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Copper or cobalt oxides were potentiostatically or potentiodynamically electrodeposited onto glassy
carbon electrodes (GCE), and their activities in the electrooxidation of glucose, fructose and H>O2 were
compared. Pourbaix diagrams, including acid-base, solubility, mono- and polynuclear complex
formation equilibria, were calculated to evaluate the most suitable conditions for electrodeposition,
which were subsequently verified by voltammetric studies. The magnitude and duration of the potential
pulses, potential range, and temperature were studied to determine a maximum sensitivity toward
glucose, fructose or H20,. The metal oxide-modified GCE was morphologically and chemically
characterized by scanning electron microscopy (SEM/SEM-EDS) and used to determine the glucose
content in pharmaceutical and synthetic aqueous solutions with satisfactory results. Our simple metal
oxide-modified electrodes show sensitivity values that are similar (1929.7 pA mM cm for glucose
using a Cu2O/GCE) to those obtained using other, more complex modified electrode architectures
reported in the literature and also show sufficiently low limits of detection (60 < uM) for eventual
application in glucose analysis of real samples.
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1. INTRODUCTION

Analytical methods for the analysis of sugars are very common both in medical studies and the
food industry. Typical examples are fructose quantification in beverages, syrups or honey, as well as
glucose analysis in human blood or urine samples.[1,2] These methods of analysis are highly relevant
since they provide ways to monitor and prevent health-related issues such as diabetes.[3] Among the
most common methods used for the analysis of glucose and fructose, we find those based on
chromatographic techniques (GC and HPLC),[4,5] the Lane-Eynon titration and many other methods in
the food industry,[6-8] while electrochemical[9] and optical[10] sensors are the most widely used for
medical applications, mainly due to their selectivity and ease of use.

Hydrogen peroxide is also a very important compound from an analytic point of view since its
concentration levels are related to various physiological processes (e.g., it can be produced as a result of
the activity of some enzymes). However, high levels of H2O> have cytotoxic effects.[11,12]

The expensive necessity for highly qualified personnel as well as the relatively low stability of
biosensors involved in the use of chromatographic methods of analysis, makes it imperative to develop
analytical methods based on stable and comparatively cheap materials that allow for both fast and facile
detection of these analytes over a wide range of concentrations.

For this purpose, electrochemical nonenzymatic glucose, fructose and H>O> sensors are a very
promising alternative.[13,14] Among the materials employed for the fabrication of these types of
devices, gold and platinum nanoparticles[15-17] as well as copper, cobalt or nickel oxides[18,19] have
shown the best performance for glucose, fructose and H.O> anodic oxidation in basic aqueous media.
Metal and metal oxide micro- and nanostructured particles can be synthesized by many different routes,
and although chemical deposition methods have been more studied and developed, electrochemical
methods are very promising and have recently attracted much attention due to their versatility. Because
of its intrinsic nature and by means of the proper choice of current and/or potential perturbation programs
during electrodeposition, this kind of preparation method offers the possibility to carefully control the
rate of particle nucleation and growth.[20] In particular, pulse potentiostatic methods have been shown
to be useful in controlling the particle size distribution,[21] whereas potential cycling methods lead to
more uniform particle growth and composition at the deposit surface.[22] Moreover, the composition of
the metallic precursor solution usually affects the electrodeposition process in such a way that particles
with different morphologies can be obtained at the surface of the electrode.[20]

Copper is an abundant element in the Earth’s crust, and its oxides are not only well known for
being stable but also for their multiple electrical and optical properties.[23] Specifically, CuO and Cu,O
can be obtained by using both anodic and cathodic electrodeposition methods. In the first case, a pulse
with a sufficiently high potential is applied to produce the oxidation of water or hydroxyl ions at the
surface of the electrode, hence attaining a local pH decrease, resulting in the precipitation of CuO.[24]
On the other hand, in cathodic electrodeposition, a pulse with a sufficiently negative current or low
potential is applied to reduce Cu(ll) to Cu(l), which precipitates in the form of CuO at the electrode
surface.[25] Many studies[26—28] exhibit the versatility of both methods, showing that composition,
morphology and particle size are highly influenced by the electrodeposition parameters and conditions,
although the relationship between the two and the performance of the fabricated electrodes also depends
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on the specific field of application. For example, Siegfried and Choi[29] prepared Cu20 crystals over an
ITO surface by cathodic electrodeposition at different temperatures over the temperature range of 40—
70 °C in the absence or presence of 5 wt % SDS, obtaining many variations of cubic and octahedral
morphologies over the course of the electrodeposition process. On the other hand, Sasano and others
prepared CuO films over Au/Si by single and multiple pulse anodic electrodeposition, obtaining a
different crystallinity and photoelectrochemical characteristics in each case.[30]

A mixture of cobalt oxides (abbreviated as CoOx) is a relatively inexpensive and very stable
material that shows an efficient catalytic effect over the anodic oxidation of glucose in alkaline
media.[31] CoOx deposition can be successfully achieved by electrochemical means in a variety of ways,
such as the anodic oxidation of Co(ll) soluble tartrate complexes in moderately basic media to obtain
Co(I11) and Co(1V) oxides.[32] In this work, we propose an interesting alternative that consists of a two-
step methodology. Therefore, in the first step, Co is cathodically electrodeposited in a controlled manner
over the electrode surface by a single pulse potentiostatic method, while in a second step, the oxidation
of metallic Co is realized by a cycling potential method to obtain a uniform film of Co(OH)2, C0304,
CoOOH, Co0- or a mixture of these compounds, depending on the magnitude of the cycled potential
interval.[33]

In this work, CuO-, Cu20- and CoOx-modified electrodes were prepared by electrodeposition
over glassy carbon electrodes (GCEs) by means of pulse potentiostatic methods or by a combination of
these methods with potential cycling methods, with the aim of studying the influence of the parameters
and conditions of preparation on the performance of the deposited oxides and their morphology. The
fabricated electrodes show relatively high sensitivities (i.e., 1929.7 uA mM* cm for glucose and 2923.4
uA mM-t cm2 for fructose with a Cu,O/GCE) and detection limits on the order of 10* M for glucose,
fructose or H20: in aqueous solutions, even with a simple architecture, compared to other, much more
complicated systems.[34] Additionally, some insights into the glucose electrooxidation mechanism over
the Cu20/GCE- and CoOx/GCE-modified electrodes are also discussed based on the experimental
results obtained.

2. EXPERIMENTAL

2.1. Reagents and solutions

Copper(Il) nitrate trihydrate (AR, Técnica Quimica), cobalt(ll) nitrate hexahydrate (AR,
Mallinckrodt), sodium hydroxide (> 98%, Sigma—Aldrich), nitric acid solution (65%, ACS reagent, J.T.
Baker), ammonium hydroxide solution (28%, ACS reagent, Sigma—Aldrich), hydrogen peroxide
solution (30%, AR, Quimica Rique), glacial acetic acid (99.9%, J.T. Baker), anhydrous sodium acetate
(AR, Monterrey), potassium nitrate (ACS reagent, Quimica Meyer), D-(+)-glucose (ACS reagent,
Sigma-Aldrich), and D-(-)-fructose (99%, Aldrich).
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2.2. Apparatus

All electrochemical experiments and measurements were performed with a CHI-920C
potentiostat using a typical three-electrode cell employing a Ag/AgCl in 1 M KCI reference electrode
(CHInstruments), a graphite rod as an auxiliary electrode and glassy carbon disk electrodes
(CHInstruments, d = 3 mm) as working electrodes. Before each use, the working GCE was consecutively
polished with alumina slurries with a particle size of 1, 0.3 and 0.05 pm until a mirror finish was obtained
and then finally rinsed with copious amounts of deionized water (18.2 MQ cm) obtained from a PureLab
Ultra (Elga) station. pH adjustment of the Cu(ll) solutions was achieved by adding proper amounts of
0.1 M NaOH or concentrated ammonium hydroxide solution, while the pH value in the solutions was
measured with a Sigma—Aldrich Ag/AgClI pH glass combination electrode and an Orion 5 Star pH-meter
(Thermo Scientific). For the case of Co(ll), solutions were prepared with the aid of a 0.1 M acetic
acid/acetate buffer. SEM characterization of the modified electrodes was carried out with a JEOL JSM-
5900 electronic microscope using secondary and backscattered electron imaging. Heating during the
electrodeposition experiments at 65 °C was achieved with a conventional hot plate.

2.3. Methodology

For the case of the anodic electrodeposition of CuO, preliminary linear sweep voltammetry
experiments at low scan rates (5 mV s™) were carried out to determine the potential at which water or
hydroxyl ions are oxidized in the metallic precursor solution. For this purpose, 0.025 M Cu(NO3).-3H20
and 0.5 M NHs/NH4" at pH = 8.2 buffer solutions were used. Subsequently, the single pulse
potentiostatic method was applied at different potential pulse magnitudes within the potential interval of
1.050-1.300 V with a pulse duration of 300 s. In this set of experiments, 0.025 M KNO3/0.5 M NHa/NH4"
solutions were used as blank solutions.

For the cathodic electrodeposition of Cu.O, a cyclic voltammetry study at two different
temperatures (25 and 65 °C) in 0.02 M Cu(NOs)2-3H20 at pH = 4.9 was carried out first so that an
adequate potential interval for Cu(ll) electroreduction at each temperature could be found. Afterward,
the single pulse potentiostatic method was applied at each temperature with pulses of variable magnitude
and a constant duration of 300 s.

CoOx electrodeposition was achieved through a two-step process. In the first step, a cathodic
potential pulse was applied for 60 s in the presence of 5 mM Co(NO3)2-:6H20 in 0.1 M acetate buffer
solution at pH = 4. The adequate magnitude for the applied potential was verified by means of a previous
study using cyclic voltammetry (100 mV s%) in the same media. The second step involves the progressive
oxidation of the metallic Co particles in a 0.1 M NaOH solution by the application of a cycling potential
program in the potential interval of -0.500-0.700 V (30 cycles at 100 mV s™1).

The effect of electrode modification by the electrodeposition procedures was tested by evaluating
the corresponding analytical performance of all the prepared modified electrodes in glucose and, in some
cases, fructose or H20> electrooxidation, which was studied by linear sweep voltammetry (LSV) at 100
mV stin 0.1 M NaOH media. Some insights into the corresponding electrooxidation mechanisms were
collected by a scan rate study using the same technique. Finally, SEM/SEM-EDS analysis of the
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modified electrodes was used for the microscopic morphological and chemical characterization of the
electrodeposits.

3. RESULTS AND DISCUSSION

3.1. Anodic CuO electrodeposition

According to Izaki and others,[24] anodic electrodeposition of CuO takes place according to the
following reactions:

2H,0 ~ Oz + 4H* + 4¢” (1)

Cu(NH3)s* + 4H* — Cu?* + 4NH4* (ii)
Cu?* + 20H" — Cu(OH)y) (iii)
Cu(OH)z¢) — CuOgs) + H20 (iv)

Therefore, if a single potentiostatic pulse can promote reaction i at the surface of the working
electrode, CuO formation will be expected to occur as a consequence of the instantaneous corresponding
decrease in pH at the Nernst diffusion layer, as indicated by the Pourbaix diagram in Figure SI.1 (see
Supporting Information). Figure SI.1 also indicates that this treatment will be more effective if the pH
value of the Cu(ll) solution is as close as possible to 8.1. Experimentally, an adequate potential
magnitude for achieving reaction i at the surface of the working electrode was found by linear sweep
voltammetry experiments at a low scan rate (5 mV s?) in 0.025 M Cu(l1) solutions and 0.5 M NH3/NH4*
at pH = 8.2 buffered media. For comparison purposes, 0.025 M KNO3/0.5 M NHs/NH4* solutions were
used as a blank. Figure SI.2 shows the difference in the current-potential responses in the absence and
presence of Cu(ll). The oxidation signal in figure SI.2A is ascribed to hydroxyl ion oxidation instead of
water (reaction v), as was referred by Izaki,[24] since the voltammetric response reaches a plateau, and,
hence, it is not the anodic barrier.

40H — O2 + 2H20 + 4e (v)

As shown in Figure SI1.2B, it is clear that the same oxidation signal has a ca. 200 mV lower onset
potential. This signal displacement can be explained by the well-known electrocatalytic effect of CuO
toward the oxygen evolution reaction (OER).[35] Some current spikes are observed in the
voltammogram shown in Figure S1.2B, which can be attributed to the observed accumulation and
subsequent release of bubbles of molecular oxygen at the electrode surface. According to these results
and aiming to obtain a satisfactory CuO deposit, anodic pulses with a duration of 300 s at 1.050 < Eapp
<1.300 V vs. Ag/AgClI from an initial potential, Eo, of 900 mV vs. Ag/AgCI were applied at the working
electrode, as indicated in Table 1. The corresponding current-time responses for the different
electrodeposition conditions are shown in Figure 1.
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Figure 1. Current-time responses obtained during the anodic electrodeposition treatments listed in Table
1 in the absence (dashed lines) and presence (solid lines) of Cu(ll).

The chronoamperometric curves recorded in the presence of Cu(ll) present a peak-shaped profile
for t <55, which is indicative of the formation of a new phase (presumably CuO) at the electrode surface.
| vs. t profiles for the same treatments listed in Table 1 but performed with 0.025 M KNO3/0.5 M
NH3/NH,4" solutions only show a capacitive exponential decay of current vs. time over the same time
scale.

Table 1. Anodic electrodeposition parameters used for CuO in the single pulse potentiostatic method.
Initial potential Eo = 0.900 V vs. Ag/AgCl.

Treatment Eapp (V) time (s)
a 1.050 300
b 1.100 300
C 1.150 300
d 1.200 300
e 1.250 300
f 1.300 300

As shown in Figure 2, the best analytical performance for glucose oxidation in 0.1 M NaOH
media, represented by the magnitude of the oxidation current recorded at 0.500 V by LSV, is achieved
with the electrode modified at Eapp = 1.200 V (treatment d in Table 1). Higher potentials drive the oxygen
evolution reaction too fast, resulting in a poorer quality of the copper oxide electrodeposit. The inset
shown in Figure 2 clearly shows that glucose electrooxidation is not observed at the GCE. These results
indicate that the magnitude of the anodic potential pulse applied during the electrodeposition method
must be carefully selected in such a way that the hydroxide ion oxidation reaction proceeds at a moderate
rate (at electrode potentials close to 1.200 V, but lower than 1.250 V vs. Ag/AgCl), preventing excessive
molecular oxygen accumulation at the electrode surface to enable adequate CuO deposition.
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Figure 2. Anodic currents measured (background corrected) for 1 mM glucose electrooxidation at 0.500
V (by LSV recorded at 100 mV s) using electrodes modified by the anodic electrodeposition
conditions listed in Table 1. Inset: LSV curves in 0.1 M NaOH media in the absence (red) and
presence (blue) of 1 mM glucose, recorded with a GCE (dashed lines) and a CuO/GCE (solid
lines) fabricated at an Eapp 0f 1.200 V. Error bars represent the standard deviation (n = 3).

3.2. Cathodic Cu20 electrodeposition

Electrochemical reduction of dissolved Cu(ll) salts in water can yield sparingly soluble Cu(l)
oxide under specific conditions. According to Siegfried and others,[29] the corresponding
electrochemical reaction of Cu.O deposition over ITO in slightly acidic media (around pH = 4.9) is

2Cu?" + H20 + 2" — Cuz0 + 2H* (vi)

As reported by many authors,[36,37] in addition to the reaction temperature and solution pH
value, the concentration of complexing and surfactant agents also plays a significant role in the
morphology and particle size of the deposited Cu.O particles. On the one hand, the reaction temperature
has an important influence on the electrochemical reaction rate, while on the other hand, the solution
composition strongly affects not only the electrical double layer structure but also the mechanism of the
deposition reaction. In general, information available in the literature states that control over media
temperature, pH and surfactant concentration (such as sodium dodecyl sulfate, SDS) or complexing
agents (e.g., lactate or citrate ions) can lead to a mixture of pure cubic and octahedral crystalline
behavior.[29,36,37] As a starting point, to carry out a systematic study of the influence of some of these
factors on the electrochemical performance of the deposited Cu20 particles, we calculated the Pourbaix
diagram for the Cu(I1)/Cu(l)/Cu system at 25 °C. The Pourbaix diagram (figure SI.3) shows that the
electrochemical reduction of Cu(ll) ions to Cu(l) oxide can be achieved in acidic media (4 < pH < 5).
Experimental validation of this hypothesis was obtained by means of cyclic voltammetry experiments
in the presence of 0.02 M Cu(NOs3)2-3H20 at pH = 4.9, as shown in Figure SI.4A. The potential range
at which the desired electrochemical reaction proceeds is approximately -0.750 < E <-0.400 V, while at
E < -0.750 V, the reduction of Cu(l) to Cu is observed, as can be confirmed by the signal crossover
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observed at approximately -1.300 V, which is distinctive evidence of metal electrocrystallization
processes.[38]

Based on the previous results, a single potentiostatic pulse with a constant duration of 300 s was
applied to induce Cu20 electrodeposition at either 25 or 65 °C, while varying the applied potential (-
0.800 < Eapp < -0.500 V) and looking for the formation of a high amount of dispersed Cu20 particle
nuclei. Figure 3 shows the analytical performance of the prepared Cu.O-modified electrodes for
electrochemical glucose oxidation in 0.1 M NaOH media, represented as the | value measured at 0.500
V with LSV. According to these results, electrodes prepared at 25 °C and under an applied potential of
-0.600 V for 300 s show the best sensitivity toward glucose oxidation. Notwithstanding that a wider
study of the effect of the variables considered in this work on the voltammetric response of Cu2O-
modified glassy carbon electrodes toward glucose oxidation could still be performed, it is possible to
establish more appropriate experimental conditions to carry out Cu2O cathodic electrodeposition and to
obtain a maximum sensitivity for glucose electrooxidation.

4 65°C = 25°C 30 —pank
200 _ 524 — glucose
200
¥ ::' 150
1504 [] 100
= z 50
] :
= 041 02 03 04 05 06 07 08
100 | E(V vs Ag/AgCI)
bt
1
50 . : |
-0.9 -0.6 03 0.0
Eapp (V vs Ag/AgCl)

Figure 3. Analytical performance of Cu,O/GCE prepared by the cathodic electrodeposition method.
Inset: LSV curves in 0.1 M NaOH media in the absence (red) and presence (blue) of 1 mM
glucose, recorded with the electrodes fabricated at an Eapp 0f -0.600 V and 25 °C. Error bars
represent the standard deviation (n = 3).

The mechanism for glucose electrooxidation on copper(ll) oxide in basic aqueous media is
usually proposed to consist of the following steps:[39]

CuOgs) + OH = CuOOHg) + € (vii)
CuOOH(s) + glucose = gluconolactone + CuQOgs) (viii)
gluconolactone + H>O— gluconic acid (ix)

For Cu(l) oxide electrodes, it is assumed that this mechanism is preceded by the following
reaction:

Cu20s) + 20H = 2CuO¢s) + H20 + 2e° (x)

However, some authors have recently proposed a different reaction path,[40] arguing that there
is not enough evidence for the formation of Cu(l11) and establishing that the electrooxidation of glucose
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occurs via a two-electron transfer from the carbohydrates to the hydroxyl ions adsorbed on the
corresponding copper oxide surface during the anodic scan, followed by the irreversible production of
gluconic acid (reaction ix). The driving force for the glucose oxidation reaction (reaction xiii) could then
be attributed to the high reactivity of the hydroxyl ion-hole pairs (reaction xi) or of some hydroxyl
radicals generated at the electrode surface after the oxidation of adsorbed hydroxyl ions by holes
(reaction xii) at the copper oxide surface due to the p-type semiconductor properties of this material.

OH (ass) + h" — (OH (au9)) (") (xi)
(OH (ads))(h™) — OH(acs) (xii)
glucose + 2(OH(ads))(h") — gluconolactone + 2H20 ads) (xiii)

To shed some light on the mechanism of glucose electrooxidation over the Cu.O/GCE, a scan
rate study (10-300 mV s) with linear sweep voltammetry was performed in 1 mM glucose and 0.1 M
NaOH solutions. Figure SI.5 shows the obtained voltammograms, and Figure 4 indicates the variation
in the peak current (measured at 0.500 V vs. Ag/AgCl) and potential (I, and Ep) as a function of the scan
rate (v) on a logarithmic scale. As shown in Figure 4, it is possible to observe that I, is proportional to
v*2, indicating that the maximum current for the oxidation signal of glucose depends on the diffusion
rate of this species to the electrode and not on the reactivity of a surface-confined species, as would
occur if a hypothetical Cu(l1) species were involved in the electrochemical process. Figure 4 also shows
an anodic displacement for the value of Ep, revealing the presence of an irreversible chemical reaction
coupled to the glucose oxidation process, in accordance with the qualitative mechanistic diagnostic
criteria of Nicholson and Shain.[41]

¢ log Ip 10.6
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] 105
S
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>
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- log 1,=0.5233 log v+ 1.1721 0.1
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log v

Figure 4. LSV scan rate study (10-300 mV s) for the oxidation of 1 mM glucose at Cu,O/GCE in 0.1
M aqueous NaOH solution. Error bars represent the standard deviation (n = 3).

As shown in Figure SI.5, one can also see that the glucose oxidation signal reaches a plateau (a
trait that is strongly indicative of a catalytic process), although it could also be attributed to a significant
electrode roughness. The LSV curves in the absence of glucose (see figure S1.5) do not reveal any signal
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related to the transformation of Cu(l) oxide to any Cu(Il) or Cu(l1l) species within the potential window
scanned (0.100-0.700 V vs. Ag/AgCl). Our results suggest that the mechanism proposed by Barragan
and others[40] for glucose oxidation over CuO is also valid for Cu,O-modified electrodes, which is a
reasonable assumption since both materials are p-type semiconductors.[42,43]

3.3. Two-step CoOx electrodeposition

To determine the optimal conditions for metallic Co deposition on GCE, a cyclic voltammetry
study was performed in a 5 mM aqueous Co(NO3z)2-6H20 solution with 0.1 M acetate buffer solution
(ABS) at pH = 4. Figure SI.6A shows the corresponding results of this study, where it is possible to
identify the reduction of Co(ll) to metallic Co at potentials lower than -0.600 V (signal I¢). The nucleation
crossover at approximately -1.200 V is indicative of the aforementioned deposition process, while the
oxidation signal with an Ep of 0.063 V is associated with the oxidation of the deposited Co to Co(ll)
(peak la). The fabrication of Co/GCE was then achieved by Co electrodeposition on GCE through the
application of a potential pulse of -1.200 V for 60 s. Figure S1.6B shows the chronoamperometric profile
for the potentiostatic Co deposition process, where three distinctive time zones can be clearly identified:
the first zone occurs at very short times (t < 0.3 s), with an initial current spike associated with the
charge/discharge process of the electrical double layer, followed by a zone in which there is a significant
increment (0.3 s <t < 3 s) in the current magnitude due to metallic particle nucleation and growth
processes, to finally reach a zone with a current decay over time (t > 3 s), owing to the diffusive control
of the reduction reaction.

The Pourbaix diagram shown in Figure SI.7 reveals that in highly alkaline media (10 < pH < 13),
metallic Co can be successively oxidized to Co(ll) in the form of Co(OH)2s), a mixture of Co(ll) and
Co(I11) (Co304)), Co(l1) as the oxyhydroxide CoOOH ) and Co(lV) in the form of the corresponding
oxide (CoOz)). Adequate control of the electrode/solution interface potential is then essential to obtain
a given composition of the oxidized Co particles over the GCE (CoOx/GCE). Co/GCE were then
submitted to a potential cycling treatment in 0.1 M NaOH media, applying a total of 30 cycles in the
potential range of -0.500 to 0.700 V at 100 mV s. Figure S1.8 presents the results of this treatment,
where it is possible to identify 3 signals (I-111). According to the Pourbaix diagram shown in Figure SI.7
and as proposed in the related literature,[33,44] these signals are associated with the following
electrochemical reactions:

3C0(OH); + 20H" = C0304 + 4H,0 + 26" (signal I)
C0304 + OH + H20 = 3COOOH + & (signal 11)
CoOOH + OH" = Co0z + H,0 + & (signal I11)

In the first sweep toward positive potential values, an intense and wide oxidation peak is
observed, which corresponds to the oxidation of metallic Co to form Co(OH)2, Co304 and CoOOH. As
the number of cycles increases, there is a significant amount of metallic Co that is converted into Co(ll)
and Co(lll) oxides and oxyhydroxides, which are less conductive species than metallic Co, so a
progressive decrease in the current is observed.



Int. J. Electrochem. Sci., 17 (2022) Article Number: 220911 11

Glucose electrooxidation in basic media (0.1 M NaOH solution) at the CoOx/GCE was examined
by LSV at v = 100 mV s for different concentrations of glucose in solution. The results obtained are
shown in Figure 5, where one can clearly see that the current value for signal 1115 increases proportionally
with the glucose concentration. Peaks Il./llc remain almost unaltered by the glucose concentration and
the number of measurements carried out, thus indicating a high stability of the CoOx surface.

It is worth highlighting that, as mentioned before, when the glucose concentration increases,
signal 111, increases proportionally, while at the same time, signal I1lc decreases proportionally to the
glucose concentration. This behavior is a strong indication of the activity of the CoO2/CoOOH couple
as a redox mediator for glucose electrooxidation. To verify this hypothesis, a scan rate study in a 0.91
mM glucose solution was performed. A summary of the obtained results is presented in Figure SI.9,
where we can clearly observe how, independent of the scan rate, the current magnitude in the reverse
scan is significantly lower in the presence of glucose than in its absence. This effect can be explained by
the following proposed catalytic mechanism:

Co(lll) = Co(IV) + e (xiv)

glucose + 2Co(1V) = gluconolactone + 2Co(lll) (xv)

200 -
160 -

1204 -

I (uA)

80 .

[glucose]

40+

-40-

0.0 0.2 0.4 06 08
E (V vs Ag/AgCl)

Figure 5. CV curves measured in the absence (dashed line) and presence (solid lines) of glucose at
different concentrations (0.2-1.67 mM) in 0.1 M NaOH media. Working electrode: CoOx/GCE.
v=100 mV s,

As shown in Figure 6, the current difference between the voltammetric curves measured in the
presence and absence of glucose (Al) gives a clearer idea of how much higher the measured oxidation
currents are in the presence of glucose at the backward scan as a consequence of Co(lll) regeneration,
when reaction (xv) has more time to proceed, i.e., at lower scan rates. This latter feature of the
CoOx/GCE also contributes to its stability as a nonenzymatic electrode for the quantification of glucose.
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Figure 6. Current difference (Al= lgucose-Iniank) at various scan rates obtained from the CV recorded in

the absence or in the presence of 0.91 mM glucose in 0.1 M agueous NaOH. Working electrode:
CoOx/GCE.

3.4. Structural and chemical characterization of the electrode

Figure 7 shows the corresponding SEM images for the Cu,O/GCE, CuO/GCE and CoOx/GCE
electrodes that show the best performance for glucose electrooxidation.

Figure 7. SEM micrographs of Cu2O/GCE (A and B), CuO/GCE (C) and CoOx/GCE (D) electrodes.
Images A, B and D were taken with secondary electrons, while image C was obtained with
backscattered electrons.
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As shown in Figure 7A, it is possible to observe the electrode surface homogeneously covered
by Cu20 electrodeposited particles with a ridged structure and sizes in the range of less than 1 um. Figure
7B, at higher magnification, reveals the presence of Cu,O nanosheets. On the other hand, Figure 7C
indicates that electrodeposited CuO particles predominantly form dispersed round particles with
diameters in the range of 5-10 um. Finally, Figure 7D shows the formation of a uniformly distributed
electrodeposited CoOx material at the electrode substrate. Additionally, a rough, needle-like morphology
Is observed with dimensions on the nanometric scale.

Figures S1.15 — S1.20 show the SEM-EDS results (including elemental mappings and analysis)
obtained for the microscopic characterization of the CuxO (x = 1,2) and CoOx electrodeposits. Despite
some irregularities observed for the electrodeposits obtained, it is clear that copper, cobalt, and oxygen
are present on the corresponding electrode surfaces.

3.5. Analytical application

The analytical performance of the Cu.O/GC electrodes for glucose, fructose and H202
quantification was evaluated with linear sweep voltammetry in aqueous 0.1 M NaOH. Figure 8 shows
representative LSV curves for individual 1 mM analyte solutions. Additionally, as shown in Figure
S1.10, the individual calibration curves with linear relationships between I, and the concentration of each
analyte are contained. The analytical parameters determined from this study are summarized in Table 2.
From this table, it can be concluded that glucose, fructose and H.O> can be analyzed by using this
technique with limit of detection (LOD) values as low as 55, 86 and 118 puM, respectively, over a wide
linear range of concentrations.

Glucose concentrations of approximately 5-7 mM and 3-6 mM are representative of normal
levels found in human blood and urine, respectively.[1] The prepared Cu,O/GCE electrodes are thus
excellent candidates for use in glucose content determination in human blood or even in urine. However,
from the LSV curves shown in Figure 8, it is clear that both glucose and fructose show oxidation signals
that appear at very similar potentials but with different sensitivities. This selectivity problem can be
solved by exclusively analyzing the fructose content in real samples by differential pulse polarography
ina 1 M CaCl, medium.[45] Usually, this latter method is used in addition to the Lane-Eynon titration,
which allows for the determination of the total reducing sugar content in complex mixtures. According
to the results presented in this section, Cu2O/GCE can be employed as an alternative to Lane-Eynon
titration in the quantification of the total amount of glucose and fructose (e.g., honey samples).

Another alternative for selective sugar determination is the use of the Cu2O/GCE as a first-
generation amperometric glucose sensor,[46] performing in the first place the treatment of the
corresponding sample with glucose oxidase, followed by simultaneous quantification without
interference from the H2O, produced and the already existing fructose by means of their corresponding
oxidation peak currents in LSV.

The response of CuO/GCE and CoOx/GCE prepared with optimum conditions was also tested
in LSV experiments at 100 mV s? and different concentrations of glucose in aqueous 0.1 M NaOH
solutions. Figures SI.11B and S1.12 show the calibration curves obtained with each electrode, and Table
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2 indicates their corresponding analytical parameters. The sensitivity for glucose electrooxidation using
the CuxO/GCE (x = 1 or 2) electrodes is found to be comparable to that reported in a recent related

paper.[47]

Table 2. Analytical parameters determined for the different analytes and modified electrodes.

Sensitivity LOD 2
Analyte Electrode WAMMIcm?)  (uM) R
Glucose CuO/GCE 1414.7 146 0.994
Glucose Cu20/GCE 1929.7 55 0.997
Glucose CoOx/GCE 621.2 163 0.991
Fructose Cu20/GCE 2923.4 86 0.994
H>0> Cu20/GCE 455.6 118 0.998
4004 ——blank
—— Glucose
Fructose
300- H,0,
< 200-
100+
0.0 0.2 0.4 0.6

E (V vs Ag/AgCl)

Figure 8. Typical LSV curves (v = 100 mV s) for individual 1 mM solutions of glucose, fructose or
H20- in 0.1 M aqueous NaOH. Working electrode: Cu.O/GCE.

In clinical medicine, aqueous glucose solutions (5% w/v) are commonly used intravenously for
the treatment and prevention of hypoglycemia and dehydration.[48] As shown in Table 3, we report the
results for the analysis of the glucose content of a pharmaceutical formulation (DX-5 commercial
solution). For comparison purposes, the same analysis was carried out for a synthetic sample prepared
at the same nominal concentration. The analysis was accomplished by using the Cu.O/GCE electrode
with the LSV technique and by measurement of the density of the corresponding sample solutions. The
results given in Table 3 indicate that both methods show very similar results, with acceptable statistical
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deviations. Hence, the glucose content for both the pharmaceutical and the synthetic samples is found to
be close to the nominal value.

Table 3. Analysis results for aqueous glucose solutions.

Glucose content (% w/v + S.D.)
Measured by

Sample . -
Nominal Nonenzyr[r;]atlc Density method!™
sensor
Pharmaceu_tlcal 50 52405 45+0.4
formulation
Synthetic 5.0 46+0.2 50+0.1

[a] Performed by the standard addition method using LSV and a Cu,O/GCE working electrode, n = 5
(see. Figures SI.13 and 14). [b] Mass measurement of a known volume of the corresponding solution at
20 °C, n = 3 (see. Table SI.1).

4. CONCLUSION

CuxO/GCE (x = 1,2) and CoOx/GCE electrodes were successfully prepared by potentiostatic or
a combination of potentiostatic and potentiodynamic techniques, demonstrating the versatility of these
electrochemical methods for the electrodeposition of microstructured metal oxides. Thermodynamic
data and voltammetric studies were used to choose appropriate conditions for the electrodeposition
experiments. For each system, adequate selection of the electrodeposition parameters and conditions is
critical since it greatly influences the analytical performance of the modified electrodes prepared for the
electrooxidation of glucose in basic media. The results obtained also indicate that the Cu,O/GCE
electrodes are excellent candidates for the rapid and facile analysis of glucose, fructose and H20- in real
samples with analyte contents on the order of 10 M or higher. We propose that glucose electrooxidation
at Cu2O/GCE electrodes follows an EC mechanism without the participation of Cu(lll) species, while
this process is mediated via the CoO2/CoOOH redox couple at the CoOx/GCE electrodes. The glucose
content in pharmaceutical and synthetic aqueous glucose solutions was analyzed by using two different
methods, indicating that the Cu,O/GCE electrode can give reliable and satisfactory results for these
samples.
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SUPPORTING INFORMATION:

——E” Cu”’/Cu E* Cu”/Cu’ ——E*® Cu'/Cu
0.4+
! 1
1

E (V vs Ag/AgCl)

Figure SI.1. E vs. pH diagram for the Cu(I1)/Cu(1)/Cu system at a total Cu concentration of 0.025 M in
0.5 M NH3/NH4" buffered media at 25 °C. Data used for diagram construction were taken from

[49,50].
600+

—A

500- B

400+

3004

I (uA)

200

100

0.5 1.0 15 2.0
E (V vs Ag/AgCl)

Figure SI.2. LSV curves at 5 mV s for (A) 0.025 M KNO3 and 0.5 M NHs/NH4*, (B) 0.025 M
Cu(NOs3)2-3H20 and 0.5 M NH3/NH4" at pH = 8.15 solutions. Working electrode: glassy carbon

disk, with a diameter of 3 mm.

E * Cu'/Cu

E * Cu®/Cu’

—E > Cu”/Cu
0.4+ ,

E (V vs Ag/AgCl)

Figure S1.3. E vs. pH diagram for the Cu(l1)/Cu(l)/Cu system with a total Cu concentration of 0.02 M at
25 °C. Data used for diagram construction were taken from [49,50].
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blank
1st cycle
2nd cycle

1.0

A

0.5

17

I (mA)

-0.54

-1.01

.06 0.0
E (V vs Ag/AgCl)

18

0.0+

0.6

-0.21
-0.41

-0.6 -

I (mA)

-0.81

-1.0

-1.2 — T

—— blank
Cu(ll)

4 6
time (s)

10

Figure SI.4. A) Cyclic voltammetry curves measured at 25 °C for 0.02 M Cu(NOs3)2-3H20 aqueous
solution at pH = 4.9. A 0.02 M KNOs solution at the same pH was used as a blank. v =100 mV
s’1. B) Chronoamperometric experiments (initial potential Eo = 0.300 V, step potential Eapp = -
0.600 V vs. Ag/AgCl) in a 0.02 M KNO3s aqueous solution at pH = 4.9 (blank) and in a 0.02 M
Cu(NOs3)2-3H20 aqueous solution at the same pH. Working electrode: glassy carbon disk, with

a diameter of 3 mm.
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5007 ——10mvs”
{ ——25mvs’
400/ ——50mvs”
~——100 mV's™
—125mVs" >
2 07— 450mvs”
= 1 —200mvs”
200
100+
0+
0.0

E (V vs Ag/AgCl)

Figure SI.5. LSV curves measured at different scan rates (10-300 mV s™) in the absence (dashed lines)
and presence (solid lines) of 1 mM glucose in 0.1 M NaOH solutions. Working electrode:
Cux0O/GCE prepared at 25 °C and Eapp = - 0.600 V for 300 s.

| 0-
A o A B °r
.., 20y -200-
£
= <
0.2 =
s 400
-0.44 —— blank
—— blank ——Co (Il)
Co(ll)
0.6-+L, : : : : . -600 - ' !
12 08 04 00 04 08 0 20 40 60
E (V vs Ag/AgCl) time (s)

Figure SI.6. A) Cyclic voltammetry curves measured at 100 mV s and 25 °C for 5 mM Co(NO3)2-6H20
solution at pH =4.0in 0.1 M ABS. B) I vs. t profile during the cathodic electrodeposition of Co
(initial potential -0.200 V, Eapp=-1.200 V vs. Ag/AgCl). Working electrode: glassy carbon disk,
with a diameter of 3 mm.
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E° Co™/Co
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Figure SI.7. E vs. pH diagram for the Co(IV)/Co(lll)/Co(Il)/Co system at 25 °C and a total Co

concentration of 1x10° M.

I (mA)

Data used for diagram construction were taken from [51-53].

04 -02 00 02 04 06

E (V vs Ag/AgCl)

Figure S1.8. Potential cycling treatment for the Co/GCE in 0.1 M NaOH media; 30 cycles at 100 mV s
1
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I (uA)

-100+

00 01 02 03 04 05 06 07 08
E (V vs Ag/AgCl)

Figure S1.9. Representative cyclic voltammetry curves obtained at different scan rates (25-300 mV s)
for 0.1 M NaOH media in the absence (dashed lines) and presence (solid lines) of 0.91 mM
glucose. Working electrode: CoOx/GCE.

200+
Glucose
Fructose
H.O
150- 22
< 100
50
0 ;

00 04 08 12 16 20 24
Concentration (mM)

Figure SI.10. Linear scan voltammetry calibration curves for glucose, fructose, and H202 in 0.1 M
NaOH, recorded at 100 mV s, Working electrode: Cu,O/GCE. Error bars represent the standard
deviation calculated for each data point (n = 3).
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300+
B 200+
A | Ip=100[GIucose]+6.665 .
250- S 160, R=0.994
©
200+ <
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5 o 120+
2 150, g5 2
e 4 (0] vn
/ 1) -~ 804
100 - g 38
=
504 p 2 40+
0 T T T T T 0 T T T T 1
0.2 0.3 0.4 0.5 0.6 0.7 0.0 0.4 0.8 1.2 1.6 2.0
E (V vs Ag/AgCl) [Glucose] (mM)

Figure SI.11. A) Linear scan voltammetry curves measured at 100 mV st in 0.1 M NaOH media (blank:
red line) and different glucose concentrations (0.4-1.8 mM). B) Associated calibration curve.
Working electrode: CuO/GCE prepared at Eapp = 1.200 V for 300 s. Error bars represent the
standard deviation calculated for each data point (n = 3).

100
/. =43.93[Glucose]+4.1192

R®=0.9913
80

60

(nA)

Q

=% 40+

20+

0 . T T T
0.0 0.4 0.8 1.2 1.6

[Glucose] (mM)
Figure SI.12. Glucose calibration curve. Data obtained from signal 1115 in the CV curves recorded in 0.1
M NaOH media. Working electrode: CoOx/GC. v =100 mV s™. Error bars represent the standard
deviation calculated for each data point (n = 3).
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Figure SI.13. A) Representative LSV recorded for addition of a glucose standard to a commercial
solution (DX-5) diluted in 0.1 M NaOH media (v =100 mV s*); blank, diluted sample and
standard additions are represented by dashed, dotted and solid lines, respectively. B) Associated
calibration curve. Working electrode: Cu,O/GCE. Error bars represent the standard deviation
calculated for each data point (n = 3).

590 I, (uA) 300

300+ A B 5ehl

250
200+

[Glucose]

200+
1504

I (uA)

1501 S B P

100 100

1,=113.08[Glucose]+102.62

50 .
R*=0.9993

50+

O T T T T T T 1 T T T T T T T 1
60 01 02 03 04 05 06 07 20 -15 10 -05 00 05 10 15 20

E (V vs Ag/AgCl) [Glucose] (mM)

Figure S1.14. A) Representative LSV recorded for the addition of a glucose standard to a synthetic
sample diluted in 0.1 M NaOH media (v =100 mV s%); blank, diluted sample and standard added
solutions are represented by dashed, dotted and solid lines, respectively. B) Associated
calibration curve. Working electrode: Cu.O/GCE. Error bars represent the standard deviation
calculated for each data point (n = 3).

Table SI.1. Density determination for the aqueous glucose solutions at 20 °C.
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. Glucose
Sample Volume Mass De/nsEy content (%

(mL) (9) (g/mL) wiv) [a]
Pharmaceutical 1.0 1.01721 1.01721 50
Pharmaceutical 2.0 2.02976 1.01488 4.4
Pharmaceutical 3.0 3.04335 1.01445 4.2
Synthetic 1.0 1.01736 1.01736 5.0
Synthetic 2.0 2.03450 1.01725 5.0
Synthetic 3.0 3.05098 1.01699 4.9

[a] Values estimated using a calibration curve created with values taken from the concentration
vs. density table (20 °C).[54]

SEM/SEM-EDS elemental analysis of CuxO (x=1,2)-modified or CoOx-modified glassy carbon
electrodes:

Electron Image 3

Zaky X188 188mm FO-USAII

Figure S1.15. Typical EDS spectra measured for CuO/GCE prepared potentiostatically by anodic
electrodeposition at Eapp = 1.20 V vs. Ag/AgCl (treatment d in Table 1) in a 0.025 M
Cu(NOs)2-3H20/0.5 M NH3/NH4* solution at pH = 8.15. Initial potential Eo = 0.900 V vs.
Ag/AgCI. A) SEM image of backscattered electrons (BSE). B) Higher magnification of image A
with some areas selected for EDS analysis. C, D) EDS analysis of Spectrum 8 and Spectrum 9
areas in image B.
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Electron Image 4

50pm
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50pm

50pm

Figure SI1.16. SEM image and EDS elemental mapping for CuO/GCE prepared potentiostatically by
anodic electrodeposition at Eapp = 1.200 V vs. Ag/AgCI (treatment d in Table 1) in a 0.025 M
Cu(NOs3)2-3H20/0.5 M NH3/NH4* solution at pH = 8.15. Initial potential Eo = 0.900 V vs.
Ag/AgCl. A) BSE SEM image. B) C mapping. C) O mapping. D) Cu mapping.
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Electron Image 1

Figure S1.17. SEM image and typlcal EDS spectra obtalned for CuZO/GCE prepared potentiostatically
by cathodic electrodeposition at Eapp = -0.600 V vs. Ag/AgCl for 300 s in a 0.02 M
Cu(NO3)2-3H20 aqueous solution at pH = 4.9. Initial potential Eo = 0.300 V vs. Ag/AgCl. A)
BSE SEM image. B) and C) EDS elemental analysis of Spectrum 3 and Spectrum 4 zones in
image A.
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Figure SI.18. SEM and EDS elemental mapping for Cu,O/GCE prepared potentiostatically by cathodic
electrodeposition at Eapp =-0.600 V vs. Ag/AgCl for 300 s in a 0.02 M Cu(NO3)2-3H20 aqueous
solution at pH = 4.9. Initial potential Eo = 0.300 V vs. Ag/AgCl. A) BSE SEM image. B) C
mapping. C) O mapping. D) Cu mapping.
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Figure S1.19. SEM images and typical EDS spectra obtained for CoOx/GCE prepared by cobalt

deposition at Eapp = -1.200 V vs. Ag/AgCI (cathodic pulse applied for 60 s) in 5 mM

Co(NOz3)2:6H20 in 0.1 M acetate buffer solution at pH = 4 (first step) followed by progressive
oxidation of the metallic Co deposit in a 0.1 M NaOH solution due to the application of a cycling

potential program in the interval of -0.500-0.700 V vs. Ag/AgCl (30 cycles at 100 mV s?). A)

and B) SEM images of secondary electrons at different magnifications. C) and D) EDS elemental

analysis of Spectrum 24 and Spectrum 29 zones in image B.
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Figure S1.20. EDS elemental mapping of CoOx/GCE prepared by cobalt deposition at Eapp = -1.200 V
vs. Ag/AgCI (cathodic pulse applied for 60 s) in 5 mM Co(NO3).-6H-0 in 0.1 M acetate buffer
solution at pH = 4 (first step) followed by progressive oxidation of the metallic Co deposit in a
0.1 M NaOH solution due to the application of a potential cycling program in the potential

interval of -0.500-0.700 V vs. Ag/AgCl (30 cycles at 100 mV s?). A) SEM image of secondary
electrons. B) C mapping. C) Co mapping.
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