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A highly sensitive and moisture-resistant
gas sensor for diabetes diagnosis with
Pt@In,O5; nanowires and a molecular sieve
for protection
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Abstract

Sensitive and selective detection of acetone in human exhaled breath plays an important role in the diagnosis of
diabetes. However, obtaining a reliable response to ppb levels of acetone and avoiding cross-sensitivity due to the
large amount of moisture in exhaled breath are still great challenges. In this work, a type of acetone sensor with
ultrahigh sensitivity and moisture resistance is reported. Electrospun In,O; nanowires with a controllable Pt core
(Pt@In,03 core-shell nanowires) are designed and prepared as sensitive layers. A mesoporous silica molecular sieve is
further integrated as the moisture filter layer. The Pt@In,O3 core-shell nanowire-based sensor exhibits a highly
improved response compared with a sensor based on pure In,0O3 nanowires due to the probable increase in surface
resistance and the introduction of p-n junctions after rational design of the structure. In addition, a good performance
in terms of the fast dynamic process, selectivity and long-term stability is also achieved, and the detection limit can be
as low as 10 ppb, which is much lower than the concentration level of 1.8 ppm in the exhaled breath of diabetic
patients. The influence of the large amount of moisture is greatly weakened by using the molecular sieve as a moisture
filter layer, leading to much improved sensitivity in clinical sample detection among healthy and diabetic patients.
Based on the optimized composite structure of the Pt@In,O5 core-shell nanowire sensor and moisture filter layer, a
simple portable sensing prototype is successfully fabricated. The reported Pt@In,O3 core-shell nanowires and the
acetone sensing approach open up a new opportunity for a simple, inexpensive, and noninvasive diagnosis of
diabetes.

Introduction

Diabetes is a global chronic disease arising from meta-
bolic disturbances’. Traditional methods for conducting
blood glucose measurements during both hospital
examinations and in-home care are invasive, which
undoubtedly causes patients to undergo additional psy-
chological stress and pain®. It is reported that diabetes can
also be reflected by a biomarker in human breath, i.e.,
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gaseous acetone, and that an exhaled concentration of
acetone in excess of 1.8 ppm generally implies a high
diabetes risk due to glucose metabolism and carbohydrate
digestion in the human body®. Therefore, accurate and
selective detection of sub-ppm levels of acetone bio-
markers in breath is considered a promising diagnostic
tool for performing a noninvasive health check.

The semiconductor oxide (SMO)-based gas sensor is
one of the most promising devices for practical detection
related to, for example, personal health®, air pollution®,
and safety protection areas® due to its key advantages in
terms of high sensitivity, fast response and recovery
dynamics, ease of operation and low cost”®. One potential
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application of the SMO-based sensor is the detection of
biomarker molecules in exhaled breath to distinguish
between healthy people and those suffering from a variety
of diseases™'’. However, some obstacles remain regarding
the practical application of this kind of sensor. First, the
current developed sensing materials can hardly satisfy the
requirements of high sensitivity and low detection limit to
trace acetone in exhaled breath'™'?, For n-type SMO-
based gas sensors, the sensing mechanism is mainly based
on the surface chemical redox reactions that occur
between surface absorbed oxygen ions and target gases,
which will change the amount of electrons in n-type
SMOs and thus change the corresponding resistance. One
key method for significantly improving the sensing per-
formance is to introduce noble metal catalytic additives
into the nanostructured SMOs to sensitize the corre-
sponding reactions'®. However, because of the increased
mobility of metal nanoparticles on the substrates at higher
temperatures, noble metal nanoparticles are not stable to
heating, which results in a loss of catalytic activity'®. In
addition, noble metal nanoparticles can be poisoned by
many chemicals, such as H,S, SO,, and thiols, thereby
further decreasing the performance of the sensor'®. Het-
erostructures with metal cores and semiconductor shells
are thus the strongest candidates for high-performance
gas sensors due to the controllable chemical and thermal
stability of the metal cores, and the charge transfer
between the metal cores and semiconductor shells. In
addition, by controlling the surface absorption mechan-
ism, the n-type reaction mainly occurs on or near the
surface. Regarding the metal core@SMO shell structure,
the metal core can effectively help not only increase the
conductivity but also catalyze the reaction.

Second, the large amount of moisture that exists in
exhaled breath severely interferes with acetone detection.
Many attempts at eliminating the humidity effect have
been made. For example, Haick et al.'® introduced
humidity compensation and cross-reactive array methods,
which can yield more accurate target gas values at various
humidity levels (up to approximately 80% relative
humidity, RH)"”. Both Nishibori and Mondal et al.'®'®
added some extra dehydrating components to decrease
the influence of the humidity. However, these methods
also have many side-effects, resulting in sensing devices
that are much larger and/or more complicated.

To solve these problems, we successfully fabricated
Pt@In,O3 core-shell nanowires (NWs) that are ultra-
sensitive to acetone via a simple co-electrospinning
method. This kind of one-dimensional (1D) NWs not
only possesses a highly active surface area for acetone
recognition, but also has very good electron transmission
ability due to the continuous Pt core. Moreover, an SBA-
15 molecular sieve containing two-dimensional hexagonal
channels was further introduced as an effective moisture
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filter on top of the sensitive layer; this sieve can effectively
maintain the advantage of nanodevices, namely, their
miniaturized scale?®. The as-designed devices were suc-
cessfully used to detect trace acetone in exhaled breath,
making it possible to accurately distinguish healthy people
from individuals with diabetes based on clinical samples.
Moreover, according to the corresponding analysis
results, the introduction of the SBA-15 molecular sieve
layer can effectively protect the sensor from the influence
of high humidity. This sensor is highly promising for the
high-performance diagnosis of diabetes in a noninvasive
manner.

Materials and methods
Materials

Indium nitrate (In(NOj3);.4.5H,0, 99.5%) was pur-
chased from Sinopharm Group, China. Poly-
vinylpyrrolidone (PVP, Mw ~ 1,300,000 g mol %),
polyacrylonitrile (PAN, Mw ~ 1,500,000 gmol '), and
chloroplatinic acid (H,PtCls) were purchased from
Sigma-Aldrich. N,N-dimethylformamide (DMF, 99.5%),
ethanol (99.9%), and acetone (99.9%) were purchased
from Sinopharm Group. All reagents were analytical
grade and used as purchased without further purification.
The SBA-15 molar sieve was obtained from Jiaxing New
Materials Company, China. Detailed information regard-
ing SBA-15 is listed in Supplementary Table S1.

Preparation of In,O; NWs with a continuous Pt core

In this study, a simple one-step co-electrospinning
method was used for the fabrication of Pt@In,O5 core-
shell NWs with different morphologies. In a typical pro-
cedure, 0.72 g of In(NO3)3.4.5H,0 was dissolved in 10 mL
of a solution of DMF and absolute ethanol (v:v =4:1) and
then magnetically stirred at room temperature. After 30
min, 2 g of PVP was added to the mixture to ensure that
the weight ratio of In(NOs)3 to PVP equals 0.36. Finally,
the homogeneous shell precursor solution was obtained
after 6h of continuous stirring. For preparation of the
inner precursor solution for co-electrospinning, different
amounts of H,PtClg (50, 100, and 200 uL) were dissolved
in 10 mL of DMF solution to obtain In/Pt atomic ratios of
20, 10, and 5, respectively. After stirring for 30 min at
room temperature, 1 g of PAN was added to the corre-
sponding solutions, which were then vigorously stirred for
6 h. Finally, different transparent yellow precursor solu-
tions were obtained. Then, the as-prepared precursor
solutions were loaded into plastic syringes, which were
fixed 15cm above a grounded collector for co-
electrospinning. A voltage of 15kV generated by a high-
voltage DC power supply was applied to the tip of a
stainless steel concentric needle connected to each syr-
inge. The flow rates of the core-shell NWs were adjusted
to 3 and 5uLmin ' for the core and shell layers,
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respectively. Then, the as-spun fiber mats were collected
and put into a tube furnace, the temperature inside which
was increased at a rate of 1°Cmin ' from room tem-
perature to 500 °C and then kept at that temperature for 3
h to ensure the complete removal of carbon residues and
the crystallization of inorganic products. The pure In,O3
NWs sample was spun using the shell precursor solution
at a flow rate of 3 pL min~!, and Pt/In,0O; mixed NWs
were obtained by mixing the shell precursor solution with
100 pL. of H,PtClg at a flow rate of 3 uL min~'. The cor-
responding details are given in the Supporting
Information.

Fabrication and measurement of gas sensors

In a typical process, a ceramic tube substrate with a pair
of Au electrodes on its top surface was used. The as-
obtained NW pastes (weight ratios of samples to ethanol
were 5:1) were coated onto the ceramic tube substrate to
form sensing layers and then sintered at 350 °C for 3 h to
increase the stability. After sintering, the gas sensors were
thermally aged using aging equipment at a heating voltage
of 5V for 48 h before taking the first measurement. The
gas sensing properties were measured using a WS-30 gas
sensing system (Weisheng Instruments Company,
Zhengzhou, China) under laboratory conditions (22 + 2
RH%, 20+2°C). The details regarding the process of
measuring the gas sensing behaviors were given in our
previous work?'. The response of the sensor was deter-
mined as the resistance ratio of the sensor resistance in air
(R,) to its resistance in the target gas (R;). The response
and recovery times (7.s and 7. respectively) were
defined as the times required to reach 90% of the total
resistance change in the tested gas and air. A static pro-
cess was used to achieve different gas concentrations of
the target gases. More specifically, the gas source was 200
ppm standard gas mixed with N,. A certain amount of
standard gas, which had been pumped in a vacuum and
then mixed with atmospheric gas, was injected into a glass
chamber with a small mouth (approximately 2.5L in
volume). Both the inner wall of the mouth and the cor-
responding rubber stopper were sealed using petroleum
jelly to maintain the stability of the gas concentration.
When testing, a sensor with an extended line passing
through the rubber stopper was put into the chamber;
when the response reached a constant value, the sensor
was taken out to return the ambient air to its initial state.

To fabricate the moisture filter layer, a 56.7 mg meso-
porous molecular sieve was thoroughly mixed with 1 mL
of ethanol by grinding to form a homogeneous slurry.
Then, the as-obtained slurry was coated onto the outer
surface of the as-obtained gas sensor by slowly pulling the
sensor out at a rate of 0.1 cm s~ . Finally, the obtained gas
sensor was sintered at 200°C for 1h to increase the
stability.
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Collection of breath samples

Breath samples were collected from diabetic volunteers
at the First Hospital of Jilin University and health volun-
teers at the State Key Laboratory of Integrated Optoe-
lectronics of China. The statistics of the tested volunteers,
including their age, gender, and diabetes type, are sum-
marized in Supplementary Table S2. All volunteers were
asked to not eat anything after their meals for 2 h and to
rinse their mouths with water three times (10 min before
testing). These clinical samples were collected inside gas
collection bags (1 L) with an aluminum coating (De Lin
Instrument Company, Dalian) and stored in a suitable
environment until analysis. The collection process is
shown in Supplementary Fig. S1. Finally, the samples were
injected into the sensing measurement system using a
diaphragm pump.

Portable sensing device for diabetes

We designed a simple portable sensing device for real-
time detection, the system languages of which are Chinese
and English. In the portable sensing device, S is defined as
the real-time response value, and S, is the response value
of the last measurement. The detailed testing results are
shown in Supplementary Information Video 1 (in Chi-
nese) and Video 2 (in English).

Results and discussion

A schematic illustration of the process of producing
the Pt@In,O3 core-shell NWs is shown in Fig. 1a (the
process is described in detail in the experimental sec-
tion). First, the morphologies of the as-prepared
Pt@In,O3 core-shell NWs as well as pure In,Oz and
Pt/In,O3 NWs were studied using a scanning electron
microscope (SEM). As shown in Fig. 1b, the pure In,O3
NWs exhibit a uniform diameter distributed in the range
of 65-85nm (Supplementary Fig. S2a) and a rough
surface with some mesopores, which is consistent with
our previous study*>. The morphology of the Pt/In,O;
mixed NWs (Fig. 1c) is different from that of the pure
NWs. A hierarchical structure with the NWs as the
trunk (~ 75 nm, Supplementary Fig. S2¢) can be found,
and the surface is decorated with several nanoparticles
(~ 42 nm, Supplementary Fig. S2b). The Pt@In,O3 core-
shell NW outer surface morphologies show similarities
with those of the pure In,O; NWs (Fig. 1d—f). The
diameter becomes more uniform as the amount of Pt in
the core increases, and the average diameters of the
Pt@In,0O3 core-shell NWs with In/Pt atomic ratios of 20,
10, and 5 are ~ 74, 80, and 98 nm, respectively, (Sup-
plementary Fig. S2d—f). Note that the pure In,O3 NWs
and Pt/In,O3; mixed NWs are denoted by S1 and S2 and
that the Pt@In,O3 core-shell NWs with In/Pt atomic
ratios of 20, 10, and 5 are denoted by S3, S4, and S5,
respectively, for convenience.
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Fig. 1 a Schematic illustration of the electrospinning fabrication
process for Pt@In,0O3 core-shell NWs. SEM images of the b S1, ¢ S2, d
S3, e 54, and f S5 NWs

To obtain detailed information regarding the micro-
structures and morphologies of the as-prepared samples,
transmission electron microscopy (TEM) images of dif-
ferent NW samples are further examined. As shown in
Fig. 2, the TEM images of pure In,O3 NWs and Pt/In,O3
mixed NWs are similar to the corresponding SEM images.
In the TEM image of In,O3 NWs (Fig. 2a), the porous
structure of the NWs can be distinguished more clearly,
which is beneficial to the interaction between the N'Ws
and gas molecules in the subsequent sensing process. For
the Pt/In,O3 mixed NWs, the specific hierarchical struc-
ture can be further confirmed based on the corresponding
TEM (Fig. 2b) and energy dispersive X-ray mapping
(EDX, Supplementary Fig. S3) images. In contrast to the
SEM images, the core-shell structure can be clearly
observed in the TEM image of the Pt@In,O3 core-shell
NWs. Regarding the S3 Pt@In,Oz core-shell NWs
(Fig. 2¢), the inner Pt core comprises some discontinuous
parts instead of being an intact NW core due to the low Pt
core content in the precursor solution (50 pL in 10 mL of
DMF). When the concentration of H,PtClg in the DMF is
increased to 100 puL (S4 Pt@In,Oz core-shell NWs), a
good core-shell structure can be obtained. As indicated in

296

Fig. 2d, a long and continuous core structure with an
average diameter of 27 nm exists. After further increasing
the concentration to 200 pL, the core diameter increases
to 86 nm, while the thickness of the outer In,O; shell is
only several nanometers (Fig. 2e). Meanwhile, the wall
thickness of the outer In,Ojs shell (Supplementary Fig.
S2g—i) and the corresponding grain sizes of In,O3; (Sup-
plementary Fig. S4) are also measured based on the TEM
images. The average wall thicknesses of the outer In,O3
shell are 25, 27, and 7 nm for the Pt@In,O3 core-shell
NWs, and the average grain sizes for NW samples S1-S5
are, 10, 7, 21, 17, and 16 nm, respectively. The estimated
grain size of the Pt/In,O3 mixed NWs (7 nm) is smaller
than that of the In,O3 NWs (10 nm). Similar results were
previously observed for noble metal-loaded SMO NWs
made via electrospinning®>?*, which implies that noble
metal can prevent the grain growth of SMO particles. For
the Pt@In,O3 core-shell NWs, all the grain sizes of the
In,Oj; shell increase with increasing Pt loading (Fig. 2c—e).
According to classical grain growth theory, the grain
growth rate of the In,O; shell is strongly dependent on
the differences in grain radius and disorientation angles in
the surrounding grains™. For the grains in the outer layer
of the core-shell structure, further grain growth becomes
easier due to the random orientations of the surrounding
grains. Therefore, the grain sizes can grow further in the
shell region. For the S3 Pt@In,O3 core-shell NWs, the
grain size is the largest one. This result may be related to
the insufficient amount of Pt in the core, which makes the
grain size of the InyOs shell in the inner part less
restricted by the small disorientations of the inner Pt core,
thereby leading to a larger grain size.

Figure 2f shows a high-resolution TEM (HRTEM)
image of the S4 Pt@In,O3 core-shell NW sample; a uni-
form lattice fringe can be observed over an entire primary
particle. The lattice fringes with d =0.292 nm (222) and
0.506 nm (200) coincide well with the crystallographic
planes of body-cubic In,O3. The lattice fringes with d =
0.192nm (111) coincide well with the crystallographic
planes of cubic Pt. In addition, selective area electron
diffraction (SAED) patterns are examined for each NW, as
shown in the insets of the corresponding panels. All five
NWs exhibit a polycrystalline In,Os; structure with
interplanar spacings of (200), (222), (400), (440), and
(622), consistent with the cubic crystal structure. The Pt
core also exhibits a (111) crystallographic plane resulting
from the cubic Pt. To further determine the specific dis-
tribution of O, In, and Pt elements, EDX mappings of the
S4 Pt@In,O5 core-shell NW sample are conducted using
a scanning transmission electron microscope (STEM,
Fig. 2g). As shown in Fig. 2h, i, the distributions of O and
In elements are similar and overlapping and are mainly
homogeneously distributed over the shell of the NWs,
while the Pt element is concentrated in the core of the
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Fig. 2 TEM images of the a S1, b S2, ¢ S3, d 54, and e S5 NWs, and f HRTEM of S4. The insets in panels a—¢, e, and f are the corresponding SAED
patterns, the inset in panels d is the enlargement of the image of S4. g STEM images of the $4 Pt@In,05 core-shell NW sample and EDX elemental
mapping images of h O, i In, and j Pt in the $4 Pt@In,05 core-shell NW sample

core-shell NWs (Fig. 2j). These results indicate that the
Pt@In,O3 core-shell NWs were successfully obtained.

Supplementary Fig. S5 shows the X-ray diffraction
(XRD) patterns of the as-prepared NWs. For the pure
In,O3 NWs (S1), the corresponding diffraction peaks are
very consistent with the standard XRD card of cubic
In,O3 (JCPDS 06-0416), and no trace of any other phases
can be detected. After the introduction of Pt, obvious
diffraction peaks of body-centered cubic Pt (JCPDS 65-
6828) can be observed (S2 to S5). This is consistent with
the results from the HRTEM and SAED characterization.
In addition, as the amount of Pt in the Pt@In,O3 core-
shell NWs (S3 to S5) increases, the corresponding peak
intensity of Pt increases accordingly.

The valence chemistry and binding energy of the con-
stituent elements are further demonstrated via X-ray
photoelectron spectroscopy (XPS) analysis, as shown in
Fig. 3. The survey spectra of the NWs further confirm the
presence of In, O, and/or Pt elements (Fig. 3a). As the
number of different components changes in the compo-
sites, the intensities of the S1 to S5 characteristic peaks
also change according to the same trends. The XPS
spectra indicate that the atomic ratios of In/Pt for S1-S5
can be quantitatively calculated as 0, 9.8, 20.3, 9.7, and 5.2,
respectively. This result is highly consistent with the
initial concentration of the regent. According to the
enlarged O 1s spectra (Fig. 3b), the O 1s core level elec-
trons of all the as-prepared samples can be deconvoluted
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into three peaks from low to high binding energy: crystal
lattice oxygen (O.), deficient oxygen (O,), and adsorbed
oxygen (O,qs) species or OH groups. The exact binding
energies of the decomposition peaks in each NW sample
are summarized in Supplementary Table S3. Note that the
corresponding position of each sample is slightly different
due to the different local surroundings. Herein, the defi-
cient oxygen ratios of all the NWs are calculated using the
ratio of the integral area of the deficient oxygen peak to
the whole area of the O 1s peak. The corresponding
deficient oxygen ratios are calculated to be 33.4%, 40.6%,
44.7%, 50.1%, and 39.5% for samples S1-S5, respectively.
It is clear that the amount of deficient oxygen after
introducing Pt (both in the core-shell and mixed cases) is
much higher than that in the pure In,O3 NWs; moreover,
the amount of deficient oxygen in the core-shell NWs is
higher than that in the mixed case (except for S5).
High-resolution XPS spectra of the In 3d binding energy
region are shown in Fig. 3c. The binding energies of In
3ds/; and In 3d3/; in the pure In,O3 NWs are determined
to be approximately 443.9 and 451.5eV, respectively.
Compared to that of the pure In,O3 NW sample, the
spectrum of the S2 sample (Pt/In,O3; mixed NWs) shifts
slightly to a higher binding energy. The corresponding
offsets of samples S3 to S5 are larger than the mixed one,

even though they have a smaller or the same amount of Pt
in the cases of the S3 or S4 Pt@In,O3 core-shell NWs. In
addition, in Pt@In,O3 core-shell NW samples S3 to S5,
the spectra also gradually shift to high binding energies as
the amount of Pt in the core increases. Figure 3d shows
the XPS spectra of Pt 4 f, which can be deconvoluted into
two doublets. Taking the S3 Pt@In,O3z core-shell NW
sample as an example, the doublet decomposition peaks
at 70.2 and 73.5 eV can be assigned to metallic Pt, and the
doublet decomposition peaks at 73.9 and 77.2 eV to oxi-
dized Pt (Pt*")***’. The spin-orbit coupling energy
between Pt 4f;,, and 4f;,, is 3.3 eV, which is consistent
with a previous study”®. On the other hand, the spectra for
NW samples S2 to S5 gradually shift to lower binding
energies. Generally, the shift of binding energies in XPS
spectra can be explained by the electron transfer due to
the strong interactions between or the different electro-
negativities of the corresponding metal ions®>*°. From the
perspective of electronegativity, the electronegativities of
the In*" ion and Pt atom are approximately 1.78 and 2.28,
respectively’>>, The Pt atom, with its larger electro-
negativity, can draw electrons from the In*" ions, leading
to the number of electrons decreasing for the In*" ions
but increasing for the Pt atom due to the screening effect.
As a consequence, the Pt 4 f peaks shift toward a lower
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binding energy, while the In 3p peaks shift toward a
higher binding energy, increasing the activity of the sur-
face In,Os.

To understand the electrical properties of the as-
prepared NWs, electrochemical impedance spectroscopy
(EIS) and Mott—Schottky curves are studied. Figure 4a
shows the Nyquist plots of different samples. The corre-
sponding curves are fitted using circuit elements con-
sisting of one resistor and one RCW circuit. The
corresponding equivalent circuit is shown in the inset,
and the corresponding fitted data are listed in Supple-
mentary Table S4. In our case, R; represents the diffusive
resistance of the electrolyte in electrode pores and the
proton diffusion in the host materials, which do not
exhibit an obvious difference since we used the same
supporting electrolyte for EIS measurements>>. CPE, R,
and W are the film capacitance, charge transfer resistance,
and Warburg impedance, respectively*®. It can be clearly
observed in both Fig. 4a and Supplementary Table S4 that
the R values have the following relationship: R (S1) >
R (S2) > Ry (S3) > R (S4) > Rt (S5). In other words, the
conductivity of the NWs is improved after mixing with Pt
compared to that of the pure In,O3 NWs, especially in the
case of the Pt@In,O3 core-shell NWs (S3 to S5), indi-
cating that the core-shell structure can effectively enhance
the electron transfer process. Note that the R, value of
the S4 Pt@In,O3 core-shell NWs is much lower than that
of the S2 Pt/In,O3 mixed NWs, even though they contain
the same amount of Pt, demonstrating the advantage of
this core-shell structure.

Mott—Schottky analysis using a mono-frequency
capacitance—voltage (C-V) sweep was carried out to
investigate the Schottky contacts in the semiconductor
devices. The Mott—Schottky plots of the S1-S5 NW
samples are created according to the following equation:>’

1 2 kT
S % (EF_E._ %%
C?  egeoNp ( 7 30)

where C is the space charge capacitance; € and ¢ are the
permittivities of the electrode and free space, respectively;
eo is the elementary charge; E is the applied potential; Ep
is the flat band potential; k is Boltzmann’s constant; and T
is the absolute temperature. As shown in Fig. 4b, for the
pure In,O3 NWs (S1 sample), only Mott—Schottky plots
with a positive slope are observed, which is a distinct
characteristic of n-type semiconductors®®. After the
introduction of Pt material, the typical “V-shape” (nega-
tive slope in the low potential range and positive slope in
the higher potential range) is observed in the
Mott—Schottky plots for the S2-S5 NW samples,
demonstrating that some p-n junctions were estab-
lished®”*®, As proved by the XPS results, the peaks of Pt*"
in the samples including Pt can be observed, indicating
that a small amount of PtO, is formed. As already known,
PtO, is a typical p-type material®’; this means that p—n
junctions formed between In,Os; and PtO,. With the
formation of the p—n junctions, the carrier densities of the
S1-S5 NWs also increase remarkably. As shown in
Fig. 4b, the Pt@In,O3 core-shell NWs exhibit smaller
positive slopes than the Pt/In,O; mixed NWs and pure
In,O3 NWs, indicating that the introduction of a Pt core
increases the carrier density of In,O3*'. Moreover, this
characteristic becomes more obvious with the increase in
Pt in the S3—-S5 Pt@In,O3 core-shell NW samples. This
can be attributed to the greater amount of PtO, that exists
between the interface of the Pt core and the In,Os shell as
the amount of Pt increases.

We have previously observed that In,O; NWs exhibit
good sensing behavior with respect to a low concentration
of acetone gas*®*'. With the introduction of a continuous
Pt core, the Pt@In,Os; core-shell NW structures are
expected to exhibit better sensing performances with
respect to very low concentrations of acetone gas. Herein,
the as-prepared NW's are used to fabricate sensors for the
possible diagnosis of diabetes via exhaled breath. First, the
optimum operating temperatures for each sensor are
studied with respect to 10 ppm acetone gas. As shown in
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Supplementary Fig. S6, the sensor based on S1 (pure
In,O3 NWs) needs the highest operating temperature.
After introducing Pt into In,Os, the operating tempera-
tures of all sensors decrease due to the existence of more
catalytically active center elements in the gas sensor,
which is advantageous for carrier transport*?. It should be
mentioned that the way in which Pt is distributed has a
great influence on the sensing properties in our case, even
when the amount of Pt in the S2 and S4 NW sensors is
the same. This indicates that a sensor with a core-shell
structure not only exhibits a higher response value but
also has a much lower operating temperature (320 °C). In
addition, the different amounts of Pt in the core also
result in different sensing performances. In the S3
Pt@In,O3 core-shell NW sensor, the insufficient amount
of Pt hinders the formation of a completely continuous
wire structure, which leads to a poor electron transfer
ability. This prevents the sensor from reaching its optimal
performance compared to the S4 Pt@In,Os core-shell
NW sensor. However, when the amount of Pt in the core
is too high (S5 Pt@In,O3 core-shell NW sensor), the Pt
core with a larger diameter will make the electron transfer
occur too quickly and then deteriorate the sensing
response, although it will have the lowest operating
temperature.

Figure 5a shows the resistance response of different
sensors when exposed to 1.8 ppm acetone. This acetone
concentration level is important point, as it allows us to
distinguish whether one person is at risk of diabetes based
on their exhaled breath. All the sensors exhibit stable
baselines in ambient air. They can quickly respond to the
target gas and fully return to the baseline after being
placed back into ambient air. Consistent with the result in
Supplementary Fig. S6, the response of the S4 Pt@In,03
core-shell NW sensor is the highest one, reaching 7 with
respect to this dilute concentration, and the other sensors
show the same change trends as those in Supplementary
Fig. S6. Based on Fig. 5a, 7,5 and 7, for NW sensors
S1-S5 are further calculated and compared in Fig. 5b. 7,
and 7,.. show a decreasing trend from S1 to S5, and the S4
Pt@In,0O3 core-shell NW sensor has the fastest dynamic
process. Since the S4 Pt@In,O3 core-shell NW sensor has
the best sensing performance, it is made the focus of
further studies to obtain more information. Figure 5c
exhibits the continuous dynamic response of the S4
Pt@In,O3 core-shell NW sensor to different concentra-
tions of acetone (50 ppb—2 ppm; this range is around the
health threshold of diabetes). As shown in the figure, the
S4 Pt@In,O3 core-shell NW sensor has a very clear
response of 1.9 to only 50 ppb of acetone, and as the
concentration increases, the corresponding response also
increases quickly. Moreover, the baseline is very stable
after each cycle, indicating good real-time repeatability.
The corresponding 7,s and 7, are also summarized and
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compared in Fig. 5d. As shown in the figure, the dynamic
processes become shorter as the gas concentrations
increase, which may occur because a lower gas con-
centration requires more time to reach equilibrium. The
average Ty and 7. are calculated to be 14 and 165,
respectively, confirming the fast dynamic process of the
S4 Pt@In, O3 core-shell NW sensor.

The steady-state responses of different sensors after 5
min of exposure to gaseous acetone as a function of
acetone concentration from 10 ppb to 10 ppm are shown
in Supplementary Fig. S7. The corresponding responses
all show a linear increase in the study range, with the S4
Pt@In,O3 core-shell NW sensor exhibiting the best
response. It shows a response up to 27 to 10 ppm of
gaseous acetone, which is 2—6 times higher than that of
the other sensors. According to the as-obtained linear
equation, the detection limit of the S4 Pt@In,Oj3 core-
shell NW sensor can be 10 ppb when R,/R; > 1.2 is used as
the criterion for reliable gas sensing, which is much lower
than that obtained in previous studies (Table 1). Table 1
lists the response, detection limit, testing ambience, 7.
and 7,.., and operating temperature of some typical SMO-
based acetone gas sensors along with the S4 Pt@In,O3
core-shell NWs considered in this work. As demonstrated
by this table, the S4 Pt@In,Os core-shell NW sensor
offers a satisfactory performance compared to other
acetone sensors, especially in terms of the detection limit
and the response value under high humidity. The actual
low detection limit (10 ppb) is also much lower than the
limit for detecting diabetes and that of some previous
studies, as listed in Table 1. In addition, the S4 Pt@In,Os5
core-shell NW sensor yields very short 7, and 7. This
confirms that the S4 Pt@In,O3 core-shell NWs may be a
promising candidate for the monitoring of low-
concentration acetone biomarkers in exhaled breath.

Selectivity is another important parameter for a gas
sensor in practical use. Our work further tests various
potential biomarkers in human breath, such as nitrogen
dioxide for asthma®®, ammonia for kidney disease**, and
methanol and toluene for lung cancer®”. The results are
measured at the optimal operating temperatures of each
sensor to evaluate the selective properties (Fig. 6a), and all
the gas concentrations are 5 ppm. As clearly shown, the
S4 Pt@In,O3 core-shell NW sensor exhibits high selec-
tivity for gaseous acetone (R,/R,=14 at 5ppm) over
other interfering analytes, to which it presents very low
responses. The response to acetone is 5.1-10.2 times
higher than that for other typical interfering gases. In
addition, a cross-selectivity test of the S4 Pt@In,O3 core-
shell NW gas sensor is conducted by testing the response
to 5 ppm of some typical interfering gases when 5 ppm of
acetone is already present (Table 2). As shown, compared
to the response to acetone by itself, the responses to
acetone when other interfering gases appear change only
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slightly, demonstrating the good cross-selectivity of the S4
Pt@In,O3 core-shell NW sensor. To verify the stability of
the as-prepared gas sensors, the long-term stability is
checked every 5 days for 1 month. As shown in Fig. 6b,
the stability of the sensors based on the Pt@In,O3 core-
shell NWs is much better than that of the mixed one
(S2 sensor), especially that of the S4 Pt@In,O3 core-shell
NW sensor, thereby further confirming its good sensing
properties.

Moisture is one of the crucial influencing factors that
must be considered regarding practical use because of the
high humidity in the exhaled breath environment. As
already known, the response of gas sensors based on
SMOs is easily influenced by a high RH% condition.
Herein, we further introduce an additional moisture filter
layer by using SBA-15 to cover the Pt@In,O3 core-shell
NW sensing layer (Fig. 7a). Note that SBA-15 is a kind of
mesoporous silica molecular sieve with a specific pore
channel from top to bottom. Moreover, the pore size of
the SBA-15 molecular sieve (9 nm, Supplementary Fig. S8)
is much larger than the diameter of an acetone molecule
(0.469 nm)*®, which ensures that acetone molecules can

easily pass through it. In addition, it has been proven that
the SBA-15 molecular sieve is an effective dessicant™. As
illustrated in Fig. 7a, at a high operating temperature, the
hydrolysis of siloxane bonds on the surface of amorphous
walls of mesoporous silica may occur because of moisture,
yielding silicon hydroxyl bonds, while in a dry environ-
ment, the silicon hydroxyl bonds may further condense
back to siloxane bonds*®. Thus, this sieve could be a good
candidate for moisture gas filtering and for effectively
maintaining the advantage of nanodevices, namely, their
miniaturized scale. As shown in Fig. 7b, c, the cross-
sensitivity is defined as Rrp/Rgry, wWhere Rpy is the
resistance of the gas sensor in different RH% environ-
ments and Ry is the resistance of the gas sensor to 1.8
ppm of acetone in different RH% environments. First, the
cross-sensitivity values obtained with only a sensitive NW
layer are studied under different RHs (25 ~ 100%). The
sensor responses decrease quickly from 6.9 to 2.3 as the
RH% increases from 25 to 100% (Fig. 7b). This mainly
occurs because large concentrations of moisture mole-
cules partially occupy the active surface of the sensitive
layer and deteriorate the sensor’s response to acetone.
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adsorption—desorption isotherm experiments are con-
ducted to further evaluate the stability of SBA-15 from the
viewpoint of structure. Supplementary Fig. S10c compares
the small-angle XRD patterns of pristine SBA-15 and
SBA-15 treated 50 and 100 times with breath exhaled by
healthy volunteers. All the SBA-15 samples present the
(100), (110), and (200) lattice planes associated with the
well-ordered hexagonal symmetry array of a mesoporous
structure, and the intensities of the diffraction peaks
undergo little change, indicating that the uniformity of
SBA-15 does not decrease after multiple expiratory
treatments. This can be further confirmed via a N
adsorption—desorption isotherm measurement (Supple-
mentary Fig. S10d), which is performed to monitor the
condition of the mesoporous structure of SBA-15 after
exposure to the exhalation process. Pristine SBA-15 and
SBA-15 treated 50 and 100 times with breath exhaled by
healthy volunteers have calculated specific surface areas of
569, 532, and 512 m* g~ ' and total pore volumes of 0.745,
0.699, and 0.576 cm® g~ !, respectively. According to the
comparison, after 50 and 100 expiratory treatments, 93.5%
and 90% of the original values of the specific surface areas
can be maintained, whereas 93.8% and 77.3% of the ori-
ginal total pore volume values can be maintained,
respectively. The small reduction in the surface area and
pore volume can be attributed to the partial structural
collapse after a certain number of iterations of the
expiratory process, indicating that the SBA-15 filter layer
can still retain favorable stability even after 100 expiratory
treatments.

Herein, to further confirm the practicality of the as-
prepared S4 Pt@In,O3; core-shell NW sensor with the
moisture filter layer, we place it inside a simple portable

sensing device designed by us to perform real-time mea-
surements of some healthy and diabetic volunteers. As
shown in Fig. 8a, the moisture filter layer can trap water
molecules, while the acetone biomarkers can pass through
the pores of SBA-15. During testing, the volunteers con-
tinually blew into the air intake of the portable sensing
device for 2s. When the S,, value is lower than 5.5 (the
case of a healthy volunteer, Fig. 8b), the portable sensing
device will display “normal”; otherwise, it will display
“high value” (the case of a diabetic volunteer, Fig. 8c). We
also made a video to record real-time measurements of
some healthy and diabetic volunteers (Supporting Infor-
mation Video). The result is consistent with that shown in
Fig. 8, further confirming the high-performance of the as-
prepared sensor even when used in a simple portable
sensing device. It should be mentioned that the portable
sensing device exhibited a faster dynamic process than the
sensors without SBA-15. This can be attributed to the
different test environments of these two kinds of sensors.
As shown in the video, the volunteers blew into the air
intake of the portable sensing device. This process can
provide additional force that drives air movement, thereby
making the target gas reach the sensitive layer more
quickly. When the sensors without SBA-15 were tested
under a static process, the resistance value needed a
relatively longer time to reach the final stable status.
Therefore, the response time of the portable sensing
device is faster than that of the sensors without SBA-15.

Gas sensing mechanism of Pt@In,03 sensors

To better understand the gas sensing characteristics of
the Pt@In,O3 core-shell NWs, the sensing mechanism is
further examined. First, based on the nanostructure, the
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mechanism could be consistent with the sensing
mechanism of typical n-type SMO gas sensors. Briefly,
this sensing mechanism involves resistance changes
induced by the chemisorption of oxygen ions (O, , O,
and/or O*7), which can interact with reducing gases
(acetone in our case), thereby modifying the surface
depletion region and the sensor resistance’. Upon
exposure of the surface to gaseous acetone, the acetone
gas molecules react with the adsorbed oxygen ions and
release electrons to the In,Os surface, resulting in an
increase in electron concentration and a decrease in
resistance. This reaction can be expressed as:

CH3COCH 3(gq5) + 80°" — 3CO:(gus) + 3H20(gas) + 8~
(1)

Based on this mechanism, the increased sensing prop-
erties of Pt@In,O3 core-shell NWs can be considered
from the following aspects. First, the change in resistance
is the most important factor, as it can directly influence
the sensing response in the absorption-desorption
mechanism. Since the oxygen adsorption and the corre-
sponding sensing reaction with respect to acetone mainly
occur on the surface of the sensitive material, the decrease
in inner resistance can effectively enlarge the change in
surface resistance. To prove this hypothesis, we further
demonstrate the response to a reducing gas based on an
n-type SMO as:

Ry, + R,

Response = z,
Rin + R,

(2)
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where Ry, is the inner resistance of the n-type semi-
conductor, which will not change either in air or in the
target gas; R, is the surface resistance in air; and Rg' is the
surface resistance in the target gas. As calculated in
Fig. 9a, the relationship between the ratio Ra'/Rg’ and Ry,
obeys a reduced power function model. That is, when the
internal resistance decreases, the change in the surface
resistance after exposure to the target gas is considerably
amplified. This indicates that the response in a similar
sensing system can be further optimized by decreasing the
value of R;,. Considering this result together with the EIS
results presented in Fig. 4a, the conductivity of the Pt core
is very good; hence, compared to the pure In,O3 NWs and
even the Pt/In,O; mixed NWs, the S4 Pt@In,O3 core-
shell NW sample exhibits much better sensing behavior
with respect to the target gas (inset of Fig. 9a). This can be
further extended to the response of the S3 Pt@In,O;
core-shell NW sensor: the R, value is not an optimized
one due to the thinner and discontinuous Pt core, and
thus, it has a lower response than the S4 Pt@In,Os core-
shell NW sensor. The response decreases further for the
S5 Pt@In,O3 core-shell NW sensor, which contains a
continuous Pt core with a larger diameter. This result may

Depletion
region

Fig. 9 a The relationship between the ratio of Ra//Rg’, and Ry,. The inset
displays schematic diagrams showing the electron density forming at
In,05 and the conducting channel Pt junction upon exposure to
acetone gas. b The schematic diagram of the p-n heterojunction
between In,03 and PtO,. (£,,c = valence band edge energy, £E. =
conduction band edge energy, £ = Fermi level)

\ J

have occurred because there is not enough sensitive
material to adsorb the abundant oxygen ions during the
reaction with the target gas.

On the other hand, the Pt core may be partly converted to
PtO, when exposed to oxygen at elevated temperatures; this
can be proved by the XPS spectra (Fig. 3d). Generally, PtO,
exhibits the p-type semiconductor property with a work
function of 5.65 eV*°, which is opposite to that of the n-type
In,O3 (5.0eV)*™. Thus, p-n junctions can be formed along
the interface between the outer shell (In,Os) and the inner
core. These results are verified by the Mott—Schottky ana-
lysis shown in Fig. 4b, and the corresponding schematic
band diagrams of the In,O3—PtO, heterojunction are dis-
played in Fig. 9b. As the position of the Fermi level in In,O3
is higher than that of PtO,, electron transfer occurs from
In,O3 to PtO, via band bending until the system achieves
equalization at the Fermi level, leading to a wide depletion
of layers, and a potential barrier is established. As a result,
the formation of the p—n junction causes a high-resistance
state in the air.
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Table 2 Cross-selectivity test of the S4 Pt@In,03 core-
shell NW sensor with 5 ppm interfering gases in the
presence of 5 ppm acetone

Gas species Response of S4 sensor
5 ppm acetone 15.21
5 ppm acetone + 5 ppm hydrogen sulfide 15.84
5 ppm acetone + 5 ppm ammonia 15.63
5 ppm acetone + 5 ppm 1-hexanol 16.07
5 ppm acetone + 5 ppm nitrogen dioxide 1541
5ppm acetone + 5 ppm toluene 16.04
5 ppm acetone + 5 ppm ethanol 16.00
5 ppm acetone + 5 ppm methanol 15.68

Regarding the selectivity mechanism, this complex
process is difficult to understand and has yet to be clar-
ified, as it depends on many factors, such as the operating
temperature, the rate of gas diffusion or the chemical
reaction at the surface, the physical preparation of the
sensor material, the Debye length, and the charge carrier
concentration® =%, In this study, all the gas sensing tests
were performed at the optimum operating temperature
for acetone gas for each kind of sensor. According to
Supplementary Fig. S11 (taking the S4 Pt@In,Os core-
shell NW sensor as an example), the optimum operating
temperatures for the other gases are not the same as that
for acetone (320 °C); that is, the activation energy of the
related reactions is not sufficient at this temperature for
the other interfering gases. This may partially explain the
reason why the sensors had a high sensitivity for acetone
over the other tested gases.

Conclusions

In summary, we have presented a highly sensitive and
humidity-resistant sensor comprising Pt@In,Os; core-
shell NW sensitive layers and a parallel SBA-15 mole-
cular sieve moisture filter layer. The Pt@In,O3 core-shell
NWs were fabricated using a simple co-electrospinning
method, which yielded a porous In,Oj shell and a con-
trollable Pt core with high conductivity. Due to the
rational design of these materials, the S4 Pt@In,O3 core-
shell NWs showed enhanced sensing properties in the
presence of a low acetone concentration, demonstrating
an up to sixfold increase in the sensing response com-
pared to that of pure In,O3 NWs. It demonstrated a low
detection limit of 10 ppb, short 7,5 and 7, of 14 and 16 s
for 1 ppm of acetone, and high selectivity and stability. In
addition, when the SBA-15 moisture filter layer was
introduced, highly accurate information could be
obtained during clinical sample testing, such as an
improved response difference between breath samples
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obtained from healthy people and people with diabetes.
This work shows that this well-engineered sensor struc-
ture can function as an ultrasensitive sensing platform for
the real-time detection of diabetes biomarkers in exhaled
breath. More importantly, this work demonstrates an
example of a simple and versatile method for increasing
the ability to neutralize the interference due to humidity
while simultaneously maintaining the miniaturized scale
of nanodevices. We believe that this method can be used
in the design of other gas sensors and can serve as an
economical yet powerful tool for developing portable and
flexible sensors.

Supporting information

Additional characterization and the synthesis of pure
In,O3 NWs and Pt/In,O3 NWs; EDX analysis of Pt/In,O3
NWs; the process of sampling exhaled breath; the size
distribution, grain size statistics, and XRD patterns of
samples S1-S5; the wall thicknesses of samples S3—S5; the
response of gas sensors S1-S5 to different acetone con-
centrations; additional TEM images of the SBA-15 mole-
cular sieve; the enlarged response figure for the Pt@In,O3
sensor; small-angle XRD and Brunauer-Emmett-Teller
(BET) isotherm characterization of SBA-15; the operating
temperatures of sensors S1-S5 for 10 ppm of acetone and
that of sensor S4 for 5 ppm of hydrogen sulfide, ammonia,
1-hexanol, methanol, ethanol, toluene, and NO,; addi-
tional tables listing the SBA-15 specifications and the
clinical data corresponding to the tested volunteers; a table
presenting the details regarding the binding energy of
deficient oxygen, adsorbed oxygen, and OH groups and
the impedance values; fitted data regarding the resistances
of NW samples S1-S5 obtained via EIS.
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