Mustapha Oukbab et al. / Portugaliae Electrochimica Acta 45 (2027) 677-689

Electrochemical Enhancement: Titanium Dioxide-Modified
Carbon Paste Electrodes Unlock Superior Glucose Oxidation

Kinetics in Alkaline Medium

Mustapha Oukbab!*, Maria Enasraouy', Mohamed Oubaouz’,
El Mostafa Erradi'?, Rachida Najih! and Abdelilah Chtaini!

'Molecular Electrochemistry and Inorganic Materials Team, Faculty of Science and
Technology, Sultan Moulay Slimane University, Beni-Mellal, Morocco
2Public Laboratory for Testing and Studies, Centre for Studies and Research on the

Environment and Pollution, CEREP, Casablanca, Morocco
Corresponding author: mustapha.oukbab@usms.ma

Received 09/10/2025; accepted 10/05/2026
https://doi.org/10.4152/pea.2027450601

Abstract

Electrochemical oxidation reaction of glucose in an alkaline medium was studied on
carbon paste and titanium dioxide (TO)-modified carbon paste electrodes. The effect of
titanium dioxide composition on the support was studied. Electrochemical methods used
in this work were Cyclic Voltammetry, Electrochemical Impedance Spectroscopy and
Tafel lines. It was confirmed that the addition of a TiO> composite catalyst significantly
modified electro-oxidation of glucose.

Keywords: carbon paste electrode; Cyclic Voltammetry; titanium dioxide;
Electrochemical Spectroscopy Impedance; glucose oxidation.

Introduction®

Due to the scarcity of fossil fuel reserves and the increasing severity of
environmental legislation, scientific research has been directed towards
alternative materials, such as the conversion of renewable biomass into fuels and
high-value chemicals. Carbohydrates are renewable organic materials widely
distributed in nature and constituting the majority of total biomass. More than
80% of the dry weight of herbaceous and woody biomass is carbohydrates [1].
However, despite their low cost and easy access, only 3—5% of carbohydrates are
used industrially, with the vast majority remaining unutilized [2]. This has led to
an intensification of research efforts focused on exploiting the potential of
lignocellulosic biomass residues from forestry and agricultural activities [2-3].
Among carbohydrates, cellulose and glucose are of particular interest in green
chemistry because they can generate a wide range of valuable compounds.
Cellulose is a polysaccharide consisting of a linear chain of D-glucose units and

*The abbreviations list is in pages 687.
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accounts for 45% of total annual biomass production [3]. Glucose is the
monosaccharide obtained by depolymerization of this cellulose. Glucaric acid is
one of the by-products obtained by oxidation of glucose, and subsequently
derived from biomass [4]. Additionally, glucaric acid derivatives have also been
studied in the pharmaceutical industry in applications related to cholesterol
reduction and cancer chemotherapy [9-11]. Glutanic acid has shown high
potential to be used in several processes as raw material for the development of
metal complexing agents, biodegradable polymers and detergents, due to its non-
harmful properties, since environmental regulations are beginning to limit the use
of harmful chemicals [5-7]. In addition to its non-harmful properties, glutanic
acid has carboxylic groups that can react selectively with different amines,
alcohols and vinyl derivatives to form products with novel application profiles,
such as aldonolactones, used in the preparation of N-alkyl aldonamide surfactants
[8]. The production of glutanic acid mainly uses very complex chemical methods
[12] which involve drastic synthesis conditions requiring high temperatures and
pressures, in addition to the involvement of several synthesis steps.

Chemical oxidation of glucose using strong oxidants, such as nitric acid, is a non-
selective and expensive process that, moreover, produces NOx emissions [12].
Contribution of electrochemistry in the synthesis of glutanic acid may present an
alternative method of choice. Electrochemistry invests in simple, gentle
mechanisms and limits the ejection steps without resorting to the use of oxidizing
or reducing agents [13-15]. More importantly, selectivity can be controlled by
adjusting operating voltage or current density. However, these methods use noble
metal catalysts such as platinum or gold [16-30].

In this study, electrochemical oxidation of glucose was studied by cyclic
voltammetry (CV), electrochemical impedance spectroscopy (EIS) and Tafel
lines, in an alkaline medium using graphic carbon-based electrodes supported or
not by varying amounts of titanium dioxide (TiOz).

Experimental

Reagents and apparatus

All chemicals used were of analytical grade and employed without further
purification. Solutions were prepared using double-distilled water. Glucose with
97% purity was sourced from Sigma-Aldrich (USA), while commercial graphite
powder was obtained from Carbone. Lorraine, France (ref 9900).
Electrochemical measurements were performed using a Voltalab potentiostat
(PGSTAT 100 model, Ecochemie B.V., Utrecht, The Netherlands) controlled by
Voltalab Master 4 software running on Windows 2007. The electrochemical cell
setup included a modified carbon paste working electrode, a platinum counter
electrode and Ag/AgCl as reference electrode.

Preparation of modified carbon paste electrode

Modified carbon paste was prepared by adding a specific amount of TiO2 to a
specific amount of graphite carbon powder (CP). The formed paste was
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introduced into a cylindrical plastic cavity. This formed substance was attached
to a carbon graphite rod to ensure the passage of the current. This electrode was
rinsed with double-distilled water and then immersed in an electrolytic solution
containing 0.1 M Sodium chloride (NaCl).

Results and discussion

Characterization of elaborated electrodes

CV in Fig. 1 show the electrochemical behavior of four electrodes with different
proportions of carbon paste electrodes (CPE) and TiO: in an alkaline solution.
Unmodified CPE (100%) curve shows minimal electrocatalytic activity. Current
density remained close to zero over a wide potential range, indicating poor
performance for redox reactions. All modified CPE-TiO: electrodes showed a
significant increase in electrochemical activity compared to the unmodified electrode.
CPES50% TiO:2 50% exhibited highest anodic current density (>3 mA/cm?), indicating
superior catalytic performance. Electrocatalytic activity did not increase linearly with
TiO: content. The electrode containing 75% TiO: showed lower performance than
those containing 25 and 50% TiO-. This suggests there is an optimal proportion of
TiO2 (~50%) that maximizes catalytic activity. Increased separation between anodic
and cathodic branches for modified electrodes indicates a higher electrical double
layer capacity, in accordance with Eq. (1):

I.=v. Ca (1)

where [c is capacitive current, v is scan rate, and Cq is double layer capacitance.
This analysis suggests that 50% CPE/50% TiO, electrode would be the optimal
choice for applications such as glucose sensors or glucose fuel cells.

(a) CPE 100 %
——(b) CPE 75 % /TiO, 25 %
(¢) CPE 50 % /TiO_ 50 %
——(d) CPE 25 % /Ti0, 75 %
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Figure 1: CV recorded in 0.1 M NaCl alkalin medium at- (a) CPE 100%, (b) CPE
75%/Ti10225%, (¢) CPE 50%/Ti02 50% and (d) CPE 25%/Ti02 75%.
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Fig. 2 shows the impedance behavior of the four electrode compositions in the
alkaline electrolyte. EIS data can be interpreted using a modified Randles

equivalent circuit:

R, 1

1 + (jwRaCa)* = jwC,, 2)

Z =R, +

where R represents solution resistance, Re: 1s charge transfer resistance, Cai is
double layer capacitance, CP* is pseudocapacitance and o is constant phase

element factor (0<a<1).
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Figure 2: EIS diagrams recorded in 0.1 M NaCl alkalin medium at- (a) CPE 100%, (b)
CPE 75%/Ti0225%, (¢) CPE 50%/Ti02 50% and (d) CPE 25%/TiO2 75%.

Pure CPE (100%) shows the highest impedance values and steepest slope,
indicating high charge transfer resistance. This suggests limited electron transfer
kinetics at the unmodified CPE interface. TiO. Modifications show a clear
decrease in impedance occurs with increasing TiO2 content up to 50%, followed
by a different behavior at 75% TiO2. Optimal composition (50% TiO,) (curve c)
show the lowest impedance values and smallest semi-circle diameter, indicating

minimum charge transfer resistance according to:

By —= ot (3)

nF'i;

where 1y is exchange current density, indicating superior interfacial electron

transfer kinetics.
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High TiO: content (75%) (curve d) show increased impedance compared to
50% TiO2, suggesting a non-linear relationship between TiO: content and
electrochemical performance. The slope of the linear region at low frequencies
provides information about diffusion processes. 50% TiO: electrode shows the
most ideal capacitive behavior with a slope closest to vertical. Warburg
impedance (diffusion-controlled processes) can be modeled as:

Zw=oc0 (1 —j) 4)

Data suggests that 50% TiO: provides optimal double layer capacitance, likely
due to increased surface area without compromising electronic conductivity.
Finally, EIS data confirms that 50% TiO2/50% CPE represents optimal
composition for electrochemical performance in an alkaline medium, showing a
lowest charge transfer resistance, enhanced capacitive behaviour and improved
ion diffusion properties.

These properties make this composition particularly suitable for potential
electroanalytical applications, offering an ideal balance between electronic
conductivity, electroactive surface area and ion transport capabilities.

This graph (Fig. 3) presents a Tafel plot (Log I vs. Potential) comparing the
electrochemical behavior of two electrode compositions in an alkaline
electrolyte. Tafel plot provides critical information about the electrode kinetics,
particularly exchange current density (i) and Tafel slope, which are essential
parameters for evaluating catalytic activity. The fundamental relationship
illustrated in this plot follows Tafel equation:

n=oa+blog (i) (5)

where 1 is overpotential, a is a constant related to standard electrode potential
and exchange current density, b is Tafel slope and i is current density. From the
plot, it is evident that CPE 50%/Ti102 50% electrode (curve b) exhibits a different
exchange current density compared to pure CPE electrode (curve a). Tafel slope
provides insight into the rate-determining step of the electrode reaction:

2.303RT

ank’

(6)

where R is gas constant, T is temperature, o is charge transfer coefficient, n is
number of electrons involved and F is Faraday constant. Both electrodes show
distinct Tafel slopes in cathodic branch, indicating different reaction mechanisms or
rate-determining steps. Pure CPE (curve a) shows higher overall current densities
across potential range, with log I values between approxim. 0 and 2 mA/cm?
indicating less polarization resistance. TiO.-modified electrode (curve b) displays
lower current densities (log I between approxim. -2.2 and 0 mA/cm?), suggesting
increased polarization resistance. The significant shift in current density for TiO--
modified electrode indicates altered surface electrochemistry. In an alkaline
medium, TiO: can undergo the following surface process:
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Ti-OH + OH = Ti-O + H,0 (7)

This creates negatively charged surface sites that can influence the double layer
structure and electron transfer kinetics, explaining observed differences in Tafel
behavior. Lower current density for TiO:-modified electrode in this potential
range suggests a higher polarization resistance, different reaction mechanism and
altered surface energy and adsorption properties. These characteristics make
TiO2-modified electrode potentially advantageous for applications requiring
controlled electron transfer rates and specific surface interactions with analytes.
Tafel analysis confirms that incorporating 50% TiO: into CPE significantly
modifies its fundamental electrochemical properties in an alkaline medium,
consistent with previous CV and EIS findings.

m (a) CPE 100 %
20| ® (b) CPE 50%/TiO, 50%

Log | (mA/em’)

L
. ®
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-800 -600 -400 -200 0
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Figure 3: CV recorded in 0.1 M NaCl alkalin medium, respectively at - (a) CPE 100%
and (b) CPE 50%/Ti102 50% and (d) CPE 25%/Ti02 75%.

Electrochemical oxidation of glucose at modified carbon paste electrodes in
alkaline medium

This CV (Fig. 4) shows electrochemical behavior of glucose oxidation (0.08 M) at
four different electrode compositions in an alkaline medium. Pure CPE (100%) curve
(a) shows minimal electroactivity towards glucose oxidation, with very low current
densities across potential range. This indicates poor catalytic activity of unmodified
carbon paste for glucose oxidation. All TiO>-modified electrodes demonstrate
significantly enhanced electrocatalytic activity towards glucose oxidation, with the
most pronounced effect observed for the 50% TiO- electrode (curve c). 50% TiO-
electrode shows the highest anodic current density (~3.7 mA/cm?), indicating superior
glucose oxidation kinetics. This composition appears to provide optimal balance
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between conductivity and catalytic activity. In the alkaline medium, glucose oxidation
proceeds via:

Glucose + 20H™ — Gluconolactone + H,O + 2¢” (8)

The reaction kinetics can be described by modified Butler-Volmer equation:

_ o A "anFn’
j=nFkoChynecCop €5P ( BT )

9)

where ko is heterogeneous rate constant, o and [ are reaction orders and 7 is
overpotential. Onset potential for glucose oxidation shifts to less positive values
with TiO2 modification, indicating a reduction in activation energy barrier. This
can be quantified by:

ACI-‘t = —HF(Eonset - EO) (10)

Onset potential decrease indicates that TiO. lowers energy barrier for glucose
oxidation, enhancing the -electrode's electrocatalytic efficiency. Superior
performance of TiO:-modified electrodes can be attributed to several factors,
such as that they provide favorable adsorption sites for glucose molecules
through interaction with hydroxyl groups:

Ti*" -0 + Glucose-OH = Ti* -O- Glucose + OH (11)

Semiconductor properties of TiO, may create favorable electronic pathways,
enhancing electron transfer kinetics according to Marcus theory:

A E—FE
kpr = kyexp ( - ")

RT A

(12)
where A is reorganization energy. Electroactive surface area increases with TiO,
addition up to 50%, enhancing the number of available reaction sites.

For the 50% TiO, electrode, peak current density can be related to glucose
concentration according to:

InFuD
= i"l-l(._'h.;.u-.,,.-.1‘;" ”Rl" (13)

where A is electrode area, D is diffusion coefficient and v scan rate. Sensitivity
can be expressed as:

Ad,
AC, (14)

slucose

Sensitivity =

Superior performance of 50% TiO2/50% CPE electrode for glucose oxidation
makes it particularly promising for applications such as electrochemical glucose
sensors, glucose fuel cells and electrochemical synthesis using glucose as
renewable feedstock. Significant enhancement in current response with TiO:
modification substantiates catalytic role of TiO: in facilitating glucose
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electrooxidation in an alkaline medium, with 50% composition offering optimal
balance between conductivity and catalytic surface area.

(a) CPE 100 % +0.08M of glucose

= (b) CPE 75 % /TiO_25 %+0.08M of glucose
(c) CPE 50 % /TiO, 50 %+0_08M of glucese
(d) CPE 25 % TiO.__ 75 %+0.08M of glucose
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Figure 4: CV recorded in an 0.1 M NaCl alkalin medium containing 0.08 M glucose,
respectively at - (a) CPE 100%, (b) CPE 75/Ti02 25%, (¢) CPE 50%/TiO2 50% and (d)
CPE 25%/TiO2 75%.

Fig. 5 shows CV of glucose oxidation (0.08 M) at four different electrode
compositions in an alkaline medium. Nyquist plots can be interpreted using
modified Randles equivalent circuit incorporating Rs, Re;, Cai or CPE and Zy:
(Warburg impedance).

R, og
Z(w) = Ry + m 2 ﬁfi —J) (15)
Pure CPE (100%) (curve a) show highest impedance values, with Rct estimated
around 400 Q-cm? This indicates poor electron transfer kinetics for glucose
oxidation at unmodified CPE. All TiO.-modified electrodes show significantly
lower R¢t values, with a clear trend of decreasing it with increasing TiO2 content
up to 50%. 50% TiO: electrode (curve c) exhibits lowest Rei (~170 Q-cm?),
indicating fastest electron transfer kinetics for glucose oxidation. R is directly
related to standard heterogeneous rate constant (k°) by:

B T
¢ = W2F2ARC (16)

where A is electrode area, C is glucose concentration and n is number of
electrons transferred. The slope of linear region at low frequencies (Warburg
region) provides information about diffusion processes:
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Zw = o0 (1 - j) (17)

where o is the Warburg coefficient:

- RT [ 1 . 1 ) (18)

n2F24+/3 \CovDo = Cai/Dz

Steeper slopes for TiO:-modified electrodes indicate more favorable diffusion
characteristics for glucose oxidation. Significant decrease in R¢e with TiO:
modification suggests that TiO: facilitates electron transfer process during glucose
oxidation through several mechanisms: TiO: provides favorable adsorption sites
for glucose molecules, enhancing pre-reaction complex formation:

Ti0; + Glucose = TiO; — Glucoseads (19)
Semiconducting properties of TiO: create a favorable electronic environment for
electron transfer, lowering activation energy:

o AG™?
act=7(1+57) (20)

where A is reorganization energy and AG® is standard free energy change. The
interface between carbon and TiO: may create unique electronic states that
enhance electrocatalytic activity.
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Figure 5: CV recorded in 0.1 M NaCl alkalin medium containing 0.08 M glucose at-
(@) CPE 100%, (b) CPE 75%Ti0225%, (¢) CPE50%TiO250% and (d)
CPE25%Ti0275%.

EIS results corroborate CV findings, confirming that 50% TiO2/50% CPE
composition provides optimal balance of minimal charge transfer resistance,
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enhanced electron transfer kinetics, favorable glucose adsorption properties and
sufficient electronic conductivity.

EIS data provides compelling evidence for mechanistic role of TiO: in
facilitating glucose electrooxidation, particularly at optimal 50% loading, making
it the most promising composition for electroanalytical applications involving
glucose detection or glucose-based energy conversion.

Conclusion

This comprehensive electrochemical investigation has elucidated the significant
impact of TiO: modification on CPE for glucose oxidation in an alkaline
medium. Key findings and conclusions are as follows:

50% CPE / 50% TiO2 electrode consistently demonstrated superior
electrochemical performance across all characterization techniques (CV, EIS and
Tafel analysis). This composition provides optimal balance between electronic
conductivity and electrocatalytic activity.

Ti02 modification significantly decreases charge transfer resistance for glucose
oxidation, with 50% TiO: electrode showing lowest R¢: values. This indicates
faster electron transfer kinetics and more efficient glucose oxidation.
Electrochemical data suggests that TiO: enhances glucose oxidation through
multiple mechanisms, provision of favourable adsorption sites for glucose
molecules, creation of a beneficial electronic environment for electron transfer
and formation of active Ti-O~ surface species in an alkaline medium that
facilitate glucose oxidation. The relationship between TiO: content and
electrochemical performance is non-linear, with performance declining at 75%
TiO: content. This indicates a trade-off between catalytic benefits of TiO- and
CPE’s conductive properties. Significantly enhanced electrocatalytic activity of
50% TiO2-modified CPE towards glucose oxidation makes it a promising
material for several applications: electrochemical glucose sensing- improved
sensitivity and electrocatalytic activity could lead to more efficient non-
enzymatic glucose sensors with lower detection limits and wider linear ranges;
glucose fuel cells- enhanced electron transfer kinetics could improve efficiency
of direct glucose fuel cells, offering potential for sustainable energy generation;
electrochemical synthesis- modified electrodes could facilitate selective
electrochemical conversion of glucose to value-added products.
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Abbreviations

Cai: double layer capacitance

CP: carbon powder

CPE: carbon paste electrode

CPE/TiOz: carbon paste electrode modified with titanium dioxide
CV: cyclic voltammetry

EIS: electrochemical impedance diagrams
NaCl: sodium chloride

Re: charge transfer resistance

R;: solution resistance

TiO;: Titanium dioxide

VL: linear voltammetry

Zv: Warburg impendance
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