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Enriched oxygen vacancies in SnO2�x with narrow
bandgap for highly sensitive gas sensing†

Pei-Xuan Wu,abc Bo-Jing Ruan,b Ke-Feng Li,abc Wei-Hua Deng,*a Yong-Jun Chen*b

and Gang Xu b

High-performance SnO2-based chemiresistive gas sensors were rea-

lized at room temperature by narrowing the bandgap to enhance

photogenerated carrier separation. The resulting SnO2�x exhibited one

of the highest responses and lowest LODs among room-temperature

and light-activated NO2 sensors. This work offers a promising strategy

for next-generation, low-power gas sensing applications.

Monitoring the type and concentration of gaseous species has
prominent significance in industrial production, environment
protection, public security, health care, food safety and military
aerospace.1–5 Compared with other gas detection technologies,
chemiresistive gas sensors convert the gas concentration into a
resistance change as the readout signal, with advantages includ-
ing low-cost, easy-operation, and on-line and real-time
detection.6–9 Semiconducting metal oxides (MOs), such as TiO2,
ZnO, SnO2, and In2O3, are the most successful chemiresistive
sensing materials due to their high sensitivity, fast response and
good long-term stability.10–14 However, the high working tempera-
ture increases the device manufacturing cost, which has limited
the development of MOs in gas sensing applications.

To advance room-temperature MO-based gas sensors, photo-
activation has emerged as a promising approach by leveraging
photogenerated electron–hole pairs to enhance surface reactivity.
For instance, ZnO/graphene oxide hybrids exhibit UV-enhanced
NO2 sensing due to improved charge separation,15 while Au-
decorated TiO2 achieves visible-light activation via plasmonic
effects.16 Heterojunctions such as SnO2–ZnO also promote
carrier separation, boosting the response under solar light.17

However, these multi-component systems often encounter chal-
lenges related to complex fabrication, high cost, or stability issues.
Additionally, the wide bandgaps of single MOs continue to limit
the efficiency of photogenerated carrier separation, leading to
unsatisfactory sensitivity at low concentrations. Therefore, improv-
ing electron–hole separation to increase the density of active sites
under light is crucial not only for enabling room-temperature
sensing but also for enhancing sensitivity. Reducing the bandgap
can lower the energy barrier for photogenerated electron transi-
tion, thereby enhancing the separation efficiency of electrons and
holes. In MOs, increasing oxygen vacancies presents a viable
approach to reducing the bandgap.18–22 This strategy not only
improves the separation efficiency of electrons and holes but also
offers the additional benefit of increasing the amount of oxygen
adsorbed on the surface. To date, studies that leverage both
advantages to significantly improve room-temperature sensing
performance in MOs have not yet been reported.

Herein, we increase the number of oxygen vacancies in SnO2

to reduce the bandgap by introducing Sn powder during the
synthesis process. This approach lowers the bandgap, enhances
the efficiency of charge separation under light, and increases
the density of active sites, thereby significantly improving the
gas sensing performance (Scheme 1). The resulting transparent
SnO2�x devices exhibit a record-high response to 100 ppm NO2

under visible-light, which is 500 times higher than that of SnO2.
This work not only enhances the photoactivated gas sensing
performance of MOs but also offers practical potential for the
development of room-temperature sensors suitable for air
quality monitoring and industrial safety systems.

To prove that the structure of the obtained thin film is
SnO2�x, we collected a powder sample in the system of synthe-
sizing SnO2�x thin film. The TEM images revealed that the
powder sample is composed of small nanoparticles of 5–10 nm.
The spacing between the adjacent lattice planes parallel to the
growing direction is about 0.33 nm, which belongs to the (110)
plane of rutile SnO2 (Fig. 1c and d). Powder X-ray diffraction
(PXRD) further confirmed that the obtained thin film is crystal-
line SnO2. Both in-plane and out-of-plane diffraction patterns
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(Fig. 2a and Fig. S1, ESI†) matched the standard reference card
(JCPDS no. 41-1445, rutile SnO2), indicating high phase purity.
The characteristic peaks at 26.61 and 33.81 correspond to the
(110) and (101) crystal planes, respectively (Fig. 2a). The above
results demonstrated that the SnO2�x thin film was successfully
prepared.

It is worth noticing that the color of the SnO2�x powder
sample (yellow) we synthesized is different from that of tradi-
tional SnO2 (white). The reason was revealed by the character-
ization of UV/vis absorption and X-ray photoelectron
spectroscopy (XPS). UV/vis absorption demonstrated that the
optical bandgap of SnO2�x is 2.83 eV, which is narrower than
that of the white SnO2 (3.32 eV) (Fig. 2b, c and Fig. S2, S3, ESI†).
X-ray photoelectron spectroscopy (XPS) evaluated the elemental
composition and chemical states of the SnO2�x samples. The
survey spectrum displayed peaks corresponding to C, O, and
Sn, with no additional signals, indicating high elemental purity

of the SnO2�x samples (Fig. S4, ESI† and Fig. 2d). The high-
resolution Sn 3d spectrum revealed a chemical shift of approxi-
mately 8.4 eV between these two peaks, characteristic of Sn4+ in
SnO2. Deconvolution of the Sn 3d spectrum yielded four sub-
components: two for the 3d5/2 and two for the 3d3/2 states. The
primary components appeared at 486.9 eV (3d5/2) and 495.2 eV
(3d3/2), corresponding to Sn2+. The lower-energy components at
487.2 eV (3d5/2) and 495.6 eV (3d3/2) are attributed to Sn4+ (Fig.
S5, ESI†).23,24 Compared with SnO2, the increase in the OV peak
intensity of SnO2�x and the uniform +0.3 eV shift in the XPS O
1s spectrum confirm oxygen vacancy enrichment, which corre-
lates directly with enhanced surface adsorption and charge
transfer capability (Fig. 2d and Fig. S6, ESI†).23–26

The narrow bandgap of the SnO2�x thin film with oxygen
vacancies might serve as a desired platform for chemiresistive
gas sensing. The SnO2�x thin film was tested within visible-
light and at room temperature (RT) toward NO2 in a self-made
system (Fig. S7, ESI†). Detailed specifications of the setup are
provided in the ESI.† SnO2�x nanostructures were grown on
pre-cut glass substrates, with electrical contacts established
using silver wires (diameter: 50 mm) and commercial silver paste
(Fig. 3a). In the dark, the SnO2�x thin-film device exhibits a
noticeable response of 2495 to 100 ppm NO2 at room tempera-
ture, but with poor recovery. While recovery can be achieved by
increasing the temperature to 80–150 1C, the corresponding
response values are significantly reduced (Fig. 3b and Fig. S8,
ESI†). In contrast, when exposed to visible light (l = 450 nm,
intensity = 18.67 mW cm�2), the sensor shows a remarkable and
reversible response upon cyclic exposure to NO2 and dry air.
Under continuous visible light illumination and at RT, the
devices were exposed to NO2 concentrations ranging from
20 ppb to 100 ppm, and exhibited a rapid, pronounced, and
reversible response (Fig. 3c and Fig. S9, ESI†). The response of
SnO2�x toward 100 ppm NO2 is 20 553 under visible-light and at
RT, which is the highest value for all reported NO2 sensing
materials (Fig. 3d and Table S1, ESI†).17,27–36 Compared to its

Scheme 1 Performance comparison between SnO2 and SnO2�x.

Fig. 1 (a) SEM surface view of SnO2�x. (b) SEM cross sectional view of
SnO2�x. (c) TEM image of the basic morphology of the SnO2�x powder. (d)
TEM image showing lattice stripes of SnO2�x powder.

Fig. 2 SnO2�x thin film: (a) in-plane XRD pattern, (b) Tauc plot, (c) visible
area transmittance, and (d) XPS spectra of the O 1s comparison between
SnO2 and SnO2�x.
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performance under dark conditions, the response of the SnO2�x

film increased by 8.2 times under visible light irradiation
(Fig. 3b). In addition, the response of SnO2�x is 500 times higher
than that of SnO2 under the same conditions (Fig. S10, ESI†).
These results demonstrated the effectiveness of bandgap nar-
rowing induced by increased oxygen vacancies in enhancing the
gas sensing performance of MOs.

To analyze the device time parameters, device response
versus time was plotted after normalizing their current response
values. The response time (90% signal raise) of the device when
exposed to the NO2 gas and the recovery time (signal retention
to 10%) after the dry-air sweep were calculated (Fig. 3e and Fig.
S11, ESI†). At 100 ppm NO2, the response time was within 30
seconds, and it exhibits good repeatability (Fig. 3e and f).
Meanwhile, by linear fitting the response–concentration rela-
tionship (Fig. 3d), a theoretical low limit of detection (LOD) of 6
ppt was extrapolated (when the response threshold is set as
10%), representing the lowest reported LOD among all NO2

sensing materials to date (Fig. S7 and Table S1, ESI†).
The selectivity of the SnO2�x thin film was further assessed

by exposing the sensor to 14 common interfering gases, each at
100 ppm (Fig. S12a, ESI†). As shown in Fig. S12a (ESI†), the
SnO2�x sensor exhibited negligible responses to interference
analytes with a high selectivity coefficient (S = RNO2

/Rother gas)
ranging from 3486 to 1 644 240. The measurements revealed
outstanding selectivity of the SnO2�x thin film device. The high
sensor selectivity of SnO2�x for NO2 can be primarily attributed

to the electron enrichment associated with oxygen vacancies
under light, as well as the strong oxidation of NO2. The
presence of oxygen vacancies alters the density of electron
states near the surface of SnO2�x, resulting in enhanced loca-
lization of electrons or holes under illumination. When NO2

molecules adsorb onto the surface of SnO2�x with oxygen
vacancies, the charge transfer process occurs more readily. This
phenomenon can be attributed to NO2’s strong oxidizing
properties, which facilitate the extraction of electrons from
electron-rich oxygen vacancies, thereby yielding a pronounced
response to NO2. The low response of SnO2�x to SO2 demon-
strates this result (Fig. S12a, ESI†). In contrast, other gases
typically exhibit weaker oxidizing characteristics and conse-
quently elicit a less significant response. Additionally, the
result of the humidity effect on sensing shows that interference
based on the changing humidity is inevitable (Fig. S13 and S14,
ESI†), which needs to be improved by some strategies to meet
the actual test requirements.

We attribute the remarkable NO2 sensing performance of
SnO2�x under visible light irradiation to originate fundamentally
from the narrowing of the bandgap. This bandgap narrowing is
achieved through oxygen vacancy increasing, which introduces
donor states near the conduction band and distorts the local
electronic structure, reducing the bandgap from 3.6 eV to 2.28 eV
(Fig S12b, ESI†).37,38 The reduced bandgap allows SnO2�x to
absorb 450 nm visible light efficiently, generating electron–hole
pairs upon excitation. The photogenerated electrons facilitate
charge exchange with surface oxygen species or directly transfer
to NO2 molecules, while holes promote oxygen desorption,
resulting in improved response and accelerated recovery.39,40

The presence of oxygen vacancies further enhances these light-
driven processes. Furthermore, the superior response under
450 nm illumination is attributed to the synergistic effect of
bandgap narrowing and oxygen-vacancy-induced defect states,
which facilitate sub-bandgap absorption and photogenerated
charge carrier separation. In contrast, broad-spectrum irradia-
tion introduces excess high-energy photons, which elevate non-
radiative relaxation and recombination, thereby reducing the
effective carrier density for gas sensing.25,26

Based on the above discussion, the sensing mechanism can
be described as follows. Firstly, oxygen vacancies act as carrier
trapping centers, extending the lifetime of photogenerated
carriers and reducing recombination loss. Secondly, oxygen
vacancies function as active adsorption sites, increasing the
density of chemisorbed oxygen species (O2

�, O�), which extract
electrons from the conduction band and form a surface deple-
tion layer. Upon NO2 exposure, these adsorbed oxygen species
and NO2 undergo charge exchange, further depleting electrons
and modulating the resistance (Fig S12c, ESI†).

In summary, enriched oxygen vacancies in SnO2�x thin film
achieve a reduction in bandgap from 3.32 eV to 2.83 eV,
enabling visible-light activation for RT NO2 sensing. Under
450 nm irradiation, the sensor exhibited a high response
(B20 000) and a theoretical LOD down to 6 ppt, with rapid
recovery. The performance enhancement is attributed to the
synergistic effect of oxygen vacancies enhancing surface

Fig. 3 Sensing performances of the SnO2�x thin film at RT: (a) SnO2�x thin
film device schematic, (b) response and recovery curves under dark and
visible light conditions, (c) dynamic response–recovery curve to NO2 with
different concentrations under visible light, (d) responses comparison of
reported NO2 chemiresistive gas sensors, (e) normalized response–time
curve to 10 ppm NO2, and (f) multi-cycle response curve to 100 ppm NO2.
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adsorption and bandgap narrowing promoting photogenerated
charge separation. This work demonstrates a cost-effective
strategy for visible-light-driven gas sensors, offering insights
into band structure tuning for future low-power environmental
monitoring applications.
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