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Abstract

Polycrystalline cerium oxide thin films (15 nm) deposited on a glassy carbon substrate were used as
an electrode in a mediator-free, non-enzymatic electrochemical sensor for hydrogen peroxide. The
electrode surface was characterized by X-ray photoelectron spectroscopy, resonant photoelectron
spectroscopy, scanning electron microscopy and atomic force microscopy. The electrode sensitivity,
detection limit and pH range of sensor stability were determined by applying electrochemical
techniques: cyclic voltammetry and chronoamperometry. It was found that the sensor reactivity to
H>O: is directly related to the presence of electroactive cerium centres of 3+ character on the electrode
surface. The Michaelis—Menten mechanism of catalase-like activity of ceria film is suggested as an

explanation of the data and discussed. The results confirmed the sensing abilities of technologically
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well-accessible nanostructured cerium oxide films for hydrogen peroxide detection without using a
mediator, i.e. the enzymatic properties of CeO2/GC electrode.
Keywords: hydrogen peroxide; cerium oxide; sensor; electrochemistry; resonant photoelectron
spectroscopy

1. Introduction
In recent years, development of biological sensors has received much attention in the fields of
nanotechnology and materials science. The main effort is directed to the fabrication and
characterisation of inorganic materials for novel bioelectrodes with well-defined morphology and
physico-chemical properties in reactions with biomolecules and other derivatives of bio recognition
events. Electrochemical techniques are well-developed analytical methods widely used for biosensor
operation due to their high sensitivity, fast time response, simplicity and accurate determination of
specific analytes (cholesterol, glucose, urea, hydrogen peroxide, etc.) [1]. Cerium oxide is among the
most promising materials for biological sensing devices. It possesses many bio-related properties like
catalytic activity, good biocompatibility, oxygen storage capacity, high isoelectric point, electron
transfer capability, etc. [2,3].
Enzymes are often applied as the transduction elements which promote the electrochemical detection
of biochemical compounds. The advantages of sensing with enzymes are high efficiency, resolution
and specificity, however the catalytic activity of enzymes is unstable as a function of time and
sensitive to environmental conditions. Recently, cerium oxide has been actively used for glucose
sensor development and improvement. Moumene et al. have reported an enzymatic glucose
electrochemical sensor based on pulsed laser deposited nanoceria with glucose oxidase (GOx)
physisorbed on an electrode surface [4]. Ansari et al. have fabricated bioelectrodes for glucose
detection by deposition of sol-gel derived nanosized CeO: films on a gold electrode followed by

immobilization of GOx [5]. It demonstrated linearity in the range 50 — 400 mg/dl of glucose. The
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same group has reported a cholesterol biosensor constructed by cholesterol oxidase (ChOx)
immobilization on sol-gel derived nanostructured cerium oxide film prepared on an indium-tin-oxide
coated glass substrate [6]. The electrode’s activity has been evaluated as a function of pH, and the
data reveal the highest activity at pH 7.0, which corresponds to the natural structure of ChOx. Patil et
al. have developed a mediator-less enzymatic glucose biosensor based on a cerium oxide nanorods
film electrophoretically deposited onto an indium-tin-oxide coated glass substrate [7]. The electrode
demonstrated fast response time and linearity in the range 2 — 26 mM of glucose. Saha et al. have
investigated nanoporous ceria thin films deposited onto Pt coated glass plates with immobilized GOx
for glucose detection [8]. Results showed a linear range for detection of glucose from 25 to 300 mg/dl
and good stability of the bioelectrode.

An alternative approach to enzyme chemistry, based on different inorganic materials possessing
enzyme-mimetic properties, is being actively developed and investigated. They are robust to stringent
conditions, cheap and have high operational stability, but reveal lower sensitivity and selectivity in
comparison with enzymatic electrodes [9]. In the last decades, it was found that nanostructured metal
oxides exhibit biocatalytic properties and could be used as artificial enzymes or nanozymes [10,11].
The Pd-CeO: platform has been investigated as a biosensing electrode, and electrocatalytic activity
toward ascorbic and uric acids, glucose and dopamine was detected [12]. Cerium oxide-based
bioelectrodes sensitive to sulfamethoxazole (SMX) in food [13], triglyceride [14], butyrin [15],
ochratoxin-A [16] have been investigated. An electrochemical sulfamethoxazole biosensor based on
a nano-CeQ»/chitosan composite demonstrated very good selectivity, sensitivity and stability during
determination of SMX in egg, milk and honey samples [13].

Hydrogen peroxide is a by-product of several biological processes and can also be a source of many
free radicals. It is an essential compound in medicine, biology, the food industry, etc. Thus, it is of

great importance to develop and construct simple, cheap, fast, sensitive and precise devices for H2O2
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detection [17], and several such sensors have been reported [18—25]. Frontera and co-workers have
fabricated an electrode for H>O; detection by modifying a planar screen printed carbon electrode by
TiO2/CNTs/Pt nanocomposite dispersed in Nafion solution [18]. It works at a low potential of 0.3 V
and can minimize interference with other oxidizable species. The sensor revealed good sensitivity
(120 pA mM! ¢cm2), linearity from 70 uM to 6 mM and detection limit lower than 5 uM. Jha et al.
have proposed a porous CeO»/ reduced graphene oxide xerogel composite dispersed in Nafion on
glassy carbon electrode for the H>O» sensing with linear range from 0.06 uM to 3.0 uM and detection
limit 0.03 uM [19]. Yang et al. reported on the H>O» electrocatalytic activity of the CeO»
nanoparticles onto N-doped reduced oxide graphene nanocomposite films with linear response from
1.8 uM to 0.92 mM and detection limit 1.3 uM [20]. Another example of the electrode for the H,O»
detection is reported in Ref. [21], where the Au nanoparticles loaded on the graphene sheets/CeO>
nanocomposite modified Au electrode were used for H>O» reduction with linear electrocatalytic
response in the 1uM — 10 mM range with detection limit 0.26 uM. Mehta et al. developed a 3-terminal
amperometric enzyme-free hydrogen peroxide sensor with Au working electrode covered by cerium
oxide nanoparticles (NPs) synthesized by a water-in-oil microemulsion technique [22]. The sensor
showed linearity in the range from 1 uM to 30 mM H:O». Ansari et al. have reported a bioelectrode
for hydrogen peroxide detection based on horseradish peroxidase (HRP) enzyme immobilized on
nanosized cerium oxide deposited onto an indium-tin-oxide substrate [23]. The electrode revealed
linearity in the range 1 — 170 uM. Neal et al. investigated an enzyme-free cerium oxide NPs-based
electrochemical sensor for H>O; detection [24]. The catalytic response to picomolar concentrations
of H>O> of NPs with different Ce**/Ce*" ratio was investigated. The electrode shows an ultra-low

detection limit (around 0.1 pM) and linear range from 0.1 pM to 0.1 uM. Nanosized structures with
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lower Ce*"/Ce*" ratio were shown to be more electrochemically active, which was in line with results
of a catalase assay standard test for evaluation of H,O» neutralization by the same ceria NPs [24].

In this paper we report the application of nanostructured cerium oxide films as a model H>O; sensor.
The electrochemical detection of hydrogen peroxide was tested with and without the use of a
mediator. The morphology of the polycrystalline cerium oxide thin film prepared by magnetron
sputtering in a nonreactive atmosphere on a glassy carbon (GC) substrate was characterised by atomic
force microscopy (AFM) and scanning electron microscopy (SEM), while for the stoichiometry and
electronic structure evaluation X-ray photoelectron spectroscopy (XPS) and resonant photoelectron

spectroscopy (RPES) were applied.

2. Experimental

The 15 nm thick cerium oxide films were prepared by nonreactive magnetron sputtering of a CeO>
target (99.999%, Kurt J. Lesker), with RF power of 65 W, and argon at a total pressure of 4x10
mbar as the working gas. The growth rate of cerium oxide on the glassy carbon substrate (Alfa Aesar,
1 mm thick, type 2) at room temperature was 1 nm min’'. The morphology and structure of the
Ce02/GC electrode surface was examined by means of Bruker MultiMode 8 AFM and Tescan Mira
3 SEM microscopes.

The CeO2/GC electrode characterization by XPS and RPES was conducted at the Materials Science
Beamline, Elettra-Sincrotrone Trieste. A detailed description of the beamline end station can be found
in Ref. [26]. The Ce 3d core levels were acquired with 1486.6 eV (Al Ka radiation) photon energy
and total resolution of 1.00 eV. The valence band (VB) spectra measured at photon energies of 121.4,
124.8 and 115 eV, with total resolution of 0.17 eV, provided resonant spectra of cerium [26]. The
emission from Ce 4f states at binding energy about 1.4 eV (photon energy 121.4 V) and emission

from hybridized oxygen-cerium states at about 4.0 eV (photon energy 124.8 eV) relative to the off-
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resonance signals (photon energy 115.0 e€V) gave resonance enhancements D(Ce**) and D(Ce*),
respectively, in cations of cerium oxide. The resonance enhancement ratio (RER), i.e. D(Ce*") to
D(Ce*") signal ratio [26], was analysed and used as a measure of reduction of surface cerium cations
(see Results section for details).

Electrochemical characterization of the CeO2/GC electrode was performed at room temperature using
a conventional cell with three electrodes. All potentials were measured versus a Ag/AgClI (3 M KCI)
reference electrode purchased from BVT Technologies, and a Pt wire was used as a counter electrode.
During the measurements, the working electrode was delimited by an o-ring (6 mm diameter),
exposing to the solution an area equal to 0.28 cm?. The measured current values were expressed as
current densities considering the active surface area of the CeO2/GC electrode. The working solution
was phosphate buffered saline (PBS, BioPerformance Certified, heavy metals < 5 ppm) with pH 7
used at concentration of 200 mM for cyclic voltammetry and 10 mM for the chronoamperometry
measurements. The ultrapure water (18.2 MQ.cm from a Millipore MilliQ system, total organic
content < 5 ppb) was used to prepare the PBS solutions. Before each experiment the solution was
bubbled with nitrogen gas to obtain an oxygen-free environment. Experiments were carried out under
nitrogen flow.

Cyclic voltammetry (CV) experiments were performed in the potential range swept between -0.35 V
and 0.8 V at a scan rate of 50 mV/s. Furthermore, a set of CV curves was acquired at different pH
(from 6 to 8) and at scan rates from 50 to 250 mV/s. The reference CV signals were obtained with
bare glassy carbon plate as a working electrode. In measurements with mediator, 2 mM concentration
of potassium ferricyanide (K3Fe(CN)s, Sigma, 99 %) was added to the PBS working solution.

Calibration curves were plotted as faradic current versus concentration of hydrogen peroxide.
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Prior to chronoamperometry (CA) measurements, two cycles of CV were performed in pure PBS
solution to clean the electrode surface and check the functionality of the working electrode. CA
experiments were conducted with constant stirring of the solution at potential 0.65 V against the
Ag/AgCl electrode. Once a stable current was achieved for the CeO2/GC electrode in PBS solution,
the amperometric response was detected as a function of stepwise additions of H2O2 (Sigma, 30 %).
The CeO2/GC electrode was characterized by XPS and RPES after 5 min immersion in the working
solution, and after performing CA measurements (about 30 min) in PBS with addition of low (0.05
mM) and high (8§ mM) concentrations of H>O. The samples were transferred to UHV under a nitrogen

atmosphere (to minimize contamination from the ambient) after the indicated steps in CA.

3. Results

3.1. CeOy/GC cathode characterization by AFM, SEM, XPS and RPES

The morphology and structure of the CeO: film was analysed by AFM and SEM (Fig. 1) and
combined with the photoemission analysis of the electronic structure of the oxide surface. The
polycrystalline film had a grain size between 10 and 30 nm, measured by both AFM and SEM, in
agreement with the published data on similar continuous compact polycrystalline CeO> films
prepared by magnetron sputtering [27-29]. The surface roughness was about 1.20 nm. The oxide
stoichiometry and oxidation state of surface and subsurface Ce cations were examined by measuring
the Ce 3d core level and VB spectra. Ce 3d photoelectrons excited by 1486.6 eV photons with kinetic
energy about 550 eV provide information about the oxidation state of Ce cations within 5-7 nm of
the surface. The shape of the Ce 3d core level (Fig. 2a) corresponds well to a fully oxidized ceria film
with a minor contribution of Ce** centres. The average oxide stoichiometry of CeO1.96 was determined
by fitting of the Ce 3d spectrum [26]. The analysis of resonant processes in the VB spectra excited

by photon energies 121.4 and 124.5 eV (Fig. 2b) provides complementary information about the
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oxidation state of cerium cations in the topmost surface layer. The RER value, D(Ce*")/D(Ce*"),
estimated from RPES was equal to 1.0 confirming the presence of Ce** cations on the electrode
surface. According to Ref. [30], the RER value is 5.5 times the ratio of cerium 3+ to 4+ cations on
the surface. Thus, the RER 1.0 can be expressed as 18 Ce** per 100 Ce*" surface cations (Table 1).
The partial reduction of the CeO/GC electrode was associated with the polycrystalline structure of
the oxide (mainly due to oxygen vacancies on the crystallites surface [28,29]) and with the presence
of a small amount of fluorine on the surface of the film (the usual contamination element for
commercially available cerium or cerium oxide). As the ceria film was stored in air and analysed in
UHYV without cleaning, the adventitious carbon and fluorine were detected on the surface roughly in
the ratio 1.7 to 1 (Table 1). The C 1s core level is characterized by a major peak at 285.0 eV due to
atomic carbon and a small component at 289.0 eV assigned to oxygenated hydrocarbons overlapping
the Ce 4s signal. We do not expect a significant carbon signal from the underlying GC substrate as
the oxide film is 15 nm thick. We believe that the F 1s signal at 684.5 eV originates rather from the
surface than from the bulk of the CeO> film because it vanished almost completely in the course of
the electrochemical experiment and the shape of the Ce 3d core level (Fig. 3) does not show traces of
the formation of CeOxFy mixed oxide [31]. The O 1s core level (not shown here) is dominated by one
peak at 529.6 eV assigned to the lattice oxygen from cerium oxide with a small shoulder at 531.5 eV
due to adsorbed oxygenated hydrocarbons and hydroxyl groups. The immersion in PBS further
reduces the surface, accompanied by adsorption of phosphorus, sodium, potassium and chlorine. The
attenuation of the Ce 3d core level expressed as a Ce 3d area relative to the signal of the clean oxide
(see Table 1) is a measure of thickness of the P, Na, K and Cl adlayer formed as a result of the working

electrode interaction with PBS in the course of the electrochemical experiments.
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Fig.1. a) AFM and b) SEM images of polycrystalline CeO: film deposited on the glassy carbon

electrode.
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Fig. 2. a) XPS Ce 3d core level and b) RPES valence spectra of the CeO»/GC electrode.
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Fig. 3. Ce 3d spectra normalized to the maxima for differently treated CeO2/GC electrodes.

Table 1. The RER values, the ratio of Ce*" and Ce #* cations on the surface, average cerium oxide
film stoichiometry together with the relative Ce 3d area and the ratio of normalized (C 1s+Ce 4s) to

F 1s XPS signals for the different experimental steps.

CeO2/GC VB (RPES) | n(Ce*")/n(Ce*") | Ce 3d (XPS), | I(C 1s+Ce 4s)
RER Relative area | /I(F 1s)
as prepared 1.0 18 /100 CeOn .96, 1.7/1.0
1.0
10 mM PBS 1.7 31/100 CeO1.94, 42/1.0
0.86
CA at0.65 Vin 0.4 7/100 CeOn197, 6.0/1.0
10 mM PBS + 0.05 mM H;0» 0.68
CA at0.65 Vin 0.2 3.5/100 CeOn97, 20.0/1.0
10 mM PBS + 8 mM Hx0» 0.24

3.2. H>O; sensing by CeQ/GC nanostructured cathode - cyclic voltammetry

The cyclic voltammetry curves of the CeO»/GC working electrode in 200 mM PBS with and without
mediator are shown in Figure 4 in comparison with data for bare GC. We observe that the CeO,/GC

electrode has a good conductibility and a larger electro active area compared to bare GC. The total

This item was downloaded from IRIS Universita di Bologna (https.//cris.unibo.it/)

When citing, please refer to the published version.




surface area of the electrode has an important effect on the reaction rate for heterogeneous catalysts
and it is bigger in the case of polycrystalline ceria film compared to a GC electrode giving higher CV
current. Thus, the presence of the cerium oxide promotes the electron transfer without the use of
mediator. The CV curve of the CeO,/GC electrode in the presence of the mediator indicates the further
enhancement of the electron transfer between working and counter electrodes. A difference of 270
mV between the oxidation and reduction peaks characteristic for mediator on CeO2/GC, close to the
value of 320 mV on GC (Fig. 4), confirms good transducer properties of the ceria electrode. The
kinetics of the electrochemical reactions on the CeO2/GC electrode was shown to be surface-
controlled and stable in the pH range from 6 to 8 (for details see Fig. S1 of Supplementary Materials).
To explore the response of the CeO2/GC electrode to an increasing concentration of hydrogen
peroxide, cyclic voltammetry measurements were performed in 200 mM PBS at pH 7 with and
without mediator (Fig. 5). The 2 mM Ki3Fe(CN)s redox mediator was used with the aim to facilitate
the electron transfer processes in the working solution. The H>O; was introduced stepwise from a
minimum concentration of 5 uM to a maximum total concentration of 8388 uM. A gradual increase
in the anodic current upon the addition of H2O; was observed without clear peaks in the case of the
working solution without mediator. For the oxidation region, the calibration curves were plotted at
potential 0.65 and 0.80 V and are shown in the inset of Figure 5a. Both curves increase with H20O»
concentration. Notice that CeO2/GC shows a remarkable onset potential of about 0.55-0.60 V for the
H>0O» oxidation, which is comparable with the most active systems for H>O, oxidation reported to
date [32]. In order to study the catalytic mechanism of hydrogen peroxide oxidation on the surface of
cerium oxide, we repeated the experiment with different H,O> concentration in the presence of a
redox mediator (Fig. 5b). In line with previous results the anodic currents, measured at 0.65 and 0.8
V, increases systematically with increase of H2O> concentration, and the maximum current values

reached at 0.65 and 0.8 V are similar to the case of working solution without mediator. Furthermore,
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the current increase was only negligible in the case of pristine GC and thus it was linked to the activity
of the ceria cations on the electrode surface. Additionally, the reversible oxidation at Ei» of 0.2 V

corresponds to H2O: reaction at the mediator centres.
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Fig. 4. The CV curves of CeO./GC and GC electrodes in 200 mM PBS with and without 2 mM
K3Fe(CN)g.
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Fig. 5. Cyclic voltammogram of a CeO2/GC electrode as a function of H>O> concentration without
(a) and with 2 mM K3Fe(CN)s (b). Insets: calibration curves plotted at potentials 0.65 V and 0.8 V
(a),and at 0.33 V, 0.65 V and 0.8 V (b). The CV was measured in 200 mM PBS at pH 7 at a scan rate
50 mVs.,

The magnitude of the anodic peak at 0.33 V decreases with increase of H2O2 concentration (see the
calibration curve at 0.33 V in the inset of Fig. 5b). This is likely due to the competition between H>O»
and the redox mediator molecules in the interaction with the active sites on the electrode surface
which is not in favour of the latter. The CV performance of the CeO2/GC electrode in the presence of

the mediator confirms the important role of oxygen vacancies on the CeO2/GC electrode surface in
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the reaction with H,O». This statement is also supported by chronoamperometry results presented

below.

3.3. H>O> sensing by CeQ/GC nanostructured cathode - chronoamperometry and RPES

The CeO2/GC electrode activity was characterised by chronoamperometry performed applying a
constant potential of 0.65 V versus Ag/AgCl with increasing concentration of hydrogen peroxide
(Fig. 6a). In this case 10 mM PBS working solution at pH 7 was used in order to reduce the formation
of cerium phosphate, which might passivate the electrode surface and hinder the H>O; oxidation on
the ceria active centres [33]. The dependence of the stabilized current value at each step on the H,O»
concentration, i.e. the calibration curve (see the inset in Fig. 6a), shows the high sensitivity of the
Ce02/GC electrode to the low concentration of hydrogen peroxide. The shape of the calibration curve
is typical for the enzymatic reactions, showing a Michaelis—Menten mechanism, which confirms the
enzymatic-like activity of the working electrode [34]. The region where the current density increases
linearly with H>O> (0.005 — 0.460 mM) defines a first-order reaction of hydrogen peroxide on the
Ce02/GC electrode with sensitivity factor of ~ 0.7 pA uM! cm. Then, the current gradually reaches
a plateau (starting from 4.5 mM) indicating the completion of the reaction between the active sites of
the electrode and H>O3, i.e. a further increase in the H>O> concentration does not change the reaction
speed any more, and therefore constitutes a zero-order reaction mechanism. The Michaelis-Menten
constant (Km) was estimated from the Lineweaver—Burk plot. It represents the catalytic efficiency of
an enzyme or enzyme-mimetic material in conversion of H»O, into products. Thus, for hydrogen
peroxide, molecules or biomaterials with lower Km are more efficient, i.e. lower concentration of
H>O: is needed to obtain a maximum activity of an electrode. The measured values are presented in

Table 2 and compared with recently published results of other nanozymes and HRP.
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The top of the VB spectra of the CeO,/GC electrode after chronoamperometry at low (~50 uM) and
high (~8 mM) H>O, concentrations is shown in Figure 6b, corresponding to the linear 0.05 — 0.46
mM and saturation 4.5 — 8.4 mM region of the calibration curve, respectively. The corresponding
RER values and the estimated ratio of surface Ce*" to Ce*" cations are shown in Table 1. The change
of the D(Ce*") peak intensity after CA experiments evidences the involvement of the Ce** cations in
the H>O, oxidation on the electrode surface. Specifically, low H>O> concentration caused a strong
decrease of the Ce** intensity, while this peak vanished completely when saturation is reached. Thus,
the plateau in amperometric response was attributed to electrode reoxidation, i.e. the substantial
decrease in concentration of the Ce** cations and oxygen vacancies on the surface of the working
electrode. The average cerium oxide film stoichiometry remains unchanged after CA, while the
intensity of the Ce 3d core level is strongly reduced for the H,O, saturated region where the Ce**
concentration is minimal (see Table 1). We can conclude that the less reactive the surface becomes,
the more adsorbed species are formed on the surface in a given time. The Ce 3d core level behaviour,
i.e. increased intensity of the valley at 886 eV (see Fig. 3), confirms the reduction of the electrode
within a depth of 7 nm (defined by the Ce 3d photoelectron kinetic energy of about 550 eV) provide

information after PBS treatment, and then partial reoxidation after reaction with H>O».
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Fig. 6. a) Amperometric response of the CeO»/GC electrode at 0.65 V vs Ag/AgCl with stepwise
H>O> concentration increasing from 0 to 8 mM, in 10 mM PBS. The inset shows the dependence of
the current density versus H,O, concentration; b) Change of the D(Ce**) resonance VB peak
measured by RPES of the as-prepared (red) films and after chronoamperometry (green) at high (~8
mM) and low (~50 uM) H20O> concentrations.

Table 2. Comparison of the Michaelis-Menten constant (Km) for hydrogen peroxide between

Ce02/GC, other nanozymes and HRP.
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Catalyst Km, mM Reference
RF CeO2/GC 1.02 This paper
CeO2 NPs 64.60 [28]
CeO2/NT-TiOz 0.04 [29]
H>TCPP-CeO; NPs 0.254 [30]

CeO2 NPs 0.278 [30]
LaNiO3 90.05 [31]
Au/CeO;-chitosan composite | 1.93 [32]

film

Fe304 154 [33]

HRP 3.70 [33,34]

4. Discussion

The CeO2/GC electrode acts as a catalyst in the oxidation of H>O: under applied voltage. To
understand the enzymatic-like activity of ceria it is important to characterise the active centres on the
electrode surface and reaction mechanism of the H.O» oxidation. According to the published data on
CeO2 NPs, the active centres responsible for the anti-oxidation behaviour are proposed to be mainly
determined by surface Ce sites that can coordinate the oxygen species [24,35]. Apparently for the
Ce0/GC electrode the possible active centres, i.e. the sites where the reaction occurs, are Ce** and
Ce’* cations and oxygen vacancies. In our experiments, the as-prepared CeO> electrode surface is
partially reduced, i.e. we have a polycrystalline ceria film with a mixture of Ce*" and Ce3* cations on
the surface. The RPES analysis shows that immersion in PBS and CV cycling further reduce the

electrode surface. Once the hydrogen peroxide is introduced into the working solution under applied
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voltage, ceria acts as a nanozyme - adsorbing H>O; promotes the electrochemical reaction by sharing
its electrons. We assume that the oxidation mechanism of H>O> on the CeO2/GC electrode can be
expressed by the reaction [36]:

H20, =0, +2H" + 2¢, (1)

Here, apart from the electrochemical current increase connected with the formation of electrons (2¢
), a pH change to lower values is expected. As the detected pH change was minor and in the opposite
direction, we conclude we have observed more complex behaviour, such as a catalase-like activity of
cerium oxide [3,33,37-39]. The mechanism of the reaction might be expressed by the equations (2)

and (3), summarized by the net reaction (4):

2Ce*" + Hy02 => Ce*t + Ce*'-Oygs + H2O + 2¢° (2)
Ce*" + Ce*"-Oags + H202 => 2Ce*" + H,0 + O, + 2¢ (3)
2H,0, => 05 + 2H10, 4)

where Ce*"-Oags denotes adsorbed oxygen species, which transforms the Ce*" cations with nearby
vacancy into Ce*" sites. The produced electrons form the current increase in the electrochemical data,
and they are accommodated by cerium cations. As a result, we obtained a solution enriched by O2
(note that experiments were carried out in an oxygen free solution). This oxygen may react with
vacancies and be a primary reason of the ceria surface deactivation in its reaction with H>O,. The
formation of free radicals is unlikely but we do not have direct proof, as in the published data [39].
Thus, the electrode surface is oxidizing during the electrochemical reaction of H>O» on the surface of
cerium oxide. The reaction stops when no Ce*" centres are available for the reaction. Moreover,
immersion in the working solution and CV cycling reduces the electrode surface and offers a way to
regenerate the Ce*" active centres. The schematic illustration of the electrochemical reaction of H,O»

on the CeO,/GC electrode surface is shown in Figure 7. The suggested reaction mechanism agrees
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well with the phase diagram of hydrogen peroxide decomposition in water [36], where the region of
pH 7 and voltage 0.65 V corresponds to a double instability of H>O»: reduction to H>O and oxidation
to O».

The typical Michaelis-Menten curve and Km parameter of 1.02 mM for the oxidation of H2O2 on
Ce02/GC indicate increased affinity of H>O, for the surface of cerium oxide as compared (see Table
2) to CeO2 NPs (64.60 mM) [40], Au/CeOs-chitosan composite films (1.93 mM) [41] and HRP
enzyme (3.70 mM) [42,43], underlining the advantage of polycrystalline surface morphology of the
working electrode. The absence of a H>O; oxidation peak suggests that the CeO, matrix is acting as
a good electron acceptor and confirms the direct electron exchange via the ceria surface. As suggested
in previously published works [44,45], we link it to the presence of the Ce** cations on the electrode
surface. We conclude that the hydrogen peroxide reaction on the ceria electrode is managed via
efficient adsorption of oxygenated species on the Ce** cations or oxygen defects and direct electron
transfer through Ce*" and Ce*" redox centres. The observed linear response as a function of H,O»
concentration indicates that the CeO,/GC electrode can be efficiently used for H>O; detection over

the concentration range 0.005 — 0.460 mM.
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Fig. 7. Schematic illustration of the electrochemical reaction of H2O2 on the CeO2/GC electrode

surface.

Nanostructured cerium oxide is widely used as an electrode material in electrochemistry, which is
usually prepared by chemical methods, for instance by deposition from solution [7,12—
16,19,21,23,24,40,44]. The ceria electrode was shown to provide an enhanced -electron
communication between the working solution and the cathode during electrochemical deactivation of
H>0,, independently of the absence or presence of enzymes/mediators. In agreement with our work,
the published data report the oxidation of the CeO; particles on the electrode surface in the course of
the H2O> electrochemical reaction, often confirmed by red shift of UV-vis features. Our findings are
in line with work of Pirmohamed et al. [35]. They confirmed the catalase mimetic properties of
nanoceria and affirmed that this catalytic reaction is not equivalent for all nanoceria preparations
correlating with the presence of cerium cations in the 3+ state. The authors closely linked the change
in Ce** cation concentration at the NPs surface with their improved catalytic activity versus H>O,. It
was even shown that immersion in PBS led to an improved catalase mimetic activity of cerium oxide
NPs [35]. The only significant difference with respect to our results is the conclusion regarding
oxidation of NPs after immersion in PBS, deduced from the red shift of UV-vis features, while we
demonstrated the surface reduction of ceria films. Whether this discrepancy relates to the cerium
oxide morphology (NPs versus thin films) or to different techniques of analysis (UV-vis versus
RPES) it is not clear. Another closely related work is Ref. [24], where the working electrode with
CeO2 NPs was tested as an enzyme-free H2O: sensor in the 0.5 pM — 5.0 mM range. The higher EC
signals were generated on the electrode with the lowest Ce**/Ce** ratio in agreement with our results.
The absolute Ce**/Ce*" values cannot be directly compared because of difference in the applied

surface characterisation techniques. The linearity range 5 — 460 uM for our CeO»/GC electrode is
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higher compared with 0.1 pM — 0.1 uM for the CeO2 NPs based electrode from Ref. [24], most likely
due to insufficient experimental cleanliness in the present study. The recent work of Li et al. [46] is
an example of the application of ceria NPs deposited by magnetron sputtering on TiO> used for tissue
engineering and regenerative medicine. In general, introduction of an implant into the body initiates
an inflammatory cascade due to cell and tissue damage, which is closely related to a local increase of
reactive oxygen species formation, such as superoxide and hydrogen peroxide. This work confirmed
the importance of the Ce**/Ce** ratio for the new bone formation adjacent to the inorganic implant
on the base of cerium oxide. Specifically, the manipulation of valence states of ceria NPs appeared
to provide an effective modulation of the balance of anti-inflammatory and proinflammatory
processes and create an anti-inflammatory microenvironment [46]. Summarizing, the
morphologically different ceria electrode, i.e. the compact polycrystalline CeO; film in the present
work is suitable as an electrode for the electrochemical detection of hydrogen peroxide. The CeO»/GC
electrode showed catalytic activity versus H2O», due to available oxygen vacancies and high specific
area. Thus, cerium oxide in the form of thin films provides the outstanding properties of ceria NPs,

offering a compact polycrystalline electrode material for sensing devices.

5. Conclusions
Polycrystalline cerium oxide films are proposed for electrochemical detection of hydrogen peroxide.
The electrode was characterized by photoelectron spectroscopy and microscopy. The CeO./GC
electrode surface was formed by compact polycrystalline cerium oxide with the cerium cations in
both 4+ and 3+ states. The sensor was tested in PBS solution at 25 °C in the H>O> concentration range
from 5 uM to 8 mM. The CeO,/GC exhibited high sensitivity and linear response in the low H>O»

concentration range. The sensor sensitivity was estimated to be 0.7 uA uM™! cm2. The detection limit
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is below 5 uM of H20,. We conclude that H2O2> molecules are bound to the oxygen vacancies in the
vicinity of Ce** cations on the surface of the electrode. Thus, ceria absorbs H>O» and coordinates the
electrochemical reaction by sharing its electrons. The enzymatic properties of the polycrystalline
Ce02/GC electrode were confirmed. The results bring important knowledge and direct proof of the

Ce** cations role in H,O; sensing by cerium oxide electrodes.
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