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Abstract: Because the volatile content of isoamyl alcohol increases sharply on the seventh day of wheat mildew infection,
isoamyl  alcohol  can  be  used as  an  early  biomarker  of  wheat  mildew infection.  Currently,  only  a  few sensors  for  isoamyl
alcohol  detection  have  been  reported,  and  these  sensors  still  suffer  from  low  sensitivity  and  poor  moisture  resistance.
Herein,  the  isoamyl  alcohol  sensitivity  of  5  at%  Er@LaFeO3 (ELFO)  was  enhanced  by  loading  Ag  nanoparticles  on  the
surface  of  the  ELFO  microspheres,  while  the  optimal  operating  temperature  was  reduced.  The  moisture  resistance  of
Ag/ELFO was improved by the incorporation of g-C3N4 nanosheets (NSs) on the surface of Ag/ELFO through electrostatic
self-assembly.  Given  the  requirements  for  practical  applications  in  grain  granaries,  the  sensing  behavior  of  a  Ag/ELFO-
based  sensor  incorporating  g-C3N4 NSs  at  20%  relative  humidity  (RH)  was  systematically  studied,  and  the  sensor
demonstrated excellent repeatability, long-term stability, and superior selectivity (791 at 50 ppm) for isoamyl alcohol with a
low limit of detection (LOD = 75 ppb). Furthermore, the practical results obtained for wheat at different mildew stages further
confirmed the potential of the g-C3N4/Ag/ELFO-based sensor for monitoring the early mildew stage of wheat. This work may
offer  guidance  for  enhancing  the  moisture  resistance  of  gas-sensitive  materials  through  the  strategy  of  employing
composite nanomaterials.
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1    Introduction
The  rapid  nondestructive  detection  of  wheat  mold,  an  essential
grain  crop,  is  crucial  for  ensuring  food  safety.  According  to  the
research  of  Lin et  al.  [1],  the  content  of  isoamyl  alcohol  released
from  stored  wheat  (30  °C  and  90%  relative  humidity  (RH))  was
detected  by  gas  chromatography‒mass  spectrometry  after  7  d
((9428±991) ppm@7 d and (21,320±279) ppm@11 d), making it a
potential  biomarker  for  the  early  stage  of  wheat  mildew.  Due  to
the advantages of e-noses, such as the ability to recognize multiple
components,  a  rich  array  of  sensing  elements,  and  high
integration,  their  applications  for  rapid  and  nondestructive
detection  of  complex  and  diverse  biomarkers  in  the  spoilage  of
grains,  meat,  and  other  foods  has  been  widely  studied  [2].  The
development  of  chemiresistive  gas  sensors,  a  core  component
influencing  the  recognition  capability  of  electronic  noses,  has
garnered significant attention [3].  Currently,  there is  a scarcity of
chemiresistors  for  isoamyl  alcohol  detection,  which  suffers  from
low  sensitivity  [4−6].  Vioto et  al.  [4]  prepared  flower-like  NiO
assembled  from  nanosheets,  and  the  sensor  exhibited  a  certain
sensitivity to isoamyl alcohol (2.8@100 ppm) at 250 °C. Liu et al. [5]
designed  a  CdS/MoS2-based  sensor  that  exhibited  excellent

selectivity  for  isoamyl  alcohol  (94–100  ppm).  In  our  previous
work,  LaFeO3-based  sensing  materials  demonstrated  remarkable
sensitivity for isoamyl alcohol [7]. However, it is essential to note
that  there  is  still  potential  for  lowering  the  optimal  operating
temperature  and  enhancing  moisture  resistance.  The  Chinese
national standards for the moisture content for safe grain storage
clearly  indicate  that  the  storage  moisture  in  wheat  storage
warehouses should be maintained below 14% to avoid melting.

Loading noble metal particles (Pt, Au, and Ag) on the surface of
metal oxide semiconductors (MOSs) has proven to be an effective
strategy  for  reducing  the  optimal  operating  temperature  [8],
among  which  Ag-containing  materials  are  generally  favored  by
gas  sensor  developers  due  to  their  lower  cost.  To  enhance
moisture  resistance,  multiple  strategies  have  been  investigated,
including incorporating special micro/nanostructures into sensing
materials  [9],  doping  or  loading  noble  metal  nanoparticles  for
material  modification  [10,11],  creating  hydrophilic/sensing
material heterojunctions [12], and applying hydrophobic material
layers on the surface of sensing coatings [13]. Preparing a double-
layer coating is a straightforward strategy to hinder the generation
of  OH  groups,  but  the  process  is  often  more  complex,  and  the
sensitivity  may  be  reduced.  Impressively,  Jeong et  al.  [13]
deposited  a  Tb4O7 overlayer  on  In2O3 sensors,  effectively
eliminating  the  dampening  effect  of  humidity  on  gas-sensitive
performance  without  significantly  changing  the  sensitivity,
selectivity, or baseline resistance of the sensors. Doping lanthanum
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[14] or loading the corresponding metallic oxidation ceramics and
noble  metal  particles  [15]  are  significant  strategies  for  enhancing
moisture  resistance  because  of  the  significant  variation  in
selectivity and deterioration of sensitivity. Qin et al. [16] fabricated
a sensor based on nano-Ag&ZIF-8 comodified silicon nanowires
(SiNWs), and the sensor exhibited enhanced moisture resistance,
which  was  attributed  to  the  synergistic  effect  of  the
hydrophobicity of the modified ZIF-8 and the hygroscopic center
formed  by  Ag  nanoparticles.  Furthermore,  the  amalgamation  of
nanomaterials with metal oxides may mitigate the deterioration of
water  molecules  on  the  sensitivity  [17,18].  Polymers  with
nanostructures (such as g-C3N4 nanosheets (NSs)) usually possess
a  relatively  robust  capacity  for  the  adsorption  and  desorption  of
water  molecules  [19,20],  which  may  enhance  the  moisture
resistance  of  MOS-based  sensors.  Chen et  al.  [21]  reported
g-C3N4/SnO2-based  sensors  with  superior  sensitivity  to  NO2 and
excellent  moisture  resistance,  which  were  prepared  by  pyrolysis
with a g-C3N4 template.

As  indicated  by  our  prior  research  [7],  the  incorporation  of
5 at% Er contributed to the optimal enhancement of the isoamyl
alcohol  sensing  performance  of  the  LaFeO3-based  sensor.  Based
on  this,  we  designed  Ag-loaded  ELFO  heterojunctions
incorporating  g-C3N4 NSs  to  lower  the  optimal  temperature  and
enhance the isoamyl alcohol sensing performance at high relative
humidity (RH). According to the humidity requirements of wheat
storage,  the  sensing  properties  of  g-C3N4/Ag/ELFO  at  20%  RH
were  systematically  investigated,  and  the  results  indicated  the
superior  practicability  of  g-C3N4/Ag/ELFO  in  large  grain
warehouses [7], which could be attributed to the spillover effect of
Ag  nanoparticles  and  the  enhanced  contact  angle  caused  by  the
g-C3N4 incorporation.

2    Experiment
Chemical  reagents  are  provided in  the  Electronic  Supplementary
Material  (ESM).  Urea  (0.5  g)  was  added  to  a  crucible  with  a  lid,
and  yellow  g-C3N4 powder  was  obtained  after  calcination  at
550  °C  (4  °C/min)  for  3  h.  The  obtained  g-C3N4 was  dispersed
ultrasonically  in  isopropyl  alcohol  for  30  min  and  subsequently
filtered and dried at 60 °C.

Ag-loaded ELFO and g-C3N4/Ag-loaded ELFO heterojunctions
were  prepared  by  simple  hydrothermal  method  combined  with

electrostatic  self-assembly.  Ag-loaded  ELFO  (molar  ratios  of
Ag:LaFeO3 of  0.5%,  1%,  1.5%,  and  2%)  was  prepared  by  adding
x mL  of  0.085  M  AgNO3 standard  solution  to  the  Er–La–Fe
nitrate–citric  acid  precursor  (Er  :  La  :  Fe  =  0.05  :  0.95  :  1).
Er(NO3)3·6H2O  (0.2  mmol),  La(NO3)3·6H2O  (3.8  mmol),
Fe(NO3)3·9H2O  (4  mmol),  and  critic  acid  (24  mmol)  were
successively  dissolved  in  40  mL  of  distilled  (DI)  water  with  the
addition of x mL of AgNO3 standard solution, which was stirred
at room temperature for 10 min to form orange sol. Subsequently,
the  sol  was  transferred  into  a  100-mL  Teflon-lined  stainless
autoclave  and  reacted  at  180  °C  for  12  h.  The  precipitate  was
collected,  washed  three  times  with  water  and  ethanol,  dried  at
70  °C  for  12  h,  and  then  calcined  at  700  °C  for  3  h.  Finally,  the
brown Ag-loaded ELFO powders were obtained, and the samples
corresponding to x = 0.235, 0.470, 0.705, and 0.940 were marked
as  SA0.5,  SA1,  SA1.5,  and  SA2,  respectively,  which  were
collectively designated as SA. First, 0.5, 1, 1.5, and 2 mg of g-C3N4
were  dispersed  in  ethanol,  followed  by  the  addition  of  0.05  g  of
SA1.5, vigorous stirring for 1 h, annealing at 400 °C for 2 h after
drying,  and  the  resulting  products  were  labeled  0.5CA,  1CA,
1.5CA,  and  2CA,  which  were  collectively  referred  to  as  CA
(Fig. 1). SA and CA samples (20 mg) were dispersed in 0.2 mL of
DI water and ground to form slurry, which was drip-coated on an
interdigital  Pt  electrode  to  fabricate  gas  sensors.  Characterization
methods and gas sensing measurements are provided in the ESM.

The response (S) was defined as S = Rg/Ra based on the sensing
performance of the fabricated sensors (p-type semiconductors) for
isoamyl alcohol, where Ra and Rg denote the resistances in air and
the  target  gas,  respectively.  The  response/recovery  time  (τres/τrec)
represented the time it took to attain a 90% change in response to
the introduction or  expulsion of  isoamyl  alcohol.  To validate  the
practical  capabilities  of  g-C3N4/Ag-loaded  ELFO  heterojunctions
for  wheat  mildew  identification,  tests  were  conducted  on
composite materials with optimal performance, which focused on
their response behavior to wheat with different degrees of mildew.
The specific experimental process is described in the ESM.

3    Results and discussion
3.1    Characterization results
The XRD patterns of the SA, CA, and g-C3N4 samples are shown

 

Fig. 1    Schematic diagram of synthesis procedure for SA and CA samples.
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in Figs. 2(a) and 2(b). The characteristic diffraction peaks located
at  approximately  22.6°,  32.2°,  39.7°,  46.2°,  57.4°,  67.3°,  and  76.5°
correspond to the (002), (112), (022), (004), (204), (040), and (116)
crystal  planes  of  orthorhombic  LaFeO3 (PDF#74-2203)  [22],
respectively,  demonstrating  the  excellent  crystallinity  of  the
samples. With the addition of the AgNO3 standard solution, peaks
at  38.12°  and  44.30°  emerge,  which  correspond to  the  (111)  and
(200) crystal facets of Ag (PDF#04-0783) [23]. Using the Debye–
Scherrer formulation (Eq. (S1) in the ESM), the grain sizes of the
ELFO components  in  SA0.5,  SA1,  SA1.5,  and SA2 samples  were
obtained to investigate the role of AgNO3 in the growth of ELFO
grains,  and  the  grain  sizes  of  the  SA  samples  decreased  (from
34.69 to 28.56 nm) with increasing AgNO3 addition, as shown in
Table  S1  in  the  ESM,  implying  that  Ag+ ions  in  the  reaction
precursor may hinder the growth of the ELFO grains.  The peaks
belonging  to  g-C3N4 are  not  obvious  in  the  XRD  patterns  of
0.5CA,  1CA,  and  2CA  due  to  the  low  concentration  and  the
milder peak shape of g-C3N4 [24].

To  investigate  the  incorporation  of  g-C3N4,  the  Fourier-
transform infrared (FT-IR) spectra of the samples were examined
(Fig.  2(c)).  The  peaks  at  434.2,  544.9,  1363.2,  and  1491.1  cm−1

correspond  to  the  Er–O  bond,  the  tensile  vibration  of  the  Fe–O
bond in the octahedral FeO6 group [25], the vibration of the La–O
bond [26], and the asymmetric stretching of the La–C bond [27],
respectively. The FT-IR spectra of the SA samples did not exhibit
new characteristic peaks or significant differences with increasing
amounts  of  Ag.  For  the  g-C3N4-composited  SA  samples  and
g-C3N4 NSs  (Fig.  S1(a)  in  the  ESM),  the  peaks  at  812.9  and
1200–1700  cm−1 (1252.5,  1326.3,  1567.2,  and  1633.5  cm−1)  align
with the skeleton vibration of triazine rings and the stretching and
contraction  vibration  of  C–N  heterocycles  of  triazole  rings,
respectively [28].  The peaks at  3050–3600 cm–1 refer  to the N–H
bond on the CN ring and the broad O–H stretching vibrations of
the  absorbed  hydroxyl  groups  [29],  which  are  sharper  with
increasing g-C3N4 recombination.

The  morphologies  of  the  SA  samples  indicate  that  the
nanoparticles  grew  on  the  ELFO  microspheres  with  increasing
AgNO3 solution  injection,  as  shown  in Figs.  3(a)–3(d).  The

mapping  results  of  SA1.5  verify  that  Er,  La,  Fe,  and  O  are
distributed evenly and that Ag is distributed on the surface of the
microspheres as discontinuous dots (Fig. S2 in the ESM), implying
that the Ag nanoparticles were successfully loaded on the surface
of  ELFO.  The  SEM  images  of  the  g-C3N4 and  CA  samples  are
shown in Fig.  S3 in the ESM and Figs.  3(e)–3(h),  which indicate
that  g-C3N4 effectively  composited  the  Ag-loaded  Er-doped
LaFeO3.  The  energy  dispersive  X-ray  spectroscopy  (EDX)  results
of the SA samples revealed the atomic ratios of Ag, Er, La, Fe, and
O (Table S2 in the ESM). The Er :  ((La + Fe)/2) atomic ratios of
the SA and CA samples are close to 5%, and the Ag : ((La + Fe)/2)
atomic ratios of the SA0.5, SA1, SA1.5, SA2, 0.5CA, 1CA, 1.5CA,
and 2CA samples are 0.46%, 1.00%, 1.48%, 1.94%, 1.47%, 1.50%,
1.62%, and 1.45%, respectively (Fig. S1(b) in the ESM). Moreover,
the  mass  ratios  of  C  and  N  increase  with  increasing  g-C3N4
incorporation  (Table  S3  in  the  ESM).  As  exhibited  in Fig.  3(i),
g-C3N4 NSs are dispersed across the surface of EFLO loaded with
Ag  nanoparticles.  According  to  the  local  magnified  images  (red
frame)  of  the  high-resolution  transmission  electron  microscopy
(HRTEM) image of 1CA (Fig. 3(j)), Figs. 3(k) and 3(l) correspond
to the (002) crystal face of g-C3N4 and the (111) crystal face of Ag,
respectively  [29,30].  Furthermore,  the  elemental  distribution  of
1CA  is  depicted  in Figs.  3(m)–3(t),  which  is  compatible  with
Fig. S2 in the ESM.

X-ray  photoelectron  spectroscopy  (XPS)  was  performed  to
determine  the  valence  stage  of  Ag,  Er,  La,  and  Fe. Figure  4(a)
shows  the  survey  spectra  of  SA,  where  the  Ag  3d,  Er  4d,  La  3d,
Fe 2p, and Fe 3p peaks are distinct. CA samples were obtained by
incorporating  g-C3N4 with  prepared  SA1.5.  Therefore,  a  peak
corresponding to the N 1s region emerges in the survey spectra of
the CA samples,  as  shown in Fig.  4(b).  The SA1.5 spectrum was
used to analyze the peak-fitting results of each element. The peaks
located  at  710.2,  712.0,  718.9,  724.2,  and  727.0  eV  in  the  Fe  2p
region  correspond  to  the  Fe  2p3/2,  Fe  2p3/2 satellite,  Fe  2p1/2,  and
Fe  2p1/2 satellite,  respectively,  which  implies  the  presence  of  Fe3+

(Fig. 4(c) and Table S4 in the ESM). The Fe 3p peaks in Figs. 4(a)
and 4(b)  indicate  the  presence of  Fe2+,  which originates  from the
reduction  of  Fe3+ caused  by  the  lattice  distortion  caused  by  Er3+

 

Fig. 2    XRD patterns of (a) SA samples and (b) g-C3N4 and CA samples. (c) FT-IR spectra of SA and CA samples.
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Fig. 3    SEM images of (a) SA0.5, (b) SA1, (c) SA1.5, and (d) SA2; SEM images of (e) 0.5CA, (f) 1CA, (g) 1.5CA, and (h) 2CA; (i) TEM, (j–l) HRTEM, (m) high-angle
annular dark-field scanning TEM (HAADF-STEM) images, and (n–t) EDX elemental mappings of 1CA.
 

Fig. 4    Survey of (a) SA samples and (b) CA samples; (c) Fe 2p, (d) La 3d, (e) Er 4d, and (f) Ag 3d regions of SA1.5 and 1CA; (g) C 1s and (h) N 1s regions of 1CA;
(i) concentrations of OV and OC in SA and CA samples.
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doping. The fitting results and locations of the peaks in the La 3d
and  Er  4d  regions  are  illustrated  in Figs.  4(d)  and 4(e)  and
Table  S5  in  the  ESM,  confirming  the  presence  of  La3+ and  Er3+

valence  states  [31].  The  peaks  at  368.3  and  374.3  eV  originate
from  Ag  3d5/2 and  Ag  3d3/2,  respectively,  which  indicates  that  a
significant amount of Ag0 was loaded on the surface of the SA and
CA  samples  (Fig.  4(f))  [32].  In  contrast,  the  peaks  at  367.3  and
373.1 eV correspond to the Ag+ generated from the oxidization of
Ag during calcination,  indicating that  part  of  the  Ag+ was  doped
into the lattice of ELFO [33]. Notably, the majority of the binding
energies of  the fitted peaks based on the XPS spectra of  1CA are
greater  than  those  of  the  SA1.5  samples  (Tables  S4–S6  in  the
ESM). The transfer of electrons from g-C3N4 to Ag/ELFO reduces
the  carrier  concentration  and  causes  the  peak  to  shift  to  a  high
energy  [24],  implying  strong  interactions  between  SA1.5  and
g-C3N4 [28]. The C 1s region can be divided into five peaks located
at  284.8,  285.8,  286.7,  288.2,  and  289.4  eV,  which  correspond  to
C–C, C–O, C=O, N=C–N, and O–C=O, respectively [34] (Fig. 4(g)).
As shown in Fig. 4(h), the peaks located at 398.7, 400.3, and 401.6 eV
are related to C–N=C, N–(C)3,  and C–N–H in g-C3N4 [35].  The
O 1s  region of  the SA and CA samples  was fitted to  three peaks
corresponding  to  lattice  oxygen  (OL),  oxygen  vacancy  (OV),  and
chemisorbed oxygen (OC) (Figs. S4(a) and S4(b) in the ESM), and
the ratios of various oxygen types for the SA and CA samples are
visually  shown  in Fig.  4(i).  The  increase  in  the  OV and  OC
proportions contributes to the increase in the sensitivity, which is
consistent  with  the  subsequent  sensing  results  of  each  sample  to
isoamyl alcohol. In summary, in a typical crystal structure of CA,
La  at  the  A-site  is  substituted  by  Er,  and  Ag  nanoparticles  are
loaded  onto  the  surface  of  the  ELFO  crystal;  there  is  a  close
integration between g-C3N4 and Ag/ELFO.

3.2    Gas sensing performance
To  study  the  roles  of  Ag  loading  and  g-C3N4 recombination  on
the  isoamyl  alcohol  sensing  performance  of  ELFO,  we  evaluated
the sensitivity of SA and CA to 50 ppm isoamyl alcohol at various
temperatures  without  the  introduction  of  wet  air  (Fig.  5(a)).  For
the SA samples, the highest response emerges for the SA samples
injected  with  more  AgNO3 solution  at  a  lower  operating
temperature.  However,  the  low-temperature  detection  has  fatal
shortcomings  in  terms  of  gas  sensing  performance:  The  increase
in τres/τrec (Fig. 5(b)) indicates that the time needed to restore the
resistance to the original baseline resistance increases. The highest
response of 0.5CA to 50 ppm isoamyl alcohol appears at 200 °C,
while those of 1CA and 2CA appear at 225 °C, which results from
the  higher  energy  barrier  of  carrier  transfer  caused  by  the
heterojunction  between  g-C3N4 and  SA1.5.  The  lower  sensitivity
of CA sensors can be attributed to the synergistic effect of a higher
carrier transfer barrier, lower specific surface area, and weakening
of  silver  sensitization  caused  by  the  coverage  of  g-C3N4
nanosheets. The effects of temperature on the sensitivity of the SA
and CA samples  and the  response-recovery  speed of  SA1.5  were
taken into account, and 225 °C was determined to be the optimal
operating  temperature.  The  response  values  of  the  CA  samples
decrease with increasing the g-C3N4 incorporation.

Figure 5(c)  illustrates  the responses  and baseline resistances  of
the  SA1.5,  0.5CA,  1CA,  and  2CA  sensors  to  50  ppm  isoamyl
alcohol at various RHs. Water molecules adsorbed on the surface
of  gas-sensitive  materials  hinder  the  adsorption  and  charge
transfer of the target gas molecules on the surface of the materials
and  the  diffusion  process  inside  the  sensing  coating.  Moreover,
water  molecules  have  a  negative  effect  on  the  preadsorption
process  of  oxygen  molecules  (O2).  Thus,  there  is  an  associated

 

Fig. 5    (a) Response values of SA and CA samples to 50 ppm isoamyl alcohol at various temperatures; (b) dynamic response curves of SA1.5 to 50 ppm isoamyl alcohol at
various temperatures; (c) response and baseline resistance values of SA1.5, 0.5CA, 1CA, 2CA to 50 ppm isoamyl alcohol with various RHs (0–80%) at 225 °C; dynamic
response curves and linear relationship between response and isoamyl alcohol concentrations (5–25 ppm) of (d) SA1.5 and (e) 1CA; (f) long-term (15 d) stability and
(g) repeatable characteristics of 1CA; (h) selectivity of SA1.5 and 1CA to 50 ppm VOCs generated from mildew wheat; (i) isoamyl alcohol sensing performance of this
work and research works reported.
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increase  in  baseline  resistance  and  a  concurrent  decrease  in
response  to  the  increase  in  RH.  As  the  amount  of  g-C3N4
composite  increases,  the  baseline  resistance  of  CA  gradually
increases,  and  heterojunction  regions  are  formed at  the  interface
between SA1.5 and g-C3N4, resulting in an increased contact area
and  numerous  potential  barriers  that  hinder  hole  transport  [12].
Consequently,  it  results  in  the  formation  of  depletion  and
accumulation layers of holes on both sides of the interface, which
causes  a  reduced carrier  concentration and an increased baseline
resistance  of  CA.  Excitingly,  with  increasing  g-C3N4 composite
concentration,  although  the  sensor’s  response  decreases  slightly,
its  resistance  to  humidity  increases  remarkably.  To  establish  a
clear  criterion of  moisture  resistance,  the  ratio  of  the  response at
the x%  RH  level  (SxRH)  to  the  response  at  0%  RH  (S0RH)  was
defined  as  MRx.  MR20,  MR40,  MR60,  and  MR80 of  SA1.5  are
51.42%,  39.78%,  34.94%,  and  32.97%,  respectively.  In  contrast,
MR20,  MR40,  MR60,  and  MR80 of  the  1CA  sensor  are  89.17%,
76.18%,  62.41%,  and  52.90%,  respectively,  which  indicates  a
significant  enhancement  in  moisture  resistance  for  the  SA1.5
sensor after the incorporation of the 1% g-C3N4 composite. Based
on  the  application  background,  sensing  measurements  of  SA1.5
and 1CA at 20% RH were carried out.

The dynamic response curves of SA1.5 and 1CA are exhibited
in Figs.  5(d)  and 5(e),  which  illustrate  the  response  values  to
5–25  ppm  isoamyl  alcohol,  the  linearity  between  the  response
value  and  target  gas  concentration,  and  the τres/τrec to  25  ppm
isoamyl  alcohol.  Benefiting  from  the  improved  moisture
resistance,  the  response  values  of  1CA  at  20%  RH  to
concentrations of 5–25 ppm are 25.27, 95.38, 216.21, 335.98, and
423.55, implying superior linearity (the slope is 21.14 with a high
correlation coefficient (R2 = 99.332%)). These values surpass those
of  SA1.5  under  the  same  conditions,  which  are  42.15,  79.51,
158.98,  269.91,  and  328.32,  respectively. τres of  1CA  isoamyl
alcohol is 611 s, which is longer than that of SA1.5 (579 s). τrec of
1CA  to  25  ppm  target  gas  is  273  s, which  is  faster  than  that  of
SA1.5 (615 s). Based on the slopes of the two sensors obtained in
Eqs. (1) and (2), LODs of SA1.5 and 1CA can be obtained [36].

RMSnoise (ppm) = (∑(r− ri)2/N)0.5 (1)

LOD = 3RMSnoise/k (2)

where k, r, ri,  and N represent  the  slope  (log(S − 1)–log(the
concentration  of  target  gas)),  the  baseline  response  data,  the
average  value,  and the  number  of  points  taken (50),  respectively.
LODs of SA1.5 and 1CA were determined to be 126 and 75 ppb,
respectively.

The  response  to  25  ppm  isoamyl  alcohol  for  15  d  is  stable  at
434.3,  with  a  low  standard  deviation  of  19.4.  Additionally,  the
baseline  resistance  for  15  d  is  consistently  maintained  at
(4.198±0.255)  MΩ,  indicating  the  excellent  long-term  stability  of
1CA  (Fig.  5(f)).  The  dynamic  8-cycle  response  curve  of  1CA  at
20%  RH  exhibits  impressive  repeatability  (S =  443.3±13.7@
25  ppm),  as  depicted  in Fig.  5(g).  To  evaluate  the  selectivity  of
SA1.5 and 1CA, the response values to 50 ppm of various VOCs
were measured at 20% RH, all of which exhibit increased volatility
during the wheat mold growth process. As illustrated in Fig. 5(h),
both  SA1.5  and  1CA  exhibit  outstanding  selectivity  for  isoamyl
alcohol.  Moreover, Fig.  5(i)  visually  contrasts  the  sensitivity  of
SA1.5  and  1CA  in  this  study  to  chemical  resistive  sensors
previously  reported  for  isoamyl  alcohol  gas,  confirming  the
superior  sensing  properties  of  SA1.5  and  1CA  in  this  work  to
isoamyl alcohol, as shown in Table S7 in the ESM.

3.3    Gas sensing mechanism

O−
2 O−

The  isoamyl  alcohol  sensing  mechanism  of  LaFeO3-based  gas-
sensitive  coatings  can  be  divided  into  two  stages:  (1)  O2 is  pre-
adsorbed  on  the  coating  surface  at  high  temperature,  which
generates oxygen anions (  and ) and a hole accumulation
layer  (HAL)  (Fig.  6(a))  [10];  (2)  isoamyl  alcohol  reacts  with
oxygen  ions,  and  electrons  return  to  the  coating  (Eq.  (3)  and
Fig. 6(b)) [6].

C5H12O(ads)+15O−
(ads)↔ 5CO2+6H2O+ 15e− (3)

The  enhanced  sensing  performance  facilitated  by  Ag

 

Fig. 6    Schematic illustration of (a, b) the gas-sensing mechanism of CA sensor when exposed to air and isoamyl alcohol; valence band spectra of (c) SA1.5 and (d) 1CA;
band structures of (e) SA1.5 and (f) 1CA before and after equilibrium.
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nanoparticles  can  be  predominantly  attributed  to  chemical
sensitization and electronic  sensitization [37].  In  this  process,  Ag
nanoparticles  serve  as  catalytic  sites,  effectively  reducing  the
adsorption  activation  energy  and  accelerating  the  carrier
transport,  thereby promoting gas  reactions.  The catalytic  activity,
spillover effect, and reduced adsorption activation energy result in
a higher preadsorbed oxygen concentration on the SA1.5 surface,
increasing the quantity of O− ions and consequently enhancing the
response  [38].  Moreover,  the  lower  activation  energy  allows  gas
molecules  to  achieve  optimal  thermodynamic  and  kinetic
conditions  for  adsorption  and  desorption  at  relatively  lower
temperatures [39].

To determine the band structures of SA1.5 and 1CA, the work
functions (Φs) for isoamyl alcohol detection and the energy bands
(Eg),  valence  band  potentials  (EVB,NHE,  where  VB  and  NHE  refer
to valence  band  and  standard  hydrogen  electrode  relative
vacuum  level  respectively),  and  conduction  band  potentials
(ECB,NHE, where CB refers to conduction band) of SA1.5 and 1CA
were determined by Eqs.  (4)–(6) [36].  Based on the difference in
the  work  functions  (Wf)  of  Ag  (WAg =  4.26  eV)  and  ELFO
(WELFO =  7.047  eV),  electrons  from  the  loaded  Ag  nanoparticles
are  released  to  the  valence  band  of  ELFO  [39],  establishing  a
Fermi level equilibrium at their interface, as illustrated in Figs. 6(c)
and 6(e) and Table S8 in the ESM. The formation of the Ag/ELFO
heterojunction  shrinks  HAL,  which  favors  the  formation  of
preadsorbed  oxygen  [40].  The  electron  transfer  process  from  Ag
nanoparticles  into  the  conduction  band  of  ELFO  increases  the
band gap of the SA samples, which is obtained by Eq. (S2) in the
ESM, as shown in Figs. S4(c) and S4(d) in the ESM. Additionally,
XPS spectra confirmed the existence of Ag+, which is subsequently
reduced  to  Ag0 during  reactions  with  target  gas  molecules,
increasing  the  number  of  participating  gas  molecules  and

enhancing  carrier  transfer,  consequently  resulting  in  an  elevated
resistance (Rg) [41]. Nonetheless, it is worth noting that when the
Ag  content  reaches  2%,  the  aggregation  of  nanoparticles  will
hinder  the  diffusion  of  preadsorbed  oxygen  on  the  gas-sensitive
coating  surface  [39].  Moreover,  an  excessive  amount  of  Ag
nanoparticles  leads  to  electron  conduction  along  the  Ag
nanoparticles, which in turn diminishes the response of SA2 [38].
The highest  OV and (OV + OC)  contents of  SA1.5 contributed to
its  superior  sensitivity  to  isoamyl  alcohol  [42],  as  shown  in
Fig. 4(i).

EVB,NHE = φ+ EVB,XPS − 4.44 (4)

ΔV = Φ− φ (5)

Eg = EVB,NHE − ECB,NHE (6)

where φ, EVB,XPS,  and ΔV represent the work function of the XPS
analyzer (4.52 eV), the valence band potential calculated from VB-
XPS, and the potential difference, respectively.

The  g-C3N4 composite  had  two  primary  effects  on  SA1.5:
weakening  the  sensitivity  and  enhancing  the  resistance  to
moisture.  As  depicted  in Fig.  6(d),  the  work  function  of  g-C3N4
(4.3 eV) is lower than that of SA1.5 (6.726 eV), which is similar to
the  change  in  the  band  structure  that  occurs  in  the  Ag-ALFO
composite.  The  transfer  of  electrons  from  g-C3N4 into  the
conduction band of SA1.5 contributes to the higher Eg (1.984 eV)
and  lower Wf (6.631  eV)  of  the  CA  samples  (Fig.  6(f)),  which
theoretically  should  increase  the  response.  However,  as  the
amount of g-C3N4 added increases, the increase in the contact area
of  the  g-C3N4 and  SA1.5  heterojunctions  increases  the  carrier
transfer barrier, leading to an increase in the baseline resistance, a
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Fig. 7    N2 adsorption–desorption isotherms and pore-size distribution curves (inlets) of (a) SA1.5, (b) 1CA, and (c) 2CA; (d) total pore volumes and average pore sizes of
SA1.5, 1CA, and 2CA.
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decrease in the carrier transfer, and a poor response of the sensor.
Additionally, when the CA sensors were stable in synthesized air,
the  electron  transfer  from  g-C3N4 (n-type)  to  pre-adsorbed  O2
increased  the  baseline  resistance.  According  to  the  definition  of
response  values,  an  increase  in Ra may  have  a  negative  effect  on
the response. When the reducing target gas is introduced, some of
the  electrons  that  initially  enter  the  valence  band  of  SA1.5  are
transferred  to  g-C3N4,  thereby  reducing  the  resistance  of  the  CA
samples  to  isoamyl  alcohol  and  decreasing  the  response.
Furthermore,  as  revealed  by  XPS  and  Brunauer–Emmett–Teller
(BET) characterizations, an increase in the contact area decreases
the  (OV +  OC)  ratio  and specific  surface  area  in  the  CA samples
(Figs.  4(i)  and 7).  This  discrepancy  is  attributed  to  the  surface-
loaded  g-C3N4 NSs  covering  the  oxygen  vacancy  sites,  which
impedes  the  formation  of  oxygen  ions  and  the  sensing  process.
Moreover,  we hypothesized that  the decrease in the sensitivity  of
SA1.5  caused  by  the  introduction  of  g-C3N4 NSs  may  also  be
related  to  the  hindrance  of  g-C3N4 NSs  in  the  sensitivity
optimization  of  Ag  particles  (spillover  effect).  To  explore  the
reasons for the improvement in the moisture resistance of g-C3N4,
contact  angle  tests  were  carried  out  on  the  SA1.5,  0.5CA,  1CA,
and  2CA  samples,  which  exhibited  moisture  resistance  values  of
19.395°±0.035°,  26.58°±0.95°,  35.68°±0.73°,  and  47.525°±1.735°,
respectively  (Fig.  S5  in  the  ESM).  Furthermore,  we  conducted
FT-IR  characterization  on  the  sensors  stabilized  at  0%  RH  and
20%  RH  (225  °C)  to  further  explain  the  increase  in  moisture
resistance after the introduction of g-C3N4 (Fig. 8). For 1CA, after
stabilizing  at  20%  RH,  there  was  no  significant  difference  in  the
intensity of the peak corresponding to hydroxyl groups compared
to  that  in  the  spectrum  of  1CA–0%  RH.  However,  for  SA1.5
stabilized  at  20%  RH,  there  was  a  noticeable  increase  in  the
intensity of the peak corresponding to hydroxyl groups compared
to that in the spectrum of SA1.5–0% RH. This suggests that moist
air is more prone to generating hydroxyl groups on the surface of
the SA1.5 sensor than is 1CA at the operating temperature, and its
active  sites  for  gas  sensing  are  more  easily  occupied  by  water
molecules, leading to a deterioration in sensitivity [43].

3.4    Wheat mildew detection
The response curves of CA1 to the complex volatile gases of wheat
plants  with  different  mildew  degrees  exhibit  various  shapes.  The

resistance curves of CA1 to VOCs released from wheat stored for
the  first  three  days  first  and  then  decrease  gradually  (Figs.  9(a)–
9(c)),  while  those  to  VOCs  generated  from  wheat  stored  for  the
fifth  and  seventh  days  increase  monotonically  (Figs.  9(d)  and
9(e)).  This difference can be attributed to the large change in the
composition  of  the  gas  mixture.  As  shown  in Fig.  9(f),  the
responses of 1CA to VOCs in wheat after different storage periods
increase  exponentially  within  7  d  as  the  storage  period  increases
(18.2, 34.8, 158, 326.2, and 734.1@1, 2, 3, 5, and 7 d, respectively),
which  confirms  the  practicability  of  1CA  for  mildew  wheat
monitoring.

4    Conclusions
In this study, Ag-loaded ELFO samples were prepared using a one-
step hydrothermal method, and g-C3N4 NSs were incorporated on
their surface. Ag nanoparticles on the ELFO surface improved the
sensitivity  of  the  ELFO-based  sensor  through  the  spillover  effect
and  optimization  of  the  band  structure.  Additionally,  the
assembled  g-C3N4 NSs  increased  the  electron  exchange  energy
barrier  at  the  interaction  region  between  g-C3N4 NSs  and  Ag-
loaded  ELFO.  This  hindered  the  generation  of  preadsorbed
oxygen and the charge exchange process between isoamyl alcohol
 

Fig. 8    FT-IR spectra of SA1.5 and 1CA at 0% RH and 20% RH.
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Fig. 9    (a–e) Response/recovery curves of 1CA to composite VOCs generated from wheat stored for 1–7 d and photographs of corresponding wheat; (f) fitting result of
response value.
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and  CA  samples,  decreasing  the  sensitivity  of  Ag-loaded  ELFO.
Remarkably, although the introduction of g-C3N4 NSs reduced the
sensitivity  of  the  Ag-loaded  ELFO-based  sensor,  it  improved  the
moisture  resistance  of  the  sensor  with  increasing  the  g-C3N4
incorporation.  This  improvement  is  significant  for  the  practical
applications  of  the  sensor  for  monitoring  mildew  wheat  in
granaries.
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