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ABSTRACT: The detection of nitrogen dioxide (NO2) at trace
levels  remains  challenging,  particularly  under  ambient
conditions  where  selectivity  and  rapid  response  are  critical.
Existing  room-temperature  sensors  often  suffer  from  slow
kinetics  and  inadequate  gas  discrimination.  To  address  the
need  for  room-temperature  operation,  we  developed  a
surface  acoustic  wave  (SAW)  sensor  functionalized  with  a
platinum nanoclusters/graphene oxide (Pt-NC/GO) film.  The
ultra-small  platinum  nanoclusters  (~  2.4  nm)  are  uniformly
dispersed on GO, enhancing both adsorption and charge transfer.  The SAW platform then transduces these interactions
into measurable signal variations via its acousto-electric coupling and mass loading effect. The optimized sensor exhibits a
sensitivity of 45.4 mV/ppm and a low experimentally measured minimum detectable concentration of 0.02 ppm (20 ppb) and
a theoretical limit of detection of 6.6 ppb calculated via the 3σ/k method, outperforming pristine GO (10.7 mV/ppm) and Pt
nanoparticles/GO  (Pt-NP/GO,  16.1  mV/ppm)  references.  It  also  achieves  fast  response/recovery  (50.2/104.0  s)  and
excellent  selectivity  against  common interferents  (H2,  NH3,  CH4).  Additionally,  the sensor  maintains  stable  operation over
30 days, with less than 10% signal degradation. The superior performance is attributed to the large surface-to-volume ratio
and high density of active sites provided by the platinum nanoclusters, which are crucial for enhancing gas interaction and
signal transduction. This work provides new insights into noble-metal-modified two-dimensional materials for environmental
monitoring.
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 1    Introduction
With  the  acceleration  of  global  urbanization  and  industrialization,
nitrogen  oxides  (NOₓ)  emissions  have  become  an  increasingly
severe  environmental  issue,  posing  significant  threats  to  human
health and ecosystems [1−3]. Among NOₓ species, nitrogen dioxide
(NO2)  is  recognized  as  the  most  hazardous  due  to  its  strong
oxidizing  nature  and  pungent  odor.  NO2 can  penetrate  deep  into
the  lungs,  triggering  airway  inflammation,  impairing  pulmonary
function, and increasing the risk of asthma, cardiovascular diseases,
and lung cancer [4−7]. In its 2021 edition of the Global Air Quality

Guidelines,  the  World  Health  Organization  (WHO)  significantly
lowered the annual mean concentration limit for NO2 to 10 μg/m3

(approximately  5.3  ppb),  down  from  the  previous  threshold  of
82  ppb,  highlighting  increasing  concern  over  the  health  effects  of
low-dose  NO2 exposure  [8−10].  Due  to  its  high  reactivity  and
complex  diffusion  behavior,  accurate  and  real-time  monitoring  of
NO2 concentrations  is  crucial  for  the  early  identification  of
pollution  events  and  effective  environmental  management.  To
enable  refined  pollution  control,  sensor  technologies  with  low
detection  limits,  high  selectivity,  and  fast  response  times  are
urgently  needed  to  meet  the  stringent  demands  of  trace  gas
monitoring.

In  recent  years,  various  NO2 sensing  technologies  have  been
developed,  including  metal  oxide  semiconductor  sensors,
electrochemical  sensors,  optical  sensors,  and surface  acoustic  wave
(SAW) sensors.  Among them,  metal  oxide  semiconductor  sensors
have attracted significant attention due to their low cost and mature
fabrication processes [8, 11−20]. For instance, Mane et al. fabricated
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PPy-WO3 composite  nanomaterials  via  spin-coating,  achieving
detection  of  100  ppm  NO2 at  room  temperature,  although  the
sensor response degraded by 20% over 20 days [21]. Oosthuizen et
al.  prepared  CuO  nanosheets  using  a  hydrothermal  method,
achieving  a  minimum  detection  limit  of  1  ppm  with  a  response
time of 350 s [22]. These studies reveal that long-term stability and
slow  response  times  remain  challenges  for  metal  oxide
semiconductor  sensors.  In  contrast,  SAW  sensors,  owing  to  their
high quality factor (Q), high operational frequency, and exceptional
sensitivity  to mass  changes,  offer  the capability  of  stable  and rapid
detection of low-concentration NO2 at  room temperature [23−27].
This makes SAW sensors promising candidates for next-generation
high-performance  gas  sensing  platforms.  The  sensing  principle  of
SAW  gas  sensors  is  dominated  by  two  synergistic  effects,  namely
the  acousto-electric  coupling  effect  and  the  mass  loading  effect,
which  jointly  contribute  to  the  sensor’s  signal  response.  The
acousto-electric  coupling  effect  refers  to  the  perturbation  of  SAW
propagation  induced  by  gas  adsorption-induced  conductivity
changes in the sensitive film, which manifests as variations in SAW
velocity  and  acoustic  attenuation.  Simultaneously,  gas  adsorption
inevitably  leads  to  an  increase  in  the  mass  of  the  sensitive  film,
which  also  induces  SAW  velocity  changes,  this  phenomenon  is
defined as the mass loading effect. The dual-effect mechanism lays
the  fundamental  basis  for  the  design  and  optimization  of  high-
performance SAW gas sensors for various practical applications. In
recent years, SAW sensors have experienced rapid development, as
exemplified  by  sub-second  response  speeds  in  hydrogen  sensing
and  ppb-level  detection  limits  for  ammonia,  among  others  [28].
However, few reports have been documented on NO2 sensing.

The sensing performance of SAW devices is critically dependent
on the properties of gas-sensitive materials.  To enhance selectivity,
response  speed,  and  detection  limits,  the  development  of  high-
performance  sensing  materials  with  excellent  gas  recognition
capabilities  is  essential  [29−32].  Among  various  candidates,
graphene-based materials—particularly graphene oxide (GO)—have
gained  significant  attention  in  recent  years  due  to  their  two-
dimensional  structure  and  high  specific  surface  area,  offering
superior gas adsorption capacity and chemical reactivity. However,
conventional  graphene-based  materials  still  suffer  from limitations
in detection selectivity and long-term stability [33]. To address these
limitations,  researchers  have  proposed  a  synergistic  strategy  of
modifying graphene with noble metal nanoparticles (such as Pt, Pd,
and  Au).  This  approach  leverages  the  catalytic  activity  and
electronic  sensitization  effect  of  noble  metals  to  enhance  the
adsorption  of  target  gases.  For  instance,  Bu  et  al.  introduced  Pt
nanoclusters  into  ZnO  nanowires,  reducing  the  detection  limit  to
20  ppb  [34].  However,  their  resistive  sensor  required  an  elevated
operating  temperature  of  125  °C  and  exhibited  relatively  slow
response/recovery kinetics (215/378 s). The advantages of platinum
nanoclusters  (Pt-NC)  over  nanoparticles  (Pt-NP)  are  attributed  to
their  minimized  dimensions,  which  lead  to  a  high  dispersion  that
maximizes surface atom availability and a quantum size effect that
boosts  adsorption  affinity.  The  synergistic  effect  of  these  factors
results  in  a  more  optimized NO2 adsorption energy.  Despite  these
merits,  the  integration  of  such  highly  active  Pt-NCs  with  a  low-
power,  high-sensitivity  transduction platform like  SAW for  room-
temperature, rapid NO2 sensing remains unexplored.

In this work, we present a high-performance, room-temperature
NO2 sensor  by  integrating  platinum  nanoclusters  with  graphene
oxide (Pt-NC/GO) as the sensing layer on a SAW device. Uniform

Pt  nanoclusters  (~  2.4  nm)  were  anchored  on  GO,  which
synergistically  enhanced  NO2 adsorption,  catalytic  activation,  and
charge transfer.  The fabricated sensor exhibits  a  high sensitivity  of
45.4  mV/ppm,  rapid  response/recovery  times  of  50.2/104.0  s,  and
an ultralow detection limit of 0.02 ppm. These enhancements stem
from the unique synergy between the atom-efficient Pt nanoclusters
(offering  maximized  active  sites)  and  the  sensitive  SAW  platform,
which leverages  acousto-electric  coupling and mass  loading effects
to transduce molecular interactions efficiently.

 2    Experimental section

 2.1    Reagents
All chemical reagents were of analytical grade and used as received
without  further  purification.  GO  was  synthesized  via  a  modified
Hummers’ method [35]. Hydroiodic acid (HI, 55 wt.%), hydrogen
hexachloroplatinate(IV)  hexahydrate  (H2PtCl6·6H2O),  sodium
citrate, and sodium hydroxide (NaOH) were purchased from Sigma-
Aldrich.

 2.2    Synthesis of Pt-NC/GO and Pt-NP/GO
Few-layer  GO  was  first  prepared  by  reduction  and  exfoliation.  A
GO dispersion (0.5 mg/mL) was mixed with HI in a volume ratio
of  1:3  and refluxed at  95  °C for  1 h.  The  resulting  precipitate  was
collected  by  centrifugation  at  3000  rpm  for  15  min,  washed  three
times  with  an  ethanol/water  mixture  (1:1,  v/v),  and  vacuum-dried
at  60  °C  for  6  h.  The  obtained  GO  was  redispersed  in  deionized
water  at  a  concentration  of  0.1  mg/mL  and  subjected  to
ultrasonication  for  30  min  to  achieve  a  homogeneous  suspension.
Two  composite  materials  with  different  Pt  loadings  were
synthesized by adding different volumes of 1 mM H2PtCl6 solution.
Pt-NC/GO  was  prepared  using  a  Pt:GO  mass  ratio  of  1:100
(0.8  wt.%  Pt),  while  Pt-NP/GO  was  synthesized  with  a  higher
Pt:GO mass ratio of 1:10 (6.5 wt.% Pt). In both cases, 0.1 M sodium
citrate was added as a reducing agent and stabilizer, and the pH was
adjusted  to  9–10  using  0.05 M NaOH.  The  reduction  was  carried
out in a microwave reactor operated at 300 W and 80 °C for 2 min.
The  final  products  were  collected  by  centrifugation,  washed
thoroughly with water and ethanol, and dried at 60 °C overnight.

 2.3    Fabrication of SAW sensors
A  delay-line  SAW  device  was  fabricated  on  a  Y35°X-cut  quartz
piezoelectric  substrate.  Two  aluminum  interdigital  transducers
(IDT) were patterned by photolithography, with a center-to-center
distance  of  2  mm  and  a  thickness  of  120  nm.  The  input  IDT
adopted  a  single-phase  unidirectional  transducer  (SPUDT)
structure  to  reduce  insertion  loss.  The  device  operated  at  a
fundamental frequency of 200 MHz (wavelength λ = 15.7 μm), with
SPUDT electrode widths  of  4  μm (λ/4)  and 2  μm (λ/8).  A 40 nm
SiO2 layer  was  subsequently  sputtered  over  the  IDTs  as  a
passivation  layer.  The  Pt-NC/GO  (or  Pt-NP/GO)  dispersion
(0.1 mg/mL  in  water)  was  drop-coated  onto  the  delay-line  region
between  the  IDT,  spread  uniformly  by  low-speed  spin-coating
(500 rpm, 10 s),  and then dried at 60 °C under vacuum for 2 h to
form a continuous sensing film.

 2.4    Characterization
The morphology, microstructure, and elemental distribution of the
composites  were  examined  by  high-resolution  transmission
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electron microscopy (HRTEM, JEOL JEM-2200FS)  equipped with
energy-dispersive  X-ray  spectroscopy  (EDS).  Raman  spectra  were
recorded  using  a  Renishaw  in  Via  spectrometer  with  a  532  nm
laser.  Chemical  states  were  analyzed  by  X-ray  photoelectron
spectroscopy (XPS, Thermo ESCALAB 250XI, Al Kα source).  The
SAW device morphology was observed with an optical microscope
(OLYMPUS SZ61).

 2.5    Gas sensing measurement
The  sensing  performance  was  evaluated  using  a  custom  phase-
detection system (Fig. S1 in the Electronic Supplementary Material
(ESM)).  A  200  MHz  RF  signal  generated  by  a  network  analyzer
(Agilent E5061B) excited the SAW device. Phase shifts induced by
gas adsorption were monitored through a multi-channel switching
module  controlled  by  a  microcontroller  unit  (MCU).  The  analog
signals were digitized by an analog-to-digital converter (ADC) and
transmitted  to  a  PC  for  real-time  recording  and  analysis.  NO2

sensing  tests  were  performed  using  dynamically  mixed  gases.
Different  NO2 concentrations  (0.02–1  ppm)  and  other  gases  (H2,
NH3,  CH4,  NO)  were  prepared  by  diluting  a  standard  gas/air
mixture with high-purity air (99.999%, Shanghai Mingyu Industrial
Gas Co., Ltd.) via a gas generator (MF-5B) equipped with mass flow
controllers.  The  total  gas  flow  was  maintained  at  500  mL/min
during  all  measurements.  The  response  time  (T90)  was  defined  as
the duration to reach 90% of the final phase shift, and the recovery
time  (T10)  was  defined  as  the  time  for  the  maximum  phase  shift
response to recover to 10% of  the original  baseline in air.  All  tests
were conducted under ambient conditions (25 °C, 40% RH).

As shown in Fig. S2 in the ESM, the phase shift (Δφ) induced by
NO2 adsorption on the Pt-NC/GO sensing layer is converted into a
millivolt-level  analog  voltage  by  the  SAW  readout  circuit,  then

sampled and quantized into a digital  signal by an ADC, processed
by a MCU, and transmitted to a PC via USB for data analysis.

 3    Result and discussion

 3.1    Fabrication of Pt-NC/GO SAW sensors
The  SAW  sensor  developed  in  this  study  employs  a  delay-line
configuration as its core sensing platform. It was fabricated on a Y-
cut 35°X-rotated quartz piezoelectric substrate. Two sets of Al IDTs,
each  with  a  thickness  of  120  nm,  were  patterned  via
photolithography,  spaced  2  mm apart  to  define  the  acoustic  delay
path.  To  minimize  insertion  loss  and  confine  acoustic  energy
propagation,  a  SPUDT  structure  was  adopted,  utilizing  internal
reflectors for unidirectional wave emission. The device operates at a
center  frequency of  200 MHz,  corresponding to a  surface acoustic
wavelength  (λ)  of  approximately  15.7  μm.  In  accordance  with  the
SPUDT  design,  the  electrode  widths  were  set  to  4  μm  (λ/4)  and
2 μm (λ/8).  The  overall  physical  dimensions  of  the  SAW chip  are
514λ in  length  and  169λ in  width.  A  Pt-NC/GO  nanocomposite
film  was  integrated  as  the  sensing  layer  along  the  acoustic
propagation  path.  The  film  was  prepared  by  drop-casting  an
uniformly  dispersed  aqueous  suspension  of  the  synthesized
nanomaterial onto the delay-line region. After solvent evaporation,
a  continuous  and  homogeneous  sensitive  coating  was  formed  on
the substrate surface, as illustrated in Figs. 1(a) and 1(b).

The frequency response of  the device  was  characterized using a
vector network analyzer. As shown in Fig. 1(c), the uncoated SAW
sensor  exhibited  an  insertion  loss  of  approximately –11  dB  at
200  MHz  under  room-temperature  (25  °C)  conditions.  After
deposition  of  the  Pt-NC/GO  layer,  the  insertion  loss  increased  by
about  3  dB,  which  is  attributed  to  additional  acoustic  attenuation

 

Figure 1    (a) Schematic diagram for the synthesis of the NO2 SAW sensor with Pt-NC/GO film. (b) Physical drawing of saw nitrogen dioxide sensor device, including
SPUDT  structure  diagram  and  electrode  width  of  input  and  output  IDT.  (c)  Frequency  response  of  the  SAW  NO2 sensor  with/without  Pt-NC/GO  film  at  room
temperature.
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induced  by  the  film.  This  increase  remains  within  an  acceptable
range for stable device operation, confirming that the sensitive film
does not significantly degrade performance. Moreover, the resulting
phase and frequency shifts remain clearly measurable, establishing a
reliable basis for subsequent gas sensing experiments.

 3.2    Characterization of gas-sensing materials
The  Pt-NC/GO  composite  was  synthesized  via  a  facile
impregnation-reduction method. This approach was chosen for its
mild reaction conditions, operational simplicity, and its capacity to
maintain  the  structural  integrity  of  the  GO  support,  thereby
avoiding unintended alterations that could affect the nucleation and
uniform  dispersion  of  Pt  species.  As  illustrated  in Fig.  2(a),  the
synthesis  began  with  dispersing  GO  in  deionized  water  to  form  a
homogeneous  suspension,  followed  by  the  addition  of  a
chloroplatinic acid precursor. Subsequent in-situ reduction at room
temperature yielded the final Pt-NC/GO composite.

To  elucidate  the  morphology  and  dispersion  state  of  the
deposited  Pt  species,  systematic  transmission  electron  microscopy
(TEM)  analyses  were  conducted. Figure  2(b) showed  the  typical
wrinkled, sheet-like morphology of pristine GO, with no observable
particulate  features.  In  contrast,  the  TEM  image  of  Pt-NC/GO
(Fig. 2(c)) revealed numerous bright, high-contrast nanoscale spots
uniformly  distributed  across  the  GO  sheets,  confirming  the
successful  loading  of  Pt  at  a  relatively  low  loading  of  0.8  wt.%.
Further high-resolution TEM observation combined with particle-
size  distribution  analysis  (Fig.  2(d))  indicated  that  these  spots
correspond  to  ultrafine  Pt  nanoclusters  with  a  narrow  size

distribution  and  an  average  diameter  of  approximately  2.4  nm,
demonstrating  excellent  dispersion  and  structural  uniformity.  For
comparison,  the  TEM  image  of  the  Pt-NP/GO  sample  with  a
higher Pt loading of 6.5 wt.% was provided in Fig. S3 in the ESM. In
contrast  to  the  well-dispersed  nanoclusters  in  Pt-NC/GO,  the  Pt-
NP/GO  composite  exhibited  significantly  larger  and  more
aggregated  nanoparticles.  This  notable  difference  in  particle  size
and dispersion further  highlighted the  critical  role  of  the  synthesis
strategy and Pt loading in controlling the morphology of the metal
phase on the GO support.

The Pt-NCs possess an ultrafine average particle size of ~ 2.4 nm,
falling  well  within  the  typical  size  range  of  metal  nanoclusters
(<  3  nm)  [36]  and  distinct  from  larger  Pt-NPs  (>  3  nm).  By
contrast,  the  6.5  wt.%  high  loading  leads  to  much  larger  and
aggregated Pt particles, which are identified as Pt-NPs.

Following  structural  characterization,  spectroscopic  analyses
were  performed to  examine the  chemical  and surface  states  of  the
three  samples.  First,  Raman  spectroscopy  was  used  to  assess  the
defect  density  of  GO  before  and  after  Pt  loading.  As  shown  in
Fig.  3(a),  all  samples  displayed  characteristic  D  and  G  bands  near
~  1350  and  ~  1580  cm−1,  respectively.  The ID/IG ratios  were
calculated to be 0.98 for pristine GO, 1.01 for Pt-NP/GO, and 1.05
for Pt-NC/GO. The increase in this  ratio indicated a  rise  in defect
density after Pt modification. These additional defects likely served
as anchoring sites for Pt species and could promote gas adsorption
and  surface  reactions  during  sensing.  Compared  with  Pt
nanoclusters, Pt nanoparticles possessed larger sizes and properties
closer to bulk metal. Their interaction with GO was mainly limited

 

Figure 2    (a)  Schematic  diagram for  the  synthesis  of  Pt-NC/GO.  TEM image  of  (b)  GO and (c)  Pt-NC/GO.  (d)  High  magnification  TEM image  and  corresponding
histograms of the lateral size distributions of Pt-NC/GO. (e) EDX mappings of Pt-NC/GO.

Yang et al. Nano Research | Vol. 19, No. 8

Nano Research, 2026, 19, 94908693 94908693 (4 of 11)

https://www.sciopen.com/article/10.26599/NR.2026.94908693
https://www.sciopen.com/article/10.26599/NR.2026.94908693
https://www.sciopen.com/article/10.26599/NR.2026.94908693
https://www.sciopen.com/article/10.26599/NR.2026.94908693
https://www.sciopen.com/article/10.26599/NR.2026.94908693
https://www.sciopen.com/article/10.26599/NR.2026.94908693
https://www.sciopen.com/article/10.26599/NR.2026.94908693
https://www.sciopen.com/article/10.26599/NR.2026.94908693


to interfacial  contact,  which may have introduced fewer additional
defects into the GO structure.

The  elemental  composition  and  chemical  states  were  further
investigated by XPS. The survey spectra of GO, Pt-NP/GO, and Pt-
NC/GO were presented in Fig. 3(b). The GO spectrum showed two
predominant  peaks  corresponding  to  C  1s  (284.6  eV)  and  O  1s
(532 eV).  In  contrast,  both  Pt-loaded samples  clearly  exhibited  Pt 
4f peaks, confirming the successful incorporation of Pt onto the GO
support  [37].  High-resolution  Pt  4f  spectra  were  then  analyzed  to
compare  the  chemical  states  of  Pt  in  the  two  composites.  As
displayed  in Fig.  3(c),  the  Pt  4f  spectrum  of  Pt-NC/GO  could  be
deconvoluted  into  two  doublets.  The  dominant  pair  at  ~  70.1  eV
(Pt 4f7/2) and ~ 73.4  eV (Pt 4f5/2) was assigned to metallic Pt0, while
the  weaker  shoulders  at  ~  71.4  and  ~  74.7  eV  corresponded  to
oxidized  Pt2+ species.  The  coexistence  of  Pt0 and  Pt2+ indicated  the
formation  of  mixed-valence  nanoclusters,  which  can  facilitate
electron  transfer  and  provide  active  sites  for  gas  adsorption  and
surface reactions. In comparison, the Pt 4f spectrum of Pt-NP/GO
exhibited only the metallic Pt0 state, without detectable Pt2+ signals.
This  suggested  that  the  larger  Pt  nanoparticles  behaved  more  like
bulk  metal,  with  less  surface  oxidation  and  a  weaker  electronic
interaction with the GO substrate.

The  O  1s  spectra  (Fig.  3(d))  provided  further  insight  into  the
distribution  of  oxygen  species.  Both  Pt-NC/GO  and  Pt-NP/GO
showed  peaks  corresponding  to  lattice  oxygen  and  oxygen
vacancies.  Notably,  the  content  of  oxygen  vacancies  was
significantly higher in Pt-NC/GO than in Pt-NP/GO. Since oxygen
vacancies  (e.g.,  O2

−,  O−)  play  a  critical  role  in  NO2 adsorption  and

dissociation,  their  lower  concentration  in  Pt-NP/GO  directly
weakened  its  ability  to  capture  and  activate  NO2 molecules.  Two
factors may explain this difference: First, the larger Pt nanoparticles
in  Pt-NP/GO  offered  a  lower  density  of  active  sites,  reducing  the
efficiency of O2 dissociation into active oxygen species; second, the
aggregated  Pt  particles  physically  covered  oxygen-containing
functional  groups  on  GO,  hindering  oxygen  adsorption  and
migration. This also suppressed the oxygen spillover effect from Pt
to GO, thereby limiting the generation of additional active sites and
slowing the overall NO2 adsorption-reaction kinetics.

The  morphological  and  spectroscopic  results  consistently
demonstrated  the  successful  synthesis  of  Pt-NC/GO  via  an
optimized  impregnation–reduction  approach.  This  material
featured  ultrafine,  uniformly  dispersed  Pt  nanoclusters,  an
increased  defect  density  on  GO,  and  stable  mixed-valence  Pt
species—all  characteristics  that  are  expected  to  significantly
enhance NO2 adsorption and sensing performance. Conversely, the
XPS comparison  indicated  that  excessive  Pt  loading  in  Pt-NP/GO
led  to  particle  aggregation,  a  lower  density  of  active  sites,  and
reduced electron-transfer efficiency, which would likely diminish its
NO2 sensing capability.

 3.3    Gas sensing performance
To  systematically  evaluate  the  room-temperature  NO2 sensing
performance,  the  dynamic  responses  of  three  nanofilms—Pt-
NC/GO, Pt-NP/GO, and pure GO—were measured using a SAW
device  platform  at  25  °C.  The  tests  covered  NO2 concentrations
from 0.02 to 1 ppm. As shown in Fig.  4(a),  the Pt-NC/GO sensor

 

Figure 3    (a) Raman spectrum and (b) XPS survey spectra of Pt-NC/GO, Pt-NP/GO, and GO. (c) Pt 4f and (d) O 1s core level XPS spectra of Pt-NC/GO and Pt-NP/GO.
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exhibited a significantly higher response amplitude compared to the
other  materials.  Upon  exposure  to  1  ppm  NO2,  its  signal  reached
53 mV, which is about 4.4 times greater than that of the pure GO
sensor (12 mV). Even at an ultralow concentration of 0.02 ppm, the
Pt-NC/GO  sensor  maintained  a  discernible  response  of  1.9  mV,
whereas  the  GO  sensor  showed  only  a  negligible  signal  near  its
detection limit. Sensitivity analysis further confirmed the enhanced
sensitivity  of  the  Pt-NC/GO  film.  As  plotted  in Fig.  4(b),  its
sensitivity  was  calculated  to  be  45.4  mV/ppm,  approximately
4.2 times that of pure GO (10.7 mV/ppm) and 2.8 times that of Pt-
NP/GO.  This  result  underscores  the  critical  role  of  Pt  dispersion:
Excessive  Pt  loading  in  Pt-NP/GO  likely  induced  nanoparticle
aggregation  and  partially  covered  active  sites  on  GO,  thereby
reducing the effective surface area for NO2 interaction. Based on the
baseline noise of the SAW readout circuit (≈ 0.1 mV) and using the
3σ/k method,  the  theoretical  limit  of  detection  (LOD)  for  the  Pt-
NC/GO  sensor  was  about  6.6  ppb  (where σ is  the  standard
deviation  of  the  baseline  noise, k is  the  sensitivity  slope  of  the
sensor  at  low  NO2 concentrations, k =  45.4  mV/ppm).  The
response/recovery  kinetics  were  also  evaluated.  Under  0.6  ppm
NO2,  the Pt-NC/GO sensor achieved a T90 response time of 50.2 s,
notably  shorter  than  that  of  Pt-NP/GO  (58.8  s,  Fig.  S4(a)  in  the
ESM) and GO (60.2, Fig. S4(b) in the ESM), while its recovery time
was 104.0 s (Fig. 4(c)). These results indicate both rapid adsorption
and  efficient  desorption  dynamics.  Furthermore,  the  repeatability
and  stability  of  the  Pt-NC/GO  device  were  verified  through  five
consecutive exposure cycles to 0.1 ppm NO2 (Fig. 4(d)). The sensor
displayed highly consistent  response curves,  confirming its  reliable
operational performance.

The comprehensive performance evaluation revealed that the Pt-
NC/GO-based SAW sensor exhibited a linear detection range from
0.02 to 1 ppm at room temperature. Its sensitivity, response speed,
and  repeatability  were  significantly  superior  to  those  of  the  pure
GO-based  device.  As  summarized  in Table  1,  the  overall
performance of this sensor also surpasses most previously reported
room-temperature  NO2 sensors  based  on  nanomaterials  such  as
metal oxides and carbon composites.

Following  the  fundamental  sensing  performance
characterization,  the  practical  application  potential  of  the  Pt-
NC/GO  composite  was  further  assessed  by  systematically
investigating  its  gas  selectivity  and  long-term  stability.  Selectivity
measurements  (Fig.  5(a))  demonstrated  that  at  0.1  ppm,  the  Pt-
NC/GO  sensor  responded  much  more  strongly  to  NO2 than  to
interfering gases (H2, NH3, CH4, C2H2, NO). Although H2 produced
the highest interfering signal (1.9 mV), it remained markedly lower
than  the  response  to  NO2 (> 6.9 mV).  By  contrast,  the  pure  GO
sensor  showed  comparable  responses  to  H2 and  NO2,  indicating
poor  discrimination.  The  enhanced  selectivity  of  the  Pt-NC/GO
sensor is primarily ascribed to the specific adsorption behavior of Pt
nanoclusters toward NO2: Quantum-size effects upshift the d-band
center, promoting stronger Pt–NO2 orbital hybridization, while the
sub-nanometer  cluster  geometry  suppresses  competing  catalytic
pathways such as H2 dissociation.

In terms of operational stability, the sensor retained 90.5% of its
initial  response  after  30  days  of  storage  at  25  °C when exposed  to
0.1 ppm NO2 (Fig. 5(b)). Overall, the Pt-NC/GO material combines
high  selectivity—particularly  against  H2 interference—with
excellent  long-term  stability  (monthly  decay  <  10  %),  offering  a

 

Figure 4    The nitrogen dioxide sensing properties of GO, Pt-NC/GO, Pt-NP/GO. (a) Sensing response, (b) sensitivity, (c) response time and recovery time of Pt-NC/GO
to 0.6 ppm NO2. (d) Repeatability test to 0.1 ppm NO2.
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robust  material  platform  for  the  development  of  practical  room-
temperature NO2 sensors.

Concerning  the  influence  of  humidity,  the  Pt-NC/GO  sensing
layer  exhibited  a  pronounced  humidity  dependence  due  to  the
presence  of  GO.  The  abundant  oxygen-containing  functional
groups  on  GO  readily  adsorb  water  molecules,  which  alters  the
electrical  conductivity  of  the  composite  and  introduces  noticeable
fluctuations  in  the  sensing  signal  [38, 39].  As  demonstrated  in
Fig. 6,  the response of  the sensor to nitrogen dioxide was strongly
modulated  by  ambient  humidity,  confirming  the  humidity-
sensitive  character  of  the  Pt-NC/GO system.  To address  this  issue
in future work, two main strategies can be pursued. One approach
involves the use of humidity-compensation algorithms, where both
the  sensor  output  and  the  ambient  humidity  are  recorded
simultaneously.  By  establishing  a  quantitative  relationship,  for
example,  through  multivariate  regression  or  polynomial
fitting—the  humidity-induced  contribution  can  be  subtracted  in
real  time,  thereby  reducing  cross-sensitivity  and  improving  signal
stability  under  varying  humidity  conditions.  Another  direction  is
the development of  new material  designs with enhanced humidity
resistance,  such  as  surface  functionalization  or  incorporation  of
hydrophobic  components.  These  efforts  are  expected  to  further
improve the reliability and accuracy of Pt-NC/GO-based sensors in
practical environments.

 3.4    Sensing mechanism

 3.4.1    High sensitivity mechanism

The sensing mechanism of  the  Pt-NC/GO composite  for  nitrogen
dioxide  (NO2)  relies  mainly  on  the  synergistic  effects  of  surface
adsorption, electron transfer, and catalytic activation.

GO  provided  abundant  oxygen-containing  functional  groups,
such  as  hydroxyl,  carboxyl,  and  epoxy  groups,  which  interacted
with  NO2 through  hydrogen  bonding,  electrostatic  forces,  and
chemical  adsorption.  These  interactions  significantly  enhanced the
adsorption  capacity  of  the  material.  In  addition,  the  π-conjugated
network  of  GO  engaged  in  π–π  stacking  and  van  der  Waals
interactions  with  the  π-electron  cloud  of  NO2,  further  promoting
the  initial  capture  of  gas  molecules  on  the  surface.  The
heterogeneous distribution of oxygen functional groups across GO
further  intensified  local  adsorption,  facilitating  the  efficient
accumulation of NO2.

Following adsorption, NO2 acted as a strong oxidizing agent and
extracted electrons from the GO framework. This process reduced

 

Figure 5    (a) Sensor selectivity for 0.1 ppm NO2 and 0.1 ppm of other gases at room temperature (25 °C). (b) The sensor response curve of Pt-NC/GO towards 0.1 ppm
NO2 before and after 30 days.

 

Figure 6    Effect  of  humidity  on  nitrogen  dioxide  sensor  at  room  temperature
(25 °C).

 

Table 1    Comparison  of  NO2  sensing  performance  of  nanomaterials-based  gas
sensor

Materials Temperature
(oC)

Sensing
mechanism

Limit of
detection

Response/
recovery time (s) Ref.

CuO
nanosheet 25 MOS 1 ppm 350/180 [22]

BP &ZnO
nanowire 25 MOS 50 ppb 20/25 [40]

Ti3C2Tx/WS2 25 MOS 100 ppb 50/110 [41]

ZnO/
SnO2@GO 25 MOS 200 ppb 33/92 [42]

Co3O4 doped
Ce 50 MOS 4.5 ppm 130/2600 [43]

Ptc-ZnO 125 MOS 20 ppb 215/378 [34]

ZnO film 175 MOS 10 ppm 1200/1800 [44]
Pd-AlGaN/

GaN 300 MOS 100 ppm 120/— [45]

Pt-NC/GO 25 SAW 20 ppb 50.2/104.0 This
work
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the  carrier  concentration  in  GO  and  led  to  a  marked  increase  in
electrical  resistance.  The  associated  electron  transfer  could  be
described by the following surface reactions

O2 + e− → O−
2 (1)

2NO2 +O−
2 + e− → 2NO−

3 (2)

NO2 + e− → NO−
2 (3)

Adsorbed oxygen molecules captured electrons to form reactive
oxygen  species  (O2

−),  which  then  reacted  with  NO2 to  produce
nitrate  species  (NO3

−).  NO2 could  also  directly  accept  electrons  to
form  nitrite  ions  (NO2

−).  Together,  these  reactions  depleted
electrons  in  GO  and  modulated  its  conductivity,  providing  the
fundamental electrical signal for sensing.

While GO served as an adsorbent and charge-transfer medium,
the incorporation of  platinum nanoclusters  substantially  improved
the sensing performance through multiple synergistic  effects.  First,
the  high  surface  energy  and  abundant  unsaturated  sites  of  Pt
nanoclusters  offered  favorable  adsorption  centers  for  NO2,
promoting the formation of reactive Pt-NO2 intermediates. Second,
Pt  exhibited  pronounced  catalytic  activity  toward  oxygen,
facilitating the conversion of adsorbed O2 into more reactive oxygen
species  (e.g.,  O2

−,  O−),  which accelerated subsequent  reactions with
NO2.  Third,  Pt  clusters  acted  as  electron-sensitization  centers,
enhancing  charge  transfer  between  Pt  and  GO  and  lowering  the
activation  energy  for  NO2 adsorption  and  reaction.  Fourth,  the
oxygen spillover effect  allowed activated oxygen species to migrate
from  Pt  to  the  GO  surface,  supplying  additional  sites  for  NO2

interaction.

σsh

σsh

In  SAW  sensors,  changes  in  acoustic  attenuation  and  wave
velocity  are  closely  related  to  the  sheet  conductivity  ( )  of  the
sensing  layer.  Materials  with  very  low  or  very  high  conductivity
show  limited  acousto-electric  coupling.  In  contrast,  materials  with
intermediate  conductivity  exhibit  a  strong  linear  dependence  of
SAW  parameters  on .  In  this  work,  the  intrinsic  sheet
conductivity  of  the  sensing  film  was  precisely  tuned  through  Pt
loading to fall within this sensitive regime, thereby maximizing the
response to NO2 adsorption and enabling high detection sensitivity.

 3.4.2    Fast response mechanism

The Pt-NC/GO-based NO2 sensor, fabricated on a SAW delay line,
demonstrated a markedly faster response than most semiconductor-
based MEMS sensors. This performance advantage originates from
the  essential  difference  in  their  sensing  mechanisms.  Unlike
semiconductor  sensors  that  only  rely  on  conductivity  modulation,
SAW  sensors  realize  rapid  response  through  the  combined  action
of acousto-electric coupling and mass loading effects.

In  semiconductor  MEMS  NO2 sensors,  the  response  originates
entirely  from  chemical  changes  in  the  sensitive  material’s
conductivity.  The  process  involves  NO2 adsorption,  followed  by
interfacial  charge  transfer,  carrier  concentration  modulation,  and
finally  a  change  in  electrical  resistance.  Each  step  is  kinetically
limited  by  molecular  diffusion  and  surface  reaction  rates,  making
the  overall  response  speed  constrained  by  the  slowest  charge-
transfer step.

Conversely, the response of the SAW NO2 sensor arises from the
synergy of two effects:  acousto-electric coupling and mass loading.
The  acousto-electric  coupling  effect  promotes  the  rapid

accumulation  of  NO2 molecules  onto  the  sensitive  film  through
field-induced  drift,  significantly  accelerating  the  initial  adsorption
kinetics  [24].  Simultaneously,  the  strong  adsorption  of  NO2 onto
the  Pt  nanoclusters  introduces  a  substantial  mass  change  on  the
SAW  propagation  path.  This  mass  loading  directly  and  efficiently
translates into a measurable shift  in the wave’s phase or frequency
[46].  Together,  these  mechanisms  enable  a  faster  overall  response,
as  the  signal  transduction  relies  on  direct  physical  interactions
(mass  and electric  field  coupling)  rather  than on slower,  multistep
chemical-electronic processes. The combined contribution of these
effects  can  be  quantitatively  described  by  relating  the  observed
frequency  or  phase  shift  to  the  mass  of  adsorbed  gas  and  the
induced  surface  conductivity  change.  The  composite  gas-sensing
mechanism  can  be  mathematically  described  by  the  following
equations

∆α
k0

=
K2

2

(
vRCsσsh

σsh
2 +(vRCs)

2

)
∆v
vR

= fhρ (k1 +k2 +k3)−
K2

2

(
σsh

2

σsh
2 +(vRCs)

2

) (4)

k0

K2 vR

Cs

σsh

∆v f
h ρ

k1 k2, k3

where  Δα denotes  acoustic  attenuation,  is  the  wave  number,
represents  the  electromechanical  coupling  coefficient,  is  the

unperturbed  SAW  velocity,  is  the  unit  capacitance  of  the
piezoelectric  crystal,  is  the  sheet  conductivity  of  the  sensitive
film,  is  the  perturbed  SAW  velocity,  is  the  operating
frequency,  is the thickness of the sensitive film,  is the density of
the  sensitive  film,  and ,  are  the  piezoelectric  substrate
coupling  constants.  Notably,  acoustic  attenuation  is  exclusively
induced  by  the  acousto-electric  coupling  effect,  while  the  SAW
velocity  variation  is  jointly  contributed  by  the  mass  loading  effect
(first term) and the acousto-electric coupling effect (second term).

The  response  mechanism of  the  Pt-NC/GO-based  SAW sensor
was  governed  by  the  synergistic  operation  of  two  parallel  effects:
acousto-electric  coupling  and  mass  loading.  This  combination
established  a “mechanical-electrical  dual-path” sensing  paradigm,
which significantly accelerated the overall response.

σsh

First,  the  acousto-electric  coupling  effect,  analogous  to  that  in
semiconductor-based  MEMS  sensors,  relied  on  changes  in  the
electrical  conductivity  of  the  sensitive  material.  Upon  exposure  to
NO2,  electron transfer between NO2 molecules and the Pt-NC/GO
composite  altered  its  sheet  conductivity  ( ),  thereby  perturbing
the  propagation  of  the  surface  acoustic  wave  through  acousto-
electric  interaction.  This  process  provided  the  basis  for  chemical
recognition of NO2, although its speed was inherently limited by the
kinetics of charge transfer.

fhρ (k1 +k2 +k3)

In  contrast,  the  mass  loading  effect—a  distinctive  advantage  of
SAW  sensors—operated  independently  of  electron  transfer.  As
expressed  in  the  relevant  equations,  the  immediate  physical
adsorption  (physisorption)  of  NO2 onto  the  Pt-NC/GO  surface
increased the areal mass density, which directly modified the SAW
velocity  via  the  mass-loading  term ( .  Being  a
purely  physical  process,  mass  loading  produced  a  rapid  signal
response without waiting for slow charge-transfer steps.

In practice, the two mechanisms functioned in parallel: The mass-
loading  effect  initiated  an  immediate  response  during
physisorption,  while  the  acousto-electric  coupling  effect
subsequently  reinforced  the  signal  through  chemical  recognition
after  charge  transfer.  As  illustrated  in Fig.  7,  this  dual-path
mechanism broke the single-path bottleneck typical of conventional
MEMS  sensors,  thereby  markedly  shortening  the  overall  response
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time through the fast,  charge-transfer-independent contribution of
mass loading.

In  addition  to  the  dual-effect  transduction  of  the  SAW  sensor
that  accelerates  recovery,  ambient  water  molecules  also  play  a
crucial  role  in  promoting  the  desorption  of  adsorbed  NO2 species
[47].  Water  molecules  form  hydrogen-bonded  clusters  with  NO2

−

and NO3
− on the Pt-NC/GO surface, reducing the binding energy of

these  nitrogen-containing  species  and  thus  facilitating  their  rapid
dissociation and desorption from active sites, which further ensures
the efficient recovery of the sensor in air.

 4    Conclusions
In  this  work,  a  room-temperature  NO2 SAW sensor  based  on  Pt-
NC/GO  composite  films  was  developed.  The  sensor  showed  high
sensitivity  (45.4  mV/ppm),  fast  response/recovery  (50.2  s/
104.0  s),  a  low  experimentally  measured  minimum  detectable
concentration  of  0.02  ppm  (20  ppb)  and  a  theoretical  limit  of
detection  of  6.6  ppb.  The  enhanced  performance  stems  from  the
synergy  between  Pt  nanoclusters  and  the  SAW  platform.  Pt
nanoclusters  (~  2.4  nm)  provide  abundant  active  sites  for  NO2

adsorption  and  promote  charge  transfer.  Meanwhile,  the  SAW
device  utilizes  a  dual-path  mechanism:  The  mass-loading  effect
enables  rapid  physical  response,  and  the  acousto-electric  coupling

effect amplifies the signal through conductivity changes, collectively
accelerating the sensing kinetics. The sensor also exhibited excellent
selectivity  and  long-term  stability.  This  study  offers  an  effective
strategy  for  trace-level  NO2 detection  and  provides  insights  for
designing  noble-metal-modified  sensing  materials.  Notably,  the
sensor exhibits humidity sensitivity in practical applications, which
limits  its  direct  use  in  variable-humidity  environments.  Future
research  will  focus  on  humidity  compensation  strategies  and
hydrophobic  surface  modification  to  enhance  environmental
adaptability.

 Electronic  Supplementary  Material: Supplementary  material
(experimental  details,  characterization  results,  sensing  system
configuration,  and  additional  gas  sensing  data  supporting  the
conclusions  of  this  study)  is  available  in  the  online  version of  this
article at https://doi.org/10.26599/NR.2026.94908693.

 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.

 

Figure 7    Sensing mechanism of Pt-NC/GO SAW sensor to NO2.
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