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A B S T R A C T   

In this study, we introduce cobalt (Co)-doped zinc oxide (ZnO) spherical beads (SBs), synthesized using a 
sonochemical process, and their utilization for an acetone sensor that can be applied to an exhalation diagnostic 
device. The sonochemically synthezied Co-doped ZnO SBs were polycrystalline phases with sizes of several 
hundred nanometers formed by the aggregation of ZnO nanocrystals. As the Co doping concentration increased, 
the amount of substitutionally doped Co2+ in the ZnO nanocrystals increased, and we observed that the fraction 
of Co3+ in the Co-doped ZnO SBs increased while the fraction of oxygen vacancies decreased. At an optimal Co- 
doping concentration of 2 wt%, the sensor operating temperature decreased from 300 to 250 ◦C, response to 1 
ppm acetone improved from 3.3 to 7.9, and minimum acetone detection concentration was measured at 43 ppb 
(response, 1.75). These enhancements are attributed to the catalytic role of Co3+ in acetone oxidation. Finally, a 
sensor fabricated using 2 wt% Co-doped ZnO SBs was installed in a commercially available exhalation diagnostic 
device to successfully measure the concentration of acetone in 1 ml of exhaled air from a healthy adult, returning 
a value of 0.44 ppm.   

1. Introduction 

Obesity is a complex disease accompanied by an excessive amount of 
body fat and has been recognized to increase the risk of heart disease, 
diabetes, high blood pressure, and various cancers [1–3]. Many people 
today, regardless of age or sex, are suffering from obesity owing to 
excessive carbohydrate intake. Combined with exercise, the ketogenic 
diet, wherein fats and not carbohydrates are broken down and used as 
the main energy source to lose weight, can effectively resolve obesity 
[4–6]. The ketogenic-diet-related market is currently worth $10 billion 
and is expected to reach $15 billion by 2027 [7]. 

Conventionally, monitoring of VOCs is of important in many appli-
cation field such as fire detection, lab safety, indoor air quality and 
environmental monitoring [8,9]. Various types of volatile organic 
compounds (VOCs) are emitted by exhalation from the human body. 
Interestingly, these VOCs can be used as biomarkers to identify health 
conditions [10,11]. A typical example is the measurement of blood 
ethanol concentration through the concentration of ethanol in exhaled 
air [12]. In the case of a ketogenic diet, the breakdown of fat increases 
the concentration of acetoacetate (AcAc) in the blood, which is then 

metabolized into β-hydroxybutyrate (BHB) and acetone [13]. A strong 
correlation has been reported between the concentration of acetone in 
exhaled breath and amount of BHB present in blood [14]. Based on this 
correlation, the degree of lipolysis can be monitored by measuring the 
concentration of acetone in the exhaled breath, which is approximately 
2–40 ppm in the case of BHB [15]. 

Monitoring lipolysis is important for the treatment of obesity. To 
measure the degree of body fat breakdown according to the amount of 
acetone in exhalation, various methods, such as mass spectrometry, 
photoionization, gas chromatography, light-addressable potentiometric 
sensors, quantum cascade lasers, and semiconductor metal oxide sen-
sors, have been studied [16]. Among them, semiconductor metal oxide 
sensors are a suitable technology for portable acetone exhalation ana-
lyzers that monitor ketogenic diets because they are inexpensive, have 
excellent sensitivity, and enable miniaturization of the measuring 
equipment. 

It is known that in healthy adults, an exhaled acetone concentration 
of 0.3 to 1.2 ppm is typically observed when the person is not on a 
ketogenic diet [17]. Considering the volume of normal exhalation, it is 
desirable to detect acetone even when the exhalation volume is as small 
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as possible. Therefore, the sensor requires sufficient sensitivity to mea-
sure the ppb level of acetone gas in 1 ml of exhalation. In addition, it is 
necessary to lower the operating temperature of the sensor to achieve 
low power consumption for instrument miniaturization. 

To meet these requirements, we introduce sonochemically synthe-
sized cobalt (Co)-doped zinc oxide (ZnO) spherical beads (SBs) in this 
study. The sonochemically synthesized ZnO showed a spherical shape of 
several hundred nanometers formed by the accumulation of very small 
nanoparticles of 14–15 nm. Interconnection of the spherical ZnO beads 
allowed for highly sensitive gas sensors due to the very narrow 
connection point between beads, leading to a large change in the 
resistance during gas detection. 

Furthermore, to lower the sensor working temperature and further 
increase the sensitivity, Co was doped as a catalyst. The Co-doped ZnO 
SBs exhibited a high response to acetone, along with lowered the 
working temperature of the sensor. The fabricated sensor was mounted 
on a commercial expiratory diagnostic equipment to monitor 1 ml of 
exhaled breath from a healthy adult, which successfully measured a 
concentration of acetone of 0.4 ppm. 

2. Material and methods 

2.1. Material preparation 

Co-doped ZnO SBs were sonochemically synthesized via tip soni-
cation. First, 0.25 g of Mw 20,000 polyethylene glycol (PEG, Samchun 
Chemicals) was dissolved in 25 ml of deionized (DI) water through 
stirring at 60 ◦C overnight. Subsequently, 0.1125 g of zinc nitrate 
hexahydrate (98%, Alfa Aesar) was dissolved in the solution, and cobalt 
acetate tetrahydrate (98%, Daejung) was added to the solution at the 
concentrations of 1 wt% (2.5724 mg), 2 wt% (5.1448 mg), and 3 wt% 
(7.7172 mg) Co to Zn. Thereafter, 0.5 ml of triethanolamine (TEA, 99%, 
Daejung) was added. The solution was sonicated using a titanium tip (6 
mm in diameter, 20 kHz, Q700 Qsonica) at 10 W for 40 min. Approxi-
mately 10 min later, the transparent solution became cloudy, and a 
milky solution was obtained. After synthesis, the solution was centri-
fuged (10,000 rpm, 15 min), and the supernatant was replaced with 
ethanol. This process was repeated three times for purification, and the 
obtained Co-doped ZnO SBs were stored in pure ethanol for future use. 

2.2. Material characteristics 

For the optical analysis, a UV–VIS spectrophotometer (JASCO V-770) 
at the Core Facility for Bionano Materials at Gachon University was used 
to measure the reflectance of the Co-doped ZnO SB films. For the X-ray 
analysis, high-resolution X-ray diffraction (HR-XRD, Rigaku Corpora-
tion SmartLab) was used for crystallographic assessment of the particles. 
The chemical composition of the Co-doped ZnO SBs were determined 
using X-ray photoelectron spectroscopy (XPS, Thermo Scientific Inc., 
UK, K-alpha) with monochromatic Al-Kα (1486.6 eV). For the 
morphology analysis, a scanning electron microscope (SEM, HITACHI S- 
4300) was used to observe the shape of the Co-doped ZnO SBs and 
distribution of their sizes. High-resolution transmission electron mi-
croscopy (HRTEM, JEOL JEM F-200) with energy dispersive X-ray 
spectrometry (EDS) was used to observe the microstructure and chem-
ical composition of a Co (2 wt%)-doped ZnO SB. 

2.3. Sensor fabrication and performance 

For the sensor fabrication, an alumina substrate, where Pt electrodes 
were located on the top and a Pt heating line was on the bottom, was 
used. Pt wires were soldered at the end of each electrode to measure the 
sensor resistance, and at both ends of the heating line, to heat the sub-
strate. A well-dispersed Co-doped ZnO SB solution in DI water was drop- 
casted on the substrate and evaporated the DI water slowly. Then, the 
sensor was annealed at 500 ◦C for 1 h in ambient air (a photo of the 

fabricated sensor device as shown in Fig. S7 of Supplementary 
Information). 

To measure the performance of the Co-doped ZnO SB sensor in 
acetone gas, the sensor was mounted on a stage with cylindrical four- 
terminal electrodes and installed in a Teflon chamber. To provide 
electric current as a heat source, two terminals of the heating line were 
connected to a direct current (DC) power supply (MKPOWER 
MK3005P). To measure the time-dependent resistance change of the 
sensor, the other two terminals of the sensor electrodes were connected 
to a parameter analyzer (KEITHLEY 4200A-SCS). A mixture of dry air 
(99.99%) and N2 (99.99%) was used as the reference gas, and a mixture 
of dry air (99.99%) and N2 balanced with 2 ppm (or 100 ppm) acetone 
was used as the target gas. The total gas flow was 100 standard cubic 
centimeter per minute (sccm), and the acetone gas concentration was set 
by controlling the flow ratio of dry air and N2-balanced acetone with a 
mass flow controller. For example, 1 ppm of acetone gas was prepared 
by flowing 50 sccm of dry air and 50 sccm of N2 balanced with 2 ppm 
acetone. The response was defined as Ra/Rg, where Ra is the resistance 
measured by the reference gas flow and Rg is the resistance measured by 
the target gas flow. The response and recovery times were defined as the 
time required for a 90% change in the sensor resistance after the target 
gas was turned on or off. 

2.4. Demonstration 

The sensor was installed and tested in a commercialized exhalation 
diagnosis device made by iSenLab Inc. to demonstrate the feasibility of a 
Co-doped ZnO SB sensor for monitoring ketogenic diets in humans. Only 
1 ml of human breath was captured via this device. Using the gas sep-
aration system equipped in the device, the acetone gas present from the 
breath reacted with the Co-doped ZnO SB sensor, and the calibrated 
response of the sensor was measured. Finally, the concentration of 
acetone in the breath was estimated from the measured value of the 
response compared to that of 2 ppm acetone gas. 

3. Results and discussion 

3.1. Overall fabrication process 

The overall fabrication process of the Co-doped ZnO SB sensor is 
displayed in Fig. 1. Co-doped ZnO SBs were synthesized using a sono-
chemical method in an aqueous solutions of zinc nitrate hexahydrate, 
cobalt acetate tetrahydrate, PEG, and TEA. Co-doped ZnO SBs with 
uniform spherical shapes for each mass fraction of Co were synthesized 
by ultrasonication for 40 min. After synthesis, the three-time purified 
Co-doped ZnO SBs, were drop-cast onto the sensor substrate and 
annealed for 1 h. A structure of uniformly stacked SBs is advantageous as 
a gas sensor in terms of geometry and electrical resistance. A structure 
formed by making point contact with numerous SBs has excellent 
permeability to external gases and provides a large specific surface area. 
In addition, in terms of electrical resistance, the contact point between 
SBs results in high contact resistance, thus, it can effectively reflect 
changes in the electrical conductivity of particles according to the 
adsorption of gas species as large changes in the sensor resistance. 

3.2. Material analysis 

3.2.1. Optical analysis 
After annealing, the color of the Co-doped ZnO SBs became blue- 

green, and the color shade became deeper with increasing Co-doping 
concentrations, as depicted in Fig. S1 of the Supplementary data. To 
determine the reason for this apparent color change, an optical analysis 
of the Co-doped ZnO SB films on a glass substrate was performed, whose 
results are presented in Fig. 2. Fig. 2(a) shows the reflectance of the films 
with different Co-doping concentrations. As the Co-doping concentra-
tion increased, the absorption intensities (inverse of reflectance) of the 
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peaks measured at 570, 610, and 655 nm also increased. These peaks are 
attributed to the d-d internal electronic transitions of Co2+ ions that are 
tetrahedrally coordinated in a crystal [18]. This result indicates that Co- 
doping occurs in a substitutional form, wherein Co2+ replaces the Zn2+

sites in the ZnO crystal. As the doping concentration increased, the 
number of substitution sites increased; hence, the corresponding peaks 
increased. 

Considering that the rate of change of reflectance with respect to the 
wavelength in the vicinity of 400 nm gradually decreased, the change in 
the optical bandgap with respect to the Co-doping concentration was 
quantitatively analyzed. To calculate the optical band gap of each film 
from reflectance measurements, the Kubelka–Munk function was used 
[19,20]. The Kubelka-Munk function (FKM) was calculated from the 
reflectance spectra (Rdiff). The absorption coefficient was calculated (α). 

FKM =
(1 − Rdiff)

2

2Rdiff
∝α 

The calculation of optical band gap is based on linear fits of (α*hν)n 

vs. hν plots, where hν is photo energy. The conversion graph and optical 
band gap of each Co-doped ZnO SB are shown in Fig. 2(b). The red, blue, 
and green lines represent the Kubelka–Munk curves of 1, 2, and 3 wt% 
Co-doped ZnO SBs, respectively. The inset demonstrates the curve for 
undoped (0 wt%) ZnO SBs. The optical bandgaps of 0, 1, 2, and 3 wt% 
Co-doped ZnO SBs were 3.2640, 3.2572, 3.2475, and 3.2374 eV, 
respectively. This indicated a decreasing trend as the concentration 

increased. The decrease in the band gap is caused by the sp–d exchange 
interactions between the electrons within the energy band of ZnO and 
those in the d orbital of Co2+ [21]. 

The decrease in reflectance for these picks creates a lack of the red 
wavelength to the naked eye under white-light illumination. In addition, 
the decrease in the optical band gap results in a decrease in the reflec-
tance of the relative blue wavelength. These two phenomena are 
attributable for the color change of Co-doped ZnO SBs from the apparent 
color to green, as the doping concentration increases. 

3.2.2. Electron microscope analysis 
Fig. 3 shows top view SEM images of Co-doped ZnO SB drop-cast 

films with various Co-doping concentrations. The synthesized ZnO 
exhibited a uniform spherical shape under all doping conditions. As the 
Co-doping concentration increased, the diameter demonstrated a ten-
dency to gradually decrease. An accurate statistical analysis of the 
diameter change was performed, whose results are presented in Fig. S2 
of the Supplementary data. The diameter of the sphere decreased from 
525 to 475 nm with an increasing doping concentration, and for each 
doping concentration level, the standard deviation of the diameter size 
was analyzed to be approximately 5 to 8%. 

Fig. 4(a) and (b) present TEM images of the 2 wt% Co-doped ZnO SB. 
From the TEM images, we confirmed that the ZnO SBs had a micro-
structure in which many small nanocrystals were gathered in a spherical 
shape with a diameter of several hundred nanometers (Fig. 4a). From the 

Fig. 1. Schematic illustrating the overall fabrication process of the Co-doped ZnO SB acetone sensor.  

Fig. 2. (a) Reflectance and (b) optical band gap of Co-doped ZnO SB films with different Co-doping concentrations.  
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HRTEM image, we found that the nanocrystals represent the (0002) 
interplanar distance of a typical ZnO wurtzite structure of 0.272 nm 
(Fig. 4b). However, no crystal phase of the oxide related to Co was 
observed. EDS analysis was performed to detect the Co component 
distributed in the Co-doped ZnO SB, whose results are reported in Fig. 4 
(c). The analysis results show that Co was evenly distributed throughout 
a ZnO SB. 

3.2.3. X-ray analysis 
The XRD patterns of the Co-doped ZnO SBs were measured to 

observe the crystallographic changes owing to Co-doping. Fig. 5 dem-
onstrates the HR-XRD patterns of the Co-doped ZnO SBs with different 
doping concentrations. All diffraction peaks agree well with the ZnO in 
the JCPDS database (card no. 00–036-1451), where other peaks are not 
shown. The average crystal sizes for 0, 1, 2, and 3 wt% Co-doped ZnO 
SBs were calculated using the Scherrer equation, whose results are 
presented in Fig. S3 of the Supplementary data. Regardless of the Co- 
doping concentration, the average diameter of the grains of all synthe-
sized Co-doped ZnO SB was measured to be approximately 14 nm. The 
Co-doping in the ZnO lattice was performed in such a manner that Zn2+

substituted Co2+. However, because the ionic radii of Zn2+ and Co2+ are 
0.74 and 0.75 Å, respectively, the difference in the radius between the 
two ions is almost negligible. Subsequently, the crystallographic change 
of ZnO before and after Co-doping was rarely observed. 

To investigate the compositional changes of the Co-doped ZnO SBs 
with respect to the doping concentration, XPS analysis was performed. 
Fig. 6 presents the XPS data of the Co-doped ZnO SBs with various 
doping concentrations. Fig. 6(a) depicts Zn 2p peaks. For all doping 
concentrations, the Zn 2p3/2 and Zn 2p1/2 peaks were equally located at 
the binding energy levels of 1021.57 and 1044.67 eV, respectively. Co 
2p peaks are reported in Fig. 6(b) and (c), where the Co 2p3/2 and Co 
2p1/2 peaks appear at 781.17 and 796.67 eV, respectively, except for 
undoped ZnO SB (0 wt%). The intensities of peaks increase with 

increasing doping concentrations. The results of the further analysis of 
the Co 2p peaks at each Co-doping concentration are shown in Fig. 6(c). 
The black ring symbol denotes the raw data, red line denotes the fitted 
data, and blue, green, and pink lines indicate the Co3+, Co2+, and sat-
ellite peaks, respectively. Interestingly, the signal of the Co3+ ratio be-
comes larger than that of Co2+ with increasing doping concentrations. O 
1 s peaks are reported in Fig. 6(d), and the blue, green, and pink lines 
denote the metal-bonded oxygen in the lattice, oxygen vacancy (OV), 
and surface-absorbed oxygen (OA), respectively. The deconvolution re-
sults of O 1 s peaks indicated that the fraction of OV decreased with 
increasing Co-doping concentrations. 

The peculiarity of the compositional change with increasing Co- 
doping concentration was that the Co3+ fraction increased while the 
Ov fraction decreased in the Co-doped ZnO SBs. The quantitative anal-
ysis results related to compositional changes are summarized in Fig. 7. 
Although no diffraction peak corresponding to Co3O4 was observed in 
the XRD results presented in Fig. 5, the increase in the Co3+ fraction in 
the XPS spectra indicated that Co3O4 existed inside a Co-doped ZnO SB. 
Because the amount of Co3O4 is insignificant, it seems that Co3O4 could 
not grow to a sufficiently large grain to be observed in HRTEM or XRD. 
Therefore, we thought that the Co2+ mainly employed in the Co-doped 
ZnO SB synthesis transformed into a substitutional dopant in the ZnO 
lattice, considering the results of the reflectance and optical bandgap 
analysis. Furthermore, the Co2+ ions were converted into Co3O4, as 
observed from the XPS results. In other words, as the doping concen-
tration increased, the fraction of Co3+ approached 60% and saturated, 
which is similar to the fraction value of Co3+ in the Co3O4 spinel crystal 
structure. The decrease in Ov fraction can be understood through 
analyzing the microstructure of the ZnO SBs. In the case of the undoped 
ZnO SB, the fraction of Ov was 50%. A material with a polycrystalline 
phase and an Ov fraction of 50% inevitably has a large area of grain 
boundaries. From the HRTEM analysis results, we confirmed that the 
undoped ZnO SB was formed by aggregating about 14 nm sized ZnO 

(a) (b)

(c) (d)

Fig. 3. Top view SEM images of the Co-doped ZnO SBs with various doping concentrations: (a) 0, (b) 1, (c) 2, and (d) 3 wt%.  
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nanocrystals, and there were numerous grain boundaries inside the SBs. 
The Co3O4 produced during the synthesis process could reside in the 
grain boundaries and lower the fraction of Ov in the Co-doped ZnO SBs. 
This hypothesis is supported by the result that the average diameter of 
the Co-doped ZnO SBs gradually decreased as the Co mass fraction 
increased. 

3.3. Synthesis mechanism 

When ultrasonic waves are irradiated to the solution during the 
synthesis, high temperatures and pressures are generated owing to 
acoustic cavitation. This large energy input by ultrasonic waves is suf-
ficient to cause oxidation, reduction, dissolution, and decomposition 
reactions in the solution [22–25]. 

In the ultrasonic synthesis of metal oxides, there are two well-known 
mechanisms: sonochemical oxidation and hydrolysis [26]. In sono-
chemical oxidation, water is pyrolyzed by ultrasound to form hydrogen 
and hydroxyl radicals, which react with each other to form hydrogen 
and hydrogen peroxide. The hydrogen peroxide produced in this manner 
oxidizes the metal ions in the solution to form a metal oxide. In this case, 
Fe2+ and Co2+ typically follow the same mechanism. On the other hand, 
in sonochemical hydrolysis, metal ions are hydrolyzed to form hydrox-
ide, followed by a dehydration reaction to form an oxide. In this case, 
Cu2+ and Zn2+ typically follow this mechanism. 

In this study, the synthesis of ZnO was carried out using the following 
reaction equation using the sonochemical hydrolysis mechanism. 

Zn2+ +H2O→ZnO+ 2H+ (1) 

Cobalt doping is thought to substitute the defects in ZnO crystals 
during the synthesis process. In addition, when the concentration of 
Co2+ is high, the synthesis of Co3O4, Co3+ was produced by the sono-
chemical oxidation mechanism, as follows: 

Co2+ +H2O2→Co3+ + 2OH− (2)  

OZn

(c)

(b)(a)

Co

Fig. 4. (a) TEM, (b) HRTEM, and (c) EDS profiles of the 2 wt% Co-doped ZnO SB. From the left: electron image, Zn, Co, and O.  
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3.4. Acetone sensing performance 

There was a compositional change in the Co-doped ZnO SBs with 
increasing Co-doping concentration. To investigate how the change in 
the composition affects the performance of the acetone sensor material, 
the optimal working temperature of the sensor for each Co-doping 
concentration was estimated. The optimum temperature is measured 
when the highest response to acetone is observed; in this study, the 
response to 1 ppm acetone is evaluated. Fig. 8 presents the optimal 
working temperature for sensors made of Co-doped ZnO SBs with 
various Co-doping concentrations. The optimal temperature for the 
undoped ZnO SB (0 wt%) sensor was 300 ◦C, where the best response 
value was approximately 5. The best response of the 1 wt% Co-doped 
ZnO SB sensor was observed at 300 ◦C, which was the same as that of 
the undoped ZnO SB. However, its response was larger than that of the 

undoped ZnO SB sensor. The 2 and 3 wt% Co-doped ZnO SB sensors 
responded the best at 250 ◦C, with response values of 7.9 and 6.3, 
respectively. As a result, the sensor with the lowest operating temper-
ature and the highest response was fabricated with 2 wt% Co-doped ZnO 
SB. The time-response curves of each Co-doped ZnO SB sensor are 
plotted in Fig. S4 of the Supplementary data, whose response and re-
covery times calculated from the time-response curve for 1 ppm acetone 
at 250 ◦C are reported in Table S1 of the Supplementary data. The 
response and recovery times of the sensor were not dependent on the Co- 
doping concentration. Presumably, the spherical shape of ZnO SB might 
have contributed to determining the response and recovery times, irre-
spective of the Co doping. 

Fig. 9 depicts the performance of the 2 wt% Co-doped ZnO SB sensor 
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in detecting acetone gas at 250 ◦C. Fig. 9(a) presents the time-response 
curves. Fig. 9(b) shows a plot of the response as a function of the acetone 
gas concentration, where the inset shows the response characteristics of 
the 2 wt% Co-doped ZnO SB sensor for acetone gas below 1 ppm. The 
required detection range for acetone gas to monitor the effectiveness of 
the ketogenic diet is 0.5 to 40 ppm. Considering these margins, we 
measured the response to acetone gas in the range of 0.04–50 ppm. The 
2 wt% Co-doped ZnO SB sensor yielded a response value of 33 at 50 ppm 
and 1.75 at 0.04 ppm. These results imply that our sensor, which shows a 
high response even at such low concentrations of acetone gas, has suf-
ficient potential to monitor the effect of a ketogenic diet. In addition to 
the high response at low concentrations, long-term stability, which is a 
performance requirement of a sensor for monitoring the effect of a 
ketogenic diet, was evaluated under the condition of 1 ppm acetone gas 
at 250 ◦C for 30 days, whose results are presented in Fig. S5 of the 
Supplementary data. The response of the 2 wt% Co-doped ZnO SB sensor 
was stably maintained for 30 days. 

In addition to response and long-term stability, selectivity is an 
important performance requirement for gas sensors. However, it is 
difficult to secure the selectivity of resistance-change-based semi-
conductor gas sensors. When any kind of gas is adsorbed by the sensor, 
only a difference the semiconductor sensor temperature is observed; 
however, in principle, a reaction slight takes place. Because the exha-
lation of the human body contains numerous gaseous species, including 
water, it is difficult to ensure selectivity in a commercial exhalation 
diagnostic instrument. In reality, to fundamentally rule out the problem 
of selectivity, it is essential to apply a gas separation system to the 
exhalation diagnostic device. Therefore, this study focused on devel-
oping a sensor with good long-term stability and high response for res-
piratory diagnosis. 

3.5. Demonstration 

It was demonstrated that the 2 wt% Co-doped ZnO SB sensor has a 
high response to 1 ppm or less acetone. To determine whether it is 
possible to detect acetone gas in human exhalation beyond the detection 
of pure acetone gas for laboratory use, we applied the sensor to a 
commercial expiratory diagnostic device to measure the concentration 
of acetone gas in 1 ml of exhaled air from a healthy adult. A commercial 
expiratory diagnostic device for the experiment was provided by iSen-
Lab, Inc. Fig. S6 of the Supplementary data presents a camera image of 
the provided exhalation diagnostic device and conceptual diagram of 
the system configuration. When 1 ml of exhaled air is captured, all the 
gases present in the exhaled air arrive at the sensor chamber at different 
velocities with a time difference caused by the gas separation device. 
The time required for acetone gas to reach the sensor chamber can be 

determined from the known time difference information. At this time, 
the gaseous acetone reacts with the sensor installed in the sensor 
chamber reacts and changes its resistance, and the result is measured as 
an electrical signal. 

Before detecting acetone gas concentration present in a human body, 
the response to 2 ppm acetone gas was measured at 250 ◦C as a refer-
ence. Then, 1 ml of human exhalation was injected into the device, and 
the response was measured; the results are reported in Fig. 10. Fig. 10(a) 
shows the camera images of the exhalation diagnosis device with 
acetone sensing signals; the left image is the response to 2 ppm acetone 
gas, and image is the response to exhalation from a healthy adult. Fig. 10 
(b) shows the time-response curves of our sensor for 2 ppm acetone and 
exhalation. By comparing the response to 2 ppm acetone gas and 
exhalation of a healthy adult, we successfully estimated the concentra-
tion of acetone in the exhalation as 0.44 ppm, which is within the range 
of commonly known values for the concentration of acetone in the 
exhaled air of healthy adults. Therefore, this result indicates that our 
sensor is effective for measuring acetone concentrations human exha-
lation. Even though only 1 ml of exhalation was used, the Co-doped ZnO 
SB sensor successfully detected sub-ppm levels of acetone in the exha-
lation. Therefore, we believe that our sensor has great potential as a 
highly sensitive acetone detector for exhalation diagnosis. 

3.6. Gas sensing mechanism 

The acetone sensing mechanism of the Co-doped ZnO SB sensor and 
the catalytic effect of Co ions are summarized in Fig. 11. When the at-
mosphere in the sensor chamber changes from air to acetone, the re-
sistances of all sensors decrease, indicating that both the ZnO SBs and 
Co-doped ZnO SBs are n-type semiconductors. An n-type semi-
conductor generally has free electrons in the conduction band as major 
carriers. In air, oxygen molecules are adsorbed on the surface of n-type 
semiconductors and are reduced by free electrons to form oxygen an-
ions, resulting in the formation of an electron depletion layer near the 
surface. The sensor in air has a fixed resistance value in the saturated 
state of oxygen adsorption. 

As shown in the HRTEM image presented in Fig. 4(b), the ZnO SB 
results from the aggregation of the ZnO nanocrystals. The electron 
transportation inside an ZnO SB is achieved by passing through the ZnO 
nanoparticles. The electron depletion layer acts as an energy barrier 
against electrons crossing the boundary between the ZnO nanoparticles, 
contributing to an increase in the resistivity of the ZnO SBs. As the 
number of electron depletion layers increased, the energy barrier be-
tween the ZnO nanoparticles increased. In addition, the stacked ZnO SBs 
form a three-dimensional network structure over the sensor terminal 
electrodes, and the contact resistance between the ZnO SBs is considered 

Fig. 9. (a) Time-response curve of the 2 wt% Co-doped ZnO SB sensor as a function of the acetone concentration at 250 ◦C. (b) Response of the 2 wt% Co-doped ZnO 
SB sensor to acetone below 1 ppm at 250 ℃. 
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another energy barrier for the transportation of electrons. This barrier 
also increased as the thickness of the electron depletion layer increased. 

When acetone is injected into the chamber, it reacts with the oxygen 
adsorbed by the surface to decompose into water and carbon dioxide. 
This reaction, which removes the oxygen adsorbed by the surface, occurs 
simultaneously with the reduction reaction of oxygen. These two re-
actions reach a state of dynamic equilibrium. Consequently, in the 
presence of acetone, the amount of oxygen adsorbed by the surface 
decreases, and the electron depletion layer becomes thinner. The 
acetone concentration around the sensor can be determined from the 
change in the resistance. 

From the results of XPS, reflectance, and TEM EDS measurements of 
the Co-doped ZnO SBs, we observed that Co exists in the form of Co2+

and Co3+ in ZnO SBs. Moreover, Co3+ is known to act as a catalyst for 
organic molecular oxidation [27–29]. In air, Co2+ in the ZnO lattice 
reduces oxygen on the surface, and Co2+ is oxidized to form Co3+, which 
donates electrons to the adsorption site of the reduced oxygen anion. 
Acetone can be oxidized at this site into water and carbon, and the 
activation energy for acetone oxidation is lower than that measured at 
the surface of undoped ZnO. Co3+ becomes Co2+ and forms oxygen 
vacancies around it, while acetone is oxidized. As a result, ZnO doped 
with Co exhibited a lower optimal working temperature and higher 
response compared to pure ZnO owing to the catalytic effect of Co ions. 

Fig. 10. (a) The camera images of signals on display window of the exhalation diagnosis device. Left is the result of response to 2 ppm acetone gas and right is the 
result of response to exhalation of a healthy adult. (b) The time-response curves measured by the exhalation diagnosis device for 2 ppm acetone gas and exhalation of 
a healthy adult. 

Fig. 11. Acetone sensing mechanism and catalytic oxidation of acetone.  
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4. Conclusions 

In summary, we introduced sonochemically synthesized Co-doped 
ZnO SBs as the main material for constructing high-sensitivity acetone 
sensors with low working temperatures. ZnO SBs with a uniform size 
distribution were synthesized via a sonochemical process in an aqueous 
solution containing PEG and MEA. 

ZnO SB is a promising material for high-sensitivity sensors because it 
has excellent gas permeability and high electrical contact resistance 
between ZnO SBs when stacked. In addition, to lower the working 
temperature of the sensor and increase the responsiveness of the acetone 
sensor, the ZnO SBs were doped with cobalt through a sonochemical 
process. The crystallinity, composition, and optical properties of the 
synthesized Co-doped ZnO SBs were analyzed. In particular, as the Co- 
doping concentration increased, the amount of substitutionally doped 
Co2+ in the ZnO lattice also increased. In addition, the fraction of Co3+ in 
the Co-doped ZnO SBs increased, while the fraction of Ov decreased. 

Acetone sensors were fabricated using Co-doped ZnO SBs with 
various doping concentrations, whose performances were estimated. 
The undoped ZnO SB sensor exhibited an optimal operating temperature 
of 300 ◦C, whose response to 1 ppm acetone was 6. On the other hand, 
the 2 wt% Co-doped ZnO SB sensor showed the best performance among 
the Co-doped ZnO SB sensors, with an optimal working temperature of 
250 ◦C and a response to 1 ppm of acetone of 7.9. To verify the practical 
applicability of the Co-doped ZnO SB sensor, the sensor was installed in 
a commercialized expiratory diagnostic device, through which the 
concentration of acetone contained in 1 ml of exhalation of a healthy 
adult was successfully measured to be 0.44 ppm. Compared to the 
undoped ZnO SB sensor, the Co-doped ZnO SB sensor exhibited a lower 
operating temperature and higher responsivity. This is because the Co3+

present in the Co-doped ZnO SB acted as a catalyst for acetone oxidation. 
We believe that the Co-doped ZnO SB has great potential as a key ma-
terial for sensors that can detect sub-ppm levels of acetone gas contained 
in exhalation at low operating temperatures when used in an exhalation 
diagnostic device to monitor the effect of a ketogenic diet. 
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