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In recent years, clinical studies have found that acetone concentration in exhaled breath can be taken as a characteristic
marker of diabetes. Metal-oxide—semiconductor (MOS) materials are widely used in acetone gas sensors due to their low
cost, high sensitivity, fast response/recovery time, and easy integration. This paper reviews recent progress in acetone
sensors based on MOS materials for diabetes diagnosis. The methods of improving the performance of acetone sensor have
been explored for comparison, especially in high humidity conditions. We summarize the current excellent methods of
preparations of sensors based on MOSs and hope to provide some help for the progress of acetone sensors in the diagnosis

of diabetes.
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1. Introduction

With the development of economy and the improvement
of people’s living standard, the prevalence of diabetes is in-
creasing year by year in the world. According to the estima-
tion of the World Health Organization (WHO), 693 million
diabetics adults will suffer from diabetes worldwide by 2045,
compared to 451 million in 2017.1" “Prevention is better than
cure”. Diabetes is a group of metabolic diseases characterized
by hyperglycemia. Currently, there is no cure for diabetes but
to control blood glucose in some ways. At present, the diag-
nosis of blood glucose requires multiple traumatic blood tests
every day. However, long-term hyperglycemia can lead to seri-
ous complications, such as heart attack, kidney failure, stroke,
vision loss, leg amputation or nerve damage.!”! Therefore, it is
important to develop a non-invasive, reliable and convenient
real-time detection instrument for diabetic patients.

Clinical studies have found that acetone concentration in
exhaled breath is more than 1.8 ppm in diabetes and lower
than 0.9 ppm in health people.*>! And acetone concentra-
tion in exhaled breath is directly related to blood glucose level.
Human exhaled breaths are complicated because thousands of
volatile organic compounds being contained, which is high
in humidity and extremely low in acetone concentrations.®7]
The acetone sensors should be sensitive and selective enough
to trace acetone concentrations in the exhaled breath down to
sub-ppm concentration in high humidity, which is a great chal-
lenge to sensors for diabetes diagnosis. Some researchers have
tried to reduce the effect of humidity to 20% by pretreating
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exhaled breath with molecular sieves.[®! However, it not only
increases the cost of the sensors but also makes them bulky
and less portable.

Senors based on MOSs such as SnO,, ZnO, WO3, Co30y4,
InyO3 are considered as the promising sensing materials due
to their low cost, high sensitivity, fast response/recovery
time, and easy integration in the field of breath biomarkers

[9-13

detection. 1 The mechanism of the MOSs sensor is that

the variation of resistance in the air and target gas caused by
adsorption/desorption of oxygen species on the sensors. 141!
Take the n-type semiconductor sensor as an example. When
the sensor is in air, the oxygen molecules are adsorbed onto the
surface of the sensor to form O, , O~ or 02—, which will re-
duce the electron concentration from the conduction band and
result in increasing of the sensor’s resistance. When the sensor
encounters a reducing gas, the oxygen ions react with the gas
and release electrons back into the conduction band, thus the
conductivity of the sensor increased and the resistance of sen-
sor decreased. Thus, the performance of the sensor is mainly
determined by the following three: receptor function, trans-
ducer function, and utility factor.['®! First, the receptor func-
tion is mainly determined by the amount of oxygen adsorbed
on the surface. The larger specific surface area (SSA) pro-
vides more opportunities for oxygen adsorption.I!'”! Second,
the conversion function mainly depends on the surface poten-
tial, trapping states in grain boundaries, and defect states in
the structure. The results show that the optimization of grain
boundary, such as the construction of composite structure, the
increase of oxygen vacancy, doping, and noble metal modi-
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fication, plays important roles in the enhancement of sensor
performances.!!8-2!1 Third, the utility factor is related to the
diffusion and reaction of target gas through structural pores.
Porosity of materials is an important parameter to obtain the
high utility factor.??!

Researchers have done a lot of work to improve the per-
formance of acetone sensors in order to make acetone sensors
useful for diagnosing glucose levels of diabetes. However,
there are several key issues that have not been resolved si-
multaneously. The first is the high sensitivity and low limit
of detection. A sensor can give effective response when the
acetone concentrations are lower than 1.8 ppm, which is the
sensitivity that must be achieved for diabetes detection. The
second is the selectivity. How to avoid the cross-response of
the sensor towards different gases is one of the most critical
challenge for gas sensor based on MOSs. The third is the
negative effect of humidity. High humidity inhibits the per-
formance of the MOSs’ sensor seriously while more than 80%
water content is contained in exhaled breath. The fourth one
is the effect of working temperature. Most of sensors based on
MOSs work 200 °C and 500 °C which will reduce the lifetime
of device and increase the power consumption.!?>=2%1" Apart
from the above points, the stability, portability, and response
speed are also the issues determining whether the sensor can
be commercialized in the field of diabetes diagnosis.?”]

Professor Han’s team enhanced the selectivity by design-
ing an array sensor. But the detection of acetone concentration
is down to 5 ppm which is not enough to detect the breath
acetone of diabetes.?®! Zhu e al. have presented an ace-
tone sensor based on cobalt-doped ZnO nanoparticles derived
from metal-organic frameworks, which enhanced the sensitiv-
ity down to 170 ppb and long-term stability for 4 months. !
Wang et al. have reported an acetone sensor based on porous
Sn0,-Zn0O hollow microspheres, which exhibited high re-
sponse to 1.8-ppm acetone under 98% relative humidity.3"!
The sensor could identify the exhaled breath of healthy peo-
ple and simulated diabetics. However, the diagnosis accuracy
and the relationship between sensor response and blood glu-

cose needs further study. This paper reviews recent progress

in acetone sensors based on MOSs for diabetes diagnosis. The
performance of the sensor largely depends on the preparation
of the sensor materials. Therefore, the methods of enhanc-
ing the performance of acetone sensor including morphology
improved, noble metal modified, rare earth doping, and com-
posite structures designed are summarized.

2. The methods of enhancing the performance of
acetone sensors

2.1. Improving the morphology of MOSs

Different morphologies of structures with specific sur-
face area, exposed surfaces, crystal surface activity, and
porosity have a crucial impact on the properties of sen-
sors.  Over the past few decades, attempts have been
made to increase SSA and magnify the porosity in order
Dif-
31,32]

to enhance the receptor function and utility factor.

ferent dimensional structures like 0-dimensional (OD),!
one-dimensional (1D),333% two-dimensional (2D),?537 and
three-dimensional (3D) structures***1 have been reported
for acetone gas sensors. Srinivasan et al. reported an ace-
tone sensor using nanostructured Co30O;4 thin films with the
shifting of plane orientation from (311) to (220) at 773 K
that showed a sensing response of 235 at room tempera-
ture towards 50 ppm and a lower detection limit of 1 ppm
of acetone.3®! 1t is revealed that the Co3zOy4 thin films de-
posited at 773 K with rougher surface structure and more re-
active oxygen sites resulted in the increased sensing response
in-turn. Besides, porous structure had made important ap-
plications in the field of gas sensors.[***7l Xu et al. re-
ported a mesoporous nanofiber made of WO3 with a crys-
talline framework with uniform pore size used SnO, as hard
template to synthesis in an electrospinning method.*?! It in-
dicated that the fiber-like morphology of WOj3 consists of nu-
merous mesopores, which can offer abundant active sites to
interact with guest molecules. Wang et al. fabricated a 3D or-
dered macro/mesoporous (3DOM) C-doped WOj3 sensor and
showed that the size of the basic building units plays an im-

portant role in acetone responses in 3DOM structure. 44!

Table 1. The performance of sensors based on MOSs of different sphere structures.

Materials Morphology SSA/m?.g~! Pore/nm  Concentration/ppm Temperature/°C Responce (tres /trec)/s LOD/ppm Reference
Cos0, PO 212 - 100 180 Ry/Ry=7.6 25 10 [39]
microspheres
SnO,  nanospheres 38.86 22.61 50 220 Ra/Rs=5.1 8/27 0.246 [46]
lephantidens-lik
Sno, S ePnanudensiEe 161.16 3 50 180 Ry/Ry =37 - - [47]
nanospheres
In,O3  microspheres 30.3 ~ 4 and 80 100 275 R;,/Rg =132 1/51 - [48]
ZnO hollow microspheres 42.6 ~ 9 and ~ 60 100 350 R;,/Rg =17.2 1720 5 [30]
double-shelled
zno SO 76.11 ~70 100 300 Ry/R;=101.1 177 0.5 [43]

microspheres
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Fig. 1. SEM/TEM images of the materials in Table 1. (a) Co304 porous microspheres in Ref. [39]; Reproduced with permission from Ref. [39]. (b)
SnO; nanospheres in Ref. [46]; Reproduced with permission from Ref. [46]. (c) SnO; elephantidens-like nanospheres in Ref. [47]; Reproduced with
permission from Ref. [47]. (d) InpO3 microspheres in Ref. [48]; Reproduced with permission from Ref. [48]. (¢) ZnO hollow microspheres in Ref. [30];
Reproduced with permission from Ref. [30]. (f) ZnO double-shelled microspheres in Ref. [43]. Reproduced with permission from Ref. [43].

The sensor based on 3D spherical structure with different
SSA and porosity exhibited different acetone sensing perfor-
mances. Table 1 compares the performance of sensors with
different spherical structures in recent years. With the increase
of SSA, the response of the sensor to acetone is better. It can
be seen from Refs. [46,47] that SnO, with a larger SSA re-
veals a higher response to acetone at a lower operating tem-
perature. Compared to the acetone sensor in Refs. [30,48],
the ZnO sensor in Ref. [43] exhibited a higher response and
a lower LOD benefiting from the larger SSA and appropriate
porosity. Larger SSA provided more active sites for oxygen
adsorption, and appropriate porosity promoted gas exchange.
Therefore, the performance of sensors depends on the mor-
phologic structure of materials to some extent.

2.2. Noble metal modified

Noble metal is a kind of efficient redox catalyst. The
modification of noble metal on the metal-oxide surface can
greatly improve the reactivity of the metal-oxide surface. As a
catalyst, noble metal modification on the metal-oxide surface
can significantly reduce the activation, accelerate the electron
transfer rate, provide more specific adsorption sites for oxy-
gen. In addition, the catalytic effect of noble metals is believed
that noble metals can decompose hydrocarbons into more ac-

tive free radicals and increase the reaction between oxygen
ions and the target gas. Therefore, numbers of noble metals
have been used to improve the performance of the acetone sen-
sor for diabetes diagnose,**—*! as shown in Table 2.

Liu et al. reported three sensors made of Au-, Ag-, Pt-
modified In,O3 nanowires (NWs) synthesised by electrospin-
ning method®! (Fig. 2). It is reported that the modified In,O3
NWs can not only heighten the sensing performance, but also
effectively enhance the selectivity. The response values of Au-
Ag-, Pt-modified NWs sensors were 3.5—4.1 times higher than
that of the pristine InpO3 NW sensor to 1 ppm of target gases,
whereas the detection limits were 4—12.5 times lower than the
pristine InoO3 NW sensor, as shown in Figs. 2(e)-2(g). A
sensing array composed of Au-, Ag-, Pt-modified sensors was
made for breath analysis. It demonstrated that the selectivi-
ties of gas sensors were greatly improved by the sensing array
composed of different noble metal functioned In;O3.

Choi et al. fabricated p-type CuO/Cu;O nanopattern
based chemiresistor implied by Ag nanoparticles using a low-
energy argon ion bombardment process via a unique top-
down lithographic approach.>3 Tt was found that the CuO/
CuyO/Ag nanopattern presented a performance of 8.04 which
was 3.5 times higher than that of the original CuO/Cu,0

Table 2. The performance of sensors based on MOSs functioned by noble metals for acetone detecting.

Materials Morphology Concentration/ppm Humidity/% Temperature/°C Response LOD/ppb Reference
Ru/WO3 nanoparticles 1.5 - 300 Ra/Rs =13 500 [49]
Pt/Sn0O, 3D spheres 5 90 400 R,/R; =44.8 200 [50]
Pt/In, O3 nanowires 1 - 300 Ra/Ry =17.9 20 [51]
Au/ZnO nanorods 5 - 150 Ra/Ry =445 5 [52]
Pt/SnO, pill-like network 0.2 80 300 Ry/Ry = 1.4 3.6 [7]
Ag/CuO/Cu,O nanopattern 0.125 - 300 AR/R, =8.04 - [53]
PdAu/SnO, 3D nanosheets 2 94 250 R,/ Ry = 6.5 45 [54]
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Fig. 2. SEM images of (a) pristine InpO3 NWs, (b) Au-In,O3 NWs, (c¢) Ag-InyO3 NWs, and (d) Pt-In,O3 NWs. Dynamic response curves of
(e) Au-In, O3 and pristine In,O3 NWs, (f) Ag-In,O3 and pristine InyO3 NWs, (g) Pt-InpO3 and pristine InpO3 NWs, (h) schematic diagram of the
electrospinning process for InyO3 NWs and the preparation of the sensor array, (i) selective tests of three gas sensors, (j) pattern recognition based on

PCA using three sensor arrays. Reproduced with permission from Ref. [51].
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Fig. 3. (a) FESEM image of PdAu/SnO;; (b) six periods of response curve of three sensors to 20-ppm acetone at working time of 250 °C; (c) the
response of the PdAu/SnO, sensor to different concentrations of acetone in 94% RH environment at working temperature of 250 °C. Reproduced with

permission from Ref. [54].

nanopattern at the acetone concentration of 0.125 ppm. The
effect of the size of the Ag particle was also studied. The
CuO/Cu,O/Ag nanopattern with 13-nm Ag exhibited a high
gas response, which is 2.7 times higher than that with 31-nm
Ag. It demonstrated that the key role of the noble metal mod-
ified in improving the performance of acetone sensors based
on MOSs.

Acetone sensor research based on bimetallic functional
metal oxide was also carried out. Li et al. reported that bimetal
PdAu decorated SnO; nanosheets sensor demonstrated dual
selectivity for detecting acetone and formaldehyde at different
temperatures, ¥ as shown in Fig. 3. PdAu/SnO, had higher
performance to acetone than single-metal-modified or pure
SnO, sensors. Moreover, it was amazing that the response
values of PdAu/SnO; sensor exhibited the same liner relation-
ship in humidity of 94% environment and in dry air, revealing
that the bimetal PdAu-decorated SnO; sensor showing excel-

lent acetone response at high humidity.

2.3. Rare earth doping

Rare earth elements like La-, Ce-, Yb-, Pr-, Tb-, Ho-,
Nd-doped MOSs are widely used in the preparation of ace-
tone sensor because of their excellent catalytic properties, also
serve as sensitizers which greatly increases the active sites on
the surface of metal oxides. A method of La-doped ZnO with
unique bead-like structures was reported.!?*! The gas sensing
results showed that 1.0-wt% La-doped ZnO nanofibers im-
proved the response to acetone significantly. Yang et al. re-
ported La;O3-doped Zn,SnO4 hollow fibers by electrospin-
ning investigated for acetone detection.”®! Compared with
ZnySnOy fibers, the LayO3-doped Zn,SnO4 hollow fibers not
only enhanced sensing sensitivity, but also reduced the work-
ing temperature from 240 °C to 200 °C. Ying et al. prepared
Ce-doped NdVO4 nanorods by a facile one-step hydrother-
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mal method.’® The study showed that with the increase
of Ce doping concentration, the semiconductor properties to
Ce,Nd;_,VO4 changed from n-type to p-type and then to n-
type. The appropriate doping concentration had an optimal
response to acetone at low working temperature of 108 °C. In
another work, 0.5-wt% La-doped SnO, exhibited a response
of 3626 toward 400-ppm acetone at 350 °C.57!

Reducing the effect of high humidity on the performance
of sensor based on MOSs must be considered in the detec-
tion of acetone concentrations in the exhaled breath which
is still a huge challenge. Unlike additives with high affinity
[7.50.54] [ ee’s team reported Ce-doped In,Os, Tb-
doped SnO», and Pr-doped In,Os significantly suppressed the
degradation of gas-sensing characteristics by mitigating water-
poisoning effect due to tri/tetravalent states, as shown in Fig. 4.

for water,

The 11.7-wt% Ce—In, O3 sensor had a response of ~ 0.9 of the
Swet/ Sary as well as a low detection limit (500 ppb) and excel-
lent acetone selectivity even in humidity of 80% which ex-
hibited humidity-independent gas sensing characteristics. %!
Terbium-doped SnO, yolk-shell spheres sensor showed a high
response of 1.21 to 50 ppb of acetone in 80% humidity with
low responses to the other interference gases.[>”! The 12-at.%
Pr-doped In,O3 macroporous spheres sensor exhibited the de-
tection limitation concentration was 85 ppb when R, /R, > 1.2
and showed excellent selectivity values to acetone under the
humidity of 80%.1°°! The studies revealed that the coexistence
of tri/tetravalent states such as Ce3*/Ce**, Te3t/Te**, and
Pr3t/Pr** prevents the water-poisoning effect by removing the
hydroxyl group and regenerating the oxygen adsorption.
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Fig. 4. Gas responses of the (a) pure SnO; and (b) 5Tb—SnO; sensors to acetone at 450 °C under both humid and dry conditions; (c) 30 repetitive
sensing transients to 20-ppm acetone and (d) long-term stability of STb—SnO, sensor at 450 °C in RH 80%. Reproduced with permission from Ref. [59].
(e) Gas responses of the 12Pr-In;O3 macroporous spheres to 20 ppm of acetone. (f) Dynamic sensing transients, (g) responses and (h) 15 repetitive
sensing transients of the 12Pr-In, O3 macroporous spheres to 20-ppm acetone at 450 °C. Reproduced with permission from Ref. [60].

2.4. Designing composite structures

It is reported that the performance of acetone sensor can
be enhanced by improving the material structure. However,
there are some problems that have not been solved such as
low sensitivity, poor selectivity, and high working temper-
ature. Recently, n—n, p—n heterostructure composites, and
graphene/MOSs composites have attracted significant atten-

tion as functioned materials due to the higher sensitivity and

faster response. 30-61-67]

Wang et al. fabricated 3D opal porous SnO,-ZnO hollow
microspheres by employing sulfonated polystyrene spheres
template-assisted ultrasonic spray pyrolysis (Fig. 5).1*%1 The
3D SnO,-ZnO sensor exhibited high response and ultra-fast
dynamic process (response time ~ 4 s and recovery time
~ 17 s) to 1.8-ppm acetone especially under 98% relative hu-
midity. Porous structures and p—n heterostructures played im-
portant roles in improving gas sensitivity in high humidity.
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090702-6



Chin. Phys. B Vol. 29, No. 9 (2020) 090702

Xue et al. reported the preparation of ZnO @MoS, core—
shell heterostructures.®!l The response of sensor based on
ZnO@MoS; nanostructures was 80 times higher than that of
the pure ZnO to acetone, and the LODs reached to 5 ppb.
It showed that the metal-oxide composite can effectively im-
prove the sensitivity of the gas sensor.

Graphene/MOSs and carbon/MOSs composites has
aroused greatly attention due to their sufficient conductivity
and the formation of p—n junction which has achieved sig-
nificant applications for diabetes diagnosis.%%74 Liu et al.
reported a kind of graphene quantum dot (GQDs) functional-
ized 3DOM ZnO for acetone detection,®! as shown in Fig. 6.
The proposed sensor exhibited R, /R, of 15.2 for 1-ppm ace-
tone, response/recovery time of 9 s/16 s, low detection limit
down to 8.7 ppb, and good selectivity. Moreover, the GQDs
functionalized 3DOM ZnO sensor exhibited a response of at
least 3.2 times differences in the health breath from the dia-
betes breath. The excellent sensing performance may be at-
tributed to the formation of p—n heterojunctions and the large
SSA of 88.2 m?-g~! modified by GODs. In particular, more
oxygen vacancy existed in the composite surface due to GQD-
modified effect. The processes led to a change in the electron
concentration in the conductive layer.

3. Conclusions and outlook

Non-invasive detection of diabetes by analyzing human
breath is a rapid, low-cost, and simple blood analysis method.
Sensors based on MOSs have attracted wide attention in recent
years due to their advantages of high sensitivity, simple fabri-
cation, and ease of integration. In the face of many challenges
such as sensor selectivity, high humidity, slow response, and
high working temperature, different methods including mor-
phology improved, noble metal modified, rare earth doping,
and composite structures designed have been explored for sen-
sors based on MOSs. The appropriate sensitivity, detection
limit, and selectivity at high humidity are still the key points
to be overcome in the detection of diabetes’ exhaled breath.
However, the mechanism of the acetone sensor should be fur-
ther studied in order to accelerate the process of improving the
performance of the sensor.

In order to overcome the challenges, the future breath ace-
tone sensor should focus on (i) significant achievement with
high sensitivity at low concentrations specific to acetone op-
erated at room temperature; (ii) long-term stable and accurate
diagnosis of diabetes on the sensor technologies; (iii) the back-
ground level of the interfering compounds and the variations
in the breath cycle; (iv) real-time dynamic intelligent identifi-
cation system development.
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