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A B S T R A C T   

Room-temperature gas sensors with high performance are crucial in practical application. This work prepared a 
series of controllable-size titanium dioxide quantum dots (TiO2 QDs) via a rapid microwave-assisted sol-
vothermal method for detecting ppb-level H2S at room temperature. The effect of reaction temperature on the 
nanostructure and gas sensing properties was investigated systematically. The characterization results showed 
the samples presented ultra-small size (around 5–6 nm) nanostructure and modified surface state (including Ti3+

and oxygen defects). The S120-TiO2 QDs gas sensor showed the best sensing properties towards ppb-level H2S at 
room temperature, including high response (25.12 @ 500 ppb H2S), rapid response/recovery, low detecting limit 
level, good selectivity, and operating stability. The gas sensing mechanism was explained through the synergetic 
effect of ultra-small size nanostructure, large specific surface area, and surface defects, which are in favor of 
improving the surface activity and charge transfer efficiency. Moreover, the practical application of TiO2 QDs gas 
sensor in detecting the volatiles of fish (Pangasius) was also verified. This work developed a room temperature 
TiO2 quantum dots-based gas sensor, which is promised for practical application because of the rapid synthesis 
and high performance.   

1. Introduction 

Hydrogen sulfide (H2S) is a kind of malodorous and toxic gas. Once 
people are exposed to H2S for a long time, it will present a serious threat 
to human central nervous and respiratory symptoms [1]. Though the 
olfactory threshold of the human nose for hydrogen sulfide is 130 ppb, 
continuous exposure will cause a sharp decline in the ability to smell and 
even paralysis [2]. Hence, the safety concentration of H2S for human 
health conditions is recommended not to exceed 100 ppb [3]. In addi-
tion, H2S is also a component of poultry meat or fish freshness biomarker 
gas released via microorganisms and endogenous enzymes decomposing 
sulfhydryl-containing amino acids and proteins [4]. The concentration 
of released H2S will reach or even exceed ppb level if the meat starts to 
deteriorate [5]. Furthermore, the variation of trace-amounts H2S in 
human exhaled breath is recommended as a biomarker to diagnose some 
diseases, including halitosis and periodontal disease [6]. Hence, there is 
an urgent need for a rapid and precise detection technique towards low- 
concentration H2S. 

A series of metal oxide-based gas sensing sensors with the low-cost 
and easy operation have been developed, such as WO3[7], CuO [8], 

Co3O4[9], and TiO2[10]. Among them, TiO2 (~3.2 eV) belongs to the 
wide-bandgap semiconductor, which has been studied as a promising 
gas sensing materials own to its excellent electron mobility and chemical 
stability [11]. Alenezy et al. developed light-activated H2 sensors based 
on Pd-TiO2 crystals using a multi-step process, showing a low operating 
temperature but poor response [12]. Galstyan et al. fabricated two kinds 
of TiO2 based gas sensors (Nb-TiO2 and Nb-TiO2-rGO). The sensors 
showed a good sensitivity to H2 at 200 ◦C [13]; Šutka et al. synthesized 
anatase TiO2 quantum dots, and the gas sensors presented similar re-
sponses to various volatile organic compounds (VOCs) under UV illu-
mination [14]. Therefore, TiO2 based gas sensors still face the challenge 
of insufficient sensing properties at room temperature. Although several 
strengthened strategies have been proposed to improve sensitivity and 
selectivity, the high working temperature, insufficient detection limit 
and long recovery time remain [15–17]. Especially, the high working 
temperature will lead to the growth of grain size and higher power 
consumption. Lowering the working temperature can also simplify the 
fabrication of the sensors and enhance the stability of the sensing ma-
terials. Hence, it has become a significant research objective to lower the 
operating temperature of semiconductor gas sensors to room 
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temperature. As for this demand, Wu et al. synthesized ellipsoids-like 
α-Fe2O3 nanomaterials and the corresponding gas sensor showed fast 
response/recovery and fine selectivity to ppb level H2S [18]. Liu et al. 
developed SnO2 colloidal quantum dots based H2S sensor working at low 
temperature utilizing the benefits of ultra-small grain size effect and 
high surface activity [19]. Therefore, novel nanostructure has been 
considered as an effective pathway for lowering gas molecules’ 
adsorption/desorption energy and improving electron transfer effi-
ciency to achieve promised room-temperature gas sensing properties 
[20–22]. 

Herein, we utilized a rapid microwave-assisted solvothermal method 
to prepare anatase TiO2 quantum dots and fabricated high-performance 
room temperature H2S sensors. The effect of reaction temperature on 
grains size and sensing properties was investigated. The as-fabricated 
room temperature TiO2 QDs gas sensor achieved high sensitivity, 
rapid response/recovery speed, sufficient limit of detection, selectivity, 
and operating stability towards ppb-level H2S. The excellent sensing 
properties were explained by the synergistic effects of the quantum size 
effect (superior surface activity to target gas), surface defects, and the 
large specific surface area (providing abundant sites for gas molecules 
adsorption). Furthermore, the application of S120 gas sensor in detect-
ing the volatiles of fish (Pangasius) was also investigated to verify its 
practical potential. 

2. Experimental section 

2.1. Synthesis of TiO2 quantum dots 

All reagents were used without further purification (Sinopharm 
Chemical Reagent Co., Ltd.). TiO2 quantum dots 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), was dropped into the 
above solution slowly. After magnetically stirring for 1.5 h, it was 
transferred to a 60 mL Teflon autoclave and placed into the microwave 
solvothermal synthesis instrument (XH-800G, Beijing Xianghu Tech-
nologies Development Co., Ltd.). It was then maintained at 120 ◦C and 
500 W for 1 h and cooled down naturally. The obtained precipitation 
was centrifuged (5000 rpm, 10 min) 4 times with absolute ethanol and 
eventually dried at 60 ◦C for 10 h. The other samples were obtained 
through only changed reaction temperatures as 90 ◦C, 150 ◦C and 
180 ◦C. The three samples are denoted as S90, S120, S150, and S180. 

2.2. Characterization 

The crystal structure of all samples was identified using X-ray 
diffraction with Cu-Kα radiation (XRD, D8 Advance Bruker). Ultra-
violet–visible (Uv–vis) absorption ability was determined via a Uv–vis 
diffuse reflectance spectrophotometer (Cary5000, Varian, USA). The 
morphology of TiO2 was inspected using field-emission scanning elec-
tron microscopy (FESEM, S4800II Hitachi). The nanostructure was 
determined via transmission electron microscopy (TEM, JEM-2100), 
and further analysis was conducted using high-resolution transmission 
electron microscopy (HRTEM, Tecnai G2 F30 S-TWIN). X-ray photo-
electron spectroscopy (XPS, Thermo Fisher Scientific ESCALAB 250Xi) 
was used to analyze surface chemical compositions. The specific surface 
area was calculated through N2 adsorption/desorption isotherms at 77 K 
(Autosorb IQ3, Quantachrome Instruments). 

2.3. Fabrication and tests of gas sensors 

The as-prepared powder was directly used to obtain its 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. Fig. S1 
shows the gas sensing testing, and the sensor measurement steps are 
shown in supporting information. Furthermore, the response of n-type 

TiO2 is defined as Ra/Rg, where Ra is the stable sensor resistance and Rg 
is the stable sensor resistance is in target gas to the stable resistance in 
air. 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 homemade mea-
surement equipment (Fig. S2). 25 g fresh Pangasius fillet was placed in a 
0.6 L sealed bottle at room temperature, and the variation of electrical 
resistance at different storage stages (1, 6, 12, 18 and 24 h) was 
recorded. 

3. Results and discussion 

3.1. Material synthesis and structural properties 

The phase compositions of four powders are shown in Fig. 1a. S90 
showed a series of weak peaks, indicating there is not a good crystal-
linity, so its theory grain size was not calculated. As for the other three 
powders, these distinct diffraction peaks observed from 20◦ to 80◦ are 
well indexed to anatase TiO2 with the tetragonal crystal structure 
(JCPDS cards No. 21–1272), the corresponding lattice constants are a =
b = 3.785 Å, c = 9.514 Å and α = β = γ = 90◦. There are no extra peaks, 
implying the obtained TiO2 possessed perfect phase structure and high 
purity, even it was synthesized at a lower solvothermal temperature. In 
addition, Fig. 1b showed the XRD patterns from 22◦ to 30◦ were also 
tested in a slow scan speed of 2o⋅min− 1. With the increasing reaction 
temperature, the peak positions of TiO2 have a slight shift to low angle, 
narrower width, and stronger intensity. It indicates that the grain size in 
S150 and S180 increases, resulting from the higher temperature of 
crystal nucleation and grain growth temperature. Furthermore, the 
average grain sizes of anatase TiO2 were then confirmed using the 
Debye-Scherrer equation:  

D = 0.89λ/βcosθ                                                                             (1) 

where λ is the wavelength of the Cu K α radiation (λ = 0.15418 nm), β 
is the peak width at half maximum (FWHM) of anatase TiO2 planes, and 
θ is the position of XRD peaks. As shown in Table S1, the crystal sizes 
were 5.0 nm, 5.6 nm, and 6.0 nm, respectively. 

FESEM images of as-synthesized samples are displayed in Fig. S3. 
The ultra-small nanoparticles showed good dispersion and less 
agglomeration. With increasing the reaction temperature, the agglom-
erations of S150 and S180 occurred obviously. The nanostructures of all 
samples were further analyzed through TEM. The nanostructures of all 
samples were further analyzed through TEM. In Fig. S4, S90 TiO2 
agglomerated into a cluster, and due to the crystallinity of TiO2 being 
too poor, no obvious TiO2 particles can be seen. And even part of TiO2 
does not form crystal grains and exists in the amorphous state. In Fig. 2, 
the TiO2 (S120) prepared under a solvothermal temperature of 120 ◦C 
showed uniformly distributed quantum dots, while S150 and S180 
samples showed the larger nanoclusters composed with amounts of 
quantum dots. Based on the images and XRD results, the higher tem-
perature not only improved the crystalline of TiO2 but also was in favor 
of grain growth. Additionally, the agglomeration of TiO2 grains occurred 
at the elevated reaction temperature. As shown in Fig. 2d, the grain sizes 
of S120 were measured from 100 particles, which obey the normal 
distribution, and the average size was 5.6 nm. The small sizes effect will 
contribute to enhancing gas sensing properties, which is further 
described in the gas sensing mechanism. The HRTEM image of S120 
(Fig. 2e) further confirms the presence of anatase phase with the crys-
talline interplanar spacing of 0.356 nm indexed to the (101) plane of 
TiO2 quantum dots. Furthermore, the uniform element distribution of Ti 
and O in S120 powder was displayed in Fig. 2f. According to the char-
acterization results, the synthesis mechanism of TiO2 quantum dots is 
proposed in Fig. 2g. First, absolute ethanol and 3 M aqueous nitric acid 
were mixed to form an acid solvent system. Due to the ratio of Ti4+ to 
H2O being low to 5.56 and the acidic condition, the percussor solution 
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was prepared via controlled hydrolysis TBT (A) [23]. Then anatase TiO2 
precipitations were generated under homogeneous microwave dielectric 
heating, which provided a uniform nucleation and growth environment 
(B) [24]. 

The energy bandgap of all the samples was estimated using UV–Vis 
absorption spectroscopy in the wavelength range from 200 nm to 800 
nm. Fig. 3a showed a similar absorbance intensity in the UV range of all 
the samples. When the reaction temperature was increased, the corre-
sponding absorbance intensity in the visible light range became stron-
ger. As shown in Fig. 3b, the bandgap values of TiO2 powders were 
estimated using the Tauc plots. The bandgap energies (Eg) of S90 (3.25 
eV), S120 (3.22 eV), S150 (3.18 eV), and S180 (3.14 eV) decreased while 
the grains size increased in the range of quantum size. The results could 
be explained via the size quantization effect. The traps will shift to the 
higher energy side once grain size decreases below its critical size cor-
responding to the bandgap minimum, resulting in higher bandgap en-
ergy [25–27]. 

The element’s chemical states of anatase TiO2 quantum dots were 
determined through XPS. In Fig. 3c, the full survey spectrum revealed Ti 
and O existed in the as-synthesized powders. Fig. 3d displayed the high- 
resolution Ti 2p spectra with five fitted peaks. The peaks at 458.38 and 
464.18 eV can be indexed to Ti4+ 2p3/2 and Ti4+ 2p1/2, respectively 
[28]. Meanwhile, the 457.93 and 462.83 eV peaks correspond to Ti3+

characteristically doublet peaks, respectively [29]. The distance of ~ 
5.56 eV for S120 between the peaks at the binding energy of approxi-
mately 458.15 and 463.51 eV demonstrated the existence of both Ti3+

and Ti4+ in the powder [30]. Fig. 3e presents the O 1 s spectra of anatase 
TiO2 quantum dots, which can be indexed to three peaks: lattice oxygen 
(OL) at 529.48 eV, oxygen vacancies (OV) at 530.83 eV, and surface 
adsorbed oxygen species (OC) at 532.38 eV [31,32]. The chemical state 
composition will be in favor of the enhancement of gas sensing prop-
erties [33]. 

The BET-specific surface area of S120 TiO2 quantum dots was tested 
and the isotherm plots of S120 TiO2 are displayed in Fig. 3f. The specific 
surface area of S120 TiO2 is 213.225 m2⋅g− 1. The nanostructure with a 
large surface area will contribute to improving gas molecules’ adsorp-
tion and reaction, thus resulting in enhancing the sensing performance. 

3.2. Gas sensing performance 

The measurement of TiO2 quantum dots-based gas sensors was car-
ried out at room temperature. In Fig. 4a, the resistance variation to 500 
ppb H2S was obtained at the same test conditions. S90 with the lower 

crystallinity showed the highest baseline resistance (Ra) and the lowest 
response (Ra/Rg), while S120 showed the highest response. The effect of 
crystallinity and specific surface area on baseline resistance and 
response was discussed in “Gas sensing mechanism” section. S90 showed 
a relatively poor response, which may be caused by the weak crystal-
linity of the S90 sample. And the S120 gas sensor showed the highest 
response. Then, the role of the operating temperature of TiO2 quantum 
dots-based gas sensors was investigated by exposing the sensors to 200 
ppb H2S. Fig. S5 showed the response-recovery curves of S120 TiO2 
quantum dots towards 200 ppb H2S at 25–100 ◦C. The response values 
towards 200 ppb H2S at various temperatures from 25 ◦C to 100 ◦C 
decreased from 4.75 to 3.25, indicating room temperature was the op-
timum operating temperature. The effect of sensing layer thickness on 
gas sensing properties was also investigated. Taking the S120 gas sensor 
as an example, we prepared a series of uniformed sensing films with 1–3 
layers. The surface morphology of S120 sensing material layer on elec-
trodes, the cross-section morphology and the thickness of different 
layers were studied using FESEM images. Fig. S6a shows the uniform 
distribution of S120 sensing material with 2 layers on the electrodes, 
which can ensure valid and stable gas sensing behavior. The thickness of 
S120 with different layers was also identified by cross-section FESEM 
observation. As shown in Fig. S6b-d, the thickness of sensing materials 
with 1, 2 and 3 layers are 10.78 μm, 12.38 μm and 20.60 μm, respec-
tively. The sensing results showed that the thickness does affect the 
sensor response (Fig. S7). As the film thickness increases, the response 
decreases. As a result, one layer is currently the optimal thickness for our 
study. 

Then, the effect of reaction temperature on TiO2 quantum dots-based 
gas sensors was investigated via exposing the sensors to H2S of various 
concentrations. Fig. 4b depicted the reversible response-recovery curves 
of TiO2 quantum dots. All gas sensors showed fine responses to 100–500 
ppb H2S at room temperature, which could be ascribed to the small 
grains size effect [34]. The detail will be explained in the gas sensing 
mechanism. Notably, the response values of the S120 sensor were much 
higher than that of S150 and S180. Fig. 4c showed the corresponding 
responses of all sensors, the responses of S120 to 100–500 ppb H2S were 
from 2.43 to 25.12, respectively, while those of S90, S150 and S180 
were 1.5–11.35. The results indicate that the TiO2 quantum dots sensor 
(S120) had a higher sensitivity for ppb level H2S gas detection. Hence, 
we chose the S120 gas sensor for the rest of the test. From Fig. 4d, we 
found that the S120 gas sensor possessed an exponential relationship 
(R2 = 0.9994) with H2S concentration from 100 to 500 ppb via fitting 
the above data, which are in favor of the quantitative analysis [35,36]. 

Fig. 1. XRD patterns of as-synthesized TiO2 samples with the scan speed of (a) 5o⋅min− 1 and (b) 2o⋅min− 1.  
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Furthermore, the response/recovery speed of S120 was also measured at 
the same conditions. Fig. 4e showed the S120 gas sensor exhibited a fast 
response speed (34 s) to 500 ppb H2S, while the recovery time was 470 s. 

The selectivity of S120 gas sensor was also be tested using five 
interference gases of 500 ppb, including NH3, SO2, H2, CH3OH, C8H10, 
and C2H5OH. In Fig. 4f, the highest response value was 25.12 towards 
H2S, while the responses to NH3, SO2, H2, CH3OH, C8H10, and C2H5OH 
were 1.11, 1.08, 1.06, 1.04, 1.02, and 1.01, respectively. The excellent 
selectivity of S120 gas sensor could be ascribed to the two aspects. First, 
it was reported that good selectivity could be attributed to the bond 
dissociation energies of the various target gases. H2S (376 kJ⋅mol− 1) was 
smaller than that of ammonia (452 kJ⋅mol− 1), sulfide dioxide (523 
kJ⋅mol− 1), hydrogen (436 kJ⋅mol− 1), methanol (461 kJ⋅mol− 1), toluene 
(389 kJ⋅mol− 1) and ethanol (462 kJ⋅mol− 1) [37]. Hence, H2S will easily 
interact with chemisorbed oxygen species [38]. Additionally, the 
quantum-size TiO2 will provide amounts of adsorbed sites for target 
gases, which will contribute to promoting the reaction between H2S and 
surface chemisorbed oxygen species at the optimum operating temper-
ature [39]. 

The effect of relative humidity on gas sensing performance was also 

tested. Fig. 4g showed the real-time response curves to 200 ppb H2S at 
room temperature and various relative humidity. The responses of the 
gas sensor under different RH values (30, 40, and 50%) were 4.95, 3.52, 
and 2.52, respectively and the corresponding baseline resistance were 1 
× 1010 Ω, 6.88 × 109 Ω, and 4.06 × 109 Ω, respectively. In Fig. S8, it can 
be found that both the response and the baseline resistance of S120 were 
decreased with an increase of relative humidity, which was attributed to 
that water molecules are adsorbed on the surface of the S120 sensor in 
the molecular or hydroxyl forms [40]. Repeatability and stability are the 
key roles of the gas sensor. In Fig. 4h, we tested the response cycles to 
300 ppb H2S at room temperature, and the response values were around 
6.65. Fig. 4i showed the stable characteristics of the S120 gas sensor to 
300 ppb H2S in a week. The variation of response values towards 300 
ppb H2S did not exceed 3%, indicating that the TiO2 quantum dots gas 
sensor attained a stable response at room temperature. 

The comparisons of H2S sensing properties between reported gas 
sensors and S120 gas sensors are summarized in Table 1. The S120 gas 
sensor presents superior room temperature H2S sensing properties than 
other TiO2 based gas sensors. Furthermore, compared with other re-
ported semiconductors gas sensors, the S120 gas sensor still exhibits 

Fig. 2. TEM images of (a) S120, (b) S150 and (c) S180. (d) the distribution of particles size of S120. (e) HR-TEM image of S120. (f) EDS elements mappings of S120 
sample. (g) The synthesis procedure and mechanism of TiO2 samples. 
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advanced H2S sensing properties. 

3.3. Gas sensing mechanism 

Fig. S9 shows there existed the augmented optical band gap in TiO2 
QDs due to the quantum confinement effect. Additionally, the TiO2 QDs 
gas sensor underwent a considerable decrease in sensor resistance, 
resulting in a higher response to H2S. Based on the characterization and 
testing results, the sensing mechanism of TiO2 QDs was proposed based 
on the electron depletion region model and grain size effect. 

According to the experimental results, we proposed a more detailed 
mechanism of the TiO2 QDs gas sensor. In the view of transducer func-
tion, according to the comparison of grains size (D) with the Debye 
length (L), it can be clarified three models as grain boundaries control (D 
≫ 2 L), neck control (D ≥ 2 L) and grains control (D < 2 L) [34,48]. The 
Debye length (L) is dependent on temperature (T) and carriers’ con-
centration (e) as the following Eq. (2) [49,50]: 

L =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅

ε0εrkT
e2ND

√

(2) 

where the permittivity of vacuum (ε0) is around 8.8 × 10-12F⋅m− 1, 
the dielectric constant (εr) of anatase TiO2 is 18.9, k is Boltzmann’s 
constant (1.38 × 10− 23 J/K), T is the absolute temperature (298 K), e is 
the charge of an electron (1.6 × 10− 19C), and ND is the electron con-
centration. According to the reported carrier concentration of TiO2 
(1022-1026 m− 3) [51,52], and since the tested TiO2 was quite resistive, it 
is reasonable to assume that the charge carrier concentration is 1022 

m− 3. The Debye length of TiO2 QDs at room temperature can be esti-
mated as around 50 nm, which is consistent with the results (10–100 
nm) in reported literature [51]. The estimated average grain size from 
XRD and TEM was about 5 nm, which is much smaller than the twice 
Debye length. Under this condition, fully depleted regions are highly 
probable. 

Fig. 5a displays the schematic response procedure of the fabricated 

TiO2 QDs based H2S sensor on the alumina substrate. When sensors are 
exposed to air, oxygen molecules (O2 (gas)) will be adsorbed on the 
surface of the material to form adsorbed oxygen molecules (O2 (ads)) that 
will capture electrons from the surface and generate oxygen ions (Eq. 3 
and 4). Once sensors are exposed to H2S, the chemical reaction between 
oxygen ions with H2S molecules (Eq. 5 and 6) will release electrons. 
There will present a complete depletion region in ultra-small size TiO2 
QDs sensing materials. The grain control model is conducive to showing 
a remarkably high gas sensitivity [53]. As shown in Fig. 5b, after the 
electrons were all captured from the whole grain, the flat energy band 
without charge transfer barriers would be formed at interfaces. Mean-
while, there will generate a low conductivity. Once exposed to H2S gas, 
the electrons will be released back and the whole nanograins gain a high 
conductivity. 

O2 (gas) → O2 (ads)(3) 
O2 (ads) + e− → O2

−
(ads) (RT)(4) 

H2S (gas) → H2S (ads)(5) 
2H2S (ads) + 3O2

−
(ads) → 2SO2 + 2H2O + 3e− (RT)(6) 

Based on the complete depletion model, it is proposed to calculate 
the sensing response via Eq. 7–9 (setting the electron mobility (μ) as a 
constant; σa and σg is the electrical conductivity in air and gas, respec-
tively) [53]: 

S = Ra/Rg = σg/σa (7)  

σa ≈ exp(−
ECa − EF

k0T
) (8)  

σg ≈ exp(−
ECg − EF

k0T
) (9) 

where T is the working temperature of the sensor (absolute tem-
perature). The final calculation could be written as S = exp(ECa − ECg

k0T ), 
which is consistent with the fitting curve of experimental data (Fig. 4d). 

As for the enhanced mechanism of S120, it could be explained based 
on high crystallinity, specific surface area and surface defects. First, it is 

Fig. 3. (a) UV–Vis spectra. (b) Tauc plots of as-synthesized TiO2 samples. Elements chemical states of anatase TiO2 quantum dots determined via XPS: (c) survey, (d) 
Ti 2p and (e) O 1 s. (f) Nitrogen adsorption–desorption measurement isotherm of S120 sample. 
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known that the carrier concentration and mobility of a nanomaterial 
could be influenced by its crystallinity [54]. Lower crystallinity of 
sensing materials may lead to a higher resistivity, and a decreased 
response when exposed to target gases [55]. Hence, S90 showed the 
worst sensing performance. Second, the synthesized S120 TiO2 showed a 
large specific surface area of 213.225 m2⋅g− 1, which is feasible to pro-
vide abundant reactive sites and attain better sensing performance. 
According to the reported literature, the specific surface area is related 

to grain size (A = 6 / D * ρ, where A is the specific surface area, D is the 
grain size, and ρ is the density of the crystal), suggesting that specific 
surface area will decrease with increasing grain size [56]. Therefore, 
S120 showed superior sensing properties than S150 and S180 TiO2 with 
larger grain size. Besides, the XPS results of Ti 2p and O 1 s in as- 
synthesized S120 TiO2 proved that there existed Ti3+ and oxygen de-
fects on the surface, which was in favor of providing abundant sites for 
the gases molecules adsorption and improving gas sensing properties 

Fig. 4. (a) Resistance variation of four gas sensors to 500 ppb H2S at room temperature. (b) Dynamic response/recovery curves of four samples to 100–500 ppb H2S 
at room temperature. (c) Responses values to 100–500 ppb H2S at room temperature. (d) Relationship of responses values versus H2S concentration. (e) Responses 
/recovery time of S120 to 500 ppb H2S at room temperature. (f) Selectivity to 500 ppb H2S and various gases of S120 at RT. (g) real-time response to 200 ppb H2S of 
S120 at different relative humidity. (h) Response to 300 ppb H2S of S120 in 5 cycles. (i) Response stable characteristics of S120 sensor to 300 ppb H2S in a week. 

Table 1 
Comparison of H2S sensing properties for different metal oxides semiconductor sensors.  

Materials Preparation methods Working Condition Conc. Response  

(Ra/Rg) 

Refs. 

TiO2 Nanoparticulate Bar coating UV & RT 5000 ppb  4.2 [41] 
TiO2 nanotubes Anodization 300 ◦C 1000 ppb  4.5 [42] 
Fe-TiO2 nanotubes Anodization 100 ◦C 1000 ppb  2.0 [43] 
Ag-TiO2 nanofibers Electrospinning 350 ◦C 500 ppb  1.4 [44] 
α-Fe2O3 nanoparticles Hydrothermal & post-thermal annealing 200 ◦C 1000 ppb  7.9 [45] 
In2O3 QDs Solvothermal Near RT 1000 ppb  1.2 [46] 
Ag-MoO3 nanobelts Hydrothermal 133 ◦C 1000 ppb  6.4 [47] 
TiO2 QDs (S120) Microwave-assisted solvothermal RT 500 ppb  25.12 This work  
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[32,57]. 

3.4. Fish spoilage detection 

The practical application of the proposed gas sensor should be 
investigated to evaluate the application potential. Due to the decom-
position of sulfhydryl-containing amino acids, there will release gases 
during the fish spoilage process [58]. Herein, the practicability of our 
sensor to detect fish (Pangasius) freshness was studied. As shown in 
Fig. S2, it was used to detect the H2S released from 25 g fish during the 
storage at room temperature. In Fig. 6a-e, the response of the S120 gas 
sensor increased from 1.24 to 2.01, along the storage time became 
longer. As shown in Fig. 6f, the S120 gas sensor showed increased 
response values to the released gas. Additionally, the photographs also 
presented the color of fish became darker during the storage, indicating 
the beginning of fish deterioration. Hence, the results further confirmed 
the practical potential of the S120 gas sensor for H2S detection. 

4. Conclusions 

Anatase TiO2 quantum dots gas sensors were fabricated through a 
microwave-assisted solvothermal technique and coating method. The 
powders with different grains sizes were obtained via adjusting the re-
action temperature as 90 ◦C, 120 ◦C, 150 ◦C, and 180 ◦C. The S120 
sample showed a quantum dots nanostructure with good crystallinity 
and a small grain size of around 5 nm. The S120 gas sensor showed the 
highest response of 2.43–25.12 to 100–500 ppb level H2S at room 
temperature and around 30 %RH, as well as improved detecting limit 
level, selectivity, and operating stability. The excellent gas sensing 
properties were ascribed to the synergetic effect of the ultra-small size, 
large specific surface area, and surface defects. Moreover, the practical 
application of S120 gas sensor in detecting the fish (Pangasius) spoilage 
was explored. 

Fig. 5. (a) Schematic diagram of TiO2 QDs gas sensor for detecting H2S. (b) wholly depleted region and “flat-band” model for grains size with D < 2 L.  

Fig. 6. (a-e) Responses of the S120 gas sensor to the odors from 25 g pangasius during different times (1, 6, 12, 18, 24 h). (f) Response values of S120 gas sensor and 
photographs of fish after storage for 24 h. 
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