sample were very repeatable over
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Fig. 10. Calibration curve for the “Etched” CuO thin film depicting 3 linear ranges in the A) Dark and B) light.
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Fig. 11. A) Chronoamperometric response to common interfering species on the “etched” CuO electrode in the dark and light, B) Electrode reproducibility test for
five samples in light and dark conditions, C) Etched CuO photoelectrode Shelf-life assessment and D) Peak anodic currents for a series of 10 CV cycles on the same

etched CuO sample illustrating repeatability.

10 Cycles for both the dark and light with RSD’s of 1.98% and 1.75%
respectively.

3.8. Transient photocurrent

The recombination characteristics of charge carriers for the glucose
sensor was evaluated under chopped light conditions. A three-electrode
system was used in an optical glass box containing a range of glucose
concentrations and 0.1 M NaOH. The AutoLab software was set to turn
the LED on and off at regular intervals during the testing phase at an
applied voltage of 0.54 V vs Ag/AgCl. Fig. 12 shows the intermittent
illumination of the “etched” CuO photoelectrode which revealed a sharp
increase in current the moment the semiconductor was exposed to light.
At low glucose concentrations, a characteristic hump was formed during
the first 5 s of illumination followed by a much slower current increase
to its respective steady state. This initial spike can be attributed to the
generation of electrons and holes which act in tandem with the Cu(III)
species to rapidly oxidize glucose. Transients arise from the perturba-
tions imposed on the system and the photogenerated charge results in a
current which is measured against time. The time difference between the

12

old and new system equilibrium states can be used to define the trans-
port parameters. The photogenerated transients were modelled using
the triphasic stretched exponential function as follows:

I—itA (f) ‘A, (7) A, (*)

Here, A represents a dimensionless weighting parameter associated
with the amplitude of the photoinduced response, t denotes the time, i,
represents the dark current and 7 is the RC time constants for each
exponential term in agreeance with previous works [62-64]. The tri-
phasic nature of the chopped light response indicates the presence of
non-interacting charge carriers which act to shift the fermi energy level
via their unique decay pathway. Furthermore, the rise and decay profiles
reveal that the CuO photoelectrode is controlled via multiple processes
which together result in its overall persistent photocurrent (PPC)
behavior. The concentration of glucose altered both the shape and in-
tensity of the current rise and decay curves. At low concentrations up to
1 mM, the electron-hole recombination appeared prevalent though upon
increasing the amount of glucose in the system, the charge carrier
elimination effects became less obvious. The parameters during the rise

(15)
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Fig. 12. Light chopping at a 0.54 V bias for A) Low concentrations (NaOH, 0.1, 0.25, 0.5, 1.0 mM Glucose) and B) High Concentrations (2.5, 5.0, 10.0, 15.0, 20.0

mM Glucose).

A; and 71 in the above equation arise due to the initial spike which is
attributed to the electron-hole pair recombination. A slower increase in
photocurrent following this spike is due to the adsorption of OH- to the
surface active CuO sites. This gradual rise follows PPC behavior that
lasts much longer than the initial spike. The diminishing rise of current
until the light cut-off point confirms that A,z /Asr and 7oz /73z are asso-
ciated with the adsorption processes. Following the termination of the
light source the current slowly dissipates though never attains its
starting current even after 130 s post illumination. This decay is
attributed to a combination of desorbing species as well as oxidation
products leaving the surface vicinity. This slow dissipation after illu-
mination is highly characteristic for systems which experience persistent
photocurrent as a result of limited interaction at deep trap states with re-
adsorbed species [65]. The previously excited electrons energy is
decreased to levels before illumination causing them to rejoin the VB
and fulfilling Shockley-Read Hall recombination. Interestingly, it can be
noted that the rising time constant 7,z with glucose concentration is
much faster than for the decay time constant. Conversely, the decay time
constants 7;p and 73p are faster for the decay region than in the rise for
increasing concentrations. It is this comparably fast adsorption process
which results in the drastic increase in glucose oxidation when light is
incident on the CuO photoelectrode. The fitting parameters used are
displayed in the supplementary Tables S5 and S6.

4. Conclusion

In this study a photo active thin film CuO was electrodeposited onto
FTO. Wet-chemical etching of the electrodeposited thin film allowed
band gap tuning of the deposited thin film. During glucose oxidation, the
shape of the CV curves in the dark and light remained unchanged. Under
illumination, the oxidation peak current was greatly enhanced as
compared to dark conditions. Glucose oxidation at the electrodes surface
is diffusion controlled. The PEC glucose oxidation mechanism followed
similar oxidation pathways as in the dark however, it was suspected to
be a combination of Cu(II)/Cu(Ill) and hydroxyl radicals, produced
following charge separation, that is believed to be responsible for the
increase current density. A higher kinetic rate constant and diffusion
coefficient were obtained for the illuminated samples. In addition, lower
charge transfer resistances were found in the light than in the dark. Also,
under transient illumination, it was determined that deep trap states
resulted in the formation of persistent photoconductivity. Chro-
noamperometric measurements revealed that the linear range of

13

detection was unaffected by the increased current density in the light
though the sensitivity and LOD were enhanced. A very large linear range
(up to 29 mM) was found. In both light and dark, the selectivity toward
glucose was phenomenal with very little interference from a wide range
of interfering substances.
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