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Abstract

In this paper, cerium dioxide (CeO,) nanomaterials doped with various nickel (Ni) contents (1%, 2%, 3%, and 7% in molar ratio)
were synthesized using a facile coprecipitation method. The as-prepared materials were then utilized for the sensitive
detection of volatile organic compounds (VOCs), specifically ethanol. Results show that Ni doping leads to a significant
improvement in ethanol response compared to the pristine CeO; sensor. Notably, the 2% Ni-doped CeO, sensor exhibits the
optimal ethanol sensing performance, achieving a response value of up to ~28 to 10 ppm ethanol at operating temperature
of 230 °C. This response value is approximately 20 times higher than that of the pristine CeO, sensor (~1.43). Additionally,
the sensor exhibits fast response time (~16 s) and recovery time (~1 s). Moreover, the 2% Ni-doped CeO, sensor has a
response value of 3.02 for the low concentration of 0.5 ppm to ethanol vapor. This material also demonstrates great cycle
stability, maintaining high stability over a 60-day testing period (RSD = 1.42%). The as-prepared Ni-doped CeO; sensor exhibits
high response value, rapid response time and excellent cycle stability, making it a promising candidate for practical
applications in ethanol sensing.
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1. Introduction sensitive ethanol sensors to mitigate these risks.

Ethanol (CH3CH,OH), also known as ethyl alcohol, is a
versatile solvent in chemical reactions due to its polar nature
and lower boiling point compared to water.'l Beyond
industrial applications, ethanol finds widespread use in
alcoholic  beverages, pharmaceuticals, and cosmetic
products.?! However, despite its versatility, ethanol exposure
poses significant health risks. The World Health Organization
(WHO) has concluded that no level of alcohol consumption is
risk-free, as ethanol is associated with the development of
chronic diseases, neurotoxicity, and potential carcinogenic
effects.l?l Furthermore, driving after drinking can lead to
severe traffic accidents, posing a significant threat to public
safety. Therefore, there is an urgent need to develop highly
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In 1962, a groundbreaking study by T. Seiyama et al.”!
revealed a significant change in the surface resistance of metal
oxide semiconductor (MOS) when exposed to gases. This
finding forms the theoretical basis for the sensitivity observed
in semiconductor gas sensors. Over the years, numerous
research teams have dedicated efforts to the synthesis of
nanostructured materials for ethanol detection. For instance,
Zhang et al.™ utilized a two-step hydrothermal approach to
synthesize different nanostructured ZnO, the porous hollow
sphere ZnO exhibited the highest gas response, achieving a
response of ~51.7 to 100 ppm ethanol at 250 °C. Similarly,
Dong et al.’! employed a simple hydrothermal method to
fabricate Ag/SnO, composite, which exhibited a response of
up to 60.2 for 100 ppm ethanol at 300 °C. Additionally,
Spagnoli et al!®l synthesized WO3 nanoflowers using a
solvothermal method, demonstrating a response of 20.5 to 50
ppm ethanol at 250 °C. Despite these advancements, current
sensor materials still face challenges such as elevated
operating temperatures and low sensitivity.

CeO,, a versatile rare earth metal oxide semiconductor, has
gained significant attention in the field of catalysis due to its
unique electronic structure. This unique characteristic lends
itself well to various applications in catalysis,” making it an
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invaluable material in this field. Furthermore, its exceptional
redox reaction between Ce’" and Ce*' endows it with
remarkable oxygen storage capacity,® providing a solid
foundation for accurate and efficient detection of reducing
gases. Researchers have taken advantage of this phenomenon
and developed various synthesis methods to tailor the
morphology and structure of CeO. for optimal sensing
performance. Dao et al” successfully synthesized CeO;
nanoparticles using a solvothermal method, achieving a
response of 2.3 to 100 ppm ethanol at 400 °C. Lyu et al.l'%
designed a core-shell hollow structured CeO, via a
hydrothermal approach, exhibiting a response of 270% to 100
ppm acetone at 260 °C. Similarly, Li et al.l''!l synthesized CeO>
nanorods using a solvothermal method, achieving a response
of 5.32 to 1000 ppm hydrogen at 100 °C. Despite its
exceptional sensing capabilities, CeO: still faces challenges as
a standalone sensing material.

To enhance the sensing performance of metal oxides,
several strategies can be employed. On one hand,
microstructures that facilitate chemical reactions can be
engineered on the surface of metal oxides. On the other hand,
metal doping and modification can also improve their sensing
properties.'? As a dopant, Ni>" decreases the number of
electrons in the antibonding state between the core metal ion
and oxygen ion. This shifts the Fermi energy level downward
and an increase the oxidation-reduction potential of the core
metal ion during electrochemical reactions."*! Consequently,
gas adsorption is enhancd, leading to improved sensing
performance. Prabhu et al.'¥ synthesized Ni-doped ZnO

response to ethanol, achieving a high response value of ~28
for 10 ppm ethanol at a working temperature of 230 °C.
Furthermore, the mechanism of ethanol response in Ni-CeO,
has been discussed.

2. Materials and methods

2.1 Main raw materials

Cerium nitrate hexahydrate (Ce(NO3y3-6H2O, 99.5%) is
supplied by Shanghai Aladdin Biochemical Technology Co.,
Ltd (China). Nickel nitrate hexahydrate (Ni(NOs).'6H-0,
>98.0%) is purchased from Tianjin Damao Chemical Reagent
Factory (China). Distilled water is used as the solvent, and
anhydrous ethanol (AR, 99.99%) is obtained as the cleaning
agent.

2.2 Preparation of Ni-doped CeO> nanomaterials
Ni-doped CeO, nanomaterials were synthesized by
coprecipitation method: 13 mM (564.486 mg) of
Ce(NO3)3-6H20 was respectively mixed with 0.13 mM (3.78
mg), 0.26 mM (7.56 mg), 0.39 mM (11.34 mg), and 0.91 mM
(26.46 mg) of Ni(NO3),-6H20 in 100 mL of distilled water to
obtain initial solutions with different Ni molar ratios (1%, 2%,
3%, and 7%), which are ~0.67 wt%, ~1.34 wt%, ~2.01 wt%,
~4.69 wt% in weight percentages, respectively. The pristine
CeO; was prepared as the control sample using the same
procedure but without adding the Ni precursors.

Then, the initial solutions with different Ni molar ratios
were added dropwise into a 300 mL beaker (the beaker was
filled with 0.4 M NaOH (AR) solution in 100 mL of distilled

nanofibres using a sol-gel electrospinning technique. The 5 w%water), and the pH of the solution was maintained at ~11 at

Ni-doped ZnO nanofibres exhibited a maximum response of
132 to 50 ppm acetone vapors at 260 °C. Meng et al.l'”]
prepared  Ni-Doped  Perovskite-Structured ~ LaFeO3
Nanospheres via a one-step hydrothermal method. The 2 % Ni
doped LaFeOs (LFO-Ni 2%) nanospheres showed a response
of 102.84 toward 100 ppm triethylamine at 190 °C, which is
4.5 times higher than that of pristine LaFeOs (23.015).
Moveover, Janene et al.l'® developed Ni-doped CuO/ZnO
heterostructures sensor for ethanol detection. The sensitivity
significantly improved after Ni doping, the 4 wt% Ni doped
CuO/ZnO sensor achieving a maximum response of 97 toward
100 ppm ethanol at 225 °C, compared to 43 for the undoped
sensor at 250 °C. Dong et al.'” fabricated a 3D flower-like Ni-
doped CeO> sensor for HoS detection. The Ceo.97Nio.0301.97
sensor exhibited high selectivity toward H,S with a response
of 3.1 to 500 ppb HaS at 200 °C, whereas pristine CeO; showed
only 1.1 to 10 ppm HS at 400 °C. These studies demonstrate
that Ni doping significantly enhances the gas sensing
performance due to the increase of oxygen vacancies of metal
oxide semiconductors. However, few studies have explored
Ni-doped CeO: as an ethanol gas sensor.

Herein, we present the synthesis of CeO, nanoparticles
doped with various Ni contents (1%, 2%, 3%, and 7% in molar
ratio) using a straightforward co-precipitation method.
Notably, the 2% Ni-CeO, nanoparticles exhibit the highest
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room temperature. At this time, white precipitates were
formed. The precipitates were washed several times with
distilled water and ethanol, and then centrifuged at 10000 rpm
for 3 times using distilled water and alcohol until the
supernatant's pH reached neutral, each time for 10 min.
Subsequently, the precipitates were dried at 80 °C for 3 h, and
finally calcined at 400 °C in a muffle furnace for 3 h to obtain
CeO; materials doped with Ni at a molar ratio of 1%, 2%, 3%,
and 7%. The materials were stored in a desiccator for further
use.

2.3 Characterizations

The morphology, elemental composition, and microstructure
of the samples were characterized using a Nova Nano SEM
230 scanning electron microscope (SEM), a Tecnai G2 TF20
transmission electron microscope (TEM) equipped with an
energy-dispersive spectrometer (EDX, FEI Company, USA).
The phase and crystal structure of the samples were calibrated
using an Empyrean X-ray diffractometer (Cu Ko, A=0.154 nm,
Panalytical Company, Netherlands) with a scanning step size
of 5 °/min and a 20 scanning range of 10°~90°. The Raman
vibration characteristics were tested using a DXR2
spectrometer (Thermo Company, USA). The chemical
composition of the samples was analyzed using a K-Alpha X-
ray photoelectron spectrometer (Al Ko, Thermo Company,
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USA) with Cls peak fixed at 284.6 eV calibrated binding
energy. The specific surface area was determined by
Brunauer—Emmett-Teller (V-Sorb 2800P, Gold APP
Instruments Corporation China) using nitrogen adsorption—
desorption. The aging of sensor samples was performed using
an AS20 sensor aging station (Ailite Company, Beijing,
China), and the performance of sensor samples was tested
using a Chemical gas sensor-8 (CGS-8) intelligent gas sensing
testing system (Beijing Ailite Technology Co., Ltd.).

2.4 Sensor preparation

A suitable amount of the synthesized sensing materials was put
in a mortar and a suitable amount of anhydrous ethanol was
dripped. Then, the samples were ground into a uniform paste
in one direction. The paste was then uniformly brushing coated
on the surface of a ceramic tube and ensuring complete
coverage of the gold electrode, then dried at room temperature
with the thickness of ~50 um to obtain a by-pass type gas
sensor. To ensure the stability of the gas sensor, the prepared
gas sensor was aged 100 °C for 3 days before gas sensing
testing.

2.5 Gas sensing measurements
The gas sensing performance was evaluated with a 20 L sealed
organic glass test chamber under room environmental
condition (a relative humidity of ~55% and test chamber
temperature of ~21 °C). A specific amount of target volatile
organic compounds (VOCs) liquid was injected into the
chamber using a micro-injector and allowed to evaporate.
During the testing process, the sensor resistance reached a
stable value before the test chamber was opened to expose the
sensor to air. The sensor response (S) was defined as S =
Ra/Rg, where Ra is the resistance in air and Rg is the
resistance in the presence of the target gas. Furthermore, the
response time (res) and recovery time (rec) were defined as the
time required for the sensor resistance to reach 90% of its
stable value after introducing or removing the target gas.

The gas concentration of the target VOCs was calculated
based on the following Eq. (1), which has been widely used in
the literature.['$!1]

VXCXM
Vx =
22.4xdXp

273+Tg
273+Tg (M

where V, is the volume of VOCs liquid (mL), V is the
volume of the test chamber (mL), M is the molecular weight
of the VOC:s liquid, C represents the concentration (ppm) of
the evaporated gas, d is the density of the VOCs liquid, p is
the purity of the VOCs liquid, 7 is the ambient temperature
(°C), T is the temperature in the test chamber (°C), which can
be obtained from the CGS-8 sensing testing system.

x 1072 x

3. Results and discussion

3.1 Surface morphologies of Ni-doped CeQ; NPs

The surface morphology of the prepared samples was
observed using scanning electron microscope (SEM). It was
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found that both the pristine CeO, (without Ni doping) and 1%,
2%, 3%, and 7% Ni doped CeO; materials were composed of
nano-particles (NPs) (Fig. S1, Supporting information),
indicating that Ni doping did not affect the morphlogies of
CeO:. The Brunauer - Emmett — Teller (BET) surface areas of
the prepared Ni-doped CeO, samples were determined using
N, adsorption/desorption isotherms. According to the [IUPAC
classification,”?’! all the curves exhibited type-IV isotherm
behavior (Fig. S2, Supporting Information), indicating that the
materials possess a mesoporous structure. Notably, the
hysteresis loop varied with the Ni-doping level. Pristine CeO>
showed a type H3 hysteresis loop, suggesting that its pore
network consists primarily of macropores. In contrast, 1%, 2%,
and 3% Ni-doped CeO, samples exhibited a type H2(a)
hysteresis loop, indicative of the presence of ordered
mesopores. Lastly, the 7% Ni-doped sample displayed a type
H1 hysteresis loop, which is characteristic of a narrow range
of uniformly sized mesopores. The estimated BET surface
areas for the pristine, 1%, 2%, 3%, and 7% Ni-doped CeO,
materials were 45.78 m? /g, 84.99 m*/g, 128.28 m*/g, 117.23
m?/g, and 90.7 m? /g, respectively. Among them, the 2% Ni-
doped CeO, material had the highest specific surface area.

The nanometer particle size of CeO, was analyzed using
transmission electron microscope (TEM) and found to range
from 8-15 nm (Fig. 1a). High-resolution transmission electron
microscopy (HRTEM) analysis revealed that the main crystal
plane spacing of the material was 0.314 nm and 0.27 nm (Fig.
1b), which corresponds to the CeO; (111) and CeO, (200)
crystal plane.?'l Selected area electron diffraction (SAED)
analysis showed that the material also had other crystal planes
such as (200), (220), (311), (222), (400), (331), (420), and (422)
(Fig. 1¢). The nanometer particle size of 2% Ni-doped CeO»
was analyzed by TEM as well and found to range from 4-10
nm (Fig. 1d). HRTEM analysis showed that the main crystal
plane spacing of the material were 0.308 nm, 0.26 nm and 0.19
nm (Fig. le), which correspond to the (111), (200) and (220)
crystal planes of CeO,, respectively, the smaller lattice spacing
indicates Ni is embedded in the lattice of CeO,.?? However,
SAED analysis did not reveal any Ni diffraction rings (Fig. 11),
possibly due to the low Ni doping level. Moreover, TEM-
coupled energy dispersive X-ray spectroscopy (EDX) analysis
has revealed that 2% Ni-doped CeO3 is primarily composed of
Ce, O, and Ni elements, whereas the undoped sample only
exhibits the presence of Ce and O elements (Fig. S3,
Supporting information).

3.2 Chemical structure of Ni-doped CeO; NPs

The phase structure and composition of the pristine CeO, NPs
and doped with 1%, 2%, 3%, and 7% Ni were analyzed using
XRD (Fig. 2a). As can be seen, nine diffraction peaks were
observed at positions of 28.5°, 33.1°,47.5°,56.3°,59.1°, 69.4°,
76.7°, 79.1°, and 88.4°, which were indexed to the CeO:
crystal planes of (111), (200), (220), (311), (222), (400), (331),
(420), and (422) of the fluorite crystal structure (JCPDS: 34-
0394).1%1 The enlarged diffraction peaks are shown in Fig. S4a
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Fig. 1: (a) TEM, (b) HRTEM and (c) SEA
Ce0,, respectively.

S

(Supporting information). It can be seen that the (111) peak of
Ni-doped CeO; shifted to the right with increasing doping
amount. When the doping amount was greater than 2%, the
shift angle gradually decreased. This may be due to lattice
contraction caused by doping ions.[?*! It suggests that the CeO,
nanometer particles doped with 2% Ni have the minimum
particle size and more oxygen vacancies.[?*2]

The (111) crystal plane exhibits the peak intensity that is
the most prominent across all curves, suggesting a preferential
orientation for the prepared CeO,. Nevertheless, our
observations from the XRD patterns reveal an absence of any
response peak pertaining to Ni, likely attributed to the
comparatively low doping level of Ni. Furthermore, the
doping of Ni introduces a certain degree of influence on the
average grain size of CeO> NPs. Using the Debye—Scherrer
equation,?” the average grain sizes of the samples have been
calculated in Eq. (2) and listed in Table S1 (Supporting
information).

D = kAlfcos6 (2)

where k represents a constant (taken as 0.9), D stands for the
grain size, 4 denotes the wavelength of X-rays (with a value of
0.154 nm), 6 represents the diffraction angle, and S is the full
width at half maximum (FWHM), both expressed in radians
(corrected for instrument broadening).

As can be from Table S1 (Supporting information), the
doping concentration of Ni increases from pristine to 2%, the
average grain size of CeO; decreases from 10.34 nm to 6.3 nm.
However, when the doping level of Ni exceeds 2%, the
average grain size of CeO; rises slightly but remains below
that of pristine CeO,. This indicates that the doping of Ni
suppresses the growth of CeO, grains, with the suppressive
effect slightly diminishing as the doping ratio surpasses 2%.
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A detailed Raman spectroscopic analysis of pristine, 1%,
2%, 3%, and 7% Ni-doped CeO, NPs (Fig. 2b) revealed a
prominent Raman vibration peak centered at 462 cm! for all
samples. This distinct peak corresponds to the symmetric
stretching vibration of Ce-O in CeQs, specifically associated
with the F2g mode.?® Notably, the Ni-doped CeO, NPs
retained their cubic structure, and no secondary crystalline
phase related to the dopant was detected in the doped samples.
Additionally, the Raman spectra of pristine, 1%, 2%, 3%, and
7% Ni-doped CeO, NPs within the wavelength range of 440
nm to 480 nm are shown in Fig. S4b (Supporting information).
When compared to pristine CeO> NPs, a notable shift towards
lower wave numbers was observed in the Raman peak of Ni-
doped CeO, NPs.** This shift is commonly attributed to the
formation of oxygen vacancies within the system.*’ The
incorporation of Ni ions into the CeO» lattice appears to
suppress the F2g Raman active mode, possibly due to the
doping-induced effects that promote the generation of
additional oxygen vacancies.*”) Furthermore, the shift in the
Raman peak can also be explained by the reduction in the size
of the nanoparticles.?"!

The chemical composition and valence states of the
pristine and 2% Ni-doped CeO, NPs were analyzed using X-
ray photoelectron spectroscopy (XPS). The XPS survey
spectrum reveals the elemental composition (Fig. 2¢). The
pristine CeO, NPs primarily consist of C, O, and Ce, whereas
the 2% Ni-doped CeO, NPs contain C, O, Ni, and Ce. The
presence of C is attributed to residual carbon sources
encountered during sample preparation, and the C peak at
284.6 eV serves as a reference for calibrating the peak
positions of the other elements (Fig. S5, Supporting
information).

The Ce3d spectra of 0% and 2% Ni-doped CeO;

Engineered Science Publisher


https://www.espublisher.com/

Engineered Science

Research article

nanoparticles, as shown in Fig. 2d, were split into eight distinct
peaks, located at 882.7 eV (V), 885.6 eV (V1), 888.8 eV (V2),
898.4 eV (V3), 900.8 eV (U), 903.5 eV (Ul), 907.8 eV (U2),
and 916.7 eV (U3). Among these peaks, V, V2, V3, U, U2, and
U3 represent Ce(IV)3d, with the peak at 916.5 eV (U3) being
a characteristic signature of Ce(IV).?? Conversely, V1 and U1
are indicative of Ce(Ill)3d. This analysis suggests that the
prepared cerium oxide primarily comprises Ce(IV) with a
minor contribution from Ce(Ill). The presence of Ce(Ill)
suggests the existence of oxygen vacancy defects in the
material.

The Ols spectra of pristine and 2% Ni-doped CeO, NPs
are depicted in Fig. 2e. A detailed fitting analysis reveals that
the peak at 529.3 eV (A) corresponds to lattice oxygen within
the oxide, while the peak at 530.7 eV (B) represents vacancy
oxygen in CeO,, arising from oxygen ions present in oxygen
vacancy defects. Additionally, the peak at 532.6 eV (C) is
attributed to the physical adsorption of oxygen.** The ratio of
B/A+B presented in Table S2 (Supporting information)
significantly increases in the CeO; sample doped with 2% Ni.
This observation suggests that the strong interaction between
Ni-O-Ce enhances the surface oxygen density in the 2% Ni-
doped CeOs, leading to an increase in the oxygen adsorption
rate.*?

Moreover, Fig. 2f exhibits the Ni2p spectrum. The fitting
analysis indicates that four peaks exist within the 850-870 eV
range, specifically located at 855.45 eV, 860.65 eV, 872.9 eV,
and 876.2 eV. Among these peaks, 855.45 eV and 860.65 eV
correspond to the characteristic peak and satellite peak of the
Ni 2ps/; orbital, indicative of Ni(II), while 876.2 eV represents
the characteristic peak and satellite peak of the Ni 2p1, orbital,
signifying the presence of Ni(Ill). The XPS fitting data clearly
indicates that Ni is successfully doped into the cerium oxide

sample in the form of nickel oxide.’**s! The doping
concentration of Ni can be approximated by the ratio of
deconvoluted peak areas, yielding an estimate of ~1.23 wt%
(Table S3, Supporting information). This value is slightly
lower than the initial Ni precursor addition of 1.33 wt%. This
discrepancy may stem from the fact that XPS analysis probes
the material to a depth of 1 to 10 nm, corresponding to a few
atomic layers and a lateral extent of approximately 10 um.!'®!

3.3 Gas sensing performances of Ni-doped CeO; NPs

The sensing performance of MOS sensors is generally
influenced by the operating temperature.l*¢-31 Consequently,
the as prepared pristine, 1%, 2%, 3%, and 7% Ni-doped CeO>
sensors were tested for their response to 10 ppm of ethanol gas
at various operating temperatures ranging from 180 to 280 °C.
The resulting response values are depicted in Fig.3a. As can
be seen, the optimal working temperatures for the sensors are
250 °C, 250 °C, 230 °C, 240 °C, and 240 °C for pristine, 1%,
2%, 3%, and 7% Ni-doped CeO- sensors, respectively. The
undoped and 1% Ni-doped CeO; sensors exhibit identical
optimal working temperatures of 250 °C, indicating that a
minimal Ni doping does not significantly alter the temperature
requirement for optimal sensing. However, a significant shift
is observed with 2% Ni doping, where the sensor attains both
the lowest optimal operating temperature of 230 °C and the
highest response value of ~28. The enhancement in gas
response and the decrease in optimal operating temperature
are attributed to the fact that the 2% Ni doping results in the
smallest grain size, thereby maximizing the surface area. This
increased surface area enhances the adsorption of oxygen
species and facilitates the reaction on the surface at a lower
temperature.[3 ¢ Intriguingly, as the Ni doping is further
increased to 3% and 7%, the optimal operating temperature

(@ = _ = = o (b) (c) Survey
= A Y S 20 [ E
) ' TUNECO, | ,‘\ winiceo, | &
E' 3 % Ni-CeO, E’ ) ?:"
w y w 2%N |-(‘L'(): w
§ H 2 % Ni-Ce( ), § ;
= I 1% Ni-CeO, = L 1w Niceo, |5
| . | 1 ICPDS: 43-0394 r—— CeO, 2% Ni-CeO,
10 20 30 40 50 60 70 80 90 200 400 600 800 1000 O 200 400 600 800 1000 1200
Two theta (Deg.) Raman shift (cm™) Binding Energy (eV)
(d) Ce3d (e) A Ols
Viy U3 ,
-~ - ~ -~
= = =
£ L =~ co| &
7] 7] — S—— w
z \/\/\I\J/ 5 5
2 i 2 2
= wiNiceo| S N =
880 890 900 910 920 528 530 532 534 850 855 860 865 870 875 880

Binding Energy (eV)

Binding Energy (eV)

Binding Energy (eV)

Fig. 2: (a) XRD patterns and (b) Raman spectra of Ni doped CeO, NPs, (c) XPS Survey, (d) Ce 3d, (e) O Is, and (f) Ni 2p spectra

for pristine and 2% Ni-doped CeO,.

Engineered Science Publisher

Eng. Sci., 2025, 35, 1539 | 5


https://www.espublisher.com/

Research article

Engineered Science

slightly increases back to 240 °C. This phenomenon can be
attributed to an appropriate concentration of Ni doping
initially enhances sensing performance by introducing
electronic states or reactive surface sites, whereas excessive
doping may introduce a high concentration of surface states,
ultimately leading to a reduction in surface activity.l?”]

Fig. 3b presents the response dynamics of 2% Ni-doped
CeO; sensor towards 10 ppm ethanol gas at various operating
temperatures (180 - 280 °C). The corresponding response
values are shown in Fig. 3¢, specifically: ~4.3, ~12,~15.2, ~28,
~17.4,~13, and ~10.2, respectively, which exhibit a "volcano"
shape (increase-peak-decrease),! peaking at 230 °C with a
maximum response of ~28. This phenomenon should be
attributed to that the gas molecules lack sufficient thermal
energy to effectively react with the adsorbed oxygen species
on the sensor surface at temperatures below 230 °C.
Conversely, when the operating temperature over 230 °C, the
chemical adsorption of gas molecules becomes an exothermic
reaction, meaning that heat is released. According to the laws
of thermodynamics, this heat release opposes the forward
reaction, favoring surface desorption over adsorption.[® ] As
a consequence, the number of adsorbed gas molecules
decreases, resulting in a decline in sensor response.

Seven typical reduction gases being selected and
performed on the pristine and 2% Ni-doped CeO- sensors at
same operating temperatures, including ethanol, acetone,
diethyl ether, formaldehyde, isopropanol, methanol, and
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xylene, respectively. The real-time resistance curves are
presented in logarithmic format in Fig. S6 (Supporting
information), as can be seen, the initial resistance (Ra),
remains consistent prior to the introduction of any gas.
However, upon exposure to the reducing gas, the resistance
decreases significantly and eventually stabilizes at a new value
(Rg). The ratio of Ra to Rg accurately reflects the response of
the sensor towards the specific gas, and the response values
were depicted in Fig. 3d. It shows that the undoped CeO,
sensor displays the low response values of ~1.43, ~1.27, ~1.16,
~1.19, ~1.1, ~1.23, and ~1.05 towards those gases,
respectively. However, the 2% Ni-doped CeO, sensor
demonstrates significantly higher responses, registering
values of ~28, ~16.5,~12.2, ~11, ~10.3, ~8.8, and ~4.2 for the
same gases. This indicates that the Ni doping enhanced the
sensing performance, especially towards ethanol.

The response dynamic curves of pristine, 1%, 2%, 3%, and
7% Ni-doped CeO, sensors towards ethanol in a gas
concentrations range from 10 to 100 ppm are shown in Fig. 4a.
The sensors were operated at their optimal working
temperature. As observed, the response values increase
proportionally with the concentration. When analyzing the
linearity of the responses, it is evident that the pristine CeO,
sensor exhibit a nonlinear relationship within the
concentration range of 10-100 ppm, with a regression equation
of S = 0.0125¢ + 1.43, R? = 0.789 (Fig. S7, Supporting
information), which is matched with the response curve
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Fig. 3: (a) Response values for Ni doped CeO; sensors to 10 ppm ethanol at various temperatures. (b) Response dynamic curves and
(c) response values of 2% Ni-doped CeO, sensor towards 10 ppm ethanol at different operating temperatures. (d) The response values
of pristine and 2% Ni-doped CeO; sensors towards different gases at same operating temperatures for 10 ppm concentrations.
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presented in Fig. S8 (Supporting information). On the other
hand, the response values for 1%, 2%, 3%, and 7% Ni-doped
CeO: sensors exhibit linear relationships (Fig. 4b), with the
regression equations of S = 0.47 ¢ + 6.18, R = 0.9997; S =
1.66¢ + 12.11, R?=0.999; S = 0.88¢ + 15.25, R> = 0.9803; S
=0.53 ¢ +10.06, R? = 0.990, respectively.

The responses for pristine, 1%, 2%, 3%, and 7% Ni-doped
CeO; sensors towards 10 ppm and 100 ppm ethanol
concentrations were summarized in Fig. S9 (Supporting
information). Notably, the response values of these sensors
increase with Ni doping, peaking at 2% Ni doping for both
concentrations. Specifically, for 10 ppm ethanol, the response
values are ~1.43,~11.3, ~28, ~22.3, and ~13.5 for pristine, 1%,
2%, 3%, and 7% Ni-doped CeO; sensors, respectively.
Similarly, for 100 ppm ethanol, the corresponding response
values are ~2.5, ~52, ~180, ~98, and ~62. It is noteworthy that
the 2% Ni-doped CeO> sensor exhibits the highest response
values across all concentrations studied, indicating a
significant enhancement in sensing performance. In fact, its
response for 100 ppm ethanol gas is approximately 72 times
higher than that of the pristine CeO».

Furthermore, we broadened the performance of the 2% Ni-
doped CeO> sensor operating at 230 °C in response to a low
concentration of ethanol gas, specifically down to 0.5 ppm
(Fig. S10, Supporting information). The sensor exhibits a
significant response value of ~3.02 at a low concentration of
0.5 ppm. This result confirms the superior sensing capabilities
of 2% Ni-doped CeO, sensor. This makes it highly promising
candidates for practical applications in ethanol detection.

After exposure to the target gas, the resistance of the
surface resistance-controlled sensors undergoes a decrement,
eventually stabilizing at a new level. Upon subsequent
removal of the ethanol gas, the resistance gradually increases,
reverting back to its original state, thereby facilitating the
analysis of the sensor's response and recovery duration. Fig. 5
illustrates the real-time resistance profiles of Ni-doped CeO-
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sensors with pristine, 1%, 2%, 3%, and 7% Ni content towards
10 ppm ethanol at their respective optimal operating
temperatures. Additionally, Fig. S11 (Supporting Information)
presents the corresponding response times and recovery times,
which are derived from the response dynamics. Notably, all
sensors adhere to the aforementioned resistance variation
patterns in air. It is evident that the response dynamic curves
correspond to the resistance dynamic curves, and the ratios of
Ra and Rg are consistent with the response.

Specifically, the pristine CeO, sensor's response and
recovery times towards 10 ppm ethanol are ~22s and ~4s,
respectively. Its resistance in air measures 88 M, whereas the
stabilized resistance in an ethanol atmosphere is 61.53 MQ
(Fig. 5a). The 1% Ni-doped CeO> sensor exhibits a response
time of ~20s and a recovery time of ~2s when exposed to 10
ppm ethanol. Its resistance in air is 165 MQ, and the stable
resistance in the ethanol atmosphere is 14.6 MQ (Fig. 5b).
Furthermore, the 2% Ni-doped CeO; sensor demonstrates the
quickest response time of ~16s and the fastest recovery time
of ~1s towards 10 ppm ethanol. In air, its resistance is 498 MQ,
and in the ethanol atmosphere, it stabilizes at 17.78 MQ (Fig.
5¢). The 3% Ni-doped CeO; sensor has a response time of
~17s and a recovery time of ~3s towards 10 ppm ethanol. In
air, its resistance is 280 M€, and in the ethanol atmosphere, it
stabilizes at 12.55 MQ (Fig. 5d). On the other hand, the 7%
Ni-doped CeO; sensor exhibits a response time of ~28s and a
recovery time of ~3s towards 10 ppm ethanol. Its resistance in
air is 180 MQ, and the stable resistance in the ethanol
atmosphere is 13.33 MQ (Fig. 5¢). Among all the tested
sensors (Fig. 5f), the 2% Ni-doped CeO: sensor stands out
with the fastest response and recovery times.

The 2% Ni-doped CeO; sensor demonstrates remarkable
reproducibility and long-term stability when exposed to 10
ppm ethanol at 230 °C. As illustrated in Fig. 6a, the sensor
undergoes five consecutive cyclic response tests, maintaining
nearly identical response values throughout, which
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Fig. 5: Real-time resistance dynamics of Ni doped CeO; sensors towards 10 ppm ethanol at their optimal operating temperature: (a)
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of response and recovery times for Ni doped CeO, sensors towards 10 ppm ethanol.

Table 1: Comparison of the sensing performance of reported materials for ethanol.

Materials Concentration (ppm) Working temperature (°C) Response (Ra/Rg) Refs.
ZnO porous hollow sphere 100 250 51.7 [4]
Ag/SnO2 composite 100 300 60.2 [5]

WOs nanosheets 50 250 20 [6]

Ceria NPs 100 400 23 [9]
Porous In203 Hollow Nanorods 100 200 38.6 [39]
CeOz-decorated CdS NWs 100 160 52 [40]
Ce02/Zn0 nanosheets 100 310 86 [41]
Ni-doped CeOz nanoparticles 10 230 28 This work
Ni-doped CeO2 nanoparticles 100 230 180 This work

underscores its excellent cyclic stability. Additionally,
intermittent testing conducted over a span of 60 days reveals a
consistent performance, with an average response value of
28.12 and a relative standard deviation (RSD) of 1.42% (Fig.
6b). This low RSD underscores the remarkable long-term
stability of the 2% Ni-doped CeO; sensor towards ethanol gas.

A comparison with previously reported literature on sensor

35
304
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=@ 2% Ni-CeO,
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0

response values (Table 1) highlights the superior performance
of the Ni-doped CeO> sensors developed in this study. 6239411
This enhanced response towards ethanol gas can be attributed
to the innovative doping strategy and optimized operating
conditions employed. These factors collectively contribute to
the improved response of the sensor, making it a promising
candidate for ethanol detection applications.
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Fig. 6: (a) Five-cycle response curves of 2% Ni-doped CeO, towards 10 ppm ethanol at 230 °C. (b) Stability test over 60 days for

2% Ni-doped CeO, towards 10 ppm ethanol at 230 °C.
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3.4 The ethanol gas sensing mechanism of Ni-doped CeO;
NPs

The mechanism of gas sensing can be formulated based on the
observation that the resistance variations observed are a direct
consequence of the occurring gas-sensing reactions. When
exposed to air, oxygen molecules chemically adsorb onto the
surface of CeO; nanoparticles forming reactive oxygen
species.?” This adsorption process involves the capture of
electrons from the CeO, material, leading to the formation of
various oxygen species (O, Oz, O?") on the surface (Egs. (5)-
(8)).141 As aresult of this electron capture, an electron depletion
layer is created,” as depicted in Fig. 7, which effectively
increases the resistance of the semiconductor (Ra increases).

0(gas)—0O»(ads) 5)
02(ads) + e~ — Oz (ads) 6)
Oz (ads) + e — 207 (ads) @)
O~(ads) + & — O*(ads) ®)

When exposed to the target gas of ethanol, the ethanol
molecules will absorb on the active site of CeO; surface (Eq.
(9)), or react with the reactive surface oxygen species (Eq. (10))
4. This reaction releases the electrons that were previously
captured, allowing them to return to the conduction band of

Engineered Science Publisher

the CeO» nanoparticles. This process narrows the width of the
electron depletion layer and reduces the number of surface
oxygen species (Fig. 7). Consequently, the resistance of the
sensor decreases (Rg decreases).

CH3CH>OH(gas) — CH3;CH,OH (ads) )

C,HsOH(gas) + 60~ (ads) — 2COx(gas) + 3H2O(gas) + 6¢e~
(10)

When Ni introduced into the CeO» nanoparticles, it results
in profound structural and functional modifications. Firstly,
the introduction of Ni leads to a refinement in the CeO>
crystallite size, which in turn prompts an expansion of the
specific surface area, which provides more sites for the
adsorption and reaction of gas molecules. Therefore, the
thickness of the charge depletion layer increases.[*?! Secondly,
Ni?* ions within the CeO; lattice act as catalytic active sites.
These sites facilitate the formation of oxygen vacancies, which
play an important role in the oxygen ionosorption process and
the subsequent reactions with reducing gases.[*! Thirdly, the
Ni doping increases the oxygen content adsorbed on the CeO»
surface, which promotes the formation of reactive oxygen
species.*l  Therefore, a low concentration Ni doping
extremely enhanced the sensing performance of CeO».
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4. Conclusion

This paper presents the successful fabrication of CeO, NPs
doped with wvarying concentrations of Ni using the
coprecipitation method. A detailed analysis using scanning
electron microscope (SEM) revealed that both pristine and 2%
Ni-doped CeO, NPs exhibited a highly dispersed morphology.
This observation was further corroborated by transmission
electron microscopy (TEM) and X-ray photoelectron
spectroscopy (XPS), confirming the successful doping of Ni.
Notably, X-ray diffraction (XRD) analysis demonstrated that
the 2% Ni-doped CeO> NPs possess a significantly smaller
grain size compared to the pristine form.

In terms of gas response, 2% Ni-doped CeO, NPs sensor
exhibits exceptional response towards ethanol gas, operating
optimally at 230 °C. Remarkably, the sensor displayed a
remarkably sensitive response value of ~28 towards 10 ppm
ethanol, along with rapid response and recovery times of ~16
seconds and ~1 second, respectively. Furthermore, tests
conducted on varying concentrations of ethanol gas revealed a
robust linear relationship between the response values and
concentrations, achieving a high linear fitting result of
R?>=0.9977.

During a 60-day stability test, the sensor exhibited
remarkable stability, with an RSD of only ~1.42% for its
response to 10 ppm ethanol gas. The observed enhancement in
ethanol gas response in Ni-doped CeO: sensors is attributed to
the reduced grain size of CeO,, which significantly enhances
its ability to adsorb ethanol. This groundbreaking finding
offers profound insights for future endeavors aimed at
optimizing and enhancing the performance of CeO;-based
ethanol sensors, particularly in critical applications such as gas
detection and monitoring.
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