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Room-temperature gas sensors with high performance have shown unexpected potential in practical application.
This work developed a series of Ce doped TiO2 nanocrystals via microwave-assisted solvothermal method for
detecting ammonia (NH3) at room temperature. All the samples presented small-size nanocrystals and good
crystallinity. The 0.43 at% Ce-TiO, nanocrystals with a large specific surface area of 266.9 m2.g~! exhibited the
distinguished NH3 sensing performance at room temperature, including high response (23.99 @ 20 ppm), low

limit of detection (140 ppb), superior selectivity, repeatability, and operating stability. The enhanced sensing
mechanisms were explained by the synergetic strategy of re-orientated high energy facets, oxygen vacancy and
large specific surface area, which boost the surface activity and charge transfer efficiency. The enhanced sensing
mechanism was further verified through DFT calculations. Moreover, the practical application potential was also
evaluated for the fish freshness detection. This work will provide a direction that rapidly synthesizing rare earth
element doped metal oxides for high-performance room temperature gas sensors.

1. Introduction

Ammonia is a kind of toxic gas with a strong irritating smell, which
can stimulate the skin and respiratory system. As one of the atmospheric
and indoor pollutants, it will present a grave threat to human health
once people are exposed to low concentration NHg for a long time [1]. In
addition, NH3 is also a biomarker gas for meat freshness assessment
(including fish and poultry), which is released via microorganisms and
endogenous enzymes decomposing sulfhydryl-containing amino acids
and proteins during the spoilage process [2]. The concentration of
released NH3 will reach or even exceed ppm level if the meat starts
spoiling [3]. Furthermore, the variation of trace-amounts NH3 in human
exhaled breath is recommended as a biomarker for diagnosing some
diseases [4]. Hence, it is critically urgent to develop low-cost and high-
performance gas sensors for NHs monitoring.

Metal oxides-based chemi-resistive gas sensors with the advantage of
easy-integrated and high sensitivity have attracted a wide range of
attention, which is a possible technique to realize real-time detection
[5]. However, it still face the challenge of low recovery speed and
insufficient detection range. Several methods have been developed to
overcome the limitation, such as designing unique nanostructures,

modifying the surface state of sensing layers through loading noble
metals, doping with metal elements and constructing homo/hetero-
junction via compounding with second component [6-9]. Among
these strategies, doping with rare earth elements presents the potential
in attaining better gas sensing properties. Zhao et al. studied the sol-
vothermal synthesized ZnO nanowires doped with Ce, Eu, and Er gas
sensors, it is concluded that approximate doping content contributes to
improving the ethanol sensing properties at 300 °C [10]. Ma et al.
investigated the Pr-doped InpOs nanoparticles synthesized via a sol-
vothermal route. They found Pr doping contributes to enhancing ethanol
sensing properties at 240 °C [11]. Wang et al. reported Ce doped a-Fe;O3
sensors presented enhanced sensing response towards acetone at 220 °C
[12]. Though the improvement in gas sensing performance is attained,
the high operating temperature remains, which has several main
drawbacks, including high power consumption and poor reproduc-
ibility, limiting its practical application.

Ultra-small size nanocrystals with unique size and surface properties
are expected for wide applications, such as energy storage, catalysis, and
room temperature sensor [13]. As for room temperature chemi-
resistance based gas sensing, maximizing the available surface area
and charge transport properties play the crucial role in attaining high
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Fig. 1. (a) XRD patterns of as-synthesized TiO, and Ce-TiO; samples and (b) texture coefficient values of the samples.

performance [14]. Hence, in view of receptor function and utilization
efficiency, the ultra-small size nanocrystals may be a promised candi-
date for room temperature gas sensing.

To our best knowledge, there is limit research about rare earth ele-
ments doped metal oxides small-size nanocrystals for room temperature
gas sensors in previous literature. Herein, we utilized a synergetic
strategy to develop Ce doped TiOy nanocrystals based NHs sensor
working at room temperature, which is still limited research at present.
These samples were solvothermal synthesized rapidly under microwave
field heating. The effect of minute-quantity Ce doping on nanostructure
was investigated using necessary characterization methods and the
room temperature NH3 sensing properties were also studied. The surface
conduction model analysis and density functional theory study were
conducted to explain the enhanced sensing mechanism. Furthermore,
we also explored the application in fish (Pangasius) freshness detection
to confirm its practicality. This facile and efficient strategy will
contribute to prospering room-temperature gas sensors for practical
applications.

2. Experimental section
2.1. Synthesis of TiO2 and Ce-TiO2 nanocrystals

Ce-TiO4 nanocrystals were synthesized via as following procedures:
30 mL absolute ethanol and 3 mL nitric acid aqueous solution (3 M) was
mixed in a beaker and stirred for 30 min. Subsequently, 10 mL tetrabutyl
titanate (TBT) and Ce(NO3)3-6H,0 were dissolved into the above solu-
tion slowly. After magnetically stirring for 1.5 h, it was transferred to a
60 mL Teflon lined autoclave and kept into the microwave-assisted
synthesis instrument (XH-800G, Beijing Xianghu Technologies Devel-
opment Co., Ltd.) at 120 °C and 500 W for 1 h. The synthesized pre-
cipitates were washed and centrifuged with absolute ethanol for 4 times,
eventually dried at 70 °C for 12 h. Pure TiO, was synthesized using the
same procedure without Ce(NOs3)3-6H20. The four samples were then
dissolved in ethanol, which is denoted as pure TiO3, 0.17 at% Ce-TiOa,
0.43 at% Ce-TiO, and 0.85 at% Ce-TiO.

2.2. Characterization

The crystal structure of four samples were identified using X-ray
diffraction with Cu-Ka radiation (XRD, D8 Advance Bruker). The
nanostructure was determined via transmission electron microscopy
(TEM, JEM-2100), and a further analysis was conducted using high-
resolution transmission electron microscopy (HRTEM, Tecnai G2 F30
S-TWIN). X-ray photoelectron spectroscopy (XPS, Thermo Fisher Sci-
entific ESCALAB 250Xi) was used to analyze surface chemical

compositions. The specific surface area was calculated through Nj
adsorption/desorption isotherms at 77 K (Autosorb IQ3, Quantachrome
Instruments). The surface oxygen vacancies were further verified
through electron paramagnetic resonance (EPR, A300-10/12, Bruker).

2.3. Fabrication and measurement of gas sensors

The obtained powders were directly used to obtain their slurry with
deionized water, subsequently coated onto the sensor substrate. The gas
sensor was obtained after dried and treated at 120 °C for 24 h. As shown
in Fig. S1, the room temperature (25 + 2 °C) gas sensor testing system
(Wuhan Huachuang Ruike Technology Co., Ltd.) can show the real-time
electrical resistance signals. The more test details can be found in Sup-
plementary data. The n-type response is defined as R,/Rg, where R, is
the stable sensor resistance in air and Ry is the stable sensor resistance in
target gas. The response/recovery time is the time taken for achieving
90% change of resistance in the response and recovery behaviors.

The fish spoilage detection is explored through the homemade
measurement equipment (Fig. S2). The defrosted fillet (fresh Pangasius,
25 g) was placed in a 0.6 L sealed bottle at room temperature. The total
gas flow was set as 500 sccm. The ambient air and the spoilage gas were
successively injected into the chamber using pumps to detect fish
spoilage state. The variation of electrical resistance at different storage
stages (1, 6, 12, 18 and 24 h) were recorded, and the corresponding
released NH3 concentrations were calculated to assess the fish freshness.

2.4. DFT calculation details

The simulated adsorption behavior between target gas and sensing
material surface was studied by the CASTEP modules of Material Studio
software. The details can be found in Supplementary data. The adsorp-
tion energy of NH3 molecules on (0 0 1) TiOy/Ce-TiO, was calculated
using Eq. (1):

Eus = Eow— (Eooyy + Exms) @

where Eiyq) is the total energy of the NH3 molecules-(0 0 1) TiOy/Ce-
TiO, surface system, E o 1) is the energy of (0 0 1) TiO2/Ce-TiO; sur-
face, and Eyys is the energy of the isolated NH3 molecule.

3. Results and discussion

3.1. Characterization results

Fig. 1a shows the phase compositions of as-synthesized powders and
standard diffraction patterns of anatase TiOy (JCPDS No. 21-1272).
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Fig. 2. (a) Schematic diagram of the synthesis procedure of pure TiO, and Ce-TiO, nanocrystals; Nanostructure details of 0.43 at% Ce-TiO,: (b, ¢) HR-TEM images,
(d) SAED pattern. (e-g) lattice distance of various crystal planes and (h-k) HAADF image and EDS elements mappings of 0.43 at% Ce-TiO,.

These XRD peaks from 20° to 80° were matched well with anatase TiO2
and there are no extra peaks, indicating that TiO, was synthesized
successfully. Due to the Ce doping content being too low, there is no shift
in all Ce-TiO peaks. Additionally, the texture coefficient (TCxr)) values
of all samples are calculated using Eq. (2):[15].

TCphy = 71}&“)/10%) 2)
€L k) /oy
where I is the relative peaks intensity in XRD patterns; Iocnki) is the
peak intensity in the standard pattern; n is the total number of peaks.
The estimated TC values and the corresponding variation are presented
in Table S1 and Fig. 1b. These results indicate Ce doping causes a re-
orientation effect (more crystal grains are oriented at that plane if TC
value is greater than 1). The TC values of (0 0 4) and (2 0 0) of 0.43 at%

Ce doping are the highest, while TC values of other facets are decreased
below 1. It indicates that (2 0 0) and (0 O 4) obtain preferential growth
and are increasingly exposed on the surface of the Ce-TiOy [16]. Addi-
tionally, the surface energies sequence of crystalline anatase TiO3 is: (1
01)<(100)<(001) [17]. Therefore, the introduction of Ce improves
the chemical activity of sensing materials surface, resulting from the
exposed facets of (0 0 4) and (2 0 0) with higher surface energies.

Fig. 2a illustrates the synthesis procedures of the pure TiO, and Ce-
TiO4 nanocrystals. The precipitates were synthesized under microwave
dielectric heating which provided a uniform nucleation and growth
environment [18]. The microstructure of all samples was observed via
TEM. As shown in Fig. S3, pure TiO3 and Ce-TiO; presented uniformly
distributed small-size nanocrystals, and there is no obvious aggregation.
The mean diameter of nanocrystals are 6.11 nm, 6.77 nm, 4.59 nm, and
5.23 nm, respectively. The smaller size will be beneficial to the sensing
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Fig. 3. Elements chemical states of pure TiO, and 0.43 at% Ce-TiO, determined via XPS: (a) Ti 2p, (b) Ce 3d, (c) O 1 s of TiO, and (d) O 1 s of 0.43 at% Ce-TiO,.

properties. The nanostructure of 0.43 at% Ce-TiO, was further
confirmed through HRTEM images. Fig. 2b and c¢ show a similar parti-
cles distribution with TEM results. The SAED pattern in Fig. 2d shows
clear spotlights spread around concentric rings, which are well-matched
with crystal planes of anatase TiOo, verifying the good crystal quality of
as-synthesized 0.43 at% Ce-TiO2 nanocrystals. Fig. 2e-g are the HRTEM
images for the selected region in Fig. 2c. The crystal interplanar spacing
of 0.358 nm, 0.235 nm and 0.193 nm are corresponding to (1 0 1), (0
0 4) and (2 0 0) planes of 0.43 at % Ce-TiO nanocrystals, respectively.
Furthermore, the uniform elements distribution of Ti and O in 0.43 at%
Ce-TiOy was identified by energy dispersive spectroscopy (EDS) map-
pings (Fig. 2h- k). And Ce element was also uniformly distributed in the

sample, as evidenced in Fig. 2i. Additionally, in Fig. S4, the crystal
planes of (2 0 0), (0 0 4) and (1 0 1) are exposed in the two randomly
selected regions. It is obvious that the (2 0 0) and (0 0 4) planes are
preferred exposed on the surface, which is consistent with the XRD
analysis.

The surface chemical states of pure TiO, and 0.43 at% Ce-TiOy
nanocrystals were characterized via XPS. Fig. S5 shows the full survey
spectrum, revealing that Ti and O elements existed in both obtained
powders, and Ce ions existed in 0.43 at% Ce-TiO» nanocrystals. Fig. 3a
shows the high-resolution Ti 2p spectrum of two samples. The peaks at
around 458 eV, 464 eV and 471 eV can be attributed to representative
spin—orbit split states of Ti 2p3/2, Ti 2pl/2 and the satellite,
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Fig. 5. (a) the variation of baseline resistance and response values versus the thickness of gas sensing layer. (b) Dynamic response/recovery curves of three samples
to 1-20 ppm NHj3 at room temperature. (c) responses values to 1-20 ppm NH; at room temperature. (d) relationship of responses values versus NH; concentration. (e)
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variation of response values and baseline resistance versus relative humidity. (h) Response to 20 ppm NHj3 of 0.43 at% Ce-TiO2 in 5 cycles. (i) Response stable

characteristics of 0.43 at% Ce-TiO, sensor to 20 ppm NHj in one week.

respectively [19]. The shift to the lower binding energy of Ti 2p of 0.43
at% Ce-TiO, sample indicates Ce ions was doped into the TiO, lattice
[20]. As shown in Fig. 3b, the XPS spectra of Ce 3d can be indexed to
several peaks labeled as T1’, F1’, T2/, F2' and F3' located at 900.1, 902.8,
905.2, 909.5 and 919.0 eV, and TO, T1, F1, T2, F2 and F3 located at
880.4, 881.7, 884.8, 886.5 and 898.2 eV, respectively [21]. The peaks
F1, F2, F3, F1’, F2', and F3' are ascribed to Ce**, and the T1, T2, T1’ and
T2' are related to Ce>* [12]. Fig. 3c presents the O 1 s spectra of pure
TiO5 with three peaks: lattice oxygen (Oy) at around 529.5 eV, oxygen
vacancy (Oy) at around 531.0 eV, and chemisorbed oxygen (Oc¢) at
532.3 eV [22]. As for 0.43 at% Ce-TiO5 (Fig. 3d), the corresponding
peaks shift to the lower binding energy of 529.4, 530.6, and 531.9 eV.
The induced oxygen defects will be conducive to obtain the superior gas-
sensing performance.

The BET specific surface areas of pure TiOj, 0.17 at% Ce-TiO, and
0.43 at% Ce-TiO4 samples were tested. The isotherm plots of TiO5, 0.17
at% Ce-TiOy and 0.43 at% Ce-TiO2 nanocrystals are displayed in Fig. 4.
The calculated BET specific surface areas of TiOo, 0.17 at% Ce-TiO, and
0.43 at% Ce-TiO, nanocrystals were 213.2, 148.7 and 266.9 m2g~?,
respectively. As shown in Table S3, the average pore sizes of pure TiO»,
0.17 at% Ce-TiO, and 0.43 at% Ce-TiO5 were 3.498, 5.490 and 3.704
nm, respectively. Moreover, 0.43 at% Ce-TiO> also present a large total

pore volume of 0.299 cm®.g ™1, while that of pure TiO5 and 0.17 at% Ce-
TiO, was 0.204 and 0.181 cm>g~, respectively. The specific surface
area is related to crystal size (S =6 /D * p, where S is the specific surface
area, D is the crystal size, and p is the density of the crystal). Hence, the
variation of specific surface area is corresponding to the crystal size
calculated from TEM images. Hence, the modified surface characteris-
tics of 0.43 at% Ce-TiO2 will boost the adsorption and transportation of
gas molecules, which is in favor of attaining superior sensing properties
[23].

3.2. Gas sensing properties

Pure TiOy and Ce-TiOz nanocrystals gas sensors were measured
under room temperature. First, the effect of operating temperature of
0.43 at% Ce-TiO; on gas sensors was firstly investigated by exposing to
10 ppm NHs. Fig. S6 shows the response values decreased when the
temperature was 50-100 °C, suggesting room temperature is the opti-
mum choice. The regulation of the metal oxides film thickness also plays
a role on the gas sensor [24]. Hence, the influence of sensing layer
thickness on the response to 10 ppm NH3 was evaluated. Taking 0.43 at
% Ce-TiO, gas sensor as an example, we prepared a series of sensing
films via coated for 1, 2 and 3 times (Fig. S7). The different response/
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recovery plots in Fig. 5a point that the thickness affects the baseline
resistance in air and the response. The thickness of one layer is too thin
to acquis the overload resistance. The response values and resistance
decrease as the layer thickness increases, which is consistent with the
reported literature [13]. As a result, the 2-times coated sensing layer is
currently the optimal thickness for our study.

Fig. 5b and 5c display the transient response/recovery behaviors of
all gas sensors at room temperature. The gas sensors show fine response
towards 1-20 ppm NHjs, which may benefit from the small particle size
effect [25,26]. Notably, the response values of 0.43 at% Ce-TiO, sensor
are significantly higher than that of pure TiOg, 0.17 at% Ce-TiOz and
0.85 at% Ce-TiO,. The response values of 0.43 at% Ce-TiO5 to 1-20 ppm
NHj are from 1.3 to 23.99, while pure TiO5 to 20 ppm NHg is only 6.1. In
Fig. 5d, the fitted curves show 0.43 at% Ce-TiO, gas sensor possessed a
linear relationship (Slope: 0.586 and 1.400; R? = 0.9859 and 0.9853)
with NHgs in both low-concentration (1-5 ppm) and high-concentration
range (5-20 ppm), which is better than that of pure TiO, (Slope: 0.369
and 0.222; R2 = 0.9922 and 0.941 3). The results indicate that 0.43 at%
Ce-TiO2 nanocrystals sensor shows a higher sensitivity for NHs gas
detection and fine linearity, which favor quantitative analysis [27].
Furthermore, the response/recovery speed was also evaluated at the
same conditions. The 0.43 at% Ce-TiOy gas sensor exhibited an
improved response/recovery speed (55 s/192 s) towards 10 ppm NHs,
while that of pure TiO5 was 83 s and 228 s, respectively.

The theoretical limit of detection (LOD) of 0.43 at% Ce-TiO5 was
calculated through the corresponding definition equation (LOD = 3
RMS0ise/k) [9]. Based on 100 baseline resistance points of 0.43 at% Ce-
TiOg from Fig. 5d. The RMSise Of 0.43 at% Ce-TiOs is calculated to be
0.00075, k is the slopes of the linear fitting curves in the range of 1-5
ppm, which is 0.586 for 0.43 at% Ce-TiO5. Hence, the LOD value of 0.43
at% Ce-TiO; sensor is estimated to be 140 ppb, which can meet the
practical application. The LOD of pure TiO3 (290 ppb) was also calcu-
lated through the same equation, which is worse than the 0.43 at% Ce-
TiO4 sensor.

Selectivity as a key role in the practical application was also be
evaluated [28]. In Fig. 5f, 0.43 at% Ce-TiO; gas sensor was investigated
using five interference gases including trimethylamine, acetone,
ethanol, hydrogen, and carbon monoxide of 20 ppm at room tempera-
ture. The 0.43 at% Ce-TiO3 nanocrystals shows the highest response of
23.99 towards NHs, while the significantly lower response to all inter-
ference gases or vapors. To further evaluate the selectivity, the gas
response ratios (R = Sammonia/Sinterference gas) Was calculated. As shown in
Table S2, the sensor based on 0.43 at% Ce-TiO2 shows the significantly
higher R values, indicating 0.43 at% Ce-TiO, presents enhanced selec-
tivity to interference gases. Additionally, the selectivity comparisons
also point that the Ce doping improves the selectivity toward NHj
against interference gases/vapors.

The variation of relative humidity may affect the sensor perfor-
mance, especially working at room temperature [4,29]. Therefore, the
humidity effect on the base resistance and response of 0.43 at% Ce-TiO2
was tested in the range of 23-83 RH%. Fig. S8 presents that the base
resistance was affected by the humidity change, the base resistance
decreased from 7.32 x 10° Q to0 5.72 x 10% Q. Fig. 5g shows the response
values to 20 ppm NHj at various relative humidity. The sensor responses
at different RH (23, 43, 63, and 83%) were 23.99, 15.7, 7.2 and 5.7,
respectively. The response values decreased with increased relative
humidity, which is attributed to the competed adsorption of HoO mol-
ecules, limiting the available adsorption of oxygen and NH3 molecules
[30,31]. Therefore, the fewer adsorbed NH3 molecules, the lower
response in higher humidity.

Repeatability and operating stability also play the key roles on gas
sensors. We tested the response to 20 ppm NHj in five continuous cycles
at room temperature. Fig. 5(h) shows the response values maintain
around 23.6. Fig. 5i showed the stable characteristics of 0.43 at% Ce-
TiO; gas sensor to 20 ppm NHs in one week. The stable response values
for 7 days indicate that 0.43 at% Ce-TiO2 nanocrystals gas sensor

Chemical Engineering Journal 444 (2022) 136449

Table 1
Ammonia sensing properties of metal oxides-based semiconductor sensors.
Materials Working Conc. Response  Tres/ Limit of Refs.
Condition Trec detection
(ppb)
TiO, 250 °C 300 2.11° - - [32]
ppm
N-TiO, 20°C 3 1.21° 70 s/ 1000 [33]
ppm 300 s
Pd-TiO, 500 °C 80 1.75° 100 - [34]
ppm s/
280 s
TiOy/ 25°C 10 1.03° 33s/ 500 [35]
TizCoTy ppm 277 s
Pt-WO3 125 °C 200 13.61° 43 s/ - [36]
ppm 272s
Co304 25°C 20 2.83" 220 1000 [37]
ppm s/
830s
CeO, 25°C 100 10.1° - 500 [38]
ppm
CuPc-ZnO 27 °C 100 15.8 ¢ - 800 [39]
ppm
0.43 at% 25°C 20 23.99 * 25s/ 140 This
Ce-TiOy ppm 272s work

2 S =Ru/Rg, ”S = Ry/Ra.

attained good stability at room temperature.

As summarized in Table 1, 0.43 at% Ce-TiO, nanocrystals-based gas
sensor shows superior room temperature NH3 sensing properties than
other TiO; based gas sensors. Additionally, compared with other re-
ported semiconductors gas sensors, 0.43 at% Ce-TiO2 nanocrystals gas
sensor still exhibits the advanced NHj sensing properties working at
room temperature. Hence, it will be a competitive room temperature
NH; sensor in practical application.

3.3. Gas sensing mechanism

The electrical signal change resulting from the reaction between the
surface adsorbed oxygen and target gases molecules was used to clarify
the gas sensing mechanism [40,41]. Fig. 6 displays the schematic
sensing procedure and mechanism of pure TiO3 and Ce-TiO3 based NH3
sensors. When the gas sensors are exposed to air at room temperature,
free electrons transfer to the surface from the conduction band and
generate adsorbed oxygen ions, O2 (ads) (Eq. 3 and 4). Meanwhile, the
energy band will bend up and the electron depletion layer will be formed
at the interface, resulting in the formation of Schottky barrier and high
resistance of the gas sensors. Once the gas sensors are exposed to target
gases, the chemical reaction between oxygen ions with reducing NHg
molecules (Eq. 5 and 6) will release electrons and lower the height of
Schottky barriers, thinner the electron depletion layer, and there will
display a low resistance.

02 (gas) = O2 (aas) 3)
02 (ads) + € = O3 (ads) 4
NH3 (gas) < NH3 (ags) 5)
4NH3 (ags) + 302 (ads) = 2 Np + 6H,0 + 3e” (6)

Based on the proposed NH3 sensing mechanism, the change of carrier
concentration is a key factor in gas sensing procedures. The gas response
(S) can be defined as Eq. (7) [21,42]:

R, G Ac

—=—+1 @

S =
R, ¢ ¢

where c; and ¢, represent the electron concentration in target gas and
air, Ac= cg-c, is the corresponding variation. The lower the electrons
concentration in air and the larger electrons concentration variation is,
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Fig. 6. Schematic illustration of the gas-sensing mechanism of pure TiO, and Ce
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the higher response towards the reducing gas can be.
Hence, the enhanced sensing mechanism could be explained by the
following three aspects. First, the preferentially grown high-energy
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-TiO, nanocrystals-based gas sensor for detecting NH3 at room temperature.

facets of Ce-TiO, nanocrystals exhibit improved surface activity,
attaining a higher activity for the oxidation of NH3 and accelerating the
reaction between NH3 and adsorbed oxygen ions (Eq. 6) [43]. Second,
0.43 at% Ce-TiOy possessed a larger specific surface area of 266.9
m?.g~! than that of pure TiO,, which can provide abundant adsorption
sites and improve the efficiency of the interface redox reaction
compared with pure TiO,. As shown in Table S3, the increased total pore
volume and pore diameter of 0.43 at% Ce-TiO; also favor the diffusion
of NHj3, leading to a faster response [44]. Third, the O1s spectra of pure
TiO3 and Ce-TiO3 nanocrystals (Fig. 3c and 3d, Table 2) proved that 0.43
at% Ce-TiO, possesses more total oxygen species (Oy and O.) in the
crystal. Fig. SO also presents the room temperature EPR spectra. The
signal of 0.43 at% Ce-TiO, at g = 2.003 is significantly enhanced,
revealing the increased oxygen defects in 0.43 at% Ce- TiO [45] Fig. 7c
illustrates the generation of oxygen vacancies in the TiO4 lattice. The Ce

Fig. 7. Geometry structure for NH3 adsorption systems of (a) pure TiO, and (b) Ce-TiOs, (c) illustration of the generation of more oxygen vacancies in TiO, lattice.



K. Wuetal

Table 3
The special parameters of (0 0 1) TiO, and Ce-TiO, adsorption systems.
Samples Bond length (A) Bond angle (°)  Distance (A)  Eaq (eV)
N-H H-N-H
Pure TiO, 1.024 106.161 2.719 —0.59
1.024 106.152
1.024 106.169
0.43 at% Ce-TiO, 1.044 106.703 2.329 —-2.12
1.044 106.626
1.044 106.669

ions with higher metal activity than Ti ions increase the content of ox-
ygen vacancies in the TiOs lattice through capturing oxygen ions from
the TiOg lattice [46]. The Ce-TiOy with increased oxygen vacancy (Oy)
content can enhance donor effect, leading to more surface adsorbed
oxygen species and the thicker depletion layer as well as a higher
Schottky barrier [47,48].

As a result of the above three aspects, there will be more surface
adsorbed oxygen ions, and the carrier concentration in air (c,) of 0.43 at
% Ce-TiO4 will be significantly lower. The efficient interface redox re-
action will make the carrier concentration variation (Ac) larger. In
Fig. S§10, 0.43 at% Ce-TiO5 show a higher baseline resistance (R,) and a
larger resistance variation (A R). The experimental details further
confirm the proposed mechanism. Hence, the enhanced sensing prop-
erties could be obtained for 0.43 at% Ce-TiO5 sensor.

To theoretically illustrate the enhanced mechanism of the Ce doped
TiO4 based gas sensing material, the adsorption behaviors were studied

Chemical Engineering Journal 444 (2022) 136449

using DFT calculations. The adsorption models of NH3 on the (0 0 1)
plane of TiO5 and Ce-TiO, were selected to calculate the adsorption
energy. As shown in Fig. 7 and Table 3, the corresponding adsorption
energies of NH3 on the cleaved surface are —0.59 eV and —2.12 eV,
respectively. The lower NH3 adsorption energy on Ce-TiOs is also ad-
vantageous to its superior sensing performance [49]. The bond changes
of NH3 molecules are also studied by combing the geometric configu-
ration after adsorption. The N-H bond in the Ce-TiO, adsorption system
is elongated obviously, the distance between the NH3 molecules and the
surface becomes shorter, indicating that the Ce incorporation signifi-
cantly improved the NH3 adsorption and electron transfer [50].

3.4. Fish spoilage detection

The practical application potential of the as-fabricated gas sensors
should be evaluated. During the spoilage process, fish’s fatty acids and
amino acids will be decomposed through microbial degradation. Herein,
the practicability of 0.43 at% Ce-TiO2 nanocrystals-based gas sensor was
studied using a homemade testing system for detecting the released
volatile gases from fish (tail section of Pangasius). As shown in Fig. 8a,
the NH3 released from 25 g fish during the storage at room temperature
can be detected. Fig. 8b-f show the response/recover transient curves of
0.43 at% Ce-TiO5 gas sensor at different storage periods. The response
values increased from 1.66 to 7.98 as the storage time became longer. As
for the freshness assessment, 5 ppm NH3 was recommended to indicate
the beginning of fish spoilage, which can be changed according to
different parts of fish or storage conditions [3,51]. In Fig. 8g, 0.43 at%
Ce-TiOy gas sensor shows the increased response values with the
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Fig. 8. (a) Schematic diagram of the fish spoilage assessment system, (b-f) Responses of the 0.43 at% Ce-TiO, gas sensor towards the released gases from 25 g
pangasius fillet during different stages (1, 6, 12, 18, 24 h). (g) Response values of 0.43 at% Ce-TiO, gas sensor and the corresponding released NH3 concentration.
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increase in NH3 concentration. The NH3 concentration does not exceed
5 ppm during 6 h, indicating the fish fillet still maintains acceptable
freshness. However, during 12-24 h, the released NH3 concentration
rapidly exceeds 6 ppm, indicating the spoilage occurs sharply under a
long-term microbe decomposition [52]. Hence, the results further
confirmed the promising potential of 0.43 at% Ce-TiO, gas sensor for
NH3 detection.

4. Conclusion

In this work, we synthesized anatase TiO, and Ce-TiO, nanocrystals-
based NHj3 gas sensors using simple microwave-assisted solvothermal
synthesis. The synergetic strategy of ultra-small size nanostructure and
low atomic fractions Ce doping was used for fabricating high-
performance gas sensors working at room temperature. The 0.43 at%
Ce-TiO5 showed the highest response to 1-20 ppm NHj at room tem-
perature and improved response/recover speed, detection limit (140
ppb), selectivity, and operating stability. The enhanced sensing mech-
anism of Ce-TiOy was explained by combining the experimental results
and DFT simulations. Finally, the as-fabricated gas sensor was applied in
detecting volatile gas from fish spoilage to confirm the practical appli-
cation potential.
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