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ARTICLE INFO ABSTRACT

Non-invasive monitoring performed by breath analysis to achieve early diagnosis of diabetic ketosis have at-
tracted widespread attention. In this study, mixed potential type acetone sensors based on Ceq gGdg 20 o5 solid
electrolyte and Bi; _,LasFeO3 (x = 0.1, 0.3, 0.5, 0.7, 0.9) sensing electrode (SE) were fabricated successfully and
used for the diagnosis of diabetic ketosis through analyzing the concentration of acetone in expiration. The
sensor attached with Big sLag sFeO3-SE presented the highest sensitivity towards acetone among other sensors
fabricated in this work, which could detect 1 ppm acetone with the response value of —3 mV. Meanwhile, this
sensor showed a relatively high sensitivity of —17.5 mV/decade towards 1-5 ppm acetone at 580 °C. The sensor
also displayed excellent repeatability, good selectivity, humidity stability and acceptable long-term stability
during 30 days continuously working at 580 °C. Based on the sensing performance of this sensor, the exhalation
of diabetics were measured, and results indicated that the sensor used Bij sLag sFeO3-SE exhibited stable and
reliable characteristics to the breath tests of diabetics. In addition, a positive correlation relationship between
acetone concentration in the exhalation of ketosis patients and the blood ketone level were obtained, and this
relationship was consistent with reports from other literatures. Hence, in terms of breath detection, this sensor
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has the potential to detect diabetic ketosis.

1. Introduction

In the field of medical, some new disease diagnosis methods such as
non-invasive diagnostics by human breath analysis have attracted sci-
entists’ attention because of their low cost and portable features [1]. In
1970s, More than 200 components was identified in the breath of
human using gas chromatography (GC), which marks the beginning of
modern respiratory analysis [2,3]. The main components of human
exhalation are nitrogen, oxygen, carbon dioxide, water and inert gases.
There are also a small fraction composed of more than 1000 volatile
organic compounds (VOCs), and the concentrations of these VOCs
ranges from parts per million (ppm) to parts per trillion (ppt) by volume
[4-6]. Although there are more than 1000 VOCs in the exhalation of
human, however, only a few VOCs are common to all the people. These
common VOCs, such as acetone, ethane isoprene and methanol, are
products of core metabolic processes which could be useful for clinical
diagnosis [7].

Diabetes is one of the fastest growing diseases in the world.

* Corresponding authors.

According to the statistics from World Health Organization (WHO), the
number of diabetic patients has quadrupled since 1980, and there will
be 552 million diabetic patients all over the world by the year 2030
[8-10]. Diabetes is a lifelong illness that can lead to death and reduce
quality of life. It is caused by insufficient insulin production or im-
proper using of insulin in body tissues. Sustained hyperglycemia and
long-term metabolic disorders can lead to the damage of the tissues and
organs of human body, especially the eyes, kidneys, and cardiovascular,
as well as the damage to nervous system and its dysfunction and failure.
Some severe patients can cause acute complications such as dehydra-
tion, electrolyte imbalance and acid-base balance disorders. Diabetic
ketoacidosis (DK) is the late stage of diabetes. When the patient has
diabetic ketoacidosis, acetoacetic acid (AcAc), beta-hydroxybutyrate
(3 —OHB) and acetone in body fluids accumulates. The concentration of
AcAc and B—OHB in body fluids causes changes of electrolyte con-
centration and pH in arterial blood. Meanwhile, spontaneous and non-
enzymatic decarboxylation of AcAc increases the concentration of
acetone in the blood [11,12]. According to previous reports, acetone
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concentrations in the exhalation of human are related to the ketone
content in blood plasma, and 3 —OHB content in venous blood, there-
fore, breath acetone and glucose in blood are positive correlated, and
this relationship provides effective solution for non-invasive detection
of diabetic patients with ketosis [13,14]. It has been reported that in
exhalation, the concentration of acetone for the healthy human is
0.3-1 ppm, while, for diabetics patients it is 1-20 ppm or even higher
[15,16]. Thus, non-invasive monitoring can be performed by breath
analysis to achieve early diagnosis of diabetic ketosis.

Over the years, there have been several methods in the field of
breath analysis for the detection of diabetes, such as proton transfer
reaction-mass spectroscopy (PTR-MS), gas chromatography/mass
spectroscopy (GC/MS), ion mobility spectroscopy (IMS), and selected
ion flow tube mass spectroscopy (SIFT-MS) [17-21]. Although these
detection technologies have high sensitivity, they are still expensive,
bulky, and not portable. In addition, all these methods require longer
time for sample preparation, so, they can’t achieve real-time monitoring
[17]. Gas sensors with the advantages of low cost, miniaturization,
portability and high performance have become potential methods to the
breath detection for diagnosis of diabetes. A variety of acetone gas
sensors based on different working mechanism have been reported.
Some resonant chemical sensors, such as surface acoustic wave (SAW),
cantilever, quartz crystal microbalance (QCM) and capacitive micro-
machined ultrasonic transducer (CMUT), have been widely reported
[22-25]. These sensors have the advantages of high sensitivity, min-
iaturization, and they can work at ambient temperature. However, the
selectivity of these sensors is usually not good, and the changes of
temperature and humidity in the environment also have a great impact
on such sensors [25]. Using the unique optical properties of acetone,
fluorescent sensors based on metal-organic frameworks (MOF) or co-
ordination polymers (CPS) have been developed to detect acetone
[26-28]. Although this kind of acetone sensor has good stability, it
couldn’t meet the requirement of non-invasive detection because most
fluorescent sensors can only detect liquid, and the synthesis methods of
fluorescent probes are usually complicated, which limits their appli-
cation [29]. Among the various of gas sensors, semiconductor oxide
acetone sensors and solid electrolyte type acetone sensors are most
widely studied [30-34]. Semiconductor oxide sensors usually have a
much lower detection limit than other kinds of sensors, while the sta-
bility of this type of sensor is not very good. Compared with semi-
conductor oxide sensors, solid state electrolyte sensors have better ac-
curacy and stability, which provide a reliable guarantee for the
application of them. As a commonly used solid electrolyte, yttria-sta-
bilized zirconia (YSZ) have been widely reported, and mixed potential
gas sensors based on YSZ solid electrolyte also exhibited good sensing
performances in the detection of VOCs. However, from the aspect of
practical application, because of the high operating temperature of YSZ-
based mixed potential gas sensors [33,34], the power consumption of
this kind of sensor is usually higher than other sensors. In recent years,
among the solid electrolytes working in the range of middle tempera-
ture, CeO,-based solid-state ionic conductor was extensively examined
in the field of solid oxide fuel cell (SOFC). As reported, the conductivity
of doped-CeO, is one order of magnitude higher than that of YSZ [35].
Therefore, CeOy-based mixed potential sensors have been gradually
studied [36-39], however, there are not much reports on the use of this
kind of sensor detect acetone, and it is rare to use for the breath analysis
of diabetic patients. Perovskite-type oxides were widely used as sensing
materials to fabricate gas sensors because of its high stability at rela-
tively high temperatures [40,41]. And based on the previous works of
our group [35-37], CeO,-based mixed potential sensors attached with
perovskite-type oxides such as LaggSrg>Co0O3, SrMnO3; and BiFeOs;
showed good sensing performance towards acetone. As reported in the
literature [42], to La doped BiFeO3 nanoparticles, the La dopants could
act as trapping centers of hole or electron, which could facilitate the
production and separation of charge carriers and reduce the re-
combination rate at the same time, hence improve the electrochemical
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properties of BiFeO3 nanoparticles. Therefore, we chose La doped
BiFeOj3 as the sensing material to fabricate CeO,-based mixed potential
type acetone gas senor.

In this study, sensors based on Ceg gGdg 201 o5 solid electrolyte and
Bi; xLa,FeOs3 sensing electrode (SE) were fabricated and used for clin-
ical detection to analyze the amount of acetone in the exhalation of
diabetic patients.

2. Experimental

2.1. Preparation and characterization of Bi; ,La,FeOj3 sensing electrode
materials

Bi; xLayFeO3 (x = 0.1, 0.3, 0.5, 0.7, 0.9) sensing electrode materials
were prepared by sol-gel method, using Bi(NO3)3-5H,0, La
(NO3)3'6H,0, Fe(NO3)39H,0 and citric acid (CA) as raw materials. All
chemicals in this paper were of analytical grade and without any fur-
ther purification. According to a certain stoichiometric ratio (Bi®*:
La®": Fe®™ = 1-x: x: 1), three nitrates (Bi(NO3)3-5H,0, La(NO3)3:6H,0,
Fe(NO3)39H,0) were dissolved in dilute nitric acid under magnetic
stirring. CA was fully dissolved in deionized water with the molar ratio
of 1:1 to all metal cations (Bi**, La®** and Fe**), then dropwise added
into the as-prepared nitrate solution with vigorous stirring in water
bath of 80 °C to prepare a gel solution. After drying in the electric va-
cuum of 100 °C for 10 h, amorphous polymeric precursors were formed
and then sintered at 800 °C for 2 h to obtain the final materials.

Crystal structures and morphology of the as-prepared Bi; ,La,FeO5
(x = 0.1, 0.3, 0.5, 0.7, 0.9) sensing electrode materials were performed
by X-ray diffraction (XRD) patterns and field-emission scanning elec-
tron microscopy (FESEM) patterns. XRD patterns were measured in the
range of 20-80° with the Rigaku wide-angle X-ray diffractometer (D/
max rA, using Cu Kradiation at wave length = 0.1541 nm). And FESEM
patterns were obtained by the JEOL JSM-7500 F microscope at the
accelerating voltage of 10 kV. Nanoparticle size and Zeta potentiometer
(Zetasizer Nano ZS90) was used to measure the average size of the
materials fabricated in this work.

2.2. Fabrication and measurement of gas sensors

Sensors in this paper are all planar structure using Cep gGdo.201.95
plate (0.2mm thickness, 2mm X 2mm square, provided by Ningbo
SOFCMAN Energy Technology Co., Ltd) as solid electrolyte. A platinum
dot and a narrow stripe-shaped platinum electrode (reference electrode,
RE) were coated on both sides of the CeygGdg 20195 Substrate with
platinum paste (Sino-platinum Metals Co., Ltd). Then, two pieces of
platinum wire were pasted on the platinum point and the platinum
stripe, respectively, and sintered the Cey gGdg 201 .95 Substrate at 950 °C
for half an hour in muffle furnace. After annealing, the as-synthesized
sensing materials were mixed with a little deionized water to prepare a
slurry and covered on the platinum dot to fabricate a platinum stripe.
After sintered at 800 °C for 2 h in mulffle furnace to allow the materials
to dry sufficiently and adhere tightly to the CeygGdg 201.95 substrate,
the CegGdy20;.95 plate were fixed to heater consisting of a Al,Os
substrate (2 mm X 2 mm square) and two pieces of Pt wire by the in-
organic adhesive, where the heater could provide the operating tem-
perature for the sensor. The schematic diagram of the sensor was shown
in Fig.1.

A common static test method were used to test sensing properties of
the as-fabricated sensors [34]. A constant current source provided by a
linear DC Power Supply (Gwinstek GPD-3303S) was used to supply the
corresponding current to the heater, and the heater converted the
current into heat required for the sensor to keep operating normally.
The potential difference between the sensitive electrode and the re-
ference electrode was measured by Digital Multimeter (Fluke 8808A)
and stored as the response signal (AV) of the sensor in a computer
connected to the Digital Multimeter. The polarization curves of the
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Fig. 1. Schematic diagram of the sensor.

sensor attached with Bi,_La,FeO3 (x = 0.1, 0.3, 0.5, 0.7, 0.9) were
measured using an electrochemical workstation (Instrument Corpora-
tion of Shanghai, China, CHI600C) in 50 ppm acetone at 580 °C.

Different concentrations of VOCs were obtained by the static liquid
gas distribution method, which was calculated by the following for-
mula.

_224XpXeXW
MXxV,

C X 1000

Where C (ppm) is the VOCs gas concentration needed; p (g/mL) is the
density of the VOCs in liquid state; ¢ is the VOC gas volume fraction; V;
(L) and M (g/mol) are the volume and molecular weight of liquid VOC,
respectively; V5 (L) is the volume of the chamber.

The exhalation of diabetic patients was collected from the Second
Hospital of Jilin University, and all experiments were conducted in
accordance with relevant Chinese laws and regulations. We used clean
gas-collecting bag to collect the exhalation of diabetic patients, and the
specific measure method for this exhalation is as follows: firstly, we
pumped an airtight chamber with the volume of 1L into vacuum, and
then, the exhalation was injected into the vacuum chamber by the
pressure difference between the gas-collecting bag and the vacuum
chamber, finally, the sensor fabricated in this work was placed into the
chamber to measure the potential difference between SE and RE.

3. Results and discussion

Powder X-ray diffraction (XRD) was used to measure the crystal-
lographic structure and phase purity of the as-synthesized materials.
Fig. 2(a) shows the XRD patterns of Bi;_,La,FeO3; (x = 0.1, 0.3, 0.5,
0.7, 0.9), BiFeO3; (JCPDS#72-2112) and LaFeOs; (JCPDS#75-439).
From the figure we could see that the 20 corresponding to all main
phases of Bi; 4La,FeO3; were between BiFeO3 and LaFeOs. Fig. 2(b) is
the (110) peaks in an expanded scale. It can be seen from that the

a
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double split peak is partially weakened and shifted to a higher angle
with the increase of La®" concentration which indicated that the
rhombohedral structure of BiFeO; distorted to orthorhombic structure
because of the substitution of La®™ [43,44].

FESEM micrographs of as-prepared Bi, _,La,FeO3; (x = 0.1, 0.3, 0.5,
0.7, 0.9) sintered at 800 °C are presented in Fig. 3(a—e) which indicated
the effect of La®* doping on the surface morphology and particle size.
From which we can see that all the materials performed a porous
structure, and with the increase of La®* concentration, the average
particle size and porosity of Bi; ,La,FeO3 decreased gradually. We used
Nanoparticle size and Zeta potentiometer (Zetasizer Nano ZS90) to
measure the average size of the materials. As shown in Fig.3(f), the
average size of the particle was 747.1 nm to Bip gLag ;FeO3, 725.5 nm to
Bi0,7La0,3F603, 699.7 nm to Bio'sLao'sFeO::,, 670.7 nm to Bio'3L30'7F603
and 539.7 nm to Big1Lag oFeOs;. The decreased particle size and por-
osity with the increase of La®* concentration may be caused by the
suppression to the grain growth in perovskite. Rare-earth substituted
ions of large radius are more difficult to enter the unit cell of crystal
lattice and more efficient to suppress the grain growth, which is prob-
ably attributed to the lower diffusivity of them [45,46]. Particle size
and porosity are two important factors to the sensing performance of
sensor, which are closely related with the diffusion of target gas in SE,
and we will discuss it in the part of sensing mechanism.

For the purpose of exploring the best substitution of La*", sensi-
tivity of the sensors attached with Bi; 4La,FeOs-SE were measured and
related results were presented in Fig. 4(a—e). In this study, Sensors used
Bi; xLaFeO3; (x = 0.1, 0.3, 0.5, 0.7 and 0.9) -SE were named as S1, S3,
S5, S7, and S9, respectively. From Fig. 4 we can see that the relation-
ship between the response of the sensor and the logarithm of acetone
concentration is segmented linear, and the slope of sensor S5 was the
largest among all the sensor fabricated in this work, which were
—17.5mV/decade to 1-5ppm acetone and —36.7 mV/decade to
5-50 ppm acetone. Therefore, Bij sLagsFeO3 was considered to be the

b
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Fig. 2. XRD patterns of Bi; _,La,FeO3 (x = 0.1, 0.3, 0.5, 0.7, 0.9) sensing materials; (a) 10-80°; (b) 30-35".
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Fig. 3. SEM patterns of Bi; _,La,FeO3 (x = 0.1, 0.3, 0.5, 0.7, 0.9), (a) x = 0.1; (b) x = 0.3; (c) x = 0.5; (d) x = 0.7; (e) x = 0.9. (f) the average particle size of Bi;.

JLa,FeO; (x = 0.1, 0.3, 0.5, 0.7, 0.9).

best sensing material in this work. We compared the response and
sensitivity to acetone of sensors reported in literatures, and recorded in
Table 1, it can be seen that sensor S5 fabricated in this work displayed a
better sensitivity to 1-5 ppm acetone than other devices.

Sensing mechanism of mixed potential type acetone sensor can be
described as follows [34,35]: when the sensor exposed in acetone gas,
two progresses took place on the sensing electrode. The diffusion of
acetone in SE layer was the first progress, in which oxidation of acetone
occurred, resulting in a decrease in the concentration of acetone at the
trip-phase-boundary (TPB: sensing electrode/CeO,/test gas). The
second progress was the electrochemical redox reactions (1) and (2)
happened at TPB and formed a local cell. The potential at SE was the
mixed potential when the two reactions reached to a dynamic equili-
brium.

Anodic reaction: 1/4 CsHgO 4202~ —3/4C0, +3/4H,0 + 4e~ 2

Sensing performance of the sensor relays on acetone concentrations
at TPB, the number of TPB active sites and the electrochemical catalytic
activity of sensing material. As shown in Fig. 4, The sensor showed a
segmented linear relationship between the response of the sensor and
the logarithm of acetone concentration. The possible reason for the
piecewise linearity of sensitivity was as follows. For mixed potential
sensor, electrochemical reaction occurred at TPB was related to the
amount of acetone through SE to TPB and the number of active sites at
TPB. To the sensor fabricated with BigsLagsFeOs-SE, the number of
active sites was certain, therefore, for low concentration of acetone, the
amount of acetone which diffused through the sensitive electrode layer
to TPB and participated in the electrochemical reaction was an im-
portant factor affecting the sensitivity of the sensor. However, the

Cathodic reaction: O, +4e~—20%" (@D)] consumption of acetone in the diffusion process may reduce the
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Fig. 4. Dependence of AV for the sensor S1-S9 on the acetone concentration at 580 °C, (a) S1; (b) S3; (¢) S5; (d) S7; (e) S9; (f) Response transient curves for the sensor

S5 to 1-50 ppm acetone at 580 °C.
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Table 1
Comparison of the response and sensitivity for different sensors.
Material Acetone Conc. (ppm) Response Sensitivity Operating temperature(°C) Ref.
CMUT 2500-25000 - 0.4 Hz/ppm room temperature [22]
CNDs 0.1-0.5 vol% - 0.991 room temperature [29]
Cd-MOF 0.1-100 vol% - - room temperature [26]
TiO,-/Sn0O, 10-500 13.7 (100 ppm) - 280 [30]
Sn0O,/a-Fe;03 5-10000 5.6 (5 ppm) - 200 [31]
NiO-WO3 20-800 6.6 (20 ppm) - 375 [32]
NiNb,Og 0.5-5 —1.2mV (0.5 ppm) -13 650 [33]
Zn3V,0g 1-10 —2.5mV (1 ppm) -16 600 [34]
Big sLag sFeO3 1-5 —3mV (1 ppm) —17.5mV/decade 580 Present work
30 electrochemical reaction at TPB. When the temperature was below the
L Operating Temperature:580°C optimum working temperature, there was less effective gas collisions,
20} and the number of activated acetone molecules increased with the in-

[
=}

Current / 10e-9A

—=—S]
-10 —o—S3
—A—S5
——S7
-20 ——S9

n 1 n 1 n 1 " 1 i 1 n
-70 -60 -50 -40 -30 -20 -10
Potential/mV

Fig. 5. Polarization curves in air + 50 ppm acetone for the sensor attached with
Bi; _4LayFeO3; (x = 0.1, 0.3, 0.5, 0.7, 0.9)-SE.

quantity of acetone reached to TPB, and compared with high con-
centration of acetone, the proportion of consumption in lower con-
centration of acetone was more, thus, there was a lower sensitivity for
low concentration of acetone. As Fig. 3 shows, the average particle size
and porosity of Bi; yLayFeOs decreased with the increase of La®™ sub-
stitution. The decrease of particle size causes an increase in the effective
area of TPB, resulting in an increase in the number of electrochemically
reactive active sites at TPB, which could induce a higher sensitivity to
the sensor. However, smaller porous channels may increase the con-
sumption of acetone in sensing electrode material, which is not helpful
to the gas diffusion. When the two influencing factors are balanced, the
sensor may have the best sensitivity to acetone. Additionally, in order
to compare the electrochemical catalytic activity of these five materials,
polarization curves in air + 50 ppm acetone were tested and shown in
Fig. 5. The slope of the curve for S5 was the largest among all these five
sensors, which indicated that the electrochemical catalytic activity of
Big sLag sFeO3; was the best among all the sensing materials synthesized
in this work. Appropriate particle size and porosity as well as the best
electrochemical catalytic activity of BigsLagsFeOs to acetone, these
factors contributed together to the highest responses towards acetone
for S5.

As an important parameter in the actual application process, the
optimum working temperature was measured and shown in Fig. 6.
From which we can see that as the increase of temperature, the sensi-
tivity change of S5 reached to the largest (-17.5 mV/decade) at 580 °C
towards the range of 1-5ppm, —52mV/decade at 610 °C towards
5-50 ppm acetone. Because this work was mainly for the low con-
centration acetone in the exhalation of diabetic patients, so we chose
580 °C as optimum working temperature. The response values and
sensitivity of the device showed a trend of “increase-maximum-de-
crease” with the increase of temperatures, and the reason for this
phenomenon may be related to activation energy [33]. Definite acti-
vation energy is a necessary condition to the smooth occurrence of the

crease of temperature, which means that more acetone molecules have
enough activation energy to participate in the reaction, therefore, the
sensitivity of the sensor increased with the increasing of temperature.
However, when the temperature continues to increase, the desorption
process of acetone at SE played a more important role, and the amount
of acetone adsorbed on sensing electrode reduces with the increase of
operating temperature, which might be the main reason that the sen-
sitivity of the sensor decreased with the increase of operating tem-
perature.

As the continuous response and recovery transient curves displayed
in Fig.7 (a), in six consecutive tests to 2ppm, 5ppm and 10 ppm
acetone, response values of the sensor attached with BigsLag sFeO3-SE
had small fluctuations, which means that the sensor has excellent re-
peatability. Additionally, we measured another five sensors used
Big sLag sFeO3-SE (S5-1, S5-2, S5-3, S5-4, S5-5) towards 2 ppm acetone,
as shown in Fig.7(b). AV, (AVe.= AV, — AV, where AV, and AV, were
the response values of sensor S5-n and S5 to 2 ppm acetone) was used to
characterize the difference between these sensors. The maximum value
of AV, was 1 mV, which indicated the good reproducibility of the sen-
sors. The excellent repeatability and good reproducibility provide
protection together for the practical application of the sensor. Human
exhalation contains many different ingredients, therefore, the cross-
sensitivities of the sensor towards 10 ppm various gases has been
measured, as Fig. 8 shows. Compared with other gases tested in this
work, the response value of S5 towards acetone was the highest, and
this reveals that the sensor has a good selectivity. The opposite re-
sponses among various gases could be explained as follows: to reducing
gas, such as acetone, the electrochemical redox reactions (1) and (2)
happened at TPB, acetone was the anodic, O?~ flowed from GDC to
acetone, however, for oxidizing gas, such as NO,, the reactions hap-
pened at TPB were shown in (3) and (4), where NO, was the cathodic,
02~ flowed from NO, to GDC.

Cathodic reaction: NO,+2e~—=NO + 0%~ 3)
Anodic reaction: 0>~ —1/20, +2e~ (€))

In addition, humidity stability and long-term stability of the sensor
were also been tested and shown in Fig. 9(a—d). From Fig.9(a) and (b),
it can be seen that at the relative humidity of 20%-80%, the change
amplitudes of the response values for S5 were about 6.6%-13.2% to-
wards 2 ppm acetone, 10%-12.6% towards 5 ppm acetone and 6.4% to
4.6% towards 10 ppm acetone. This means that the sensor has good
humidity stability. The long-term stability of the sensor attached with
Bip sLag sFe03-SE was measured under 30 day’s continuous work at
580 °C, the responses of the sensor to 5 ppm and 10 ppm acetone were
tested every 5 days. The change amplitude of the AV (AV;) was re-
presented by the formula AV = [(AV, — AVy)/ AVy X 100%], where,
AV, and AV, were the AV of S5 on the n day and initial day, respec-
tively. According to Fig. 9(d—e), the sensing performance of the sensor
decreased more in the first 5 days, and then stabilized. The AV, of the
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Fig. 7. (a) Continuous response-recovery transients for the sensor S5 to 2 ppm,
5ppm and 10 ppm acetone; (b) Response transient curves for sensor S5-n
(n = 1-5) to 2 ppm acetone.

sensor were about 21.6% to 5 ppm acetone and 26.7%-10 ppm acetone
on the 30th days, which indicates that the long-term stability of this
sensor was not very good, and we could correct the responses of the
sensor through intelligent algorithms in clinical detection to ensure that
the sensor could output signals stably.

Based on the sensing performance of the sensor we fabricated in this
work, we conducted clinical tests for the exhalation of 8 diabetics from
the Second Hospital of Jilin University. Among the 8 patients, 2 patients
were non-ketotic Type 2 diabetes (T2DM), and the other 6 persons were
diabetic ketosis patients. One of the 6 diabetic ketosis patients has a
blood ketone concentration of 0.5 mmol/L and is accompanied by ur-
inary ketone +. All the response and recovery curves towards the ex-
halation of these eight diabetics were measured and shown in
Fig. 10(a), from which we can see that the sensor based on

10
Operating Temperature:580°C

Gas concentration---10ppm|

-30 - S

0& & & @"\
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Fig. 8. Cross-sensitivities for the sensor S5 to various gases at 580 °C.

Big.sLag sFeO3-SE has distinct and stable signals for exhaled breathing
to all the eight patients. Usually, diabetics with the ketone content more
than 0.5 mmol/L are ketosis patients, with or without urinary ketone
body +. Therefore, we tested the exhalation of the ketosis patient with
urinary ketone +, the response value of the sensor towards the ex-
halation of this patient was about —4 mV, and this value was no sig-
nificant difference with the patient whose blood ketone concentration
was 0.5 mmol/L and without urinary ketone +, which revealed that
acetone concentration in the exhalation of the ketosis patients has rare
relationship with urinary ketone concentration. In addition, we also
tested the responses for sensor S5 to the breath of three healthy people,
related results have been shown in Fig.10(b). We can see that the re-
sponse values of sensor S5 towards the breath of healthy people were
-2.1mV, -3.5mV and -3.3mV, which is lower than the acetone con-
centration in the breath of ketosis patients.

We conducted two clinical tests with a 58-day interval, four dia-
betics were tested each time. Because of the long interval between these
two clinical tests, the sensitivity of the device was recalibrated before
the second test to ensure the accuracy of the experiment results.
Fig. 11(a) and (b) show the sensitivity curves of the sensor before these
two clinical tests, and the black points on the sensitivity curves re-
present the AV towards the exhalation of these eight diabetics. AV of
the sensor to the exhalation of the two non-ketotic diabetic patients
were -3.6mV and -4.8mV, and the acetone concentration were
0.78 ppm and 1 ppm. AV of the sensor towards ketosis patients were
higher than that of non-ketotic patients, which means that the senor
fabricated in this work could distinct ketosis patients from all diabetics.
Furthermore, as Fig. 11(c) displayed, we obtained the relationship
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between acetone concentration and blood ketone level towards five
ketosis patients, which could be expressed by the following equation:

y=—1.1 + 4.82x

Where, x represents blood ketone level, y is acetone concentration. This
positive correlation relationship between acetone concentration in the
exhalation of ketosis patients and the blood ketone level kept alignment
with related results obtained in other reports [11,47]. In conclusion, the
sensor fabricated in this work exhibited stable and reliable character-
istics to the breath tests of diabetics, which reveals that our sensor could
be used as a potential device to monitor acetone in the field of diagnose
diabetes with ketosis.

4. Conclusion

In this work, mixed potential type acetone sensor based on CeO,
solid electrolyte and Bi;_,La,FeO; (x = 0.1, 0.3, 0.5, 0.7 and 0.9)
sensing electrode were fabricated and used to measure acetone con-
centration in the exhalation of diabetics. All the sensing materials were
synthesized by sol-gel method and sintered at 800 °C. The sensor (S5)
attached with Bij sLag sFeO5-SE displayed the best sensitivity towards
5-50 ppm acetone among all the other sensors fabricated in this work.
Meanwhile, this sensor also showed a high sensitivity of —17.5mV/
decade towards 1-5 ppm acetone at 580 °C, and the response value of
the sensor to 1 ppm acetone was -3 mV. Besides, the sensor S5 displayed
excellent repeatability, good selectivity, humidity stability and accep-
table long-term stability during 30 days of continuous work at 580 °C.
In addition, the exhalation of non-ketotic diabetics and ketosis patients
were measured using the sensor S5, the results showed a positive cor-
relation relationship between acetone concentration and the blood ke-
tone level in the exhalation of ketosis patients, which reveals that our
sensor has the ability to detect acetone in the breath of ketosis patients,
and it could be a potential device to monitor diabetes with ketosis
through breath analysis.
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