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ABSTRACT: The development of high-performance
gas  sensors  is  crucial  for  applications  in
environmental  monitoring,  public  safety,  and
healthcare.  However,  existing analytical  techniques
are  often  limited  by  high  costs  and  operational
complexity.  In2O3  semiconductors  exhibit  great
potential, while their practical application is hindered
by  inherent  issues  such  as  sensitivity  and
selectivity.  Herein,  we  synthesized  In2O3  with
oxygen vacancies (In2O3-L) and anchored Pt single
atoms,  enabling  real-time  detection  of  low-
concentration  acetone.  The  In2O3-L-Pt  sensor
demonstrated  a  5-fold  improvement  in  response  to
20  ppm  acetone  at  220  °C  compared  to  In2O3,
exhibiting  rapid  response/recovery  time  (2/30  s),
ultra-low theoretical detection limits, excellent selectivity, and outstanding long-term stability. Experimental and theoretical
results  indicated  that  Pt  single  atoms  enhanced  adsorption  and  reduced  activation  energy  barrier.  Importantly,  the  Pt
induced  an  internal  electric  field,  increasing  the  thickness  of  the  electron  depletion  layer  (EDL),  thereby  amplifying  the
electrical response. This work demonstrates the potential  of single-atom engineering to overcome the limitations of metal
oxide  sensors  and  presentes  a  new  approach  for  designing  next-generation  portable  sensing  devices.  Moreover,  the
sensor demonstrates practical application potential, as shown in simulated automotive fire-warning scenarios.
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 1    Introduction
Highly  sensitive,  selective,  and  stable  gas  sensors  are  significant
importance  for  a  wide  range  of  applications,  including  public
security,  environmental  monitoring,  health  diagnostics,  and
industrial  and  agricultural  production.  Conventional  analytical
techniques,  such  as  gas  chromatography-mass  spectrometry  (GC-
MS) [1], proton transfer reaction-mass spectrometry (PTR-MS) [2],

and  Fourier  transform  infrared  (FT-IR)  spectrometry  [3],  could
accurately  detect  trace  gases.  However,  the  use  of  these  devices  is
often  hindered  by  high  costs,  complex  operation  procedures,  and
the  cumbersome  nature  of  the  equipment.  Metal  oxide
semiconductor  (MOS)-based  gas  sensors  present  a  compelling
alternative due to the low cost,  facile fabrication, simple operation,
and ease of miniaturization for device integration [4−6].

Indium oxide (In2O3), as a typical semiconductor material for gas
sensors,  has  garnered  significant  attention  due  to  its  tunable  wide
bandgap (~ 3.6 eV),  excellent chemical  stability,  and high intrinsic
electron  mobility.  These  characteristics  enable  In2O3 to  exhibit
excellent  sensing  performance  for  a  variety  of  target  gases  [7, 8],
such  as  nitrogen  dioxide  (NO2),  carbon  monoxide  (CO),  and
ammonia (NH3), making it one of the preferred candidate materials
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for  the  next  generation  of  resistive  sensors.  However,  despite  its
excellent  theoretical  gas  sensing  performance,  the  practical
application  of  In2O3 is  still  limited  by  issues  such  as  insufficient
sensitivity,  slow  response  dynamics,  and  poor  gas  selectivity.  To
address the problems, strategies such as doping [9−11] (e.g., Pd, Au,
and  Ni),  creating  vacancies  [12−14],  and  nano-structuring  (e.g.,
particle  or  rod-like  forms)  have  been  employed  to  increase  the
surface area and modulate the electronic structure [15, 16], thereby
enhancing  the  sensing  performance.  Although  these  approaches
have  improved  the  sensing  capabilities  and  stability  of  In2O3,  they
usually only bring limited improvement effects. Consequently, there
is an urgent need for a transformation in the design of gas sensing
materials, shifting from rough adjustments in form or composition
to  more  precise  atomic-level  interface  engineering  construction
[17−19]. Single-atom catalysis,  as an emerging frontier technology,
offers  new opportunities  to  maximize  the  utilization of  active  sites
and create  highly  localized electric  fields,  potentially  unlocking the
full  theoretical  gas  sensing  potential  of  In2O3 and  opening  new
directions in the design of gas sensing materials.

Based on the above discussion, we prepared In2O3 nanorods with
oxygen  vacancies  (In2O3-L)  via  a  hydrothermal  method,  and
anchored  Pt  single  atoms  using  a  precipitation  method.  To
investigate the improvement in sensor response of single-atoms Pt,
gas  sensing  tests  were  conducted  on  In2O3-L-Pt  composites.
Experimental  results  revealed that  the sensor response of  In2O3-L-
Pt (response value:  17) was 5 times higher than that of  In2O3,  and
the  response/recovery  time  was  2/30  s,  respectively.  This  material
exhibits  superior  sensing  performance  compared  to  the  sensors
reported  in  related  literature  (Table  S1  in  the  Electronic
Supplementary Material (ESM)). To further explore the reasons for
the  enhanced  sensing  performance,  density  functional  theory
(DFT)  calculations  were  performed.  These  results  demonstrated
that  the  Pt  single  atoms  increased  the  adsorption  and  reduced
activation energy barrier, facilitating electronic interactions between
Pt  and  In2O3-L.  This  work  provides  new  insights  into  the
development of portable sensors, offering promising applications in
fire warning and real-time monitoring systems.

 2    Experimental

 2.1    Synthesis of In2O3 and In2O3-L
5.0  g  (82.51 mM) of  urea and 0.6  g  (1.54 mM) of  In(NO3)3·5H2O
were dissolved in 20 mL of deionized water to form a homogeneous
solution.  A  white  precipitate  was  obtained  after  4  h  of  water  bath
reaction  at  80  °C.  The  sample  was  washed  several  times  with
deionized water and ethanol, and then dried at 60 °C in an oven to
obtain  the  white  powders  of  In(OH)3.  In(OH)3 was  calcined  at
250 °C in an air atmosphere at a heating rate of 2 °C/min for 2 h,
resulting in rod-shaped In2O3, denoted as In2O3-L.

For  comparison,  In2O3 powders  were  prepared  by  directly
annealing  1.0  g  (2.56  mM)  of  In(NO3)3·5H2O  at  250  °C  in  an  air
atmosphere at a heating rate of 2 °C/min for 2 h.

 2.2    Synthesis of In2O3-L-Pt
0.5  g  (1.28  mM)  as-prepared  In2O3-L  and  0.035  g  (0.085  mM)  of
H2PtCl6 were dissolved in 160 mL of deionized water. The mixture
solution  was  reacted  in  a  water  bath  at  80  °C  for  1  h,  and  then
0.125  g  (2.06  mM)  of  urea  was  added  and  the  reaction  was
continued  for  another  3  h.  The  light-yellow  precipitate  was

collected,  washed  several  times,  and  dried  to  obtain  Pt-loaded
In2O3, denoted as In2O3-L-Pt-1.

The doses of H2PtCl6 and the urea were respectively increased by
2, 6, and 10 times, and the obtained materials were labeled as In2O3-
L-Pt-2 (signed as In2O3-L-Pt), In2O3-L-Pt-3, and In2O3-L-Pt-4.

 2.3    Material characterization
The  morphologies  and  structural  features  of  the  samples  were
characterized by field-emission scanning electron microscopy (FE-
SEM, JEOL JSM-7610F) and high-resolution transmission electron
microscopy  (HRTEM,  FEI  Tecnai  F30  at  300  kV).  The  atom
distribution was analyzed using high-angle annular dark field image-
scanning transmission electron microscopy (HAADF-STEM).  The
element  contents  of  the  materials  were  analyzed  by  energy
dispersive  X-ray  spectroscopy  (EDS)  mapping  and  inductively
coupled  plasma  optical  emission  spectrometry  (ICP-OES).  The
crystal structure of the samples was determined by X-ray diffraction
(XRD,  PANalytical,  Cu  Kα radiation),  while  the  surface  chemical
states  were  examined  via  X-ray  photoelectron  spectroscopy  (XPS,
Thermo Scientific ESCALAB 250Xi, Al Kα source).

 2.4    Fabrication of the gas sensor
The  above  obtained  samples  (about  20  mg)  were  mixed  with
500 µL of  ethanol  to  form a  uniform slurry,  which was  uniformly
coated onto an alumina ceramic tube containing the gold electrode.
The coated electrode components were aged in a muffle furnace at
300  °C  at  a  heating  rate  of  3  °C/min  for  12  h.  A  gas  sensor  was
fabricated by connecting the electrodes to a base socket via Pt wires.
The sensing performance was evaluated using a CGS-8 gas-sensing
analysis system (Beijing Elite Tech Co.,  Ltd.) (Fig.  S1 in the ESM).
Gas  atmospheres  of  various  concentrations  were  prepared  using  a
micro-sampling  needle.  The  equation  for  calculating  gas
concentration was as follows

C=
Vm ×d× ρ×Q

V×M
(1)

where C is  the  concentration  of  the  target  gases  (ppm), Vm is  the
molar  volume  of  gas  (L/mol), d is  the  purity  values  of  all  target
liquid, ρ is  the  density  of  the  liquid  samples  (kg/m3), Q is  the
volume of the target liquid (L), V is the volume of the air chamber
(L), and M is the molecular weight of the target gas (g/mol).

During  the  testing  process,  all  the  sensors  exhibited  n-type
semiconductor  characteristics.  Here,  the  sensor  response  (S)  was
defined as

S= Ra

Rg

(2)

where Ra is the resistance value of the sensor in the air, and Rg is the
resistance value of the sensor exposed to the target gas.

The time required for the sensor signal to reach 90% of its total
change in the target gas or in air was defined as the response time
and recovery time, respectively.

 3    Results and discussion

 3.1    Synthesis and characterization
The preparation process of  the sensor materials  is  shown in Fig.  1
(the specific experimental details could be found in Section 2). The
structure  and  morphology  of  the  samples  were  investigated  by
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scanning  electron  microscopy  (SEM)  and  transmission  electron
microscopy  (TEM).  In2O3 prepared  by  the  traditional  method
presented a block-like structure (Fig. 2(a)). The nano-rod structure
of  In2O3-L was prepared by water bath method.  The length of  the
rod  was  about  300–500  nm,  and  the  diameter  was  about  30  nm
(Figs.  2(b)  and  2(c)).  The  nano-rod  In2O3-L  remained  virtually
unchanged after Pt modification (Fig. S2 in the ESM). The atomic
arrangements  of  In,  Pt,  and  O  in  In2O3-L-Pt  was  further
characterized by HAADF-STEM. The intensity  in HAADF-STEM
images  is  directly  proportional  to  the  atomic  number.  Pt  atoms
appeared  brighter  than  In  and  O,  whereas  in  atoms  were  darker,
and  all  metal  atoms  exhibited  greater  intensity  than  the  O  atoms
(Fig.  2(d)).  Atomic-scale  bright  dots  abounded  on  the  In2O3
substrate.  Higher-magnification  images  confirmed  the  presence  of

uniformly  distributed  Pt  single-atoms  (Figs.  2(e) and 2(f)).  The
TEM  image  further  indicated  that  In2O3-L  had  a  highly  uniform
rod-like  structure.  Figure  S3  in  the  ESM  indicated  the  lattice
spacing of 0.286 nm, which was assigned to the (222) lattice fringes
of In2O3. The mapping diagrams confirmed that the elements of In,
O, and Pt were uniformly distributed throughout the material, and
the single-atoms Pt were evenly distributed on In2O3 (Fig. 2(g)).

The  structures  of  the  synthesized  samples  were  examined  by
XRD (Fig.  3(a)).  The XRD spectra showed the diffraction peaks at
30.6°,  35.5°,  51.2°,  and  60.7°,  which  corresponded  to  the  (222),
(400),  (433),  and  (631)  crystal  planes  of  In2O3,  respectively  (PDF
#71-2195), indicating that the In2O3 was successfully prepared. The
diffraction peaks of In2O3 after loading Pt remained unchanged. No
peaks related to Pt were observed, indicating that there were no Pt

 

Figure 1    Schematic illustration of In2O3-L-Pt synthesis and sensor fabrication.
 

Figure 2    SEM images of (a) In2O3 and (b) In2O3-L. (c) TEM image of In2O3-L-Pt. (d) HAADF-STEM image and (e) corresponding enlarged image of In2O3-L-Pt. (f)
HAADF  intensity  line  profiles  taken  along  the  appropriately  numbered  lines  indicated.  (g)  HAADF-STEM  micrograph  of  In2O3-L-Pt  and  corresponding  elemental
mappings.
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particles.  Pt  existed  in  a  monatomic  form,  which  was  consistent
with the previous TEM and HAADF-STEM results.  The chemical
composition and valence state of the samples were evaluated using
XPS.  The  survey  spectra  showed that  In2O3-L-Pt  contained Pt,  In,
and O elements, but no Pt signal was detected in In2O3,  indicating
that the samples were successfully prepared (Fig. S4 in the ESM). In
the XPS spectra of In 3d in In2O3-L, the two peaks were located at
444.4 (3d5/2)  and 451.9 eV (3d3/2).  However,  the binding energy of
In  3d  in  In2O3-L-Pt  shifted  negatively  by  0.1  eV,  indicating  that
electrons  transferred  from  Pt  to  In2O3-L  (Fig.  3(b))  [20, 21].
Compared  with  In2O3-L,  the  In  3d  binding  energy  shifted  to  the
right  by  0.3  eV  in  In2O3,  indicating  that  the  preparation  method
affected  the  electronic  structure.  The  spectra  of  O  1s  showed  that
the  peaks  at  529.62,  531.16,  and  523.43  eV  belonged  to  lattice
oxygen  (OL),  vacancy  oxygen  (OV),  and  adsorbed  oxygen  (OC)
respectively  (Fig.  3(c))  [22].  Lattice  oxygen in  In2O3 accounted for
64%  of  the  total  oxygen  signal,  which  was  higher  than  that  of
oxygen  vacancy  (20%)  and  adsorbed  oxygen  species  (16%).  The
vacancy  concentrations  of  In2O3-L  and  In2O3-L-Pt  (OV
concentration: 28% and 27%, respectively) were higher than that of
In2O3.  The  relative  ratios  of  OV were  In2O3-L-Pt:In2O3-L:In2O3 =
1.35:1.4:1. The construction of oxygen vacancies would increase the
active  sites  on  the  material  surface  and  improve  the  sensitivity
performances. After loading Pt, the content of OV remained almost
unchanged, indicating that the introduction of Pt into In2O3-L did
not  alter  its  morphological  structure  or  the  content  of  OV.  The  Pt
spectra  showed  that  the  diffraction  peaks  at  74.68  and  78.02  eV
corresponded to Pt 4f7/2 and Pt 4f5/2, respectively, indicating that Pt
existed in In2O3-L in the Pt4+ oxidation state (Fig. 3(d)).

 3.2    Investigation of gas-sensing performance
The  gas  sensitivity  performance  of  the  sample  was  tested  through

the  gas  sensitivity  testing  system.  The  performances  of  the
fabricated  sensors  were  assessed  at  different  temperatures  in
20  ppm  acetone  to  study  their  optimal  working  temperature.  The
sensor sensitivities of samples exhibited a volcano-type relationship
with  the  operating  temperature.  The  response  initially  increased
and then decreased with rising temperature,  reaching a maximum
at  220  °C (Fig.  4(a)).  The  initial  increase  in  sensor  sensitivity  with
operating temperature was attributed to the enhanced activity of O2
and  acetone  molecules  on  the  materials  surface,  which  led  to  a
greater  change  in  charge  carrier  concentration,  thereby  increasing
the  sensor  response.  The  initial  increase  of  sensor  response  with
temperature  was  attributed  to  the  exponential  acceleration  of  the
reaction  kinetics  between  acetone  and  surface  oxygen  species  (O−

and  O2−),  which  released  more  electrons  into  the  In2O3-L-Pt
conduction band and amplified  the  resistance  change.  Conversely,
above  the  220  °C,  the  response  decreased  because  the
thermodynamic  equilibrium  shifted  towards  desorption.  The
resulting  decline  in  acetone  surface  coverage  meant  that  fewer
molecules were available for the reaction,  making the rate-limiting
step  [23].  The  resistance  value  of  the  samples  decreased  as  the
temperature  rised,  which  was  in  line  with  the  inherent
characteristics  of  semiconductor  materials  (Fig.  4(c)).  In2O3 and
In2O3-L exhibited similar  properties,  while  their  optimal  operating
temperatures  were  280  and  250  °C,  respectively  (Fig.  S5  in  the
ESM).  Comparative  analysis  of  the  sensing  performances  between
the sensor fabricated in this work and other In2O3-based sensors is
illustrated in Table S1 in the ESM.

The  gas  sensing  properties  of  In2O3,  In2O3-L,  and  In2O3-L-Pt
with varying Pt contents were evaluated (Fig. S6 in the ESM). The
results demonstrated that In2O3-L-Pt exhibited the highest response
(Fig.  4(b)).  It  showed  a  response  value  of  16  at  220  °C,  far
surpassing that of In2O3 (response value: 3) and In2O3-L (response

 

Figure 3    (a) XRD spectra of In2O3, In2O3-L, and In2O3-L-Pt. XPS spectra of (b) In 3d, (c) O 1s and (d) Pt 4f of samples.
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value:  8).  The improved response of  the In2O3-L over  In2O3 could
be  attributed  to  its  larger  surface  area  and  abundant  OV,  which
provided more active sites for gas sensing [24, 25]. Furthermore, the
incorporation  of  Pt  into  In2O3-L-Pt  effectively  promoted  the
adsorption and activation of oxygen molecules, and accelerated the
redox  reaction  with  acetone  molecules.  Pt  acted  as  active  sites
lowered  the  energy  barrier  for  acetone  oxidation  [26, 27],  thereby
significantly  enhancing  the  sensing  properties  of  the  In2O3-L-Pt
composite. The sensors also demonstrated excellent repeatability for
20 ppm acetone, as shown in Fig. 4(d). The response remained well-
maintained with high reversibility and stability over multiple testing
cycles.  The dynamic resistance responses of  the sensors to acetone
concentrations  ranging  from  0.2  to  120  ppm  were  recorded  to
further  investigate  their  sensing  properties  (Figs.  5(a)–5(d)).  The
sensing  response  of  In2O3-L-Pt-1,  In2O3-L-Pt,  In2O3-L-Pt-3,  and
In2O3-L-Pt-4  increased  significantly  from  1.5/1.8/1.6/1.3  to
43.5/99.5/65.5/95.1  as  the  acetone  concentration  rose  from  0.2  to
120 ppm.  The sensitivities  of  the  sensors  escalated with  increasing
acetone  concentration,  demonstrating  a  pronounced  response  of
approximately  1.8  even  at  a  concentration  as  low  as  200  ppb.  As
plotted in Fig.  5(e),  the response values of In2O3-L-Pt exhibited an
approximately  linear  relationship  with  the  acetone  concentration
(Fig.  S9  in  the  ESM).  The  sensing  performances  of  In2O3-L-Pt-1,
In2O3-L-Pt,  In2O3-L-Pt-3,  and  In2O3-L-Pt-4  toward  20  ppm  of
various  volatile  organic  compounds  (VOCs)  (including  ammonia,
aniline,  ethylene  glycol,  trimethylamine,  and  triethylamine)  were
assessed  at  220  °C.  As  shown  in Fig.  5(f),  the  In2O3-L-Pt  sensor
exhibited  distinct  selectivity  and  the  highest  sensitivity  to  acetone.
Response and recovery time is critical performance metrics for gas
sensors.  As  shown  in Fig.  5(g),  In2O3-L-Pt  demonstrated  superior
performance  to  In2O3-L,  with  significantly  shorter  response  and
recovery time (about 2 vs. 30 s and 8 vs. 51 s) (Fig. S7 in the ESM).

The  incorporation  of  Pt  into  In2O3-L-Pt  as  a  catalytic  center
facilitates the transport of charge carriers and accelerates the redox
reaction  with  acetone.  The  In2O3-L  sensor  exhibited  longer
response  and  recovery  time  compared  to  In2O3 sensor.  This
phenomenon was attributed to the higher operating temperature of
the  In2O3 sensor,  which  promoted  faster  charge  carrier  migration.
The  long-term  stability  of  the  In2O3-L-Pt  gas  sensor  was  assessed
over 30 days by repeatedly exposing it  to 20 ppm acetone and air.
As  the  relative  humidity  increases,  the  In2O3-L-Pt  sensor  exhibit  a
decline in response values (Fig. S8 in the ESM). The reason was that
the  increased  concentration  of  water  molecules  consumed  the
surface  actived  oxygen  species  to  form  actived  hydroxyl  groups.
Consequently,  the  sensitivity  of  the  sensor  decreased  during  the
sensing process  [28, 29].  As shown in Fig.  5(h),  both the response
value  and  the  baseline  resistance  remained  stable  throughout  this
period, demonstrating excellent operational durability.

 3.3    Early warning of acrylonitrile butadiene styrene (ABS)
fires
ABS  materials  are  widely  used  in  cars  [30−32].  Exposed  to  high
temperatures,  ABS  materials  would  undergo  thermal
decomposition,  releasing  flammable  gases  such  as  ketones,  which
poses risks  of  fire  and even explosion [33].  Based on the issue,  we
developed  a  highly  sensitive  acetone  gas  sensors  (In2O3-L-Pt  gas
sensor),  which  could  accurately  detect  the  ketone  gases  produced
during  the  thermal  decomposition  of  ABS,  enabling  fire  warning.
The  system  integrated  a  wireless  communication  module,  which
transmitted data in real time to the cloud platform via the message
queuing telemetry transport (MQTT) protocol, and simultaneously
activated  the  sound  and  light  alarm  devices  (Figs.  6(a)  and  6(b)).
The  heating  process  was  achieved  by  adjusting  a  variable
potentiometer  on  the  circuit  board,  which  regulated  the  current

 

Figure 4    (a) The response values and (b) resistance of sensors to 20 ppm at 190–310 °C. (c) The response and recovery curves of the sensors based on In2O3, In2O3-L,
and In2O3-L-Pt to 20 ppm acetone at 220 °C. (d) The response and recovery curves of In2O3, In2O3-L, and In2O3-L-Pt sensors to 20 ppm acetone at 220 °C.
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through  the  sensor  heating  filament.  The  sensor  reached  its
operating  temperature,  which  was  further  confirmed  using  an
infrared camera (Fig. S10 in the ESM). Exposing the In2O3-L-Pt gas
sensor  to  an  atmosphere  generated  by  the  thermal  decomposition
of  ABS  at  different  temperatures,  the  sensing  performances  of  the
sensor for early fire warning were evaluated (Fig. S11 in the ESM).
The  sensor  was  evaluated  in  a  simulated  automotive  environment
containing 30 g of ABS at 30–240 °C, as illustrated in Fig. 6(c). The
sensor exhibited a rapid response, and the signal intensity showed a
positive  correlation  with  the  temperature.  This  constructed  a  real-
time remote fire monitoring and early warning system suitable for
automotive environments, which is expected to provide security for
drivers and passengers.

 3.4    Sensing mechanism and discussion
The  sensing  performance  of  In2O3 gas  sensor  was  determined  by
the processes of gas adsorption, dissociation, and conversion on its
surface [34−36]. The sensing mechanism of metal oxide gas sensors
primarily involved the redox reaction between target gas molecules
and  activated  oxygen  species.  The  oxygen  species  were  activated
into distinct  states  depending on the  operating temperature  of  the
sensor, such as O2

− (< 100 °C), O− (100–300 °C), and O2− (> 300 °C)
[17, 37−39].  This  initial  step  of  the  sensing  process  involved  the
electrons  from  the  material  conduction  band  to  form  species  O−,
which  established  a  electron  depletion  layer  (EDL).  The  electrical

resistance of  the sensing materails  underwent  a  change (Fig.  7(a)).
Following  contact  with  acetone  molecules,  the  sensing  process
proceeded  to  the  second  stage,  where  a  redox  reaction  occured
between  the  O− species  on  the  material  surface  and  the  target  gas
(Eq.  (3)).  Large  number  of  electrons  released  from  the  reaction
return to the band gap of the material,  causing the EDL to rapidly
narrow, which led to a decrease of the sensor resistance (Fig. 7(b))
[40−42].  When  the  sensor  was  removed  from  the  acetone
atmosphere,  the  sensing  process  entered  the  third  stage.  The
reactive  oxygen  species  recovered  the  surface  of  the  material,
captured  electrons  from  the  band  gap,  and  further  expanded  the
EDL, thereby restoring the sensing material to its initial state.

CH3COCH3 +8O− = 3CO2 + 3H2O+8e− (3)

The In2O3-L possessed a larger specific surface area and a higher
concentration  of  OV than  that  of  In2O3,  which  enhanced  the
adsorption of activated oxygen species on the In2O3-L surface. The
formation  of  oxygen  vacancies  will  create  a  local  electron-rich
region. Many electrons were released back into the EDL of In2O3-L
during an oxidation–reduction reaction with acetone, which led to
a more significant  changes in In2O3-L resistance and an improved
the sensing sensitivity.  Compared to In2O3-L, the Pt element has a
higher  work  function,  electron  transferred  from  In2O3-L  to  the
single-atom Pt sites [43]. To balance the Fermi levels of the In2O3-L

 

Figure 5    The response and recovery curves of (a) In2O3-L-Pt-1, (b) In2O3-L-Pt, (c) In2O3-L-Pt-3, and (d) In2O3-L-Pt-4 sensor to various acetone concentrations at 220
°C. (e) The relationship between response values and acetone concentrations for In2O3-L-Pt sensor. (f) Sensing selectivity of In2O3-L-Pt-1, In2O3-L-Pt, In2O3-L-Pt-3, and
In2O3-L-Pt-4 sensors to different target gases with concentration of 20 ppm. (g) The response and recovery curves of In2O3-L-Pt sensor to 20 ppm acetone at 220 °C. (h)
The stability tests of In2O3-L-Pt to 20 ppm acetone.
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and Pt, In2O3-L-Pt formed a thicker EDL, resulting in a significant
increase  in  the  initial  resistance.  The  released  electrons  during  the
oxidation–reduction reaction with acetone could effectively reduce
the EDL thickness. Meanwhile, the Pt could also serve as active sites
for catalyzing the redox reactions on the material surface, resulting
in  a  larger  change  in  resistance  than  that  of  In2O3-L,  thereby
significantly enhancing the sensitivity of In2O3-L-Pt.

The  sensing  performance  mechanism  of  the  materials  was
further  investigated  by  using  DFT  calculations. Figure  8(a) shows
that In2O3-L-Pt had a lower adsorption energy (−0.89 eV) than that
of In2O3 (0.30 eV) and In2O3-L (−0.11 eV), indicating that In2O3-L-
Pt had a greater ability to adsorb acetone (Fig. 8(b)). The activation
energy of In2O3-L-Pt (−0.69 eV) was much lower than that of In2O3
(0.30  eV)  and  In2O3-L  (−0.41  eV),  indicating  that  In2O3-L-Pt  was
more  capable  of  activating  acetone.  The  results  demonstrated  that
In2O3-L-Pt had the best sensing performance, which was consistent
with  the  results  of  the  performance  tests  (Fig.  4(b)). Figure  8(c)
reveals  that  the  transferring  0.80  e− from  the  Pt  atoms  to  In2O3-L
induced  a  local  concentration  of  electron  density  at  the  interfaces.
The  charge  redistribution  established  a  stronger  internal  electric
field  [22].  The  enhancement  of  the  electric  field  led  to  much  free
electrons  of  In2O3-L  being  unable  to  freely  migrate,  thereby
significantly  increasing  the  thickness  of  EDL  and  increasing  the
resistance  of  the  sensing  material.  It  was  consistent  with  the  test
results (Fig. 4(c)). The acetone molecules transferred 0.10 e−, 0.40 e−,
and  1.86  e− to  In2O3,  In2O3-L,  and  In2O3-L-Pt,  respectively
(Figs. 8(d)–8(f)). It was demonstrated that the introduction of single

atoms  Pt  and  oxygen  vacancies  could  effectively  increase  the
transfer of electrons from acetone to the sensing materials, thereby
enhancing  the  sensitivity  of  the  sensing  material,  which  was
consistent with the results of the tests.

 4    Conclusions
In  summary,  we  synthesized  single-atoms  Pt  anchored  on  the
nanorod-shaped  In2O3 for  realizing  acetone  gas  detection.  The
In2O3-L-Pt  sensor demonstrated an excellent  response for  20 ppm
acetone, which was 5 times higher than that of the In2O3 gas sensor.
The In2O3-L-Pt sensor had a rapid response/recovery time of 2/30 s
toward  20  ppm.  Moreover,  the  sensor  also  showed  a  practical
detection limit of 0.2 ppm with a response of 1.8, good repeatability,
long-term  operating  stability,  and  good  selectivity.  The  nanorod-
shaped  morphology  increased  the  surface  area  of  the  sensing
material,  which was beneficial  for the adsorption and activation of
oxygen. The introduction of Pt atoms increased the adsorption and
reduced  the  activation  energy  barrier  of  acetone.  And  the
introduction of Pt single atoms created a built-in electric field at the
interface  of  In2O3-L-Pt,  which  increased  its  EDL  thickness,
enhanced  the  resistance  change  of  the  sensor  during  the  sensing
process,  and improved the sensitivity.  The field increased the EDL
thickness,  thereby  amplifying  the  resistance  variation  during  gas
sensing  and  gaining  a  superior  sensitivity.  The  simulation  of  real-
time  monitoring  of  volatile  ketone  gases  during  car  fires  verified
that  the  developed  sensor  had  potential  for  application  in  fire
warning.

 

Figure 6    The schematic of sensor-based gas detection from (a) heated ABS material  and (b) Internet of Things (IoT)-enabled mobile device interconnection. (c) The
dynamic response curve to gas release from heated material ABS.
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 Electronic  Supplementary  Material: Supplementary  material
(sensor  fabrication  and  testing  details,  SEM  images,  TEM  images,
XRD  data,  sensor  performance  tests  at  various  temperatures,
dynamic  response  of  sensor  resistance,  recovery/response  time
measurement, humidity effect test, linear fitting of sensitivity vs. gas
concentration,  DFT  calculation  model,  and  comparison  with  the
performances  of  previously  reported  materials)  is  available  in  the
online  version  of  this  article  at https://doi.org/10.26599/
NR.2026.94908507.

 Data availability
All  data  needed  to  support  the  conclusions  in  the  paper  are
presented  in  the  manuscript  and  the  Electronic  Supplementary

Material.  Additional  data  related  to  this  paper  may  be  requested
from the corresponding author upon request.
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Figure 7    Change of energy band and DEL of materials (in air and exposure to acetone).
 

Figure 8    (a) Adsorption energy and (b) activation energy of the samples for acetone. (c) Electronic charge density difference of In2O3-L-Pt. Bader charge transfer from
acetone to (c) In2O3, (d) In2O3-L, and (f) In2O3-L-Pt (blue area: charge consumption, and yellow area: charge accumulation).
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