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Abstract

The cerium oxide (CeO:) and silver nanoparticle-doped cerium oxide (CeO2:Ag NPs) were successfully
synthesized using thermal vacuum evaporation. Structural analysis confirmed a polycrystalline cubic
Cerianite structure, and the crystallite size was found to decrease from 8.6 nm to 6.8 nm upon Ag doping.
Optical measurements showed strong absorption for pure CeO: at 400 nm, while doping with Ag NPs
caused a slight blue shift and increased the optical band gap to 2.9 eV. The incorporation of Ag NPs
significantly enhanced the NO- sensing performance, with the doped film showing a response of 134% to
5 ppm NO: at 25 °C which is 1.4 times higher than the undoped counterpart. The sensing mechanism, along
with the repeatability, selectivity, and stability of the developed sensors, was comprehensively studied.

1.INTRODUCTION

Recent developments in nanomaterials have led to notable improvements in gas sensor performance, largely
due to their high surface-to-volume ratios. Nanostructured semiconductor oxides offer great potential for
enhancing sensor sensitivity, selectivity, and operating efficiency, particularly by reducing working
temperatures an ongoing challenge in chemiresistive sensing. Numerous metal oxide semiconductors such
as SnO:2 [2], In20s [3], TeO: [4], MoO:s [5], and Fe:0s [6] have been widely investigated for their simple
fabrication methods, chemical diversity, low cost, and favorable electrical properties. Cerium oxide (CeOz),
a rare-earth metal oxide, has also shown great promise in gas sensing applications and is widely used in
areas such as photodetection [7], fuel cells [8], catalysis [9], and biomedical fields [10]. This is attributed
to its unique electronic structure and the mobility of its 4f electrons [11]. In an ideal CeOs: crystal, cerium
and oxygen ions are arranged in a face-centered cubic structure, with each cerium atom surrounded by eight
oxygen atoms. Nanostructured CeO- exhibits a higher Ce3*/Ce*" ratio compared to its bulk form, resulting
in a greater number of surface oxygen vacancies that facilitate rapid redox reactions [13,14]. This redox
behavior, involving transitions between Ce** (CeO2) and Ce3* (Ce20s), makes CeO: particularly suitable for
gas sensing.

Unlike conventional semiconductor gas sensors that rely solely on oxygen adsorption and electron transfer
at the surface, CeO: sensors benefit from their inherent oxygen mobility. However, limitations such as low
selectivity and stability still exist. These issues can be addressed by incorporating noble metals such as Ag,
Au, Pd, Pt, or Ru which enhance sensor performance by promoting catalytic activity and electron transfer
[15]. Nitrogen dioxide (NO-) is a highly toxic and reactive pollutant. Even at concentrations as low as 10—
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20 ppm, NO: can cause respiratory irritation, while levels of 25-50 ppm may lead to serious conditions like
pulmonary edema and pneumonia [16]. Therefore, the development of reliable NO: sensors capable of
detecting low concentrations at room temperature is critical. This study focuses on improving the sensitivity
and selectivity of CeO:-based NO: sensors by doping the films with silver nanoparticles. The sensors were
fabricated via thermal vacuum evaporation and systematically characterized for structural, morphological,
and optical properties. The effects of Ag doping on the gas sensing response, selectivity, and long-term
stability were also thoroughly evaluated. A comparison with existing CeO:-based sensors (Table 1) shows
that the proposed sensor exhibits enhanced performance, especially at low operating temperatures and gas
concentrations.

II. EXPERIMENTAL METHODS AND MATERIALS
MATERIALS AND FILM DEPOSITION

High-purity cerium oxide (CeO:) powder (99.995%) was obtained from Merck, while silver (Ag) powder
(purity >99.9%) was sourced from Sigma-Aldrich. Both materials were used without further purification.
Thin films were deposited using the thermal physical vapor deposition technique, employing an Edwards
Auto 306 system. The deposition setup included a bell-jar-type chamber equipped with a rotary and
diffusion pump to achieve high vacuum conditions. A tungsten boat, cleaned with ethanol and dried using
nitrogen gas, was used to contain the source material. The glass substrates were positioned above the
tungsten boat inside the chamber. After evacuating the chamber to a vacuum level of 3 Torr, a direct current
of 3 A was initially applied for 15 s to preheat the CeO- powder, followed by an increase to 7 A to initiate
evaporation. For the undoped CeO: film, 0.217 g of CeO: powder was used. In the case of the Ag-doped
CeO: film, 0.25 wt% of silver powder was mixed with CeO: powder and ground using a PM 100 nano ball
mill. The composite powder was then deposited under the same conditions as pure CeOs.

Film Characterization

The structural properties of the deposited thin films, including phase identification and crystallite size
estimation, were investigated using a Shimadzu XRD-6000 X-ray diffractometer. Surface morphology was
examined via scanning electron microscopy, while atomic force microscopy was employed to assess
topographical features and particle size distribution. Photoluminescence (PL) spectra were recorded at room
temperature using an SPX500 spectrometer with a 320 nm excitation source. Optical absorbance and band
gap analysis were conducted using a Lambda 900 UV-Vis spectrophotometer across the 200—800 nm
wavelength range. Film thicknesses were measured using a Bruker-Dektak Filmetric reflectometer and
were found to be approximately 118 nm for CeO: and 124 nm for CeO2:Ag films.

Gas Sensing Setup and Measurements

The gas sensing experiments were carried out using a 225 cm3 stainless steel test chamber equipped with
an electric heater and a thermocouple for precise temperature control. A mass flow controller regulated the
flow of the analyte gas, NO:, diluted in dry air. Aluminum electrodes were deposited on the thin films using
a 15 x 15 mm aluminum mask through thermal evaporation. A bias voltage of 5 V was applied across the
electrodes to monitor resistance changes during gas exposure. To generate various NO: concentrations, dry
air was maintained at a constant flow rate of 2 SLPM (standard liters per minute), and NO: was introduced
by adjusting its partial flow while keeping the total rate unchanged. The sensor’s baseline resistance was
recorded in pure dry air, and the response was measured after exposure to the gas mixture. Selectivity tests
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were conducted by introducing different gases into the chamber, and their concentrations were also
controlled via the mass flow controller.

III. RESULTS AND DISCUSSION

Structural Analysis

Figure 1 presents the X-ray diffraction (XRD) patterns of both pure CeO. and Ag-doped CeOs- thin films.
The diffraction peaks observed at 20 values of 28.52°, 32.99°, 47.40°, 56.23°, 58.92°, 69.42°, 76.62°,
79.32°, and 88.68° correspond to the (111), (002), (220), (311), (222), (400), (331), (420), and (422) planes,
respectively, confirming a polycrystalline cubic fluorite structure of CeO- as per JCPDS card No. 96-900-
9009. Upon doping with Ag, additional peaks appeared at 20 =44.4° and 47.56°, corresponding to the (111)
and (200) planes of metallic silver, consistent with JCPDS card No. 96-101-0605. The presence of metallic
Ag suggests the formation of a metal-semiconductor interface, which plays a critical role in forming a
Schottky barrier, thereby enhancing the sensing response, as discussed later.
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Fig. 1. X-ray diffraction patterns (a) as-deposited CeO> and (b) CeO2:Ag thin films.

Interestingly, the preferred orientation of crystal growth shifts from the (111) plane in pure CeO: to the
(002) plane in the Ag-doped sample. This indicates that the incorporation of Ag NPs influences the
crystallographic orientation of the films. Figure 1 illustrates the Rietveld refinement of the XRD data for
both samples, showing a good match with standard reference patterns. Using the Scherrer equation, the
crystallite sizes were calculated based on the full width at half maximum (FWHM) values. Detailed results,
including interplanar spacing and crystallite size, are summarized in Table 1.

Table 1
Comparison of CeO, nanostructures-based operating temperature, gas concentration, and gas sensing performance.

Sensing layer Deposition method Gas type/concentration (ppm) Operating temperature (“C) Sensor response
CeQ2 nanoparticles Dip-coating NO2/50 300 8.8
CeO3 nanoparticles Chemical precipitation NO2/40 100 2.2
CeDy/graphene nanoparticles Hydrathermal NO,/200 200 48

reactions
Ce02/Zn0 nanorod-array Anodic electrodeposition NO2/5 120 26.33
Ce0yz/Graphene nanotubes Hydrathermal NO2/100 Room temperature 33

CeQ, nanoparticles Co-precipitation CO,/800 250 43
CeQ, Nanospheres Reversed micelles CO/30 400 52
Ce02 nanorods Solvothermal Hz/1000 100 5.32
CeQ spherical nanostructure Co-precipitation C3HgO/100 Room temperature 139

CeOzAg

Thermal evaporation

NOw2/5

25
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The lattice constants (a = b = ¢) of the as-deposited CeO: and CeO::Ag thin films were calculated using

Equation [25], based on the slope of the linear plot of d-spacing versus 1/vVh? + k? + [2, as shown in
Figure 2. For pure CeO:, the lattice constant was found to be 5.4184 nm, which decreased to 5.3924 nm
after Ag doping. This reduction is attributed to the substitution of smaller Ag atoms into the CeOs- lattice,
which slightly contracts the crystal structure while remaining close to standard lattice parameter values.
Field-emission scanning electron microscopy (FE-SEM) images of the pure and Ag-doped CeO:s: thin films
are shown in Figure 2. The undoped CeO: film (Fig. 2a) exhibits a cauliflower-like surface morphology
composed of aggregated, spherical particles with diameters ranging from 14.1 nm to 33.9 nm. Upon doping
with silver, the particle size is reduced to approximately 13.5 nm, and the surface transforms into a porous,
island-clustered structure with clearly defined grain boundaries (Fig. 2b). This porous texture enhances the
surface area available for gas adsorption, thereby improving gas film interactions and sensing performance.

Energy-dispersive X-ray spectroscopy (EDX) analysis, shown in Fig. 2c, confirms the presence of cerium,
oxygen, and silver elements in the doped film, verifying the successful incorporation of Ag NPs into the
CeO: matrix. Elements such as Na, Mg, and Si—originating from the glass substrate—were also detected.
Three-dimensional AFM images and grain size distribution plots are presented in Figure 3. The undoped
CeO: film (Fig. 3a) shows a wide grain size distribution with an average particle diameter of 128 nm. After
Ag doping (Fig. 3b), the grain size is significantly reduced to an average of 44 nm, with a narrower
distribution, indicating improved uniformity. Moreover, Ag incorporation increases the root mean square
(RMS) surface roughness from 13.46 nm to 24.94 nm and the average surface roughness from 10.62 nm to
17.78 nm. This enhancement in surface roughness is beneficial for gas sensing, as it promotes greater
surface activity and improves analyte adsorption.
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Fig. 2. SEM images of (a) as-deposited CeO: (b) CeO2:Ag and (c) EDS analysis of the
CeO2:Ag film.

The optical absorption spectra and Tauc plots for the CeO: and CeO.:Ag thin films are shown in Figures
4a and 4b, respectively. The absorption spectrum of undoped CeO: (Fig. 4a) exhibits strong absorption
around 400 nm, followed by a steep decline up to 500 nm and a gradual decrease thereafter. Upon doping
with Ag NPs, a notable blue shift toward shorter wavelengths is observed, along with a decrease in overall
absorbance. This shift indicates an increase in the optical band gap and is attributed to the reduced grain
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size and the influence of Ag nanoparticles, which modify the film’s electronic structure and light absorption
behavior [26,27]. The Tauc plot (Fig. 4b), based on extrapolating the linear portion of the (a¢hv)? versus hv
graph, reveals an increase in the energy band gap from 2.6 eV for undoped CeO: to 2.9 eV for the Ag-doped
film. According to prior studies, such band gap variations are closely tied to structural changes in the
semiconductor [28], which aligns with the XRD results confirming structural modification upon Ag
incorporation.

The observed increase in energy bandgap upon Ag doping may be attributed to two main factors. First, the
incorporation of Ag NPs into the CeO: lattice introduces a certain degree of disorder and increases the
density of localized states, which can influence the electronic structure and widen the bandgap [29]. Second,
the reduction in CeO: particle size caused by Ag inclusion leads to a quantum confinement effect,
contributing to the increase in bandgap energy [30]. This trend aligns with earlier findings reported for
CeO: doped with cadmium [31] and cobalt ions [32]. Photoluminescence (PL) spectra of the as-deposited
CeO: and CeO:2:Ag thin films are shown in Figures 3a and 3b, respectively, using an excitation wavelength
of 280 nm. As illustrated in Figure 3a, the PL emission from pure CeO: spans the range of 330-650 nm,
with distinct peaks at 340.76 nm, 374.65 nm, 479.25 nm, and 566.33 nm. These peaks, fitted using
overlapping Gaussian curves, reflect various radiative transitions. Emission lines at 340.76 nm, 374.65 nm,
and 479.25 nm are attributed to near-band-edge recombination of free or localized excitons [33]. The green
emission at 566.33 nm is associated with surface defects, particularly oxygen vacancies, which contribute
significantly to PL intensity [34].

The PL spectrum of the Ag-doped CeO: film (Fig. 3b) reveals additional emission peaks at 335.01 nm,
358.22 nm, 393.44 nm, 424.87 nm, and 506.01 nm. The incorporation of silver introduces new localized
states near the conduction band edge, giving rise to these new emission features. Compared to undoped
CeOs, the emission peaks in the doped sample are generally blue-shifted indicating a widened bandgap and
show reduced intensity. This reduction in PL intensity suggests suppressed radiative recombination, likely
due to improved charge separation or enhanced non-radiative pathways. The results from FE-SEM and
XRD confirm a reduced particle size, supporting the role of quantum confinement in both the optical and
electronic behavior of the Ag-doped CeO: films.

The photoluminescence data for the Ag-doped sample indicates a higher rate of electron—hole
recombination under photoexcitation. Typically, a higher PL intensity correlates with a lower photocatalytic
efficiency, as it reflects increased radiative recombination of charge carriers rather than their participation
in surface reactions [35]. Therefore, the relatively strong PL emission from the Ag-doped CeO: suggests
reduced charge transfer efficiency. It summarizes the key photoluminescence parameters of the fabricated
thin films, including the emission peak wavelengths (A), full width at half maximum (AL), and
corresponding peak intensities (IPL).
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Fig. 3. Photoluminescence emission of (a) undoped CeO> and (b) CeO»: Ag thin films.
Current Voltage (I-V) Characteristics

The current voltage behavior of the undoped CeO: and Ag-doped CeO: thin films, both in dry air and under
exposure to 5 ppm NO: at 25 °C, is presented in Figure 4. As shown in Figures 4a and 4b, the electrical
current increases with applied voltage, which is attributed to the migration of oxygen vacancies toward the
metal semiconductor interface, enhancing charge transport. Both films exhibit rectifying diode-like
behavior within the 3 V voltage range, indicating the influence of NO: gas on the electrical characteristics
of the sensing layer.

Upon exposure to NO:, an increase in electrical conductivity was observed for both films due to a rise in
free charge carriers at the sensor surface. This indicates an effective interaction between NO- molecules
and the sensing material. Notably, the CeO::Ag film exhibits a higher current response compared to pure
CeO, as shown in Figure 4b. This enhancement is ascribed to the increased carrier density facilitated by
the incorporation of Ag nanoparticles.
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Fig. 4. I-V characteristics of (a) CeO> and (b) CeO»:Ag thin films in dry air and when
exposed to 5 ppm NO; at 25 "C.

Gas Sensing Performance

It is well established that heterostructures formed by combining different materials can significantly
improve the surface physicochemical properties of gas sensors [37]. In this context, the gas sensing
performance of both pure CeO: and CeO2:Ag thin films was evaluated toward NO: detection to highlight
the synergistic effect of the composite structure. The influence of operating temperature on sensor response
was studied by exposing both films to 5 ppm of NO: across a temperature range from room temperature
(25 °C) to 350 °C in 50 °C increments. As illustrated in Figure 5, the CeO::Ag sensor exhibited a markedly
enhanced response compared to the undoped CeO- film, demonstrating the effectiveness of Ag doping in
improving sensitivity. Interestingly, the highest sensor response for both films was observed at 25 °C, with
a sharp decline at elevated temperatures. This reduction in response at higher temperatures is likely due to
reduced physisorption of water molecules, which plays a role in the detection of oxidizing gases like NO:
[38]. Additionally, at elevated temperatures, the rapid desorption of analyte gas molecules may outpace
their surface reaction rates, diminishing the overall sensor response [39].
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Fig. 5. The response of the CeO; and CeO2: Ag sensors at various operating temperatures.
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Gas Sensing Mechanism and Response Analysis

The change in electrical resistance of a gas sensor upon exposure to an analyte gas is governed by the
interaction between the gas molecules and the sensor surface, and is influenced by both the type of the
predominant charge carrier in the sensing material and the chemical nature of the target gas whether
reducing or oxidizing. In general, oxidizing gases such as NO: act as electron acceptors. As a result, they
tend to increase the resistance in n-type semiconductors and decrease it in p-type semiconductors [40].
Figure 6 illustrates the time-dependent resistance behavior of CeO: and CeO2:Ag thin-film sensors upon
exposure to 5 ppm NO:. Upon gas exposure (Gas ON), the resistance of both sensors drops significantly,
and when the gas flow is halted (Gas OFF), the resistance returns to its original value. This characteristic
decrease in resistance upon exposure to an oxidizing gas is typical of p-type semiconductors [41].

200

—a— CeO,

190

180

170

160

Resistance (M)

150

*—o
140

T T
1600 1800 2000 2200 2400 2600
Time (s)

Fig. 6. Dynamic changes in the electrical resistance of CeO2 and CeO::Ag thin films.

This response can be explained by the adsorption and ionization of oxygen molecules on the sensor’s
surface in ambient air. These adsorbed oxygen species (O, Oz, or O?) extract electrons from the
conduction band, creating a surface potential barrier and an electron depletion layer at the grain
boundaries, as shown in Figure 7 [42]. When exposed to NO, the gas further withdraws electrons from
the surface, leading to an increase in hole concentration (majority carriers in p-type materials) and,
consequently, a decrease in electrical resistance [43]. The sensing measurements revealed that the
undoped CeO: film exhibited a 95% response, with a response time of 96 seconds and a fast recovery time
of 3 seconds. Upon doping with Ag nanoparticles, the CeO::Ag sensor showed a significantly enhanced
response of 134%, with a reduced response time of 67 seconds and a slightly increased recovery time of
15 seconds.
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Fig. 7. Schematic of (a) the sensor layer and (b) the gas sensitivity mechanism.

This performance improvement can be attributed to the formation of a metal semiconductor junction
(Schottky barrier) between the Ag nanoparticles and CeOs-. In such junctions, as depicted in Figure 8a, the
metal's conduction band aligns with the Fermi level, while in the semiconductor, the valence and
conduction bands are separated by a bandgap. When Ag is introduced, electrons can transfer from CeO:
to Ag, leading to band bending and facilitating more efficient charge separation and transfer. This
interfacial interaction enhances the sensitivity of the sensor by promoting more active sites for NO2
adsorption and accelerating the charge transport process.

The Fermi level of the semiconductor is higher than that of the metal, as illustrated in Figure 8a. This
indicates that electrons in the semiconductor occupy higher energy states compared to those in the metal.
When a Schottky junction is formed between the semiconductor and the metal, electrons naturally flow
from the semiconductor to the metal until thermal equilibrium is achieved. At this point, the Fermi levels
on both sides align, as shown in Figure 8b [45]. This electron transfer results in the formation of a
depletion region in the semiconductor and an accumulation layer in the metal. Furthermore, the adsorption
of oxygen molecules on the sensor surface can further deplete this region by withdrawing more electrons
from the semiconductor's conduction band. This process effectively narrows the conduction channel and
heightens the sensor's reactivity toward target gases, ultimately enhancing gas detection performance [46].
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The repeatability of the sensor response was evaluated by cycling the CeO.:Ag sensor through five successive
NO: exposure and recovery cycles at 25 °C. As shown in Figure 9a, the sensor consistently returned to its
baseline resistance after each cycle, indicating that NO- adsorption was reversible and that the sensor has
good reproducibility. To assess the concentration-dependent sensitivity, the CeO2:Ag sensor was tested at
room temperature under various NO: concentrations ranging from 5 to 30 ppm. Figure 9b presents the
dynamic response curves, which clearly show that the sensor response increases with rising NO:
concentration. The sensor exhibited reliable detection down to 5 ppm NO:, demonstrating its sensitivity to
low concentrations at room temperature. Figure 9c further quantifies the sensor response as a function of
NO: concentration.
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Fig. 10. The selectivity of the CeO»2:Ag gas sensor against different types of gases at a
concentration of 30 ppm and (b) sensor stability over sixteen days.

Selectivity the ability to distinguish a specific gas among other potential interferents is another critical
parameter. The CeO2:Ag sensor's selectivity was examined by exposing it to 30 ppm concentrations of
several gases, including CO2, NO, NHs, and ethanol (C2HsO), at 25 °C in dry air. As illustrated in Figure 10a,
the response to NO: reached 244 %, which is approximately 8, 14, 26, and 38 times greater than the responses
to CO2, NO, NH3s, and ethanol, respectively. This clearly demonstrates the sensor's superior selectivity toward
NO:. The long-term stability of the CeO::Ag sensor was also tested over a 16-day period by monitoring its
performance under dry air and during exposure to 5 ppm NO: at 25 °C. As shown in Figure 10b, the sensor
maintained a consistent response over time, indicating excellent stability and durability.

IV. CONCLUSION

The results confirm that nanostructured CeO: doped with Ag nanoparticles is an effective sensing material
for NO: detection at room temperature. The enhanced sensitivity, good selectivity, repeatability, and long-
term operational stability suggest that this novel material has strong potential for future practical gas sensing
applications, especially in environments requiring low detection limits and low-temperature operation.
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