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

¥® ROYAL SOCIETY

Materials
PP OF CHEMISTRY

Advances

View Article Online

View Journal | View Issue

Oxygen vacancies induced low overpotentials
of Ag/CeO, for electrocatalytic evolution
of oxygen and hydrogeny

’ '.) Check for updates ‘

Cite this: Mater. Adv., 2025,
6, 3716

@ Mayank Tiwari,” Prashant Kumar Bhartiya,© Balaram Pani,
*2 and Debabrata Mishra (2 *°

Ajit Kumar Dhanka,
Nityananda Agasti

Designing efficient catalysts for the evolution of hydrogen and oxygen through electrocatalytic water
splitting remains an area of significant interest. Herein, we develop an Ag/CeO, catalyst that demon-
strates a remarkable electrocatalytic performance for hydrogen and oxygen evolution through water
splitting. The high catalytic activity can be attributed to the interaction between Ag and CeO,, which
increases the oxygen vacancies at the interface. This is substantiated by the results from Raman, X-ray
photoelectron, electron paramagnetic resonance and photoluminescence spectroscopy. The reduced
photoluminescence intensity validates the effective separation of photogenerated electron—-hole pairs
due to oxygen vacancies. Besides increasing the oxygen vacancies, Ag enhances light absorption and
reduces the band gap of CeO,, which is evident from a remarkable enhancement in the electrocatalytic
activity of Ag/CeOQ,, especially under light illumination, compared to pristine CeO,. Notably, a drastic
reduction in overpotential and an increase in current density are observed for Ag/CeO,. For the oxygen
evolution reaction, Ag/CeO, exhibits a reduction of 120 mV in the overpotential and an increase of
19.8 mA cm™2 in the current density with the lowest Tafel slope of 158 mV dec™* compared to CeO,.
For the hydrogen evolution reaction, Ag/CeO, exhibits a reduction of 130 mV in the overpotential and
an increase of 14.1 mA cm™2 in the current density. Considering the results from characterization techni-
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ques and electrocatalytic experiments, a plausible mechanism has been proposed for the electrocatalytic
performance of the catalyst. This study offers insights into defect-induced ceria-based materials for
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1. Introduction

Fossil fuels such as coal, natural gas, and crude oil are essential
for meeting energy demands and are used to power various
aspects of daily life, agriculture, transportation, and industry.
However, the excessive consumption of fossil fuels, due to the
combination of rapid economic expansion and an increasing
global population, presents a significant threat of future
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optimizing and designing effective electrocatalysts for overall water splitting.

shortages." Researchers have predicted that the crude oil may
be depleted in 40-50 years,” coal production will peak by 2042-
2062,* and demand for clean energy is projected to rise 50% by
2030.* To address these challenges, hydrogen emerges as a
viable solution, offering a clean, efficient energy alternative
with high energy density and zero carbon emissions.>® Steam
reforming is a cost-effective way to produce hydrogen; however,
it has environmental limitations.” In contrast, electrochemical
water splitting offers a cleaner and more sustainable method
for generating hydrogen. Electrochemical water splitting con-
sists of the hydrogen evolution reaction (HER) to produce
hydrogen and the oxygen evolution reaction (OER) to generate
oxygen.® High overpotentials, sluggish reaction kinetics,
catalyst stability, and the requirement for scalable, inexpensive
materials are some of the challenges faced by HER and OER
electrocatalysts.”'° Electrocatalytic water splitting using semi-
conductor metal oxides as catalysts has gained significant
interest."'*> Oxides of rare earth metals, especially cerium
(Ce), have been widely used as catalysts due to their flexible inter-
conversion of the oxidation state (Ce*" <> Ce®"). The conversion

© 2025 The Author(s). Published by the Royal Society of Chemistry
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between Ce*" and Ce®' results in the formation of oxygen vacan-
cies in the lattice structure denoted as Ce*"-0,~Ce** (where O,
represents an oxygen vacancy), an inherent property of CeO, that
makes it a potential redox material for electrocatalytic oxygen
evolution reactions (OER)."*"'* Moreover, CeO,, being an n-type
semiconductor with a band gap of 3.2 eV, acts as a good
photocatalyst."® Its remarkable redox behavior and suitable band
gap make it a potential candidate for photoelectrocatalysis.
However, there are limitations with ceria due to its wide band
gap. Therefore, it is of great importance to develop highly efficient
ceria nanostructures for photoelectrocatalytic applications.

Recently, the development of ceria-based nanomaterials by
modulating the band gap and increasing defects on the ceria
surface has been demonstrated as an effective strategy to
improve the light-harvesting capability and restrain electron-hole
recombination for enhanced photoelectrocatalytic perfor-
mance.'®*® For example, Ghosh et al. have reported a ceria-
based heterojunction catalyst for hydrogen evolution, where the
band gap and defects in ceria contributed to enhanced photo-
electrocatalytic activity.'® Although efforts were made to pre-
pare ceria-based materials, reports on in-depth characterization
of defects in ceria and the mechanistic details highlighting the
role of defects in the catalytic performance of the material are
limited.>*** Hence, this work offers a detailed study revealing
structural characterization of defects in ceria-based materials
and a mechanistic study of the roles of defects in catalytic
activity. Besides having good catalytic properties, ceria also acts
as a good catalyst support, onto which metal or metal oxide
nanoparticles can be incorporated to produce heterojunctions.
The introduction of metal nanoparticles onto the surface of a
ceria support forms metal-ceria junctions, which can result in a
synergistic effect and facilitate interfacial charge transfer,
thereby improving photoelectrocatalytic performance. Further-
more, the metal nanoparticles can act as photosensitizers to
strengthen the light absorption of the metal-ceria composite.
Additionally, the strong metal-support interaction between
metal nanoparticles and ceria increases defects on the surface
of ceria and reduces the band gap in ceria.

Considering the importance of developing high-perfor-
mance electrocatalysts based on ceria-based materials, in this
report we describe Ag/CeO, prepared by a solvothermal
method, as an effective catalyst for oxygen and hydrogen
evolution by electrocatalytic water splitting. The electrocatalytic
performance of Ag/CeO, as a catalyst is found to be distinctly
higher than that of pristine CeO, for electrocatalytic water
splitting. The activity of Ag/CeO, was enhanced remarkably
under light illumination. Ag/CeO, exhibited a 120 mV
reduction in the overpotential and a 19.8 mA cm 2 increase
in the current density compared to CeO, for the oxygen evolu-
tion reaction. For the hydrogen evolution reaction, Ag/CeO,
exhibited superior activity to CeO, with an overpotential
reduction of 130 mV and a 14.1 mA cm > enhancement in
the current density. The materials characterization results
confirm the role of Ag and Ag/CeO, (metal-support) inter-
actions in achieving enhanced electrocatalytic performance.
Ag nanoparticles improve light absorption and enhance the
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absorption intensity through the localized surface plasmon
resonance (LSPR) effect at the Ag/CeO, interface. The incor-
poration of Ag also reduces the band gap of CeO, to 2.90 eV.
Moreover, due to the strong metal-support interaction between
Ag and CeO,, there is an increase in surface oxygen vacancies
on CeO,. The surface oxygen vacancies trap the photogenerated
electrons causing delayed recombination of photogenerated
electron and hole pairs. Overall, the interaction between Ag
and CeO, improves the optical properties, reduces the band
gap, enhances the charge carrier separation, and restrains the
recombination of photogenerated carriers, thereby resulting
in an improvement in the overall water splitting process.
A plausible mechanism was also proposed to understand the
role of the Ag/CeO, catalyst in electrocatalytic water splitting for
hydrogen and oxygen evolution reactions.

2. Experimental section
2.1 Materials

Cerium nitrate hexahydrate (99%) (Ce(NOj3);-6H,0) and sodium
hydroxide (98%) (NaOH) were obtained from CDH India; silver
nitrate (AgNOs3, 98.5%) from Merck; and ethanol (C,HsOH) and
methanol (CH;0H) from Sigma-Aldrich, India. Deionized (DI)
water was used in the experiments. All chemicals used were of
analytical grade and directly used as received without further
purification. Ag/CeO, nanocomposites were synthesized follow-
ing the literature method.>*

2.2 Preparation of Ag/CeO,

The Ag/CeO, nanocomposites were prepared via a solvothermal
method®*** (Scheme 1). In a typical synthesis procedure,
a 1:10 weight ratio of AgNO; to Ce(NO3);-6H,0, corresponding
to a molar ratio of AgNO; (0.59 mmol) to Ce(NO3); (2.4 mmol),
was used. Firstly, 0.1 g of AgNO; and 1.0 g of Ce(NO;);-6H,0
were dissolved in 50 mL of methanol, followed by the addition
of 0.25 g (6.25 mmol) of sodium hydroxide under magnetic
stirring for 30 minutes to create a homogenous solution.
Furthermore, the resultant reaction mixture was transferred
to a 100 ml Teflon-lined stainless-steel autoclave and sealed.
Then, the autoclave was heated at 180 °C and maintained at
this temperature for 18 hours. The autoclave was left to cool
naturally to room temperature. The formed precipitate was
collected and washed three to four times with ethanol by
centrifugation at 3000 rpm for 10 minutes to remove any
residual chemicals from the precipitate. Afterward, the preci-
pitate was heated in an oven at 80 °C for 4 hours and subse-
quently calcined at 250 °C for 2 hours, yielding a grey color
powder of Ag/CeO, nanocomposites. For comparison, CeO,
nanoparticles were synthesized using a similar procedure but
without the addition of AgNO;. No additional reducing agent
was used in the preparation of materials. In the presence of
NaOH, Ce(NO3);-6H,0 precipitates into Ce(OH)z, which under
hydrothermal conditions converts into CeO,. AgNO; in the
presence of NaOH forms Ag,O as an intermediate to form Ag
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Scheme 1 Preparation of Ag/CeO, nanocomposites by a solvothermal method and their application in water splitting.

nanoparticles. NaOH facilitates the nucleation of Ag nano-
particles.?®

2.3 Fabrication of electrodes for electrochemical
measurements

The electrodes were fabricated by drop-casting the prepared
CeO, and Ag/CeO, on nickel foam (NiF). The first electrode was
fabricated by drop-casting CeO, as the active material, poly-
vinylidene fluoride (PVDF) as the binder, and carbon black as
the conducting agent. The ratio of these components was
75:15:10, respectively. Similarly, the second electrode was
prepared by drop-casting Ag/CeO, as the active material, PVDF
as the binder, and carbon black as the conducting agent in the
same ratio. These composites were applied onto a nickel foam
using the drop-casting method, covering an area of 1 cm”.
Following the application of the coating, the electrodes were
placed in a vacuum oven at a temperature of 80 °C for 10 hours
to facilitate drying. Subsequently, the electrodes were allowed
to cool down naturally until they reached room temperature.
The fabricated electrodes were named NiF, NiF/CeO,, and
NiF/Ag/CeO,. NiF/CeO,/Light and NiF/Ag/CeO,/Light have been
abbreviated to the electrocatalytic activity of NiF/CeO, and
NiF/Ag/CeO, under light illumination.

2.4 Electrochemical measurements

Electrochemical measurements including linear sweep voltam-
metry (LSV), electrochemical impedance spectroscopy (EIS),
and chronoamperometry were conducted in an alkaline environ-
ment using a computerized potentiostat/galvanostat (CS350
Corr-Test electrochemical workstation) within a standard
three-electrode electrochemical setup. The counter electrode
used was platinum (Pt) and Ag/AgCl was utilized as the refer-
ence electrode. The potential values were converted to the
reversible hydrogen electrode (Eryg) scale using the Nernst
equation.”” All the electrochemical experiments were con-
ducted using a 1 M KOH solution as the electrolyte. The visible
light source emitting a wavelength of / = 405 nm was utilized

3718 | Mater. Adv., 2025, 6, 3716-3729

for illumination during the electrochemical experiments,
which was positioned 5 cm away from the working electrode.

2.5 Materials characterization

The microstructural and morphological features of the synthe-
sized materials were characterized by multiple techniques.
Powder X-ray diffraction (PXRD) was conducted to study the
crystalline patterns of the materials using a diffractometer with
Cu K radiation (4 = 0.1542 nm) in the 20 range of 10-80.
To study the optical properties of the materials, UV-visible
spectra were obtained using a Shimadzu 1800 spectrometer
and UV-vis diffuse reflectance spectra (DRS) were obtained
using an Agilent Cary 5000. Raman spectroscopy study was
carried out using a laser Raman spectrometer, model: inVia II.
Field emission scanning electron microscopy (FESEM) using an
Oxford-EDX system IE 250 X Max 80 (FEI Quanta 200 F SEM) at
a high-resolution with a thermally aided field emission gun
(FEG) at an acceleration voltage of U, = 0.2—30 kV was
conducted to study the morphology and elemental composition
of the materials. High-resolution transmission electron micro-
scopy (HRTEM) images of the materials were collected using a
TECNAI G20 HR-TEM 200 kV. To assess the surface area and
pore characteristics of the synthesized materials, nitrogen
adsorption-desorption measurements were carried out using
the Autosorb-iQ XR system from Quantachrome Instruments.
Prior to analysis, the samples were degassed at 150 °C
for 10 hours under a high vacuum of approximately 1 x
10~2 bar to remove any adsorbed impurities. The isotherms
were subsequently recorded at 77 K, employing a liquid nitro-
gen environment to ensure accurate measurements. X-ray
photoelectron spectroscopy (XPS) was performed using a Kratos
Axis Supra Plus XPS equipped with a monochromatic Al Ko X-
ray source (1486.6 eV). The high-resolution data were calibrated
using the C 1s peak at a binding energy of 284.5 eV
as the standard. The photoluminescence (PL) study was per-
formed at normal temperature on a Horiba Yvon PTI Quanta-
Master (8450-11) spectrophotometer with a 375 nm nano-LED
as the excitation source. The charge carrier lifetimes were

© 2025 The Author(s). Published by the Royal Society of Chemistry
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determined by employing time-resolved photoluminescence
(TRPL) measurements (in micro- and milliseconds) using a
980 nm laser and a xenon lamp as light sources in modu-
lated mode.

3. Results and discussion

3.1 Structure, morphology, and elemental analysis

To understand the formation of the Ag/CeO, nanocomposite,
the optical properties were analyzed by UV-visible spectroscopy
and compared with those of pristine CeO,. The absorption
bands at wavelengths of 340 nm and 327 nm in the UV-visible
absorption spectra (Fig. S1, ESIt) correspond to Ag/CeO, and
CeO,, respectively.*® The absorption band corresponding to
Ag/CeO, suffers a red shift compared to CeO,. The red shift
in the absorption band can be attributed to a decrease in the
band gap of Ag/CeO, because of the addition of Ag, suggesting
the formation of the composite material.*® To calculate the
direct band gap energy (E,) of Ag/CeO,, UV-vis diffuse reflec-
tance spectra (DRS) were recorded. To mitigate the influence of
scattered light, the DRS spectra were transformed using the
Kubelka-Munk (K-M) function. The plot of the K-M function
versus the energy of light is shown in Fig. S2 (ESIf). From this
plot, the band gap energies for Ag/CeO, were derived. The
intercept on the abscissa axis of a linear fit of the Kubelka-
Munk function ahv = A(hv — E,)"? corresponds to the E, values,
where Eg, o, A, h, and v represent the band gap, absorption
coefficient, a constant, Planck’s constant, and light frequency,
respectively.’® The DRS spectra reveal band gap energies of
3.25 eV for CeO, and 2.90 eV for Ag/CeO,, which represent the
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energy gap between the valence band and conduction band.
The reduction in band gap and the shift of the absorption band
to a longer wavelength in Ag/CeO, are attributed to the incor-
poration of Ag into CeO, because the addition of Ag facilitates
the excitation of electrons from the conduction band to the
valence band within the CeO, lattice.>" The formation of Ag/
CeO, was confirmed by XRD analysis in the 20 range of 10-80°.
The XRD pattern (Fig. 1a) for pristine CeO, exhibited peaks at
20 angles of 28.4°, 32.9°, 47.5°, 56.3°, 59.0° 69.3°, 76.7°, and
78.8°, corresponding to the (111), (200), (220), (311), (222),
(400), (331), and (420) planes, respectively. These peaks are
indicative of a cubic fluorite structure, consistent with the
JCPDS File No. 34-0394.>* Compared to pristine CeO,, the
XRD pattern of Ag/CeO, exhibits additional peaks at 38.5°
47.7°, 64.9°, and 76.7° corresponding to the (111), (200),
(220), and (311) planes of cubic Ag (peaks presented with
asterisks)*>** (JCPDS No. 04-0783). The appearance of these
peaks confirms the successful incorporation of Ag into CeO,.
This incorporation is further supported by a shift in diffraction
peaks to higher angles in Ag/CeO, compared to pristine CeO,,
as shown in Fig. S3 (ESIt). This shift is most noticeable in the
prominent (111) diffraction peak of Ag/CeQ,.>**® Additionally,
in the diffraction pattern of Ag/CeO,, there is a decrease in the
intensity and broadening (Fig. S3, ESIT) of all diffraction peaks
corresponding to CeO,, suggesting defect generation in CeO,
due to Ag addition.?” The broadening of peaks can be attributed
to the reduction in the crystallite size of CeO,. The average
crystallite size, calculated using the Scherrer equation®® (D = K//
Bcos® with K= 0.98, 1 = 1.54 A, and f being the full width at
half maximum (FWHM) of the (111) peak), was found to be
approximately 7 nm for CeO, and 6 nm for Ag/CeO,.
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To further support the formation of Ag/CeO, nanocompo-
sites and confirm the formation of defects (oxygen vacancies)
on the surface of ceria, Raman spectra were recorded in
the range of 100-1100 cm ' (Fig. 1b). The prominent peak at
465 cm™ ! in the spectra corresponds to the F,, mode originat-
ing from the symmetric stretching of the Ce-O bond.***°
Compared to pristine CeO,, the Ag/CeO, composites exhibited
a shift towards a lower wave number in the F,, stretching mode,
with a peak at 462 cm ™" (Fig. S4a, ESI{). This downshift is due
to an increase in oxygen vacancies induced by the incorporation
of Ag*' because oxygen vacancies disrupt the Ce-O vibrational
unit leading to the downshift of the F,, mode. In the Ag/CeO,
composite, additional peaks appearing with distinct intensities
at 255 and 610 cm ™" correspond to the Fy, symmetric mode*>
and the defect-induced mode (D) due to intrinsic oxygen
vacancies.”> The band at 610 cm™ ', which is not present in
pristine CeO,, shows an increase in oxygen vacancies in Ag/
CeO,. An increase in oxygen vacancies in Ag/CeO, is also
inferred from the expansion in the FWHM of the F,, peak
compared to that of pristine CeO,"" (Fig. 1d and Fig. S4a, ESIY).
The increase in oxygen vacancies has been calculated from the
ratio of the integrated area of the D peak to the Fyg peak (In/Ir, ),
which is a key parameter for measuring the relative concen-
tration of oxygen vacancies on the surfaces of CeO, and Ag/CeO,.
The Ag/CeO, catalyst demonstrates a higher Ip/Ip, ratio com-
pared to pristine CeO,, suggesting higher oxygen vacancies in
Ag/CeO, (Fig. S4b, ESIT). Additionally, the incorporation of Ag
in the composite is further confirmed by the enhanced the F,,
peak intensity, which arises from the strong optical absorption
associated to the surface enhanced Raman scattering (SERS)
effect.***

Furthermore, Ag/CeO, has been studied by photolumines-
cence (PL) analysis, which is a technique to ascertain oxygen
vacancies and the efficiency of charge carrier trapping in semi-
conductor materials.*® In this study, PL analysis was utilized to
investigate the impact of oxygen vacancies on the separation of
photogenerated electron-hole pairs in Ag/CeO, nanocom-
posites. In the PL spectra, CeO, emissions are often attributed
to 4f —» VB (valence band) transitions, which are strongly
influenced by defects like oxygen vacancies in the material.*’
The PL spectra of CeO, and Ag/CeO, nanocomposites, shown
in Fig. 1c, cover the range from 270 to 480 nm. For CeO,,
a prominent UV emission peak at 394 nm is observed, corres-
ponding to electron transition from the Ce 4f level to the O 2p
level.*® However, with the introduction of Ag, the intensity of
this peak decreased substantially along with an additional
emission band appearing at 465 nm. The band at 465 nm is
mostly associated with the oxygen vacancies with trapped
electrons.”” The reduced photoluminescence intensity in
Ag/CeO, suggests improved separation of electron-hole pairs
due to the presence of oxygen vacancies, highlighting their role
in enhancing charge carrier dynamics and overall material
performance. This observation aligns well with the findings
reported in previous studies.>°

To further evaluate the formation of oxygen vacancies, oxi-
dation states of Ce, and elemental composition, Ag/CeO, was

3720 | Mater. Adv., 2025, 6, 3716-3729
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analyzed by X-ray photoelectron spectroscopy (XPS). The XPS
spectra of CeO, and Ag/CeO, were carefully compared to under-
stand the effect of Ag on CeO, in the Ag/CeO, nanocomposite.
The XPS survey spectra (Fig. S5, ESIt) demonstrate the presence
of Ce, O and Ag with peaks in the binding energy ranges of
877-922 eV (Ce 3d), 527-536 eV (O 1s), and 364.5-376.1 eV
(Ag 3d). The positions of the photoelectron peaks for all the
elements are corrected according to the standard carbon (C 1s)
peak, which is set at 284.4 eV.

To analyze the oxidation states of cerium in Ag/CeO,, the
high-resolution XPS spectra for Ce 3d were deconvoluted over
the binding energy range of 877 to 922 eV (Fig. 1d). The XPS
spectra of Ce 3d can be fitted according to eight characteristic
peaks located at U (881.9 eV), U’ (884.7 eV), U” (887.9 eV),
U’ (897.9 eV), V (900.3 eV), V' (902.3 eV), V' (905.6 eV), and
V''" (916.2 eV). The peaks U’ and V' were identified for Ce®",
which are assigned to the oxygen vacancies, and the rest of the
peaks V"', V", vV, U’"", U", and U correspond to Ce**.”" These
peaks indicate the presence of both Ce*" and Ce** electronic
states on the surface of CeO,. Typically, Ce*" is the predominant
valence state on the surface of ceria, with a smaller proportion of
Ce*'. The presence of Ce*" alongside Ce** points to oxygen
vacancies within the CeO, crystals due to their interconversion.>

The surface concentration of Ce*" in Ag/CeO, can be deter-
mined by calculating the peak integral areas of Ce*" and Ce**
using the following formula:*?

(Ce*™3)Area
> (Cet* 4+ Cet3)Area

[Ce™?] = x 100

The Ce*" content was found to be 17.89% in Ag/CeO, and
13.92% in CeO, (Table S1 and Fig. S6, ESIt). The higher Ce**
content in Ag/CeO, compared to pristine CeO, is due to
interfacial charge transfer induced by the metal-support inter-
action between Ag and CeO,. Moreover, the Ce 3d peaks in
Ag/CeO, are shifted towards high binding energies compared to
pristine CeO,, which might be a consequence of the interfacial
electron transfer from Ag to CeO, due to the strong interaction
between Ag and CeO,.”*”* The Ag/CeO, interface becomes
oxygen vacancy-rich due to this interaction. Additionally, the
presence of oxygen vacancies on the surface can be revealed
from the XPS spectra for O 1s within the binding energy range
of 527 to 536 eV (Fig. 1e). In the deconvoluted XPS spectra for
O 1s, the peaks observed at 528.8 eV (O), 531.3 eV (Oy),
and 533.1 eV (O¢) in Ag/CeO, correspond to lattice oxygen
(Ce*™-0*"), oxygen vacancies (Ce**-0>7), and surface chemi-
sorbed hydroxyl groups (-OH), respectively. The peak at
531.3 eV is ascribed to oxygen vacancies.*" The presence of Ag
is also confirmed by the Ag 3d peaks in the XPS spectra (Fig. 1f).
The peaks at 368.2 eV and 374.2 eV, attributed to Ag 3ds,, and
Ag 3d;/,, respectively, suggest the presence of metallic silver in
Ag/CeO,. Further analysis of these peaks reveals additional
peaks at 366.5 eV and 372.3 eV, which are indicative of Ag".
In a nutshell, the above results confirm the formation of the
Ag/CeO, nanocomposite and also reveal the oxidation states of

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Ce, the effect of Ag on CeO,, the interaction between Ag and
CeO,, and oxygen vacancies at the Ag/CeO, interface.

The increased oxygen vacancies in Ag/CeO, were further
validated through electron paramagnetic resonance (EPR) ana-
lysis performed at room temperature for both pristine CeO,
and Ag/CeO, samples (Fig. 2a). Compared to pristine CeO,,
Ag/CeO, exhibited more pronounced EPR signals, indicating a
higher concentration of oxygen vacancies in the composite. The
EPR spectra of Ag/CeO, revealed distinct g values at 1.93, 1.99,
and 2.21, which are characteristic of Ce*" ions, thereby con-
firming the presence of oxygen vacancies. Additionally, signals
with g values of 2.07 and 2.15 were associated with O>~ species
and Ce**-O -Ce*" defect sites.”” Collectively, the findings from
PXRD, Raman spectroscopy, XPS, and EPR analyses corroborate
the enhancement of oxygen vacancies in Ag/CeO, compared to
pristine CeO,. This increase in oxygen vacancies is pivotal
for the improved electrocatalytic performance of the Ag/CeO,
composite.

The surface morphology, elemental mapping, and elemental
composition of Ag/CeO, were characterized by field emission
scanning electron microscopy (FESEM) analysis with energy
dispersive X-ray analysis (EDX). The FESEM image (Fig. 3a)
reveals the spherical shapes of Ag/CeO,, while the mapping and
EDX (Fig. 3b and c) spectrum verify the presence of Ag, Ce, and
O with their elemental distributions being 40.44%, 45.68% and
13.89%, respectively.

Furthermore, high-resolution transmission electron micro-
scopy (HRTEM) was employed to investigate the nanostructure
of Ag/CeO, (Fig. 4a and Fig. S7, ESIt). HRTEM analysis demon-
strates Ag nanoparticles deposited onto the CeO, surface. The
HRTEM image (Fig. 4b) shows Ag (200) and CeO, (111) planes
with interplanar spacings of 0.205 nm and 0.312 nm, respec-
tively. The corresponding selected area electron diffraction
(SAED) patterns (Fig. 4c) reveal the polycrystalline nature of
Ag/CeO, with resolved lattice fringes indexed to (111), (220),
(200), (222), (311), and (420) lattice planes closely matching
those obtained from the XRD pattern of Ag/CeO, nanocomposites.
HRTEM images (Fig. S7, ESIt) reveal that Ag nanoparticles of

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(a) EPR profiles measured (inset: the calculated g factor value) at room temperature and (b) BET analysis for CeO, and Ag/CeO, nanocomposites.

4-6 nm size are deposited on CeO, particles sized 5-8 nm. The
particle sizes are consistent with the crystallite sizes calculated
using the Scherrer equation from the XRD pattern. Noticeably, Ag
and CeO, are in contact with each other, thereby causing defects
at the interface. The existence of an interface is crucial as it
promotes the increase in surface oxygen vacancies in CeO, that
can enhance catalysis.

Besides the nanostructure, the specific surface area, pore
diameter, and pore volume of the Ag/CeO, catalyst have sig-
nificant effects on its catalytic activities. Therefore, the Bru-
nauer-Emmett-Teller (BET) analysis based on the nitrogen (N,)
adsorption-desorption experiment was conducted. The N,
adsorption-desorption isotherms (Fig. 2b) show a typical
type-IV curve with a fast increase at higher relative pressures
(p/p°), indicating the porous structure of the materials.*' For
pristine CeO,, the BET-specific surface area, total pore volume,
and average pore diameter were measured to be 15.88 m* g%,
0.068 cm® g7', and 19.30 nm, respectively. However, in Ag/
CeO0,, the surface area properties significantly change to 42.57
m” g, 1.228 cm® g™, and 11.74 nm, respectively. This notice-
able change in structural characteristics is attributed to the
introduction of Ag on the CeO, surface, which agrees with the
results from the previous studies.>® The porosity and surface area
of the material are maintained even after the introduction of Ag.

3.2 Electrochemical measurements (OER and HER)

Oxygen evolution reactions (OER). The electrocatalytic per-
formance of Ag/CeO, was evaluated for the oxygen evolution
reaction (OER) via a three-electrode system in 1 M KOH
solution using Ag/AgCl and Pt wire as the reference and counter
electrodes, respectively. The working electrodes used were NiF,
NiF/CeO,, NiF/CeO,/Light, NiF/Ag/CeO,, and NiF/Ag/CeO,/
Light. The electrocatalytic performance was studied by linear
sweep voltammetry (Table 1). The linear sweep voltammogram
(LSV) for the OER performance of NiF, NiF/CeO,, NiF/CeO,/
Light, NiF/Ag/CeO,, and NiF/Ag/CeO,/Light is shown in Fig. 5a.
At a current density of 10 mA ¢m ™, the overpotentials for
NiF, NiF/CeO,, NiF/CeO,/Light, NiF/Ag/CeO,, and NiF/Ag/CeO,/
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Fig. 4

Light were 730 mV, 620 mV, 560 mV, 500 mV, and 450 mV,
respectively (shown in Fig. 5b). Fig. 5c illustrates the current
density values for NiF, NiF/CeO,, NiF/CeO,/Light, NiF/Ag/CeO,,
and NiF/Ag/CeO,/Light at a potential of 2.4 V. The corres-
ponding current density values were 29 mA cm™ 2, 44.6 mA cm ™2,
49.9 mA cm 2, 64.4 mA cm 2, and 86.7 mA cm ™2 (as shown in
Fig. 5c). The lower overpotential and high current density
signify enhanced OER performance of Ag/CeO, deposited on
nickel foam (NiF/Ag/CeO,) compared to CeO, on nickel foam
(NiF/CeO,). NiF/Ag/CeO, exhibited a 120 mV reduction in the

3722 | Mater. Adv., 2025, 6, 3716-3729
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(a) High-magnification FESEM images, (b) EDX elemental mapping, and (c) EDX spectrum of Ag/CeO; (inset: atomic and weight percentages of

overpotential and a 19.8 mA cm 2 increase in the current

density compared to NiF/CeO,. This enhanced performance
of NiF/Ag/CeO, can be attributed to the improved conductivity
facilitated by Ag dispersed on the CeO, surface, leading to more
efficient charge transfer processes (Fig. S8, ESIT). Furthermore,
the overpotential and current density values suggest enhanced
electrocatalytic performance of NiF/CeO, and NiF/Ag/CeO, by
illuminating the electrodes with a monochromatic laser light
source (4 = 405 nm). This can be attributed to the dispersed Ag
boosting the absorption of incident light, which consequently

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Summary of the OER performance of the electrocatalysts

Oxygen evolution reaction (OER)

Overpotential at ~ Tafel slope Current density

Catalyst 10 mAcm > (mV) (mVdec ') (mAcm ?)
NiF 730 461 29
NiF/CeO,, 620 273 44.6
NiF/CeO,/Light 560 241 49.9
NiF/Ag/CeO, 500 226 64.4
NiF/Ag/CeO,/Light 450 158 86.7

facilitates the generation of electron-hole pairs in the conduc-
tion and valence bands, respectively. Moreover, with the band
gap of Ag/CeO, being 2.90 eV, the illumination with light of
405 nm wavelength, which is equivalent to ~ 3.1 eV, facilitates
the generation of electron-hole pairs, leading to an enhance-
ment in its OER performance. However, since the band gap of
CeO, (3.25 eV) is higher than that of Ag/CeO, (2.90 eV), the
enhancement in the OER under illumination is less pro-
nounced, as shown in Fig. 5a. Under light illumination, the
overpotential of NiF/CeO, was reduced by 60 mV and the
current density increased by 5.3 mA cm ™. Similarly, for NiF/
Ag/CeO,, the overpotential decreased by 50 mV and the current
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density dramatically increased by 22.3 mA cm™>. Fig. 5d pre-
sents the Tafel slopes (OER) for NiF, NiF/CeO,, NiF/CeO,/Light,
NiF/Ag/CeO, and NiF/Ag/CeO,/Light. The Tafel slope was
reduced significantly to 158 mV dec™* for NiF/Ag/CeO, in the
presence of light, indicating its enhanced OER performance
compared to NiF/Ag/CeO, with a Tafel slope of 226 mV dec ™,
which is attributed to the enhanced reaction kinetics under
light illumination and Ag doping. The reaction mechanism for
the OER can be given by the following equations:>’

M+OH = M-OH +e
M-OH + OH = M-O + H,O + e~
M-O + OH™ = M-OOH + e /2M-O + OH™ = 2M-0O, + 2e"~

M-OOH + OH™ = 0, +H,0+e +M

Here, M represents the active site.

These charge carriers enhance the charge transfer process
at the electrode-electrolyte interface, leading to improved
reaction kinetics, lower overpotential, and increased current
densities.’®”°

800 - (b)
730
) 620
E 600+ 560
© 500
"g 450
400 + =
° S
e = =
[]] [=) o~ ™
= o)
> 3 2 2
O 200+ a S 3]
@ > =)
Q < <
m T z
74
0 4 7=
Electrodes
171 .
- 164 T g
> - =~
> g ¥
=15 %
S
=
o 1.4+
~N—
[=]
=
1.34
0.60 0.65 0.70 0.75
logljimAcm-2)

Fig. 5 (a) LSV curves, (b) overpotential (vs. RHE) at a current density of 10 mA cm™2, (c) current density at a potential of 2.4 V, and (d) the Tafel slope for
the OER of NiF, NiF/CeO,, NiF/CeO,/Light, NiF/Ag/CeO,, and NiF/Ag/CeO,/Light.
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Table 2 Summary of the HER performance of the electrocatalysts

Hydrogen evolution reaction (HER)

Overpotential Tafel slope Current density
Catalyst at 10 mA cm 2 (mv) (mV dec ') (mA cm ?)
NiF 530 461 10.9
NiF/CeO,, 410 238 21.2
NiF/CeO,/Light 330 219 25.3
NiF/Ag/CeO, 280 169 35.3
NiF/Ag/CeO,/Light 240 151 45.7

After investigating the OER performance, the electrocatalytic
activity for the hydrogen evolution reaction (HER) of the
electrodes, including NiF, NiF/CeO,, NiF/CeO,/Light, NiF/Ag/
CeO,, and NiF/Ag/CeO,/Light, was also examined (Table 2).
The LSV curves for the HER performance of NiF, NiF/CeO,,
NiF/CeO,/Light, NiF/Ag/CeO,, and NiF/Ag/CeO,/Light are
shown in Fig. 6a. The overpotentials calculated at a current
density of —10 mA cm 2 for NiF, NiF/CeO,, NiF/CeO,/Light,
NiF/Ag/CeO,, and NiF/Ag/CeO,/Light were 530 mV, 410 mV,
330 mV, 280 mV, and 240 mV, respectively, and are shown in
Fig. 6b. Fig. 6¢ illustrates the current density at 0.54 V for NiF,
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(a) LSV curves, (b) overpotential (vs. RHE) at a current density of 10 mA cm™,
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NiF/CeO,, NiF/CeO,/Light, NiF/Ag/CeO,, and NiF/Ag/CeO,/Light.
The values of current densities for NiF, NiF/CeO,, NiF/CeO,/Light,
NiF/Ag/CeO,, and NiF/Ag/CeO,/Light were 10.9 mA cm 2,
21.2 mA cm™?, 25.3 mA cm ™2, 35.3 mA cm™ 2%, and 45.7 mA cm ™2,
respectively (as shown in Fig. 6¢c). For the HER as well, NiF/Ag/
CeO, exhibited superior activity to NiF/CeO, with an overpotential
reduction of 130 mV to achieve a 14.1 mA cm™> enhancement in
the current density. Furthermore, the overpotential of NiF/CeO,
was reduced by 80 mvV, and the current density increased by
4.1 mA cm™? on illuminating NiF/CeO, with light. Similarly, for
NiF/Ag/CeO,, the overpotential decreased by 40 mV and the
current density dramatically increased by 10.4 mA cm > under
light illumination. Fig. 6d presents the Tafel slope (HER) for NiF,
NiF/CeO,, NiF/CeO,/Light, NiF/Ag/CeO,, and NiF/Ag/CeO,/Light.
The lowest Tafel slope (HER) was found to be 151 mV dec " for
NiF/Ag/CeO, in the presence of light. The reaction mechanism for
the HER can be given by the equations:*°

M+ H,O + e~ — M-Hyq + OH™

2(M-H,q) — 2M + H,
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500 o
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2, (c) current density at a potential of —0.54 V, and (d) the Tafel slope

for the HER of NiF, NiF/CeO,, NiF/CeO,/Light, NiF/Ag/CeO,, and NiF/Ag/CeO,/Light.
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2(M-H,q4) + H,O — 2M + 2e~ + H, + H,O

The stability of NiF/Ag/CeO, in the presence of light was
examined using the chronoamperometric study at a constant
potential (1.56 V vs. RHE) in 1 M KOH solution (see Fig. S8b, ESI).
It was found that NiF/Ag/CeO, was stable for a time period of
2 hours.

Proposed mechanism for electrocatalytic water splitting.
Based on the results from the characterization techniques
and electrocatalytic experiments, a possible mechanism was
proposed to understand the electrocatalytic performance of
Ag/CeO, electrocatalysts. Fig. 7 shows the schematic represen-
tation of the photoelectrocatalytic process taking place with
the catalyst Ag/CeO,. Ag/CeO, outperforms pristine CeO, in
the electrocatalytic performance for the OER and HER. Ag/
CeO, exhibited a 120 mV reduction in the overpotential and
a 19.8 mA cm~” increase in the current density compared
to pristine CeO, for the oxygen evolution reaction. For
the hydrogen evolution reaction, Ag/CeO, exhibited superior
activity to pristine CeO, with a 130 mV reduction in over-
potential and a 14.1 mA cm™ > enhancement in the current
density. The reduction in overpotential has been found to be
more prominent in Ag/CeO, compared to other CeO,-based
catalysts reported previously (Table 3). The distinctively high
performance of Ag/CeO,, especially under light illumination,
can be ascribed to the interaction between Ag and CeO,
generating oxygen vacancies at the metal-support interface.
The interaction of Ag and CeO, results in (i) a reduction in
the band gap of CeO,, (ii) an improvement in light absorp-
tion, (iii) an enhancement in the absorption intensity
through the localized surface plasmon resonance (LSPR)

light Source

View Article Online
Materials Advances
Table 3 Comparison of overpotential values for the HER and OER at a

current density of 10 mA cm™2 in 1 M KOH solution, as reported in the
literature, for different CeO,-based catalysts

Overpotential ng)

Catalyst Reaction @ 10 mA cm™ Electrolyte Ref.
3D-rGO-CeO, HER 340 1M KOH 62
Ce0,/Co (OH), HER 317 1 M KOH 63
Ni/ceria HER 588 1M KOH 64
Ni/ceria-rGO HER 208 1M KOH 52
Ce0,/Ni/NC HER 320 1M KOH 65
2-C;N,/CeO,/Fe;0, HER 310 1 M KOH 66
Ag/CeO,/Light HER 240 1 M KOH This work
2.5-Ru0,/CeO, OER 460 1 M KOH 67
1-Ru0,/CeO, OER 350 1M KOH 53
5-Ru0,/Ce0, OER 510 1M KOH 53
Ce0,/Co@NCH OER 479 1M KOH 68
Ag/CeO,/Light OER 450 1 M KOH This work

effect at the Ag/CeO, interface, (iv) an enhancement in the
photogenerated electron-hole separation and (v) a delay in
electron-hole recombination. The surface oxygen vacancies
trap the photogenerated electrons causing a delayed recom-
bination of photogenerated electron and hole pairs. This is
supported by the drastic quenching of photoluminescence
in Ag/CeO,. Note that the oxygen evolution reaction occurs
in the spin triplet state. Therefore, the presence of spin-
polarized electron ensembles can significantly influence the
OER, particularly when the reaction cross section involves
the transfer of spin-polarized electrons. In the present study,
the spin polarization is due to the presence of oxygen
vacancies that contribute to the localized spins trapped
at the oxygen vacancy sites as has been reported by many
researchers.®!

Fig. 7 Mechanism of the electrocatalytic water splitting.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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4. Conclusion

In summary, we studied defects induced in ceria that could
enhance electrocatalytic water splitting for the oxygen evolution
reaction (OER) and hydrogen evolution reaction (HER). Ag/
CeO, nanocomposites, prepared via a facile solvothermal
method, exhibit outstanding electrocatalytic performance.
The achieved high electrocatalytic activity can be ascribed to
the interaction between Ag and CeO,, which increases the
oxygen vacancies at the interface caused by the reduction of
Ce*" to Ce*". The oxygen vacancies at the Ag and CeO, interface
facilitate photogenerated electron-hole pair separation, result-
ing in delayed recombination of electron-hole pairs. Raman
spectroscopy, X-ray photoelectron spectroscopy, electron para-
magnetic resonance spectroscopy and photoluminescence stu-
dies confirm the increase in oxygen vacancies in Ag/CeO,.
Besides, the incorporation of Ag onto the surface of CeO,
reduces the band gap and enhances light absorption, thereby
contributing to the enhancement of photoelectrocatalytic activ-
ity. Compared to pristine CeO,, a remarkable enhancement in
the electrocatalytic performance of Ag/CeO, shows the effect of
Ag. The further enhancement of catalytic activity under light
illumination reveals the superior photoelectrocatalytic proper-
ties of the Ag/CeO, composite. A drastic reduction in over-
potential and an increase in current density are observed for
Ag/CeO,. For the oxygen evolution reaction, Ag/CeO, exhibited
a reduction of 120 mV in the overpotential and an increase of
19.8 mA cm ™2 in the current density compared to CeO,. For the
hydrogen evolution reaction, Ag/CeO, exhibited a reduction of
130 mV in the overpotential and an increase of 14.1 mA cm ™2 in
the current density. This work enhances the electrocatalytic
performance of Ag/CeO, by combining oxygen vacancies with
light-assisted catalysis. While many studies focus on either
doping or structural modifications, our approach leverages
both strategies to significantly increase active site density and
improve charge transfer. The light activation further reduces
the Tafel slope by 30% in the OER and 11% in the HER,
boosting the efficiency of both the OER and HER in Ag/CeO,.
Furthermore, Ag/CeO, was found to be stable for a duration of
2 hours under illumination. This synergistic approach can be
used for utilizing Ag/CeO, as a promising material for photo-
electrocatalytic water splitting. Moreover, we believe that the
present work not only provides detailed insights into the
characterization of defective ceria but also opens up possibi-
lities to develop new ceria-based catalysts for efficient electro-
catalytic splitting of water.
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