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A B S T R A C T

Exhaled breath analysis has emerged as a promising and non-invasive approach for diagnosing disease by 
detecting specific biomarkers. Acetone in exhaled breath can be used as a biomarker in diabetic patients, pro
moting the development of highly sensitive and selective acetone gas sensors. In this study, CeO2-decorated NiO 
nanodomes (NDs) were developed to enhance the response and selectivity for acetone detection. The optimal 
response was achieved using the NDs decorated with 5 nm thick CeO2, at 400 ◦C, affording about a 15.5-fold 
increase in the selective acetone response (Rgas/Rair − 1 = 25.4, 50 ppm). The enhanced gas response led to a 
ppb-level theoretical detection limit for the CeO2-decorated NiO NDs, even under humid conditions. This 
improvement is attributed to the formation of a p–n junction, as well as the increased contents of oxygen defects 
in sensing layers, driven by the higher Ce3+/Ce4+ ratio. These oxygen defects facilitate greater adsorption of 
oxygen ions on the CeO2 and NiO surface, thereby enhancing the gas sensing performance. These results 
demonstrate the potential of CeO2-decorated NiO NDs for highly selective acetone detection, paving the way for 
non-invasive breath-based diagnostics.

1. Introduction

Diabetes is a prevalent metabolic disorder affecting an estimated 537 
million adults globally and is linked to severe complications such as 
cardiovascular diseases, retinopathy, neuropathy, and nephropathy, 
which not only impair quality of life but also significantly reduce life 
expectancy [1–3]. Despite its widespread prevalence, nearly 50 % of 
adults with diabetes remain undiagnosed, primarily due to the reliance 
on invasive diagnostic methods with uncomfortable and 
time-consuming processes. In this respect, breath analysis has gained 
significant interest as a noninvasive diagnostic method that offers rapid 
diagnosis, is simple and pain-free, and has the potential for integration 

with mobile devices for real-time monitoring systems. Breath analysis 
detects distinct volatile organic compounds (VOCs), called biomarkers, 
in exhaled human breath, indicating the presence of specific diseases [4, 
5]. Recently, various studies have reported that breath acetone can serve 
as a biomarker for diagnosing diabetes, where the levels exceed 1.8 parts 
per million (ppm) in people with diabetes compared with levels ranging 
from 0.3 to 0.9 ppm in healthy people [6–9]. The detection of acetone 
gas in human exhaled breath at such extremely low levels requires 
high-performance gas sensors that can selectively detect acetone gas. 
Therefore, numerous attempts have been made to detect extremely low 
concentrations of acetone using various types of gas sensors, including 
electrochemical, catalytic combustion, and optical types [10–13].
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Metal-oxide-semiconductor (MOS)-based chemiresistive-type gas 
sensors are considered the most promising candidates for breath analysis 
due to their high response to VOCs, simple operation principle, and ease 
of fabrication in electronic devices [14]. However, the low selectivity 
and cross-selectivity issues that affect MOS gas sensors make it difficult 
to identify individual target gases accurately, especially in complex 
VOCs [15]. Notably, p-type MOS (e.g., CuO, NiO, Cr2O3, etc.) can also 
promote the surface decomposition of specific target gases through 
chemical sensitization, particularly via the spillover effect, where 
adsorbed molecules are transferred from the catalyst to sensing mate
rials, further enhancing the gas selectivity and response time [16–18]. 
However, it is known that the gas response of p-type MOS is typically the 
square root of that of n-type MOS, which severely limits the utilization of 
p-type MOS for gas sensors [19–21]. To address these limitations, 
extensive efforts are being made to enhance the gas sensing performance 
through surface modification, incorporation of catalysts, and formation 
of p–n heterojunctions [22–24]. Among these approaches, the utiliza
tion of p–n heterojunction has been reported to be effective, as the 
interface between the respective MOS promotes charge transfer and 
alters the behavior of oxygen vacancies (Vo) on the surface, which is 
critical for enhancing the adsorption sites and response through elec
tronic sensitization [18]. Therefore, investigating the decoration of 
p-type MOS with n-type MOS is essential for further enhancing the 
selectivity toward VOCs [21].

NiO (Eg = 3.6–4.2 eV) has been widely investigated due to its high 
selectivity toward acetone [25,26]. CeO2 (Eg = 3.0–3.1 eV) is an n-type 
rare-earth metal oxide with a unique Ce-4f electronic structure and 
abundant oxygen vacancies, allowing for reversible charge transfer be
tween Ce4+ and Ce3+ [27]. These properties not only make CeO2 a 
notable gas-sensing catalyst for promoting various chemical reactions on 
surfaces, but also improve the kinetics of the gas sensing response. 
Moreover, the oxygen vacancies in CeO2 facilitate easier adsorption and 
desorption of oxygen ions, further enhancing the gas sensing perfor
mance. These characteristics enable CeO2 to effectively promote the 
oxidation of acetone, providing rapid and efficient gas sensing [28]. 
Accordingly, Lee et al. reported that coating CeO2 onto In2O3 hollow 
spheres in a layer-by-layer fashion enhanced the acetone sensing ability 
in humid environments, and the mechanism by which the CeO2 coating 
mitigated performance degradation was discussed in detail [29]. Sinha 
et al. developed NiO/CeO2 p–n heterojunction nanofibers, reporting 
improved ammonia sensing at room temperature compared with that 
achieved with pure NiO fibers [28]. However, previous studies have 
primarily focused on humid or room temperature conditions, with no 
specific reports addressing the influence of the Ce3+/Ce4+ ratio in CeO2 
catalyst on gas sensing performance.

In this study, CeO2-decorated NiO-based gas sensors were developed 
to achieve enhanced gas response and selectivity. These effects are 
further maximized by fabricating nano-dome-like nanostructures using 
polystyrene (PS) beads as a simple soft-template. The gas sensing 
properties of the NiO NDs decorated with CeO2 at different thicknesses 
are investigated at various temperatures (250, 300, 350, and 400 ◦C) to 
optimize the operating temperature. When exposed to seven types of 
gases (CH3COCH3, C2H5OH, HCHO, C7H8, CO, H2, and NO2) at 400 ◦C, 
the CeO2 decorated NiO NDs exhibited a significantly enhanced 
response to acetone gas, compared with that of NiO NDs. The calculated 
theoretical detection limits (TDL) are as low as parts-per-billion (ppb) 
level even in high-humidity environments (80 % relative humidity (RH)) 
at 400 ◦C. The underlying mechanism of the gas sensing performance 
depending on the CeO2 thickness is explained by the ratio of Ce3+/Ce4+, 
originating from electron transfer induced by the p–n junction. These 
results indicate the strong potential of CeO2-decorated NiO NDs for 
application in breath analyzers for the noninvasive diagnosis of 
diabetes.

2. Experimental section

2.1. Fabrication of CeO2-decorated NiO nanodomes

Interdigitated electrodes (IDEs) with a width of 50 μm, a spacing of 5 
μm, and a total of 20 fingers were created on SiO2/Si substrates (2000 Å 
thickness) using standard photolithography (Fig. S1). The procedure 
involved forming the electrode pattern, followed by the deposition of a 
50 nm chromium (Cr) layer and a 100 nm gold (Au) layer using thermal 
evaporation. The SiO2/Si substrate with the Au/Cr-IDEs pattern was 
subjected to ultraviolet–ozone (UVO) treatment (AC-6, Ah Tech LTS) for 
20 min to render its surface hydrophilic. NiO NDs were fabricated with 
PS beads (diameter: 500 nm; 5.0 % w/v, SPHERTM Polystyrene Beads, 
Spherotech) serving as a sacrificial template. The PS beads solution was 
mixed with ethanol in a 1:1 ratio and concentrated to 10 wt% for 
applying the Langmuir–Blodgett method. A single PS-beads layer was 
applied to the Au/Cr-IDEs-patterned SiO2/Si substrates by dispensing 
the mixture onto a glass slide set at an angle of 45◦ within a Petri dish 
filled with deionized water. For deposition of the NiO thin films and 
CeO2 nanoislands (NIs), NiO and CeO2 grains (99.99 %, Taewon Sci
entific Co.) were utilized. The crucible was positioned 50 cm below the 
substrate. Electron beam evaporation was conducted at a glancing angle 
of 15◦ and rotation speed of 3 rpm while maintaining a base pressure of 
5 × 10− 6 Torr and a growth rate of 1 Å/s. The thicknesses of NiO and 
CeO2 were calculated using a quartz crystal microbalance (QCM), based 
on their densities and Z-ratios. The CeO2-decorated NiO NDs were 
annealed at 550 ◦C for 1 h under ambient atmosphere to improve their 
adhesion and crystallinity.

2.2. Characterization and gas response measurements

The CeO2-decorated NiO NDs were analyzed by field-emission 
scanning electron microscopy (FE-SEM; JSM-7610 F-Plus, JEOL) and 
high-resolution transmission electron microscopy (HR-TEM; JEM-ARM 
200F NEOARM, JEM-F200, JEOL). The elemental compositions of the 
fabricated samples were determined by energy-dispersive X-ray spec
troscopy (EDS) combined with HR-TEM. XRD patterns were acquired by 
θ-2θ scanning using a high-resolution X-ray diffractometer (HR-XRD, 
Smartlab, Rigaku) with Cu-Kα1 radiation (λ = 1.54056 Å) under ambient 
conditions. The surface binding energy spectrum and phase speciation of 
the material were analyzed through X-ray photoelectron spectroscopy 
(XPS) using monochromated Cu-Kα1 radiation (hν = 8047.8 eV) under 
ambient conditions.

The measurement setup for the gas sensor included a mini-probe 
chamber equipped with an 8-channel probe system (MPS 4000, PHO
COS) and a mass flow controller (MFC, PHOCOS), with a heating line 
and bubbling system (Fig. S2). This configuration enabled precise 
adjustment of gas concentrations from 1 to 50 ppm. The target gases 
(CH3COCH3, C2H5OH, HCHO, C7H8, CO, H2, and NO2, all balanced with 
dry air, RIGAS) and humidified air were alternately injected in a 
repeating sequence using an automated gas control system, with both 
the dry air and the target gases injected at a constant flow rate of 1000 
sccm. The 80 % RH condition was achieved by mixing dry air and water 
vapor. A silicon carbide heater was used to maintain the operating 
temperature at 250, 300, 350, or 400 ◦C to assess the gas response at 
various temperatures. Using a direct current bias of 1 V, the resistance 
was measured using a source meter (Keithley 237, KEITHLEY), whereas 
the current was precisely monitored using a high-density switch system 
(7001 switch system, KEITHLEY). To accurately evaluate the gas re
sponses, the resistance changes were measured at 1 s intervals using the 
current-voltage solution software program, with the resistances of the 
samples recorded both in dry air and after full saturation upon exposure 
to the target gases.
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3. Results and discussion

3.1. Structural characterization

A schematic of the fabrication procedure is shown in Fig. 1a. 
Notably, nanostructured gas sensors fabricated using PS beads exhibit 
significantly improved transducer function and utility factors, as re
ported in our previous study [30]. The transducer function enables the 
conversion of electrical signals caused by the adsorption of a target onto 
the oxide surface into electrical signals, whereas the utility factor is 
related to the access of the target gas to the inner oxide grains. 
Accordingly, high-performance nanostructured gas sensors were fabri
cated with PS beads. Using the Langmuir–Blodgett method, a single 
PS-beads layer with hexagonal close packing was first formed on 
UVO-treated substrates with Au IDEs. Afterward, NiO and CeO2 were 
sequentially deposited onto the single layer of PS beads via e-beam 
evaporation. After combustion of the PS beads during annealing, the 
CeO2-decorated, hollow, NiO NDs were obtained.

The SEM micrographs in Fig. 1b–e show the morphology of the 
CeO2-decorated NiO NDs, where CeO2 with thicknesses of 1, 3, 5, and 
10 nm correspond to Fig. 1b–e, respectively. The CeO2-decorated NiO 
NDs were arranged as a single layer with a highly ordered hexagonal 
close-packed structure and maintained contact with the adjacent NDs. 
The diameter of each ND was approximately 600 nm, which increased 
because of the deposition of a 150 nm thick NiO layer on the PS beads. 
Despite the CeO2 deposition process, no notable changes in the 
morphology were observed. After annealing, the PS beads were 
completely removed, confirming the formation of a hollow structure 
(insets, Fig. 1b–e). The microstructure and crystallinity of the CeO2- 
decorated NiO NDs were characterized by XRD and TEM. XRD was used 
to investigate the crystallinity of the CeO2-decorated NiO NDs 
(Fig. 1f–g). The XRD pattern shows distinct peaks at 37.2 and 43.3◦, 
which are attributed to the (101) and (012) planes of NiO (JCPDS No. 
00-044-1159), with no significant change in the intensity of the NiO 
peaks after decoration with CeO2. The presence of multiple peaks in
dicates that the CeO2-decorated NiO NDs are polycrystalline. The peak 
of CeO2 was observed in the pattern of the 10 nm-CeO2-decorated 
samples. For confirmation, the range from 24◦ to 32◦ was expanded. The 
CeO2 (111) peak was first apparent in the pattern of the 5 nm-CeO2- 
decorated NiO NDs, consistent with the reference data for CeO2 (JCPDS 
No. 01-075-0076). The weak peak intensity of CeO2 observed in the 1 
and 3 nm-CeO2-decorated NiO NDs can be explained by the formation of 
CeNixOy compounds on the NiO NDs surface. This phenomenon is likely 
Ce ion doping into the NiO structure. The doping of Ce ion in NiO can 
change the surface electronic properties, leading to the formation of 
oxygen vacancies. As the deposition thickness of CeO2 increases, the 
CeO2 film transitions to independent growth, as evidenced by the 
noticeable increase in peak intensity. This growth behavior primarily 
leads to the formation of nanoisland-like structures on the surface. The 
characteristic peaks of the NiO NDs are difficult to discern, indicating 
that the NiO NDs were deposited in a single layer without stacking. To 
observe the detailed structure of the 5 nm-CeO2-decorated NiO NDs, the 
cross-sectional scanning transmission electron microscopy (STEM) 
image was acquired (Fig. 1h). When the PS beads (diameter: 500 nm) 
were completely removed, a hollow structure with a diameter of 
approximately 600 nm was formed. A distinct contrast layer also 
appeared on top of the NDs, indicating decoration with a heterogeneous 
material. To investigate the effect of CeO2 on the NiO NDs, EDS was used 
to map Ni, O, and Ce (Fig. 1i–k). The EDS analysis proves that NiO was 
consistently formed in a hollow ND structure, and CeO2 was uniformly 
decorated on the surface. The HRTEM and fast Fourier-transform (FFT) 
images are shown in Fig. 1lm and n––o (NiO and CeO2, respectively). 
The peak position of NiO corresponds to the (111) plane of the NiO cubic 
phase with a 0.24 nm fringe interval. CeO2 had a fringe interval of 
0.26 nm for d(200) and 0.16 nm for d(311), corresponding to the peaks of 
the CeO2 cubic phase, with the zone axis for these planes being [0, 1, 

− 1]. Additionally, cross-sectional scanning transmission electron mi
croscopy images of all CeO2-decorated NiO NDs samples are presented 
in Fig. S3.

3.2. Gas sensing performance

The operational mechanism of p-type MOS gas sensors is based on 
changes in the hole-accumulation layer (HAL) [31]. In p-type MOS, such 
as NiO, atmospheric oxygen is adsorbed on the surface, extracting 
electrons from the p-type MOS and forming ion states, creating an initial 
HAL on the MOS surface. Depending on the type of target gas, the gas 
either interacts with surface oxygen ions to donate electrons to the MOS 
(reducing gas) or removes electrons from the MOS (oxidizing gas). These 
interactions cause variations in the thickness of the HAL and subsequent 
changes in the electrical resistance of the MOS. The gas response (S) was 
evaluated by calculating the ratio of the resistance of the sensor in dry 
air (Rair) to the resistance when exposed to the target gas (Rgas). As a 
typical reducing gas, CH3COCH3 supplies electrons to the MOS upon 
adsorption on the surface, leading to a decrease in the resistance of the 
sensor. As a result, the gas response is calculated using the formula 
(Rgas/Rair – 1) for reducing gases and (Rair/Rgas – 1) for oxidizing gases. 
The formation of the HAL is influenced by the structure of the sensing 
material, and the p–n junction introduces an additional barrier to hole 
transfer, both of which directly affect the transducer function by 
modifying the extent of the HAL. When n-type CeO2 is decorated on the 
surface of p-type NiO, electrons are injected from CeO2 into NiO, which 
reduces the thickness of the HAL, leading to an increase in Rair. There
fore, the modulation of this p–n junction significantly influences the 
gas-sensing performance, especially by enhancing the selectivity and 
response to reducing gases such as CH3COCH3.

To simultaneously optimize the structural and catalytic effects, the 
response of the NiO thin film, NiO NDs, and 5 nm-CeO2-decorated NiO 
NDs to 50 ppm of CH3COCH3 was investigated at an operating tem
perature of 400 ◦C (Fig. 2a). The Rair of all samples remained stable, with 
the 5 nm-CeO2-decorated NiO NDs (~3.5 kΩ), exhibiting the highest 
resistance, followed in sequence by the NiO NDs (~0.71 kΩ) and NiO 
thin film (~0.18 kΩ). The increase in Rair observed in moving from the 
thin film to NDs is attributed to the formation of double Schottky bar
riers between the NDs, as reported in our previous study [30]. The data 
suggest that upon CeO2 decoration, p-n junctions with high barrier 
heights were established between the n-type CeO2 NIs and p-type NiO, 
causing an increase in Rair, driven by electronic sensitization. When 
exposed to CH3COCH3, the resistance of NiO increased rapidly, indi
cating that NiO behaves as a p-type semiconductor. To clearly compare 
the gas-sensing properties, the responses of all the samples to 50 ppm 
CH3COCH3 are presented in Fig. 2b. The responses of the NiO thin film, 
NiO NDs, and CeO2-decorated NiO were 1.6, 3.5, and 25.4, respectively. 
Notably, the response of the CeO2-decorated NiO NDs was about 7.3 
times higher than that of the NiO NDs. This difference demonstrates that 
the gas-sensing properties of the CeO2-decorated NiO NDs were signif
icantly enhanced by structural and catalytic effects.

The gas response is closely associated with the number of oxygen 
ions adsorbed on the metal-oxide surface [32]. As the operating tem
perature increases, the oxygen ions (O2

- , O-, and O2-) adsorbed on the 
CeO2-decorated NiO NDs determine Rair [13]. The thickness of the CeO2 
layer affects both the catalytic effect and gas adsorption area of NiO, 
which modulates the adsorption of oxygen ions. Therefore, to identify 
the optimal thickness of CeO2 for decoration, and the most effective 
operating temperature, the response of the NiO NDs decorated with 
CeO2 of varying thicknesses (1, 3, 5, and 10 nm) to 50 ppm CH3COCH3 
at 250, 300, 350, and 400 ◦C was measured. The real-time resistance is 
graphically represented in Fig. 2c–f. The decrease in Rair for all samples 
as the operating temperature increased indirectly indicates that higher 
temperatures lead to enhanced adsorption of oxygen ions, which sub
sequently leads to the generation of more holes in NiO structure. The 
response of all samples was highest at 400 ◦C, which supports the 
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Fig. 1. (a) Schematic of procedures for fabricating CeO2-decorated NiO NDs. SEM images of CeO2-decorated NiO NDs with different thicknesses of CeO2; (b) 1 nm, 
(c) 3 nm, (d) 5 nm, and (e) 10 nm, with cross-sectional views shown in the insets. XRD patterns of (f) NiO NDs and CeO2-decorated NiO NDs with 1, 3, 5, and 10 nm, 
with a magnified view of the selected area shown in (g). (h) Cross-sectional transmission electron microscopy (TEM) image of CeO2-decorated NiO NDs. EDS mapping 
of 5 nm-CeO2-decorated NiO NDs displaying the distribution of (i) Ni, (j) O, and (k) Ce. (l–o) HR-TEM images of NiO and CeO2 with FFT shown in the insets.
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increased adsorption of oxygen ions as a result of the elevated thermal 
energy (Fig. 2g–j). The gas response increased progressively with 
increasing CeO2 thickness, reaching an optimal value at 5 nm, followed 
by a decrease at 10 nm. The 5 nm-CeO2-decorated NiO NDs demon
strated the highest response across all operating temperatures, with 
response values of 2.4, 4.1, 11.7, and 25.4 at 250, 300, 350, and 400 ◦C, 
respectively. The specific operating mechanism is explained in detail in 

the following section.
To explore the gas selectivity of the 5 nm-CeO2-decorated NiO NDs, 

the response to 10 ppm of various target gases (CH3COCH3, C2H5OH, 
HCHO, C7H8, CO, H2, and NO2) was measured at 400 ◦C under dry 
conditions. Fig. 3a–g show the real-time resistance curves of the NiO 
NDs and 5 nm-CeO2-decorated NDs for each target gas, for comparison. 
The decrease in resistance upon exposure to NO2, an oxidizing gas, 

Fig. 2. (a) Resistance curves of NiO TF, NiO NDs, and 5 nm-CeO2-decorated NiO NDs exposed to 50 ppm CH3COCH3 at 400 ◦C. (b) Gas response of NiO TF, NiO NDs, 
and 5 nm-CeO2-decorated NiO NDs to 50 ppm CH3COCH3 at 400 ◦C. Resistance curves for 50 ppm CH3COCH3 as a function of thickness of CeO2 layer decorated on 
NiO NDs, at different temperatures; (c) 250 ◦C, (d) 300 ◦C, (e) 350 ◦C, and (f) 400 ◦C. Gas response for 50 ppm CH3COCH3 as a function of thickness of CeO2 layer 
decorated on NiO NDs, at different temperatures; (g) 250 ◦C, (h) 300 ◦C, (i) 350 ◦C, and (j) 400 ◦C.
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further confirms that the NiO NDs function as a p-type sensing material. 
The responses of the NiO NDs to CH3COCH3, C2H5OH, HCHO, C7H8, CO, 
H2, and NO2 gas were 1.6, 2.0, 1.0, 2.1, 0.53, 0.34 and 0.19, respectively 
(Fig. 3h). The NiO NDs could detect each target gas, but the gas response 
was in a similar range (0.2–2.1), resulting in low gas selectivity. On the 
other hand, the response of the 5 nm-CeO2-decorated NiO NDs generally 
increased for all gases, compared with the response of the NiO NDs. 
Specifically, the gas responses were 10.3, 8.2, 4.4, 2.8, 1.3, 1.1 and 0.23, 
respectively, exhibiting high gas selectivity to CH3COCH3. To verify the 
humidity-resistant gas-sensing capability, all sensors were exposed to 
each target gas at 400 ◦C under 80 % RH conditions (Fig. 3i-o). The Rair 

value significantly increased in humid atmospheres (e.g., ~2.9 kΩ in 
dry, ~12.1 kΩ at 80 % RH, both at 400 ◦C), which were attributed to 
adsorption of water molecule at the surface of metal oxide sensing layer. 
Water molecules occupy the active site on oxide surface, thereby 
reducing oxygen ion adsorption. As a result, the thickness of HAL layer 
of the p-type NiO decreases, leading to an increase in the baseline 
resistance, Rair. The decrement of surface oxygen adsorption and 
competitive reaction of acetone and water molecule reduce the gas 
response [33,34]. Therefore, the overall response to each target gases 
also decreased in humid condition. This humidity-induced decrease in 
gas response was found to occur progressively as the relative humidity 

Fig. 3. (a–g) Resistance curves and (h) gas response of NiO NDs and 5 nm-CeO2-decorated NiO NDs under dry condition, exposed to 10 ppm of various gases 
(CH3COCH3, C2H5OH, HCHO, C7H8, CO, H2, and NO2) at 400 ◦C. (i–o) Resistance curves and (p) gas response of NiO NDs and 5 nm-CeO2-decorated NiO NDs under 
80 % RH condition, exposed to 10 ppm of various gases at 400 ◦C.
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increased (Fig. S4). These observations are typical properties associated 
with humidity dependence in p-type MOS-based gas sensors such as CuO 
and Co3O4 [35,36]. Notably, even under a high relative humidity of 
80 %, our gas sensor maintained a gas response that was 33 % of that in 
dry air, and it also exhibited high selectivity compared to other inter
fering gases (Fig. 3p).

Fig. 4a, b displays the summarized gas responses of the NiO NDs and 
5 nm-CeO2-decorated NiO NDs in a polar plot at 400 ◦C under dry and 
80 % RH conditions. The response to CO, H2, and NO2 remains low 
across all sensors due to their limited reactivity. Among the target gases, 
NiO NDs showed the highest response to C7H8, followed by C2H5OH and 
CH3COCH3. Notably, the 5 nm-CeO2-decorated NiO NDs exhibited the 
highest response to CH3COCH3. To verify the effect of CeO2 deposition 
on the response to each gas species, the ratio (Sb/Sa) of the response of 
the NiO NDs (Sa) to that of the 5 nm-CeO2-decorated NiO NDs (Sb) was 
calculated, clearly showing that CeO2 deposition has the most signifi
cant effect on improving the detection of CH3COCH3 (Fig. 4c). 
CH3COCH3 recorded the highest Sb/Sa ratios of 6.5 and 2.3 at 400 ◦C 
under dry and 80 % RH conditions, respectively. To evaluate the 
chemical sensitization provided by decoration of the CeO2, the response 
times (tres, defined as the time required to reach 90 % of the maximum 
response upon target gas injection) for 10 ppm of CH3COCH3, C2H5OH, 
HCHO, C7H8, CO, H2, and NO2 were determined, as summarized in 
Fig. 4d. The response times of the CeO2-decorated NiO NDs to 
CH3COCH3, C2H5OH, HCHO, C7H8, CO, H2, and NO2 gases were 
approximately 295, 232, 210, 131, 120, 244 and 460 s, whereas the NiO 
NDs showed longer response times of 357, 265, 298, 145, 145, 339 and 
486 s, respectively. Specifically, in the case of CH3COCH3, for which the 
5 nm-CeO2-decorated NiO NDs demonstrated the highest increase in 
response, the response time decreased by approximately 87 s because 
CeO2 facilitated the reaction with adsorbed oxygen on NiO surface, 
attributed to chemical sensitization (Fig. 4e, f). To improve gas selec
tivity, principal component analysis (PCA) was conducted based on five 
features, including Rair, Rgas, S, tres, and recovery time (trec, defined as the 
time required to reach 90 % of the baseline resistance upon air injection) 
of two curves for 10 ppm of each target gas (Fig. S5). The points for each 
gas were clearly distinguished, forming clusters that enable target gas 
identification.

For potential integration into breath analysis devices, the gas sensor 
requires both reliability and long-term stability. The 5 nm-CeO2-deco
rated NiO NDs were repeatedly exposed to dry air and 50 ppm of 
CH3COCH3 over 15 cycles (Fig. 4g). During 15 cycles, the 5 nm-CeO2- 
decorated NiO NDs exhibited a significantly smaller coefficient of vari
ation (CV) value (0.94 %) in response, which represents the ratio of the 
standard deviation (σ) to the mean (μ), calculated as CV = (σ/μ) × 100. 
This relatively low CV value confirms the highly reliable detection of 
CH3COCH3 by the fabricated sensor, compared to commercial gas sen
sors, which typically exhibit CV values between 16.7 % and 41 % [37, 
38]. Moreover, to investigate long-term stability, the response of 5 nm 
CeO2-decorated NiO NDs to 1 ppm CH3COCH3 was measured six months 
after fabrication over eleven cycles (Fig. S6). After 6 months, the 5 nm 
CeO2-decorated NiO NDs retained approximately 82 % of their initial 
response (1.95–1.59), with a ~10 % reduction in response time showing 
no significant change and a notably low CV value of 3.5 %.

To confirm the trace-level gas-sensing capability, the TDL of the 5 
nm-CeO2-decorated NiO NDs was calculated. The responses of the 5 nm- 
CeO2-decorated NiO NDs to 1–5 ppm CH3COCH3 gas were measured 
under both dry and 80 % RH conditions at 400 ◦C to evaluate the 
concentration-dependence of the gas response (Fig. 4h, i). The TDL of 
the 5 nm-CeO2-decorated NiO NDs was calculated according to the 
following equation: 

Rx2 =
∑

(yi − y)2 (1) 

RMSnoise =

̅̅̅̅̅̅̅
Rx2

N

√

(2) 

TDL = 3
RMSNoise

Slope
(3) 

yi refers to the normalized resistance in the response curve prior to 
CH3COCH3 exposure, and y represents the average of yi. The Rx2 value 
was derived from a fifth-order polynomial fit applied to ten data points 
obtained from yi. Here, RMSNoise represents the root mean square of the 
noise within the electrical resistance of the sensor under air exposure, 
and the slope is determined by extrapolating the linear relationship 
between the gas response and concentration (inset of Fig. 4h,i). The gas 
response of the 5 nm-CeO2-decorated NiO NDs gas sensor was propor
tional to the CH3COCH3 concentration in the target range. The calcu
lated TDL of the 5 nm-CeO2-decorated NiO NDs was 0.47 and 5.6 ppb at 
400 ◦C under dry and 80 % RH conditions, respectively. In particular, 
the low detection limit under humid conditions, which has not been 
explored in previous studies, demonstrates the potential applicability of 
our sensor under humidity levels similar to real-world environments. To 
evaluate the potential of our CeO2-decorated NiO NDs gas sensor for 
CH3COCH3 sensing in diabetes diagnosis, we exposed our gas sensors 
under 250 ppb of CH3COCH3 gas condition (typical breath concentra
tion: 0.3–0.9 ppm in healthy individuals, > 1.8 ppm in diabetic pa
tients). Our gas sensor exhibited a mean gas response of 0.65 with five 
repeated gas exposure and a low CV value of 1.11 %, demonstrating its 
capability for reliable ppb-level CH3COCH3 detection (Fig. S7). Conse
quently, the 5 nm CeO2-decorated NiO NDs exhibited excellent gas 
sensing performances for CH3COCH3 gas compared to previously re
ported NiO-based CH3COCH3 sensors, highlighting its potential as a 
promising candidate for exhaled breath sensors in non-invasive diabetes 
diagnosis (Table S1) [32,39–47].

3.3. Characterization of surface chemical states

To elucidate the role of CeO2 in gas-sensing using the CeO2-deco
rated NiO NDs, the atomic states of CeO2 and NiO were comprehensively 
analyzed using XPS, where the thickness of the deposited CeO2 was 
varied (Fig. 5). The Ni 2p spectra of the NiO NDs and CeO2-decorated 
NiO NDs with different CeO2 thicknesses are presented in Fig. 5a. Spe
cifically, the peaks at 853.8 and 855.8 eV in the Ni 2p3/2 region are 
assigned to Ni2+ and Ni3+, respectively [48]. The other peaks at 860.6 
and 864.5 eV are Ni satellite peaks. Significantly, the Ni 2p peak shifted 
toward a lower binding energy after CeO2 deposition. This pronounced 
binding-energy shift is attributed to electron transfer from n-type CeO2 
to p-type NiO, resulting in the formation of p–n heterojunctions at the 
interfaces. The shift in the binding energy was largest with the deposi
tion of 3 nm thick CeO2 (0.66 eV, decreased as the CeO2 thickness 
increased). Fig. 5b shows the Ce 3d spectra of the NiO NDs and CeO2-
decorated NiO NDs. Nine characteristic peaks were observed in the Ce 
3d spectrum, including the Ni satellite peak at 879.3 eV. These peaks 
were observed in the Ce 3d spectrum of the CeO2-decorated NiO NDs. 
The other peaks in the Ce 3d spectra at 881.7, 884.9, 884.5, 897.9, 
900.4, 902.9, 907.0, and 916.1 eV (Fig. 5b) are assigned as v, v’, v’’, v′’’, 
u, u’, u’’, and u′’’ peaks, respectively [49]. The v-series peaks are 
assigned to Ce3+, and the u-series peaks correspond to the Ce4+ state. As 
the thickness of CeO2 increased, the peak height and area also increased. 
The valence states of Ni and Ce were determined from the Ni 2p and Ce 
3d spectra. The Ni (Ni3+/Ni2+) and Ce ion (Ce3+/Ce4+) ratios in the NiO 
NDs and CeO2-decorated NiO NDs were calculated. With the deposition 
of 1 nm thick CeO2, the interaction between Ce and NiO led to the for
mation of CeNixOy-like structure at the interface, resulting in a decrease 
in the Ni3+/Ni2+ ratio compared to that of the NiO NDs. Surprisingly, as 
the thickness of the deposited CeO2 increased, the Ni3+ ion ratio 
increased until 5 nm of CeO2 was deposited, suggesting electron transfer 
from the Ni to Ce ions. The data in Fig. 5a confirm that the 
binding-energy shift for Ni 2p was largest with the deposition of 3 nm 
CeO2 (− 0.66 eV) and was reduced with even thicker (5 and 10 nm) CeO2 
(− 0.61 and − 0.39 eV, respectively), which is consistent with this result. 
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Fig. 4. Polar plot showing the response of (a) NiO NDs and (b) 5 nm-CeO2-decorated NiO NDs to 10 ppm of various gases under dry and 80 % RH condition at 400 
◦C. (A: CH3COCH3, E: C2H5OH, F: HCHO, T: C7H8, C: CO, H: H2, and N: NO2) (c) Response ratio (Sb/ Sa) for NiO NDs versus CeO2-decorated NiO NDs. Sa and Sb 
represent gas responses of NiO NDs and 5 nm-CeO2-decorated NiO NDs, respectively. (d) Enhanced chemical sensitization was realized by decorating CeO2 onto NiO 
NDs. (e–f) Response time (t90 %) of NiO NDs and 5 nm-CeO2-decorated NiO NDs, respectively. (g) Resistance curves of 5 nm CeO2-decorated NiO NDs to CH3COCH3 
at 400 ◦C measured over 15 cycles, toward 1, 2, 3, 4, and 5 ppm CH3COCH3 at 400 ◦C under (h) dry air and (i) 80 % RH (Inset: response of 5 nm CeO2-decorated NiO 
NDs as a function of CH3COCH3 concentration under, including the calculated theoretical detection limit (TDL)).
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Notably, this type of electron transfer is in the opposite direction of the 
initial electron transfer (n-type CeO2 to p-type NiO). The valence states 
of the oxygen species in the NiO NDs and CeO2-decorated NiO NDs were 
also determined from the O1s spectra (Fig. 5c). Three peaks were present 
in the O1s spectra, which are assigned to lattice oxygen in the oxide 
(529.4 eV), adsorbed oxygen ions (oxygen defects) (531.5 eV), and 
surface hydroxyl groups (532.4 eV). The atomic ratios of each oxygen 
state are summarized in Table 1, with the highest surface oxygen ratio 
observed for the 5 nm-CeO2 decorated NiO (Osurface/Olattice = 0.76), 
contributing to the enhanced gas response due to the oxygen-defective 
surface. As the thickness of the CeO2 increased, the atomic ratio of the 
adsorbed oxygen ions increased. The atomic ratio of the Ni and Ce ions 
was calculated according to the Ce thickness. The Ce3+/Ce4+ ratio 
increased as the thickness of the CeO2 layer increased, indicating an 
increase in the number of oxygen defects in the CeO2 NIs. Therefore, 
initially, the introduction of Ce atoms promoted electron transfer to the 

NiO NDs, where Ce acted as a dopant. However, as the CeO2 particles 
gradually formed, oxygen defects were generated in CeO2, which 
increased the Ce3+/Ce4+ ion ratio. With 10 nm Ce decoration, the 
Ce3+/Ce4+ ratio decreased because of the decrease in the surface area of 
CeO2 with larger CeO2 NIs.

3.4. Role of CeO2 as a catalyst in acetone sensing

CeO2 deposition improved the acetone-sensing characteristics of the 
NiO NDs; the mechanisms are shown in Fig. 6. The NDs structure clearly 
improved the gas sensing performance due to electronic sensitization, as 
demonstrated in our previous studies [30]. As shown in Fig. 6a, the 
overall resistance of the sensor consists of the contact resistance (Rc) at 
the electrodes and the resistance of the individual NDs (Rni), including 
the potential barriers between the NDs, which are modulated when the 
sensor is exposed to the target gas [50]. When CeO2 NIs were decorated 
onto NiO NDs, an initial p–n junction forms a depletion region at the 
surface of NiO, which leads to a reduction in the thickness of the HAL, as 
shown in the band diagram of the CeO2-decorated NiO NDs before and 
after junction formation (Fig. S8). Thus, the sample with CeO2 decora
tion exhibited the maximum potential barrier due to the formation of a 
NiO–CeO2 p–n junction.

The expansion of the depletion region resulting from CeO2 decora
tion is also reflected in the Rair values in Fig. 2a. The diminished 
thickness of the HAL amplifies the gas response of the NiO NDs to 
changes in the electrical resistance induced by the adsorption of oxygen 
ions and the subsequent gas reaction at the surface of the NiO NDs. As 

Fig. 5. XPS profiles of NiO NDs and CeO2-decorated NiO NDs with different CeO2 thickness. (a) Ni 2p, (b) Ce 3d, and (c) O1s spectra of pristine NiO NDs and 1, 3, 5 
and 10 nm CeO2-decorated NiO NDs. (d) Ni3+/Ni2+ and Ce3+/Ce4+ ion ratio of pristine NiO NDs and 1, 3, 5, and 10 nm-CeO2 decorated NiO NDs.

Table 1 
Oxygen states and Osurface/Olattice ratio of CeO2-decorated NiO NDs. The oxygen 
contents calculated from O1s spectra.

Thickness of 
CeO2

Lattice 
Oxygen (at%)

Surface 
O2-(defect) (at%)

Surface 
water 
(at%)

Osurface/ 
Olattice

1 nm 0.514 0.303 0.184 0.59
3 nm 0.516 0.325 0.158 0.63
5 nm 0.478 0.364 0.158 0.76
10 nm 0.504 0.322 0.174 0.64
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the thickness of the CeO2 decoration increases, the depletion region 
expands; however, there is a trade-off as the surface area of NiO avail
able for gas interactions decreases (Fig. 6b). This balance results in a 
specific thickness at which the catalytic effect is optimized. In the pre
sent experiments, the response progressively improved when the 
thickness of the CeO2 decoration was increased from 1 to 5 nm. How
ever, when the CeO2 thickness was further increased to 10 nm, the 
response decreased. Additionally, measurement of Rair for the NiO NDs 
decorated with CeO2 at each thickness showed that the highest resis
tance was observed with the 5 nm CeO2 decoration, whereas the lowest 
resistance was recorded with the 10 nm thick CeO2 decoration. These 
observations can be explained by two effects: (1) CeO2 NIs form addi
tional current paths, and (2) the depletion regions were not overlapped 
due to the large size of the NIs, limiting the catalytic effects of CeO2, 
indicating that the optimal thickness for maximizing the catalytic effect 
is 5 nm [51].

Furthermore, the ionic state of Ce varied with the thickness of the 
CeO2 decoration, which in turn affected the catalytic effect. As previ
ously described, the Ni 2p and Ce 3d XPS profiles revealed significant 
shifts in the binding energies of the Ni ions with varying CeO2 thickness. 
These shifts indicate electron transfer from n-type CeO2 to p-type NiO, 

forming a p–n heterojunction that expands the depletion region and 
increases the electrical resistance. As the thickness of the CeO2 layer 
increased, the Ni3+/Ni2+ and Ce3+/Ce4+ ratios changed, where the most 
pronounced effects were observed with the deposition of 5 nm thick 
CeO2. These observations suggest a complex interaction between the Ni 
and Ce ions at the interface, which influences the gas-sensing properties 
of the material. Collectively, the reaction between Ni and Ce ions 
plausibly occurs at the interface of CeO2 and the NiO NDs, as described 
by the following equation: 

Ni2+ +Ce4+→Ni3+ +Ce3+ (4) 

This type of redox reaction has been reported in previous studies of 
Ni decoration on a CeO2 support [48,49]. The incorporation of Ni2+

from the surface of NiO with Ce4+ in CeO2 at the interfaces generated 
Ni3+ and Ce3+ ions through a redox equilibrium. The increase in the 
content of Ce3+ in CeO2 signifies an oxygen-defective structure in CeO2. 
These oxygen defects on the CeO2 surface behave as active sites for 
oxygen ion-binding, as described by the following equation: 

Ov +O2(g)→O−
2 +O•

v (5) 

Fig. 6. Schematic of (a) potential barrier for NiO NDs and CeO2-decorated NiO NDs. (b) Schematic of acetone detection mechanism for 1, 3, 5, and 10 nm-CeO2- 
decorated NiO NDs with various Ce3+/Ce4+ ratios, showing the formation of the depletion layer.

J. Hwang et al.                                                                                                                                                                                                                                  Sensors and Actuators: B. Chemical 442 (2025) 138070 

10 



2Ov +O2(g)→O2−
2 +2O•

v→2O−
2 +2O•

v (6) 

wherein Ov
• represents a single electropositive oxygen defect [52,53].

As a result, the interfacial redox reaction between NiO and CeO2 
promotes the formation of oxygen defects and increases the amount of 
surface-adsorbed oxygen ions, thereby enhancing surface reaction with 
target gases, especially for reducing gases such as CH3COCH3 and 
C2H5OH.

Simultaneously, the Ni surface became oxygen-rich, showing the 
hydroxyl scavenging effect of CeO2 with the adsorption of oxygen ions 
on the support metal oxide. The variation trends for the Ni and Ce ion 
ratios are consistent with the experimental results, reaching a maximum 
value when CeO2 is deposited at a thickness of 5 nm, with the ratio 
reaching 0.48. Therefore, the 5 nm-CeO2-decorated NiO NDs exhibited 
the highest gas response due to the large amount of Ce3+ on the surface 
of CeO2. In addition, the hydroxyl scavenging effect of CeO2 reduces the 
surface hydroxyl groups, enabling humidity-resistant gas sensing, as 
confirmed by the data in Fig. 4h.

In summary, CeO2 deposition initially formed a p–n heterojunction 
at the surface of the NiO NDs, making the NiO NDs sensitive to resistance 
changes. Upon increasing the thickness of CeO2 to 5 nm, CeO2 became 
oxygen-defective due to the incorporation of Ni2+ into the NiO NDs. The 
oxygen defects enhanced the adsorption of oxygen ions on the surface, 
leading to an increase in the gas response. In addition, CeO2 deposition 
removed surface hydroxyl groups, enabling humidity-resistant gas 
sensing.

4. Conclusions

The development of CeO2-decorated NiO NDs was proven to be 
highly effective in enhancing the selectivity and response for acetone 
detection, which is critical for applications such as non-invasive diag
nosis. Decoration of 5 nm CeO2 on the NiO NDs provided optimal gas 
sensing performance, significantly improving acetone detection even in 
high-humid environments. This enhancement in the gas-sensing per
formance is attributed to the reversible transition between the Ce3+/ 
Ce4+ states in CeO2 on the NiO NDs, which promoted the formation of 
oxygen vacancies on the NiO surface. The CeO2-decorated NiO NDs 
sensor achieved a low detection limit of 5.6 ppb at 400 ◦C under humid 
conditions (80 % RH), making it suitable for breath analysis for the 
diagnosis of diabetes. The developed strategy employing an unconven
tional n-type MOS decorated on a p-type MOS-based sensor demon
strates strong potential for next-generation breath analyzers, offering a 
low-cost, non-invasive solution for the real-time monitoring of dia
betes biomarkers.
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breath acetone detection, Sens. Lett. 8 (2010) 709–712.

[8] H. Zhao, J. Li, X. She, Y. Chen, M. Wang, Y. Wang, et al., Oxygen vacancy-rich 
bimetallic Au@Pt core–shell nanosphere-functionalized electrospun ZnFe2O4 
nanofibers for chemiresistive breath acetone detection, ACS Sens. 9 (2024) 
2183–2193.

[9] C. Yu, J. Liu, H. Zhao, M. Wang, J. Li, X. She, et al., Sensitive breath acetone 
detection based on α-Fe2O3 nanoparticles modified WO3 nanoplate 
heterojunctions, IEEE Trans. Instrum. Meas. 73 (2024) 1–8.

[10] X. Shao, D. Zhang, M. Tang, H. Zhang, Z. Wang, P. Jia, J. Zhai, Amorphous Ag 
catalytic layer-SnO2 sensitive layer-graphite carbon nitride electron supply layer 
synergy-enhanced hydrogen gas sensor, Chem. Eng. J. 495 (2024) 153676.

[11] G.D. Bhise, S.B. Karpe, P. More, P.V. Adhyapak, Optical fibre based acetone sensor 
using Pd modified WO3 nanostructures, Opt. Laser Technol. 156 (2022) 108566.

[12] X. Hao, D. Wu, Y. Wang, J. Ouyang, J. Wang, T. Liu, et al., Gas sniffer (YSZ-based 
electrochemical gas phase sensor) toward acetone detection, Sens. Actuators B: 
Chem. 278 (2019) 1–7.

[13] X. Ma, C. Lv, P. Jiang, J. Geng, Y. Guo, Y. Zhang, et al., UiO-66-NH2-PEI combined 
with a hand-held catalytic combustion sensor for trace acetone detection in 
exhaled breath, Microchem. J. 197 (2024) 109731.

J. Hwang et al.                                                                                                                                                                                                                                  Sensors and Actuators: B. Chemical 442 (2025) 138070 

11 

https://doi.org/10.1016/j.snb.2025.138070
http://refhub.elsevier.com/S0925-4005(25)00846-9/sbref1
http://refhub.elsevier.com/S0925-4005(25)00846-9/sbref1
http://refhub.elsevier.com/S0925-4005(25)00846-9/sbref1
http://refhub.elsevier.com/S0925-4005(25)00846-9/sbref1
http://refhub.elsevier.com/S0925-4005(25)00846-9/sbref2
http://refhub.elsevier.com/S0925-4005(25)00846-9/sbref2
http://refhub.elsevier.com/S0925-4005(25)00846-9/sbref3
http://refhub.elsevier.com/S0925-4005(25)00846-9/sbref3
http://refhub.elsevier.com/S0925-4005(25)00846-9/sbref3
http://refhub.elsevier.com/S0925-4005(25)00846-9/sbref3
http://refhub.elsevier.com/S0925-4005(25)00846-9/sbref4
http://refhub.elsevier.com/S0925-4005(25)00846-9/sbref4
http://refhub.elsevier.com/S0925-4005(25)00846-9/sbref4
http://refhub.elsevier.com/S0925-4005(25)00846-9/sbref4
http://refhub.elsevier.com/S0925-4005(25)00846-9/sbref5
http://refhub.elsevier.com/S0925-4005(25)00846-9/sbref5
http://refhub.elsevier.com/S0925-4005(25)00846-9/sbref5
http://refhub.elsevier.com/S0925-4005(25)00846-9/sbref6
http://refhub.elsevier.com/S0925-4005(25)00846-9/sbref6
http://refhub.elsevier.com/S0925-4005(25)00846-9/sbref7
http://refhub.elsevier.com/S0925-4005(25)00846-9/sbref7
http://refhub.elsevier.com/S0925-4005(25)00846-9/sbref8
http://refhub.elsevier.com/S0925-4005(25)00846-9/sbref8
http://refhub.elsevier.com/S0925-4005(25)00846-9/sbref8
http://refhub.elsevier.com/S0925-4005(25)00846-9/sbref8
http://refhub.elsevier.com/S0925-4005(25)00846-9/sbref9
http://refhub.elsevier.com/S0925-4005(25)00846-9/sbref9
http://refhub.elsevier.com/S0925-4005(25)00846-9/sbref9
http://refhub.elsevier.com/S0925-4005(25)00846-9/sbref10
http://refhub.elsevier.com/S0925-4005(25)00846-9/sbref10
http://refhub.elsevier.com/S0925-4005(25)00846-9/sbref10
http://refhub.elsevier.com/S0925-4005(25)00846-9/sbref11
http://refhub.elsevier.com/S0925-4005(25)00846-9/sbref11
http://refhub.elsevier.com/S0925-4005(25)00846-9/sbref12
http://refhub.elsevier.com/S0925-4005(25)00846-9/sbref12
http://refhub.elsevier.com/S0925-4005(25)00846-9/sbref12
http://refhub.elsevier.com/S0925-4005(25)00846-9/sbref13
http://refhub.elsevier.com/S0925-4005(25)00846-9/sbref13
http://refhub.elsevier.com/S0925-4005(25)00846-9/sbref13


[14] H. Ji, W. Zeng, Y. Li, Gas sensing mechanisms of metal oxide semiconductors: a 
focus review, Nanoscale 11 (2019) 22664–22684.

[15] J. Wawrzyniak, Advancements in Improving Selectivity of Metal Oxide 
semiconductor gas sensors opening new perspectives for their application in food 
industry, Sensors (2023).

[16] I.-S. Hwang, J.-K. Choi, S.-J. Kim, K.-Y. Dong, J.-H. Kwon, B.-K. Ju, J.-H. Lee, 
Enhanced H2S sensing characteristics of SnO2 nanowires functionalized with CuO, 
Sens. Actuators B: Chem. 142 (2009) 105–110.

[17] H.-R. Kim, K.-I. Choi, K.-M. Kim, I.-D. Kim, G. Cao, J.-H. Lee, Ultra-fast responding 
and recovering C2H5OH sensors using SnO2 hollow spheres prepared and 
activated by Ni templates, Chem. Commun. 46 (2010) 5061–5063.

[18] H.-S. Woo, C.W. Na, I.-D. Kim, J.-H. Lee, Highly sensitive and selective 
trimethylamine sensor using one-dimensional ZnO–Cr2O3 hetero-nanostructures, 
Nanotechnology 23 (2012) 245501.

[19] Y.-B. Zhang, J. Yin, L. Li, L.-X. Zhang, L.-J. Bie, Enhanced ethanol gas-sensing 
properties of flower-like p-CuO/n-ZnO heterojunction nanorods, Sens. Actuators B: 
Chem. 202 (2014) 500–507.

[20] X.-Q. Qiao, Z.-W. Zhang, D.-F. Hou, D.-S. Li, Y. Liu, Y.-Q. Lan, et al., Tunable 
MoS2/SnO2 P–N heterojunctions for an efficient trimethylamine gas sensor and 4- 
nitrophenol reduction catalyst, ACS Sustain. Chem. Eng. 6 (2018) 12375–12384.

[21] H.-J. Kim, J.-H. Lee, Highly sensitive and selective gas sensors using p-type oxide 
semiconductors: overview, Sens. Actuators B: Chem. 192 (2014) 607–627.

[22] H. Zhang, D.-Z. Zhang, D.-Y. Wang, Z.-Y. Xu, Y. Yang, B. Zhang, Flexible single- 
electrode triboelectric nanogenerator with MWCNT/PDMS composite film for 
environmental energy harvesting and human motion monitoring, Rare Met. 41 
(2022) 3117–3128.

[23] H. Zhang, D. Zhang, R. Mao, L. Zhou, C. Yang, Y. Wu, et al., MoS2-based charge 
trapping layer enabled triboelectric nanogenerator with assistance of CNN-GRU 
model for intelligent perception, Nano Energy 127 (2024) 109753.

[24] Z.-H. Huang, L.-X. Peng, X.-L. Liu, K. Sun, J.-F. Liu, F.-M. Yang, Q. Wu, Advancing 
sensing frontiers: elevating performance metrics and extending applications 
through two-dimensional materials, Rare Met. 44 (2025) 721–756.

[25] C.E. Simion, C. Ghica, C.G. Mihalcea, D. Ghica, I. Mercioniu, S. Somacescu, et al., 
Insights about CO gas-sensing mechanism with NiO-based gas sensors—the 
influence of humidity, Chemosensors (2021).

[26] K. Shailja, R.C. Singh, Singh, Highly sensitive and selective ethanol gas sensor 
based on Ga-doped NiO nanoparticles, J. Mater. Sci.: Mater. Electron. 32 (2021) 
11274–11290.

[27] E. Kusmierek, A CeO2 semiconductor as a photocatalytic and photoelectrocatalytic 
material for the remediation of pollutants in industrial wastewater: a review, 
Catalysts (2020).

[28] S.K. Sinha, B. Kumar, R. Kumar, S. Ganguly, A. Hazra, Synthesis and 
characterization of hybrid NiO/CeO2 p-n heterojunction nanofibers for room 
temperature ammonia sensing application, Surf. Interfaces 51 (2024) 104568.

[29] J.-W. Yoon, J.-S. Kim, T.-H. Kim, Y.J. Hong, Y.C. Kang, J.-H. Lee, A. New, Strategy 
for humidity independent oxide chemiresistors: dynamic self-refreshing of In2O3 
sensing surface assisted by layer-by-layer coated CeO2 nanoclusters, Small 12 
(2016) 4229–4240.

[30] H.G. Moon, Y.-S. Shim, H.W. Jang, J.-S. Kim, K.J. Choi, C.-Y. Kang, et al., Highly 
sensitive CO sensors based on cross-linked TiO2 hollow hemispheres, Sens. 
Actuators B: Chem. 149 (2010) 116–121.

[31] A. Dey, Semiconductor metal oxide gas sensors: a review, Mater. Sci. Eng.: B 229 
(2018) 206–217.

[32] C. Li, P.G. Choi, K. Kim, Y. Masuda, High performance acetone gas sensor based on 
ultrathin porous NiO nanosheet, Sens. Actuators B: Chem. 367 (2022) 132143.

[33] H.-R. Kim, A. Haensch, I.-D. Kim, N. Barsan, U. Weimar, J.-H. Lee, The role of NiO 
doping in reducing the impact of humidity on the performance of SnO2-based gas 
sensors: synthesis Strategies, and Phenomenological and Spectroscopic Studies, 
Adv. Funct. Mater. 21 (2011) 4456–4463.

[34] H. Gao, L. Zhao, L. Wang, P. Sun, H. Lu, F. Liu, et al., Ultrasensitive and low 
detection limit of toluene gas sensor based on SnO2-decorated NiO nanostructure, 
Sens. Actuators B: Chem. 255 (2018) 3505–3515.

[35] M. Hübner, C.E. Simion, A. Tomescu-Stănoiu, S. Pokhrel, N. Bârsan, U. Weimar, 
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