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1. Introduction

Biohybrid nanostructured ceria/glucose oxidase
electrodes enabling enzyme glucose oxidation with
pseudocapacitive charge buffering

Mohamed Mohamedi®* and Mouna Moumene

Biohybrid nanostructured electrodes that integrate redox enzymes with defect-engineered inorganic
supports offer a promising route to couple bioelectrocatalysis with interfacial charge buffering. Here,
nanostructured cerium oxide (CeO,) films with tunable oxygen-vacancy concentrations were deposited
by pulsed laser deposition under controlled atmospheres and subsequently functionalized with glucose
oxidase (GOx) to form CeO,/GOx electrodes. Control of the deposition environment enabled systematic
tuning of ceria nanostructure, crystallinity, and Ce®*/Ce** ratios, as confirmed by Raman spectroscopy
and X-ray photoelectron spectroscopy (XPS). XPS further confirms enzyme immobilization through the
presence of amide/amine nitrogen from the GOx backbone and heterocyclic nitrogen associated with
the flavin adenine dinucleotide (FAD) cofactor, indicating preservation of the redox-active center at the
ceria interface. Electrochemical measurements show that pristine CeO, films exhibit predominantly
pseudocapacitive behavior and no measurable response toward glucose oxidation, whereas CeO,/GOx
electrodes display distinct catalytic redox features in the presence of glucose. The formal potential of the
surface-confined redox couple is scan-rate independent and closely matches that of the FAD/FADH,
couple, consistent with electronic communication between GOx and the ceria support. In addition to
bioelectrocatalytic activity, CeO,/GOx electrodes exhibit measurable charge-storage capability arising
from the combined contribution of Ce**/Ce** redox processes and reversible FAD cycling. These results
demonstrate the feasibility of coupling enzymatic redox activity with pseudocapacitive charge buffering
in oxide-based biohybrid electrodes, providing a versatile platform for future bioelectrochemical energy
conversion and enzymatic biofuel cell applications.

hydrogen peroxide, or by the oxidizing member of a redox
couple. However, due to the insulation of GOx's redox center

Glucose holds significant importance in bioelectrochemical
technologies, particularly in enzymatic electrodes for biofuel
cells and in electrochemical platforms for fundamental studies
of enzyme-electrode interfaces."”” Glucose oxidase (GOx)
enzyme is widely employed due to its high catalytic activity and
operational stability at near-neutral pH.* Typically, the redox
centers within GOx are nestled within the protein matrix,
spatially distant from the electrode. This spatial arrangement
hinders direct electrical contact between the protein/enzyme
and the electrode.*

For effective catalytic function, GOx relies on a cofactor
called flavin adenine dinucleotide (FAD), which is tightly bound
and deeply embedded approximately 15 A below the protein
surface.® This center undergoes reduction to FADH, upon
interaction with glucose. Subsequently, FADH, is reoxidized to
FAD either by molecular oxygen, resulting in the formation of
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from the conductive support by the protein matrix, achieving
direct electron transfer (DET) between GOx and electrode
remains challenging.® This DET (direct electron transfer)
enables electrons to shuttle between the GOx redox center and
the electrode.

In this context, metal oxide nanostructures offer an alter-
native approach to establishing enzyme-electrode electronic
coupling. Cerium oxide (CeO,) is an especially attractive
candidate due to its low cost, chemical stability, biocompati-
bility, rich redox chemistry and a high surface-to-volume ratio,
similar to many other nanostructured materials as noted by
Rahman et al.” et Ball et al.® Furthermore, cerium oxide exhibits
potential antioxidant properties, effectively combating a broad
spectrum of harmful intracellular reactive oxygen species. In
various biological domains, ranging from bioanalysis to
biomedicine, drug delivery, and biostructures, cerium oxide
nanoparticles have garnered significant attention.’ Notably,
nanoscale ceria has showcased remarkable superoxide di-
smutase mimetic and catalase mimetic activities, highlighting
its multifaceted utility."®"* The notably high isoelectric point
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(IEP = 9.2) of CeO, offers a distinct advantage for immobilizing
enzymes with lower IEP values, such as GOx with an IEP of
approximately 4.2." The positively charged surface of CeO,
provides an ideal platform for the negatively charged GOx,
fostering electrostatic interactions that aid in preserving GOx
bioactivity. Additionally, CeO, demonstrates remarkable oxygen
storage and release capabilities with minimal lattice distortion,
facilitated by reversible redox processes involving the cerium
atom transitioning from Ce** to Ce®*".** This inherent property
allows the network of Ce redox centers to effectively “wire” the
reaction center of the protein to the current collector (elec-
trode), thereby enhancing rapid electron shuttling with the FAD
redox center of GOx. In a previous brief communication, the
synthesis of nanoscale ceria thin films via the pulsed laser
deposition (PLD) method was introduced, conducted within
a vacuum environment. These films exhibited a notably smooth
surface, positioning them as promising candidates for facili-
tating DET, as outlined in prior research.** Notably, the PLD
technique offers distinct advantages over alternative deposition
methodologies, particularly in enabling the growth of layers
with diverse surface morphologies, a capability not readily
achievable through other techniques.'” This flexibility is ach-
ieved through the introduction of inert or reactive gas into the
deposition chamber and subsequent adjustment of pressure,
allowing for the controlled growth of films with varying levels of
porosity.'*"”

In this work, we investigate how the surface morphology of
CeO, thin films, tailored via pulsed laser deposition under
controlled atmospheres (vacuum, He and O,), governs enzyme-
electrode interactions and glucose electrooxidation. In addi-
tion, these atmospheres were also chosen to systematically tune
oxygen vacancy concentration and the Ce**/Ce*" ratio, which are
key parameters governing the redox behavior and electro-
chemical properties of CeO,. The resulting nanostructured
films are analyzed using TEM, Raman spectroscopy, and X-ray
photoelectron spectroscopy (XPS) to establish correlations
between structural, chemical, and interfacial properties. The
bioelectrochemical behavior of the CeO,/glucose oxidase (GOx)
interface is then evaluated by cyclic voltammetry in phosphate
buffer, revealing the impact of morphology on electron transfer
and catalytic response.

Beyond material characterization, this study focuses on the
functional integration of nanostructured CeO, within a bi-
oelectrochemical system. Specifically, we demonstrate a bi-
ohybrid CeO,/GOx interface capable of enzyme-driven glucose
electrooxidation coupled with intrinsic pseudocapacitive charge
buffering. By systematically tuning the film morphology, we
elucidate the interplay between enzyme-electrode electronic
coupling, charge storage behavior, and catalytic performance.
These findings provide new mechanistic insight into how
nanostructured redox-active oxides can serve as electronically
coupled interfaces that promote direct electron transfer-like
processes, rather than functioning as classical mediated elec-
tron transfer systems.

To further position this work within the current literature, it
is important to emphasize that conventional glucose oxidase
(GOx) electrodes typically rely on mediated electron transfer

22022 | RSC Adv, 2026, 16, 22021-22030

View Article Online

Paper

(MET), while ceria-based materials have primarily been
explored for sensing or structural applications, and pseudo-
capacitive oxides have been investigated independently of
enzymatic catalysis. In contrast, the present study demonstrates
the integration of enzymatic redox activity with intrinsic
pseudocapacitive charge buffering within a single biohybrid
interface. To the best of our knowledge, such coupling between
bioelectrocatalysis and oxide-based pseudocapacitive charge
storage has not been previously reported. It should be noted
that the present study is primarily focused on elucidating
fundamental bioelectronic coupling mechanisms rather than
on the optimization of biosensor performance metrics such as
enzyme loading, long-term stability, or device reproducibility.

2. Materials and methods

2.1. Materials synthesis

CeO, was synthesized via PLD at room temperature, using
a pulsed KrF excimer laser with a wavelength (1) of 248 nm,
a pulse width of 17 ns, and a repetition rate of 50 Hz. The
deposition process was carried out onto a carbon paper
substrate (CP, Toray). A high-purity CeO, target (99.99%, Kurt J.
Lesker Co.) was employed for deposition, with a laser fluence of
4 J em~? and 20000 laser pulses. To achieve diverse surface
morphologies, depositions were conducted under four distinct
background pressures: vacuum, 0.5 Torr of helium, 2 Torr of
helium, and 10 mTorr of oxygen. During the deposition process,
the target-to-substrate distance was maintained at 50 mm.
Before deposition, the PLD chamber underwent evacuation
using a turbo pump (2 x 10> Torr), followed by the introduc-
tion of helium or oxygen into the deposition chamber.
Throughout deposition, the CeO, target underwent continuous
rotation and translation to ensure uniform ablation across its
entire surface. Additional details regarding the PLD setup can
be found elsewhere."® The samples in this study are designated
as follows: (CeO,)yy, (CeO05)o.s1He, (CeO2)arHe, aNd (CeOs)10mT02,
representing CeO, films prepared under vacuum, 0.5 Torr of
helium, 2 Torr of helium, and 10 mTorr of oxygen, respectively.

All films were deposited under strictly controlled and
reproducible PLD conditions, and consistent electrochemical
behavior was observed across independently prepared samples.

2.2. Characterization

The surface morphology of the freshly prepared samples was
evaluated using TEM with a JEOL-JEM-2100F operating at 200
kv. For surface composition analysis, XPS was employed with
a VG Escalab 220i-XL equipped with an Al Ka. source (1486.6 eV).
The anode operated at 10 kV and 20 mA, while the pass energy
of the analyzer was maintained at 20 eV. All samples underwent
analysis with a spot size of 250 x 1000 pm, positioned approx-
imately at the center of each sample. Initially, a survey spectrum
spanning from 0 to 1300 eV was acquired, followed by the
acquisition of higher-resolution multiplex scan spectra for Ce
3d, O 1s, N 1s, and C 1s core levels. Elements quantification was
performed using CasaXPS software (Casa Software Ltd),
involving fitting of the core level spectra following Shirley

© 2026 The Author(s). Published by the Royal Society of Chemistry
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background removal. The C 1s core level peak at 284.6 eV,
attributed to hydrocarbon contaminants on the surface, served
as an internal reference for calibration. Notably, all spectra were
recalibrated relative to the C 1s core level peak originating from
adventitious carbon contamination. Micro-Raman spectroscopy
was conducted utilizing the 514.5 nm (2.41 eV) laser radiation
emitted by an Ar' laser, with circular polarization. The laser
beam was focused onto the sample, achieving a spot size of 1
pm in diameter, utilizing a Renishaw Imaging Microscope
WireTM for micro-Raman spectroscopy.

2.3. Enzyme immobilization

To immobilize GOx on CeO,, a physisorption method was
utilized. In this process, CeO, samples were immersed in
a phosphate buffer solution (PBS) with a pH of 7.2, sourced
from Sigma-Aldrich, Canada Ltd This PBS solution contained
15 mg mL™" of GOx derived from Aspergillus niger (168 800
units/G, Sigma-Aldrich Canada Ltd). Subsequently, the samples
were stored overnight at 4 °C in a refrigerator before further use.

2.4. Electrochemical measurements

The DET characteristics between GOx and CeO, substrates were
investigated via CV analysis. This was conducted in a deaerated
PBS solution with a pH of 7.2, both in the presence and absence
of a glucose solution (p-(+)-glucose, ACS reagent grade, sourced
from Sigma-Aldrich). All electrochemical measurements were
carried out at room temperature using a three-electrode cell
setup. The reference electrode and counter electrode utilized
were an Ag/AgCl, 3 M NacCl electrode, and a platinum coil,
respectively. Data acquisition and control were facilitated using
a potentiostat/galvanostat Autolab system from EcoChemie. All
electrochemical measurements were independently repeated
multiple times (typically 6-7) to ensure reproducibility, and the
presented data are representative of consistent experimental
trends.

3. Results and discussion

3.1. Morphology and microstructure of CeO, films

SEM images corresponding to the PLD-grown (CeO,)yy samples
have been previously documented in another short communi-
cation. Meanwhile, SEM images of (CeOy)o.stre, (C€O02)2THes
and (CeO,);0mro2, can be found in our earlier work." To recap,
CeO, films synthesized under vacuum exhibited a remarkably
smooth surface, resembling the topography of a jigsaw puzzle.
CeO, films grown in the presence of 0.5 Torr of helium
comprised clusters of particles, while those produced under 2
Torr of helium displayed a fluffy-like texture. Additionally, CeO,
films deposited in the presence of oxygen exhibited lamellae-
like structures composed of particle clusters. Furthermore,
XRD profiles of the CeO, films under consideration, along with
estimations of crystallite size and lattice parameters, have been
detailed in a separate publication.”

Low-resolution TEM images (Fig. S1) together with the
HRTEM micrographs shown in Fig. 1 reveal a clear and
progressive evolution in the nanostructure of PLD-grown CeO,

© 2026 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

as a function of background gas pressure and gas composition.
In PLD, the kinetic energy of ablated species is largely deter-
mined by the number and type of gas-phase collisions occurring
between the target and substrate; therefore, changes in depo-
sition atmosphere directly influence nucleation behaviour,
surface mobility, and resulting film morphology.'*"” Under
ultra-high vacuum (Fig. 1a), ablated Ce and Ce-O clusters
experience very few collisions due to the extremely low gas
density. As a result, the particles arrive at the substrate with
comparatively high kinetic energy, which enhances their
surface mobility and promotes the formation of well-dispersed
nanocrystallites exhibiting clearly resolved fluorite-type CeO,
lattice fringes. When 0.5 Torr of He is introduced (Fig. 1b), the
mean free path shortens and ablated species undergo partial
thermalization through frequent but low-energy collisions with
the light He atoms. This moderates the kinetic energy of the
arriving particles, promoting slightly larger grains and
enhanced interparticle cohesion, while still preserving well-
defined lattice contrast characteristic of high crystallinity.
Increasing the He pressure to 2 Torr (Fig. 1c) further intensifies
collisional scattering and facilitates gas-phase clustering of
CeO, species before they reach the substrate. Consequently,
more compact aggregates with extended crystalline domains are
formed, reflecting the reduced impact energy and enhanced
tendency for cluster coalescence in the plasma plume. In
contrast to the inert He atmosphere, deposition under a mildly
oxidative environment at 10 mT O, (Fig. 1d) introduces not only
additional scattering events but also chemical interactions
between ablated species and oxygen molecules. This combina-
tion yields the most uniform and densely packed nano-
crystalline layer among all conditions studied, with continuous
lattice fringes extending across larger regions. The SAED
patterns presented in Fig. S2 fully support these observations,
confirming that changes in gas pressure and composition
during PLD systematically influence crystalline domain size,
defect density, and overall nanocrystalline organization.
Raman spectroscopy offers qualitative insights into how
oxygen vacancies affect the structure of CeO,, particularly the
oxygen sublattice. Although it does not directly quantify vacancy
concentration, Raman analysis sensitively captures how defects
modify vibrational modes and thus provides valuable clues
about local structure and non-stoichiometry. Bulk CeO, exhibits
well-defined Raman features including the F,, mode at ~460-
466 cm ', the 2 TA band, the defect-induced (D) mode, and the
2LO overtone with the F,; mode being especially informative.>
Because F,; involves only oxygen motion, it serves as a direct
indicator of lattice distortion arising from oxygen vacancies,
stress, or grain-size effects. As summarized in Fig. 2, the PLD
background atmosphere strongly influences these Raman
signatures. The vacuum-grown film shows an F,, mode at
466.3 cm ™~ ' with a narrow FWHM of 9.6 cm ™', closely matching
the stoichiometric target and indicating high crystallinity with
minimal defect content. The 0.5 Torr He film retains a similarly
narrow FWHM (9.7 cm™ ") but exhibits a modest red shift to
462.8 cm™ !, consistent with the formation of a limited number
of oxygen vacancies under low-pressure inert gas. Increasing the
He pressure to 2 Torr produces a more pronounced red shift

RSC Adv, 2026, 16, 22021-22030 | 22023
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Fig. 1 HR-TEM images of PLD-grown CeO, film deposited on carbon paper under different atmospheres. (a) (CeO5)yy, (b) (CeO2)o 57He. (C)

(CeO2)atHe and (d) (CeO2)10mT02-
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Fig. 2 Raman spectra of the stoichiometric CeO, PLD target and
CeO; films deposited on carbon paper under different background
atmospheres.

(461.8 em™") and broader line width (16 ecm™"), reflecting
enhanced lattice disorder and a higher vacancy density due to
increased plume scattering and reduced oxygen incorporation.
In contrast, CeO, deposited in 10 mTorr O, shows an even larger

22024 | RSC Adv, 2026, 16, 22021-22030

red shift (459.3 cm ') but a FWHM (27.3 cm ™ ') nearly identical
to the stoichiometric target. This combination suggests lattice
relaxation associated with vacancy refilling while preserving
high crystalline quality. Overall, the evolution of F,, position
and width across growth atmospheres reveals a clear structural
progression: minimal vacancy content in vacuum, moderate
non-stoichiometry at 0.5 Torr He, pronounced defect formation
at 2 Torr He, and vacancy restoration under oxygen-rich
conditions.

3.2. Surface redox chemistry and vacancy formation by XPS

XPS was utilized to analyze the composition and stoichiometry
of CeO, films on the surface. Survey XPS scans of different CP/
CeO, samples (Fig. S3) revealed the presence of C, O, and Ce
elements. High-resolution Ce 3d XPS spectra (Fig. 3, left panel)
reveal the coexistence of Ce*" and reduced Ce®* species across
all PLD-grown films. Deconvolution of the Ce 3d envelope was
performed using a Shirley background and Voigt line shapes;
the canonical Ce** multiplet features (v,v",v"” and u, ¥”, ") and
the lower-binding-energy Ce** satellites (v°, v and u°, u') were

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 High-resolution XPS core-level spectra of PLD-grown CeO,
films deposited under different background atmospheres: left panel,
Ce 3d spectra showing mixed Ce**/Ce** character; right panel, O 1s
spectra deconvoluted into lattice oxygen, vacancy-associated oxygen,
and surface adsorbate components.

constrained to consistent
samples.”>*

O 1s XPS spectra of CeO, films deposited under all four PLD
conditions were deconvoluted into three components: lattice
oxygen (O®7), vacancy-associated oxygen bound to reduced
cerium (Ce**-0,), and higher-binding-energy contributions
arising from surface hydroxyls and adsorbed species (Fig. 3,
right panel). Films grown in helium atmospheres (0.5-2 Torr)
exhibit a pronounced enhancement of the mid-binding-energy
component, indicating an increased population of oxygen
vacancies and defect-bound oxygen species. This effect is most
evident for the 2 Torr He sample, consistent with its defect-rich
microstructure inferred from Raman spectroscopy and TEM
analysis. In contrast, films deposited under vacuum and 10
mTorr O, display a dominant lattice oxygen contribution and
comparatively smaller vacancy- and adsorbate-related compo-
nents, indicative of more ordered fluorite frameworks.

High-resolution Ce 3d spectra confirm the coexistence of
Ce® and Ce*" species in all samples (Table S1), reflecting the
intrinsic redox flexibility of nanostructured ceria. The extracted
Ce Ce**/Ce"" ratios reveal that helium-assisted growth promotes
significant electronic reduction, with the highest Ce** fraction
observed for the 2 Torr He film (Ce**/Ce*" = 2.48), followed by
the 0.5 Torr He (2.34) and vacuum (1.96) samples. Deposition
under 10 mTorr O, yields the lowest Ce**/Ce*" ratio (1.30),

energy separations across

© 2026 The Author(s). Published by the Royal Society of Chemistry
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consistent with partial re-oxidation of cerium cations in the
presence of an oxygen background. These trends are in line with
previous PLD studies demonstrating that background gas
pressure and composition govern plume oxidation kinetics and
defect stabilization in ceria films.>***

Importantly, stoichiometric analysis based on O*~ and Ce
atomic concentrations provides complementary insight into
oxygen deficiency (Table S1). The lowest 0>~ contents are found
for the 0.5 Torr He and 2 Torr He samples (8.0% and 12.7%,
respectively), yielding elevated [Ce][O>"] ratios that reflect
substantial anion vacancy formation. Although the 10 mTorr O,
film exhibits the highest O*>~ fraction (21.3%) and lowest [Ce]/
[0*>7] ratio (1.68), it remains measurably non-stoichiometric,
indicating that the supplied oxygen flux is insufficient to fully
compensate for oxygen loss during ablation and film growth.
The vacuum-deposited film occupies an intermediate regime,
combining moderate Ce®* content with limited oxygen
depletion.

Taken together, the combined Ce 3d and O 1s analyses
demonstrate that electronic reduction (Ce*" formation) and
oxygen vacancy concentration are correlated but not strictly
proportional, reflecting the complex interplay between plume
dynamics, gas-phase scattering, and surface re-oxidation during
PLD. This defect landscape governs surface Lewis acidity,
coordination unsaturation, and electronic polarizability in
ceria,” parameters that are expected to critically influence
enzyme adsorption, anchoring, and interfacial electronic
communication in  subsequent biohybrid electrode
architectures.

3.3. XPS analysis of GOx immobilization on CeO, films

XPS is a well-established technique for evaluating protein
adsorption and immobilization on solid supports,**>® and the
survey spectra of CP/CeO,/GOx (Fig. S4) clearly show a distinct N
1s peak at ~400.5 eV for all enzyme-treated samples, whereas
nitrogen is absent in pristine CeO, (Fig. S3). Because CeO,
contains no native nitrogen, the appearance of this N 1s signal
provides direct evidence of GOx immobilization, reflecting
nitrogen-bearing amino acid residues and functional groups.
Quantification indicates nitrogen contents of 3.33, 5.66, 3.32,
and 8.23 at% for (CeO,)uy, (CeOs)osrhHe; (C€Oy)prre, and
(Ce0y)10mr02, respectively, with the higher values for the 2 Torr
He and 10 mT O, films suggesting more extensive enzyme
loading. High-resolution C 1s and O 1s spectra display multiple
components consistent with the complex chemical environ-
ment of the protein, though detailed deconvolution is beyond
the scope of this study. Importantly, part of the N 1s intensity
originates from the flavin adenine dinucleotide (FAD) cofactor
within GOx.

High-resolution N 1s spectra of CeO,/GOx (Fig. 4) deconvo-
lute into two components: a H-N feature (=400.0 eV) assigned
to amide/amine nitrogen in the GOx polypeptide and a =N-
feature (=401.0 eV) consistent with heterocyclic nitrogen in the
FAD isoalloxazine ring.*® Quantitatively, the H-N/=N peak-area
ratios are 1.20, 1.25, 1.07 and 1.24 for the UV, 0.5 Torr He, 2 Torr
He and 10 mTorr O, samples, respectively, corresponding to =

RSC Adv, 2026, 16, 22021-22030 | 22025
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Fig. 4 High-resolution N 1s XPS spectra of CeO,/GOx electrodes
showing two components assigned to amide/amine nitrogen (H-N,
~400.0 eV) from the GOx polypeptide backbone and heterocyclic
nitrogen (=N-, ~401.0 eV) associated with the flavin adenine dinu-
cleotide (FAD) cofactor.

N contributions of =45.5%, 44.4%, 48.3% and 44.6% of the N
1s envelope. The near-parity of the two components, particu-
larly for the 2 Torr He sample indicates a substantial contri-
bution from FAD-derived nitrogen in the surface ensemble and
supports the conclusion that the FAD cofactor remains associ-
ated with immobilized GOx. We stress that XPS reports
ensemble surface chemistry and cannot unambiguously assign
a single atomic origin; nevertheless, the observed binding
energy positions and area proportions are fully consistent with
amide/amine backbone nitrogen and FAD isoalloxazine =N
contributions.** Thus, the observed N 1s peak not only verifies
enzyme immobilization but also implies retention of GOx's
critical structural motifs, including the nitrogen-containing
FAD cofactor responsible for catalytic turnover.

While the N 1s signal confirms the presence of GOx-derived
nitrogen species on the CeO, surface, XPS does not provide
information on the structural integrity or catalytic activity of the
immobilized enzyme. The electrochemical activity of the
immobilized enzyme was further verified by cyclic voltammetry
in the absence of glucose (Fig. S8), confirming the presence of
a redox-active GOx layer, as discussed below.

3.4. Bioelectrocatalytic activity

Due to its inherent insulating nature at room temperature, pure
CeO, does not readily facilitate the electron transfer processes
required for typical electrochemical reactions in an electrolyte
like PBS. CeO, is frequently used as a support material for other
electrochemically active components (e.g., noble metal nano-
particles or conductive carbon phases).*” In these composite
materials, the other component provides the necessary
conductivity, while the CeO, offers catalytic active sites, often
through its unique redox properties (Ce*"/Ce®" transition) and
oxygen vacancies.

Fig. S5 presents the cyclic voltammogram (CV) of the bare
carbon paper (CP) substrate recorded in PBS solution. The
measured current densities remain very low over the potential
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window from —0.45 to 0.60 V vs. Ag/AgCl, confirming the
essentially electrochemically inert behavior of the CP substrate
within this range. Nevertheless, a weak anodic peak is observed
at approximately 0.088 V, accompanied by a corresponding
cathodic feature at around 0.137 V. These redox features are
attributed to the reversible oxidation and reduction of surface
oxygen-containing functional groups on the carbon paper,
which originate from pre-existing surface oxides formed upon
exposure to ambient oxygen.

All CeO,-modified electrodes (Fig. S6) exhibit higher current
densities than the bare CP substrate (Fig. S5), confirming that
the CeO, overlayer dominates the electrochemical response.
Redox-like features associated with surface Ce®*/Ce®" transi-
tions are present on all CeO, electrodes; however, they are most
well-defined for the film deposited under 2 Torr He with peak
positions at approximately 0.10 and 0.027 V. For the other
electrodes (vacuum, 0.5 Torr He, 10 mTorr O,), the Ce**/Ce**
signals are broader and less pronounced, yet the elevated
current relative to bare CP (Fig. S5) indicates significant defect-
related redox activity. The more distinct peaks in the 2 Torr He
sample are attributed to its higher concentration of oxygen
vacancies and reduced cerium species, as independently
confirmed by Raman spectroscopy and XPS. These results
highlights the critical role of deposition atmosphere in tuning
the defect chemistry and the electrochemical accessibility of
Ce*"/Ce™" surface states.

In PBS containing glucose, the cyclic voltammograms of all
CeO,-modified electrodes display profiles that closely resemble
those recorded in PBS alone (Fig. S7). The addition of glucose
does not introduce new redox features: the peak positions
remain identical to those observed in glucose-free PBS, and in
several cases the overall current density is even lower than in the
corresponding PBS measurements. This behavior indicates that
glucose does not participate in any detectable faradaic reaction
at these CeO, films. Importantly, CeO, is not recognized as an
electrocatalyst for glucose oxidation in neutral media, and the
present results remain fully consistent with this expected
inactivity. Even the defect-rich CeO, synthesized at 2 Torr He,
despite showing more pronounced features in PBS fails to
exhibit any glucose-specific response. Taken together, the CVs
confirm that the observed signals originate solely from the
underlying capacitive and defect-related redox behavior of the
CeO,/carbon paper system, with no measurable electrocatalytic
oxidation of glucose under the conditions tested. The absence
of any glucose-related electrochemical response at CeO, elec-
trodes in the absence of GOx further confirms that CeO, itself
does not catalyze glucose oxidation, and therefore that the
catalytic signals observed for CeO,-GOx electrodes arise from
the enzymatic activity of immobilized GOx.

To assess the electrochemical activity of the immobilized
enzyme independently of substrate oxidation, cyclic voltam-
metry was performed in the absence of glucose (Fig. S8). All
Ce0,-GOx electrodes exhibit well-defined redox features with
formal potentials (E°'= (Epa + Epc)/2) of 0.464 V, 0.457 V, and
0.461 V vs. Ag/AgCl for (CeO,)yy—GOx, (Ce0y)o.57H—GOX, and
(CeO,)arHe—GOX, respectively. These values are in excellent
agreement with the reported potential of the FAD/FADH, redox

© 2026 The Author(s). Published by the Royal Society of Chemistry
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couple of glucose oxidase, confirming that the enzyme remains
structurally intact and electrochemically active upon immobi-
lization. The narrow potential dispersion across different CeO,
nanostructures further indicates a robust and reproducible bi-
oelectronic interface. Data for (CeOy,);omr02~GOX could not be
included due to data unavailability; however, its catalytic
behavior follows the same trends discussed below.

Upon addition of glucose, a pronounced increase in current
is observed (Fig. 5), as discussed below. When recorded at
varying scan rates in PBS containing glucose, the voltammo-
grams exhibit a well-defined catalytic anodic wave for every
Ce0,-GOx sample, a feature that is entirely absent in both the
bare CeO, and CeO,/CP control electrodes. The catalytic current
increases linearly with scan rate, consistent with a surface-
confined, enzyme-mediated redox process associated with the
FAD/FADH, active center of GOx, rather than diffusion-
controlled behavior.

Further insight is provided by the analysis of the formal
potential E°, extracted at different scan rates. As shown in the
upper-right panels of Fig. 5, the formal potentials for all CeO,-
GOx electrodes fall within a narrow range of 0.45-0.46 V vs. Ag/
AgCl, in excellent agreement with the reported FAD/FADH,
redox potential of GOx under physiological pH conditions.*
Importantly, the formal potential remains essentially invariant
with scan rate and deposition atmosphere, indicating a well-
defined, surface-confined redox couple with minimal kinetic
distortion. This behavior confirms that the observed redox
signatures originate from the immobilized enzyme and are not
associated with CeO, or the carbon paper substrate. The pres-
ervation of a constant formal potential further suggests that
GOx retains its native electrochemical characteristics upon
immobilization, with CeO, acting primarily as an efficient

View Article Online
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structural and electronic interface rather than perturbing the
intrinsic thermodynamics of the FAD cofactor. The small
anodic peak-to-cathodic peak separation (AEp) and the near-
symmetry between anodic and cathodic peak currents indi-
cate a rapid and highly reversible electron-transfer kinetics.
Such behavior is characteristic of fast interfacial processes and
provides strong evidence for DET-like communication between
the FAD/FADH, redox center of GOx and the CeO,-modified
electrode. These results confirm that the electrocatalytic
response arises from the enzymatically active cofactor, with
CeO, acting as an efficient electronic and structural interface
rather than contributing directly to the catalytic process.

It is important to distinguish this behavior from classical
mediated electron transfer (MET), where diffusional redox
mediators shuttle electrons between the enzyme and the elec-
trode. In the present system, no external mediator is present,
and the observed response instead arises from direct electronic
coupling between the FAD/FADH, center of GOx and the redox-
active CeO, interface.

3.5. Charge storage properties of CeO,/GOx bio-hybrid
electrodes

The CeO,/GOx bio-hybrid electrodes exhibit a composite
electrochemical response arising from the interplay between
pseudocapacitive charge storage in nanostructured ceria and
faradaic enzymatic processes associated with surface-
immobilized GOx (Fig. 5). The capacitive component origi-
nates from fast and reversible Ce*"/Ce®*" surface redox transi-
tions enabled by oxygen vacancies, giving rise to
pseudocapacitive behavior characteristic of non-stoichiometric
ceria. In parallel, the immobilized enzyme contributes a fara-
daic component associated with the FAD/FADH, redox couple,
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Fig. 5 Cyclic voltammograms of CeO,/GOx biohybrid electrodes recorded in PBS containing 4 mM glucose at different scan rates. Scan rates
(mV s are visible in the legend. (Left panel) The CVs correspond to CeQ, films deposited under different PLD atmospheres, as indicated in each

graph. (Right panel) Formal potential, £'= (Epa + Epc)/2.
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which becomes catalytically active in the presence of glucose.
Enzyme-assisted charge accumulation has been previously re-
ported in redox-protein interfaces, where flavin cofactors can
transiently participate in interfacial electron buffering and give
rise to measurable quasi-capacitive responses rather than clas-
sical double-layer charging alone.**3¢

The specific capacitance derived from the CV curves, is
calculated using the formula C, = Q/(2 A x v x AV). In this
equation, Q (A V) is the voltametric charge obtained by inte-
grating the areas of both oxidation and reduction on the CV
curve, A (cm?) is geometric area of the working electrode, v is the
scan rate (V s~ '), and AV (V) indicates the potential window of
the CV. All four biohybrid electrodes display the expected decay
in C, with increasing scan rate, consistent with diffusion-
limited charge propagation and partial loss of electroactive
accessibility at higher scan rates (Fig. 6). Nevertheless, clear
differences emerge as a function of the PLD atmosphere used
for forming the CeO, scaffold. At low scan rates, (CeO3)10mro2/
GOx exhibits the highest apparent capacitance, reaching >0.6
mF cm~2 at 5 mV s~ ', consistent with facile electrolyte polari-
zation at its comparatively oxygen-rich surface. In contrast,
(Ce0,)yy/GOx and (CeO,)o.51He/GOX show modest but more
scan-rate stable values in the 50-200 mV s~ ' range, whereas
(Ce0,)2r1e/GOX presents the lowest C, at slow scan rates but
undergoes a progressive recovery above 200 mV s, surpassing
both the (CeO,)yy/GOx and (CeO,) 5rH/GOX films at the high-
est scan rates conditions. This behavior supports a biohybrid
interfacial mechanism in which CeO, acts as a redox-active,
pseudocapacitive scaffold that rapidly buffers and redistrib-
utes charge via Ce*'/Ce’" transitions, while the immobilized
GOx layer introduces a glucose-dependent faradaic pathway
through the FAD/FADH, redox center. The coupling between
these processes results in a hybrid response where pseudo-
capacitive charge storage and enzymatic catalysis coexist but
remain electrochemically distinguishable: the CeO, contribu-
tion dominates the capacitive background, whereas the enzyme
introduces a catalytic current that increases upon glucose

0.6 —— (Ce0,),,,/GOx
—8@— (Ce0,)y51/GOxX
—@— (Ce0,), 1y /GOx
—@— (Ce0,)4102/GOx

Cp/(mF cm?)

0.0

T T T T T
0 100 200 300 400 500
Scan rate/(mV s")

Fig. 6 Apparent specific capacitance (Cp) of CeO,/GOx biohybrid
electrodes as a function of scan rate in PBS containing glucose. C,
values were extracted from cyclic voltammograms of Fig. 5 recorded
at different scan rates for CeO, films deposited under the PLD
atmospheres indicated in the legend.
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addition. Such behavior is consistent with previous reports on
hybrid bioelectrochemical systems, where protein films influ-
ence apparent capacitance by transiently accommodating elec-
tronic charge at the electrode-electrolyte interface.>**>’
Importantly, in the absence of glucose, only the surface-
confined FAD/FADH, redox couple is observed, whereas the
catalytic current emerges exclusively upon glucose addition,
further confirming the enzymatic origin of the faradaic
response and clearly differentiating it from the pseudo-
capacitive contribution of the CeO, scaffold.

Altogether, these results indicate that defect-engineered
ceria can couple oxide-based pseudocapacitance with enzyme-
assisted interfacial redox buffering in a single CeO,/GOx
architecture. While further operando and time-resolved studies
will be required to fully resolve the charge-transfer pathways,
the present findings demonstrate that oxidase-based bio-hybrid
films can simultaneously support biocatalytic activity and
measurable charge storage. This dual functionality is particu-
larly attractive for biosensing and enzymatic energy-conversion
platforms, where enhanced interfacial coupling is expected to
improve signal stability, charge utilization, and power delivery
under dynamic operating conditions.>?***

4. Conclusion

Raman and XPS analyses consistently demonstrate that the
background atmosphere during pulsed laser deposition plays
a decisive role in governing the defect chemistry and stoichi-
ometry of CeO, films. Helium-rich environments, particularly at
2 Torr, promote oxygen-vacancy formation through enhanced
plume scattering and limited oxygen incorporation, resulting in
elevated Ce®' fractions, broadened Raman F,; modes, and
pronounced vacancy-related O 1s components. In contrast,
films deposited under ultra-high vacuum or low O, partial
pressure exhibit more ordered fluorite lattices with compara-
tively reduced defect signatures.

CeO, itself does not catalyze glucose oxidation, ensuring that
the observed electrocatalytic response arises exclusively from
the immobilized biorecognition element. Upon GOx immobili-
zation, all CeO,-GOx electrodes display well-defined catalytic
waves absent in enzyme-free controls. The scan-rate-dependent
surface-confined kinetics, invariant formal potentials closely
matching the FAD/FADH, redox couple, and small peak-to-peak
separations are all consistent with efficient direct electron
transfer between GOx and the CeO,-modified electrode, ach-
ieved without soluble mediators or conductive nanocarbon
additives.

To further distinguish between capacitive and faradaic
contributions, the capacitive component is attributed to fast
and reversible Ce*"/Ce®*" surface redox transitions within
nanostructured CeO,, which are characteristic of pseudo-
capacitive charge storage. In contrast, the faradaic contribution
arises from the redox activity of the FAD/FADH, cofactor of the
immobilized glucose oxidase (GOx), which drives glucose
oxidation.

Importantly, these two processes are intrinsically coupled
rather than independent. The redox-active CeO, scaffold

© 2026 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ra01081d

Open Access Article. Published on 27 April 2026. Downloaded on 4/29/2026 11:06:11 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

functions as a dynamic charge buffer, transiently accommo-
dating and redistributing electrons during enzymatic turnover.
This behavior facilitates efficient electronic communication
between the enzyme and the electrode, thereby enhancing the
overall electrochemical response.

This interpretation is supported by (i) control experiments
performed on CeO, electrodes in the absence of GOx, which
exhibit no catalytic response toward glucose, (ii) the observation
of the characteristic FAD/FADH, redox couple associated with
the immobilized enzyme, and (iii) the clear increase in current
upon glucose addition. The revised manuscript now explicitly
emphasizes this coupled bioelectrochemical mechanism.

Although the present study emphasizes fundamental inter-
facial electrochemistry rather than device-level metrics, the
results identify defect-rich CeO, as a promising oxide platform
for mediator-free bioelectronic interfaces. Future efforts will
focus on translating these CeO,-enzyme architectures into
practical optimization of the biosupercapacitor biosensing and
enzymatic biofuel cell configurations, where the combination of
defect-mediated redox activity, enzyme compatibility, and
simplified electrode design may offer advantages in stability,
scalability, and material sustainability.

This pseudocapacitive charge buffering is not merely
a parallel phenomenon but plays an active role in modulating
the enzyme-electrode interface, by transiently accommodating
and redistributing electronic charge during enzymatic turnover.
Such coupling between oxide redox chemistry and enzyme
activity provides a distinct functional advantage compared to
conventional bioelectrodes lacking intrinsic charge storage
capability.
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