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Detection of acetone is of paramount significance in many fields including self-medical diagnosis, indoor air
quality monitoring and other industries. In this study, we assess the acetone sensing capability of novel
Au@Co3O4 core-shell nanoparticles (NPs) fabricated using a simple, low temperature (70 ◦ C), in-situ, self-as
sembly process. The fabricated core-shell nanostructure was sized 70–180 nm, with pomegranate-type
morphology and consisted of multi-core Au NPs (5–10 nm in size) inside the Au@Co3O4 core-shell system. Ptype Au@Co3O4 core-shell NPs sensor indicated a high response of 27.05–10 ppm acetone at 250 ◦ C. The
Au@Co3O4 core-shell NPs sensor also possessed excellent selectivity towards acetone among other interfering
gases. The influence of varying levels of relative humidity (RH) on the Au@Co3O4 core-shell NPs were examined,
rendering a 60% of response to 2 ppm acetone at 80% RH, and no significant reduction in response at 10–40%
RH. The sensor also displayed a low limit of detection (20 ppb), the concentration which is much below the
detectable range (1.8 ppm) for a type-I diabetic patient. The Au@Co3O4 core-shell NP sensor developed in this
study is considered to open the doors for preparation of other varieties of metal-oxide core-shell systems sensors
in a facile approach.

1. Introduction
Acetone is an essential member of the volatile organic compounds
(VOCs), and has a broad range of uses in many industries and labora
tories. However, it has posed serious human health issues due to its toxic
nature. For instance, between 300 and 500 ppm, acetone can cause
irritation in the human body parts, while it can cause nausea when an
adult exposed to ~2000 ppm of acetone [1]. The permissible limit of
exposure for acetone is set to 250 ppm [2]. Currently, one of the main
causes of heart and kidney related death, is diabetes mellitus [3]. In
2017, around 0.451 billion people were identified as diabetic patients
worldwide, and by 2045 this number is predicted to increase to 0.693
billion [4], drawing serious worldwide concern. Generally, blood sugar
tests are a common and effective method for the detection of diabetes. In
general, this test is undertaken via the collection of blood from the body

through injection; however, there are concerns of increasing infection in
the body using this method. As such, there is a critical need to investi
gate a facile, cheap and noninvasive strategy for the diagnosis and
analysis of diabetes. Acetone can found in the exhaled breath of humans
and is known as an excellent biomarker. The amount of acetone in the
exhaled breath of a healthy human is approximately found to be 0.3–0.9
ppm. For a patient diagnosed with Type-I diabetes, it is more than 1.8
ppm [5–7]. Various instrumental techniques have been employed to
detect acetone, including gas endoscopy, gas chromatography (GC), and
spectroscopy [8]. However, these tools are either expensive, require
time-consuming sample preparation steps or require complex proced
ures to detect the target gases, eventually impeding their practical use.
Detecting acetone in the exhaled breath in a facile, low-cost and
noninvasive method has huge scientific significance compared to con
ventional approaches such as blood sugar tests [8].
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Recently, metal oxide semiconductor (MOS)-type chemiresistive
sensing materials were used as highly effective tools for the analysis of
various toxic and VOCs such as acetone [9], formaldehyde [10], ethanol
[11], isoprene [12] and benzene [13]. This is owing to their unique
features such as ease of fabrication and integration, low cost, portability,
high response and fast responding kinetics as evidenced in numerous
research papers [14]. Various strategies have been utilized to synthesize
potential materials for acetone gas sensing applications. For instance,
Kim et. al. [15] prepared Pr-doped In2O3 nanostructures for acetone gas
sensing using a spray pyrolysis method. Li et. al. [16] proposed a hollow
ZnO nanostructure with a metal organic framework (MOF) template for
the investigation of acetone. Chang et. al. [5] also reported MOF devised
ZnO/MoS2 nanosheet (NS) core-shell nanostructures for detecting
acetone (ppb level). Xing et. al. utilized the Au loading on In2O3 inverse
opal nanostructures for acetone gas sensing [7]. Xu et. al. [17] showed
the influence of La doping on ZnO nanofibers (NFs) for its acetone gas
sensing properties, exhibiting an acetone response of 64 for 200 ppm at
340 ◦ C. Zhang et. al. [18] exhibited a p-n heterojunction strategy using
ZnO/Co3O4 for a highly sensitive acetone gas sensing. Such studies
demonstrate the use of n-type MOSs based gas sensing materials.
Generally, n-type sensors show higher sensing performances compared
to p-type MOSs due to their high electron charge carriers [19]. Thus,
p-type MOS have gained a little research attention and are rarely studied
as gas sensing materials for acetone gases [2,14,20].
This lack of research on p-type MOSs warrants further study in order
to improve its sensing properties. Among many p-type MOSs, cobalt
oxide (Co3O4) (band gap: 2.07 eV) has attracted a considerable interest
owing to its excellent catalytic activity in many potential applications
including gas sensors [21–23]. The use of a catalyst such as Pd, Ag, and
Ag on the MOSs is a promising strategy to promote the gas sensing
[24–26]. With synthesizing novel sensing materials with improved
sensitivity, short response time and low operating temperature, being
extremely important, core-shell nanostructures as special class of
emerging nanomaterials have gained significantly research attention
due to their several unique features [27]. Such hybrid nanomaterials
often exhibit enhanced physicochemical properties than their individual
counterparts due to the combined synergistic effects. These highly
promising systems have been used in many practical device applications
[28,29]. Various core-shell nanostructures have been investigated, and
finding that there is a high sensing response, good selectivity and an
ability to operate at lower temperatures [30]. However, the utilization
of p-type MOSs as core-shell gas sensors has been rarely reported in
literature [31]. In particular, use of metal as a core material with a
metal-oxide shell is very rare and to our knowledge, there is no or few
papers about acetone sensing characteristics of Au-Co3O4 core-shell NPs
[32–34]. Wen et al. prepared rhombus-shaped Co3O4 nanorod array for
ethanol sensing at 160 ◦ C, reporting a response of 71–500 ppm [32]. Li
et al. prepared MOF-derived Au-loaded Co3O4 porous hollow nanocages
for acetone sensing, exhibiting a response of 14.5–100 ppm at 190 ◦ C
decorated
Co3O4
[33].
Wang
et
al.
fabricated
PdOx
nanosheets-assembled hollow microcages for ethanol sensing with a
response of 30–500 ppm at 130 ◦ C [34].
In this study, as pioneers, we designed Au@Co3O4 core-shell NPs
using a facile synthesis technique for acetone sensing. Main novelty of
this work is preparation of Au@Co3O4 core-shell NPs in one step and use
of it for acetone sensing studies. Conventionally, the synthesis of coreshell structures is two-step process; first the synthesis of metal NPs
and then the coating of oxide shells. However, a one-step preparation of
metal-oxide core-shell nanostructures with enhanced performance re
mains a great challenge. The synthesis procedure introduced in this
work is versatile and can be further demonstrated to design other kinds
of metal oxides and metal NPs. This present study provides a demon
stration of the acetone sensing by the Au@Co3O4 core-shell NP and its
sensing mechanism.

2. Experimental design
2.1. Chemicals
Cobalt(II) acetate tetrahydrate (CH3COO)2Co⋅4 H2O with a purity of
98% was purchased from DaeJung Chemicals & Metals Co. Ltd, Gold(III)
chloride trihydrate HAuCl4 (99.9% purity) was purchased from SigmaAldrich Co. Ltd, and ammonia solution (28%) were purchased from
Sigma-Aldrich Co. Ltd. All chemicals were used without any further
purification with distilled water (DI) being used as solvent.
2.2. The synthesis of Au@Co3O4 core-shell nanostructures
The procedure to synthesize Au@Co3O4 core-shell NPs is detailed in
this section. A specific volume of 0.1 M (CH3COO)2Co⋅4 H2O was put
into 50 mL of deionized (DI) water. After stirring for 5 min in room
temperature, a set volume of HAuCl4 (0.024 M) was added dropwise to
the above solution and heated to 70 ◦ C whilst stirring. Then, 3 mL of
ammonia solution (28%) was quickly put into the mixture solution,
instantly changing the color of solution to black and then heated at 70 ◦ C
for 1 h. Finally, the black colored products were collected through
centrifuge separation (9000 RPM, 60 min, 2 cycle), washing with DI, and
dried at 60 ◦ C for 12 hr. The Au3+ can oxidize Co2+ under alkaline
conditions to trigger the redox assembly process. As a result, Au3+ will
gain electrons and becomes metallic Au, generating the Au@Co3O4 coreshell nanostructures (Text S1 in Supporting Information). The Au ac
cumulates at the central core area of the core-shell structures, with its
possible mechanisms being explained in Text S2. Encapsulation of noble
metals in a semiconductor shell to form unique core-shell nanostructures
enhances its catalytic activity and thermal stability by preventing
agglomeration at high temperature (Text S3).
2.3. Instrument and characterization of the samples
X-ray diffraction (XRD) elucidated the crystallinity and purity using
Bruker D8 Advance, CuKα1 (λ = 1.5406 Å) instrument. Scanning elec
tron microscopy examined the microstructures and morphology (SEM,
Hitachi S-4200 instrument). Accelerating voltage and working distance
were set to 15 kV and 8 mm, respectively.
Microstructure and elemental analysis of Au@Co3O4 multicore-shell
NPs was performed using transmission electron microscopy (TEM, JEM2100 F), in conjunction with energy-dispersive X-ray spectroscopy
(EDS). In order to calculate the work functions, ultraviolet photoelec
tron spectroscopy (UPS) spectra (Thermo Fisher Scientific Co.) were
conducted (normal emission with He I (hν = 21.2 eV) radiation). The
work function is estimated to be difference between 21.2 eV and the cutoff values. To make up for the analyzer broadening, 0.1 eV was added to
the final values. Accordingly, the work functions of Co3O4 and Au were
determined to be 3.8 and 4.2 eV respectively. The specific surface area of
synthesized products was measured by the Brunauer-Emmett-Teller
(BET) method (3FLEX Model, Micromeritics) using the adsorption of
N2 at 77 K.
2.4. Gas sensor device fabrication and testing conditions
A photolithographic technique was used to fabricate interdigitated
electrodes (IDEs) patterned on an Al2O3 substrate. Subsequently, a Ti
layer was deposited on substrate to promote the adhesion between Au
electrodes and substrate. In spite of the presence of Au electrodes,
generally their effects on gas sensing are insignificant. As shown on
Fig. S1, the Au pattern of the electrode is located below the sensor parts,
on which Au@Co3O4 core-shell NPs reside. Since the sensor reaction
proceeds on the sensor surface, Au electrodes have no significant effect
on the sensing behaviors. In addition, the underlying Au electrodes are
electrically isolated from the sensing films by the insulating substrate,
asserting that most sensing is performed by Au@Co3O4 core-shell NPs.
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Following this, 0.01 g of the prepared sensing materials were taken
and mixed with α-terpineol (20 μL) to make a paste, which was screenprinted on the sensor substrate as shown in Fig. 1. Then, the prepared
Au@Co3O4 multicore-shell nanoparticles were dried at 60 ◦ C for 8 h in
air. The IDE pattern (5 mm × 5 mm) with an interelectrode distance of
0.6 mm was deposited on the alumina sensor substrate (33 mm × 20 mm
x 1 mm).
The sensors were tested in laboratory made gas sensing setup made
from horizontal cylindrical quartz chamber. An air-balanced target gas
and pure dry air of different concentrations were used for the analysis.
The mass flow controllers controlled the total flow of gases while
injected. The flow rate was kept to be 500 sccm during the sensing
measurements. The resistance was recorded in a computer connected to
the source meter (Keithly 2400). The gas response (S) was calculated
from the change in resistance obtained in air (Ra) and in the target gas
ambient (Rg), being defined as Ra/Rg for n-type gas sensors or Rg/Ra for
p-type gas sensors. The response time corresponds to the time required
to reach 90% of the final resistance after the injection of acetone gas, and
the recovery time is the time required to reach 90% of the initial resis
tance after the removal of acetone gas. To study the effects of humidity,
we studied the sensing behaviors in dry and humid air (RH 0–80%,
measured at 25 ◦ C) at the sensor operating temperature of 250 ◦ C. The
actual temperature and RH value of the mixed humid gas was measured
before being loading into the chamber by the RH probe. The tempera
ture of the mixed humid gas was measured to about 25 ◦ C. During the
sensing tests, the heater temperature under the sensor samples was set to
250 ◦ C. In order to make the air with 100% RH, dry air (0% RH) was
injected into a water-filled glass beaker, generating bubbles to be flowed
into the exit line. By mixing dry air (0% RH) with 100% RH air at desired
ratios using a mass flow controller, we were able to prepare the mixed
air with various % RH. The ratios of humid (100% RH) air to dry (0%
RH) air of 10% RH, 20% RH, 40% RH, and 80% RH air were 1:9, 1:4, 2:3,
and 4:1, respectively.

no 42–1467) at 2θ = 31.2◦ , 36.8◦ , 44.8◦ , 55.6◦ , and 59.3◦ . The
Au@Co3O4 multicore shell nanoparticle typically possesses a cubic
structure. The presence of metallic Au NPs was found in 2θ = 38.1◦ ,
44.3◦ . No any impurity peaks were observed, revealing the high purity.
3.2. Morphological characterization
Fig. 2b–c displays the SEM images of as prepared Au@Co3O4 coreshell and bare Co3O4 NPs, respectively. Compared to bare Co3O4 NPs,
the surface of the Au@Co3O4 core-shell NPs is smooth, consisting of
numerous tiny spherical particles. The size of the Au@Co3O4 core-shell
nanoparticle ranged from 100 to 200 nm. Fig. 2c reveals the SEM image
of pure Co3O4 NPs with rough surfaces, with diameters of several mi
crometers, assembled from the aggregation of several small particles.
Fig. 3a–c shows the TEM image of the Au@Co3O4 core-shell NPs with
a diameter between 80 and 200 nm and uniform nanostructures. Each
Au@Co3O4 core-shell NPs consisted of Co3O4 shells, with its inner sur
face being surrounded by Au multi-core NPs. Many primary Au particles,
consisting of Au core, assembled into a mesoporous structure. These
individual Au multi-core NPs (5–10 nm size) were located in the center
and inside the Co3O4 shell, whereas Co3O4 shells with the average
thickness of 15 nm can be found in this hybrid nanostructure in Fig. 3c.
Bare Co3O4 NPs exhibited optimum working temperature of 300 ◦ C,
with responses being 3.03, 3.68, and 3.92 at 2, 6, and 10 ppm, respec
tively. Incorporation of Au NPs led to the sensing enhancement. At
250 ◦ C, the responses to 2, 6, and 10 ppm of acetone gases were 12.56,
25.32, and 27.05, respectively. Fig. 3d shows the relevant high resolu
tion (HR)-TEM image of the Au multicore and Co3O4 shell parts
extracted from Fig. 3c, numbered as 1 and 2 positions in the red boxes. It
indicates that the lattice spacing of d= 0.24 nm coincides with the (311)
plane of Co3O4, whereas the lattice spacing of d= 0.23 nm matches with
the (111) plane of metallic Au NPs. The EDS mapping and spectrum map
of the Au@Co3O4 multicore-shell NPs (as shown Fig. 3f–j) was further
examined. It indicated that all elements (i.e., Au, Co and O) were
distributed throughout the nanostructures. The Co element existed
mainly in the shell region of the Au@Co3O4 core-shell, whereas the Au
multicore NPs were presented in the center region. This analysis ap
proves the successful realization of core-shell morphology in the form of
Au@Co3O4 core-shell NPs. Fig. S2 in Supporting Information shows the
TEM-EDX analysis of the other part of the products. Although this is not

3. Results and discussion
3.1. Structural characterization
Fig. 2a displays the XRD spectrum of the Au@Co3O4 core-shell NPs,
exhibiting characteristics peaks of the cubic phase of Co3O4 (JCPDS card

Fig. 1. Schematic of preparation of Au@Co3O4 core-shell NPs and fabrication of gas sensor device.
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Fig. 2. (a) XRD pattern of the Au@Co3O4 core-shell NPs; (b) SEM images of Au@Co3O4 multicore-shell NPs and (c) bare Co3O4 NPs.

or O2-) species, which were adsorbed on the Co3O4 crystallite surface.
Fig. 4c shows two spin-orbit peaks of Co 2p3/2 and Co 2p1/2 located at
780.6 and 796.8 eV, respectively, with two satellite peaks due to the two
oxidation states of Co3O4. Asymmetric Co XPS peaks can be deconvo
luted into Co+2 and Co+3 peaks. Peaks at binding energy of 779.6 eV and
794.36 eV are related to the oxidation state of Co+3, whereas peaks at
binding energy of 780.8 eV and 796.1 eV are associated with that of
Co+2. So, XPS spectra of cobalt-species approve the presence of both
Co+2 and Co+3 oxidation states, being in agreement with the structure of
Co3O4 as observed in XRD results and other literatures [63]. Fig. 4d il
lustrates the two peaks of the Au 4 f spectrum. Peaks at 84.04 and
87.71 eV can be associated with Au 4 f7/2 and Au 4 f5/2 peaks, respec
tively, confirming that Au NPs are in the metallic (Au◦ ) state [64].

a typical structure, as shown in Fig. 3, it further makes evident the coreshell characteristics.
3.3. Formation of the Au@Co3O4 multicore-shell nanoparticles
The novel Au@Co3O4 core-shell NPs were prepared by a low tem
perature self-assembly approach from HAuCl4, (CH3COO)2Co⋅4H2O and
ammonia as a basic medium without using any sophisticated in
struments, surfactants or templates. The simple synthesis procedure was
illustrated in Fig. 1, and we believe that this technique will be widely
used to synthesize other types of core-shell nanomaterials using different
metal NPs and metal-oxide shells. Formation of the Au@Co3O4 coreshell may be attributed to two key reasons. First, the Au and Co3O4
NPs were formed due to nucleation growth and self-assembly of both
these NPs. During nucleation time, Co(OH)3 would form due to the re
action between Co2+ and ammonia. After the introduction of HAuCl4,
[AuCl4]- and Co(OH)3 anions would attract each other via an electro
static reaction [35]. Second, the Au3+ will oxidize Co2+ under basic
conditions to induce a self-assembly reaction, forming small Au NPs and
Co3O4 NPs resulting Au@Co3O4 core-shell NPs structures [36,37].

3.5. Acetone sensing properties
The Au@Co3O4 core-shell NP sensor displayed enhanced acetone
sensing results. Fig. 5 shows the sensing graphs of bare Co3O4 and
Au@Co3O4 core-shell NPs. Fig. 5a–b presents the study of acetone
response versus temperature to identify the optimal temperature of both
sensors. By increasing temperature and concentration, the response of
Au@Co3O4 core-shell NPs significantly increased and was optimal at
250 ◦ C. At this temperature, the responses to 2, 6, and 10 ppm of
acetone were 12.56, 25.32 and 27.05, respectively. In contrast, bare
Co3O4 NPs displayed a different sensing response at every operating
temperature compared to the Au@Co3O4 core-shell NPs. The optimum
working temperature for Co3O4 NPs was obtained at 300 ◦ C, after a slow
increase from 150 ◦ C, and the corresponding responses were 3.03, 3.68
and 3.92 for 2, 6, and 10 ppm, respectively. Fig. 5a–b demonstrated that
working temperature and response were greatly affected by the Au NPs
in the core-shell system which reduced the working temperature. Here,
the working temperature for the Au@Co3O4 core-shell NP sensor was
reduced to 250 ◦ C, compared to the bare Co3O4 NP sensor (300 ◦ C). The

3.4. XPS analysis
The XPS measurement of the Au@Co3O4 core-shell NPs were
analyzed to verify the chemical bonding states and composition of the
sample, as displayed in Fig. 4. Fig. 4a is the total survey spectrum of the
Au@Co3O4 core-shell NPs, where C 1s peak is located in 286.1 eV, and
other elemental peaks such as Co, O, and Au were identified, confirming
the high purity of samples. Fig. 4b illustrates the high resolution O1s
spectrum, fitted by three distinct Gaussian peaks. The Olat peak centered
at 530.0 eV corresponds to the surface lattice oxygen in the Co3O4
phase; the VO peaks at 531.2 eV is related to oxygen vacancy, and the
peak at 532.1 eV corresponded to the surface adsorption oxygen (O-, O24
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Fig. 3. (a–c) TEM images; (d) HR-TEM image; (e) SAED pattern; and (f–i) TEM-EDS elemental maps; and (j) TEM-EDS map spectrum of the Au@Co3O4 multicoreshell NPs.

50 ◦ C-reduction of the optimal sensing temperature for the Au@Co3O4
core-shell NP sensor may result from the catalytic activity and conduc
tive nature of the Au catalyst present in the core region. The Au@Co3O4
core-shell NP sensor exhibited an enhanced response between 27.05 and
10 ppm acetone measured at 250 ◦ C, whereas the response of the bare
Co3O4 NP was 1.46 at 250 ◦ C (Fig. 5a–b). Fig. 5c displays the transient
response of pristine Co3O4 NP and the Au@Co3O4 core-shell NP sensors
varying at different acetone concentration (2–10 ppm) at 250 ◦ C. The

responses of the Au@Co3O4 core-shell NPs and the bare Co3O4 NP
sensors increase with increasing acetone concentration. The Au@Co3O4
core-shell NPs display enhanced responses across all acetone concen
trations, highlighting the excellent role of Au NPs. It also indicates that
the base resistance of the Au@Co3O4 core-shell NP sensor is lower than
the bare Co3O4 NP. Both sensors had an increase in resistance following
acetone gas exposure, indicating a typical p-type conducting behavior.
Base resistances of bare Co3O4 NPs and bare Au@Co3O4 core-shell
5
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Fig. 4. XPS analysis of Au@Co3O4 core-shell NPs: (a) full survey spectrum; (b) O 1s; (c) Co 2p; (d) Au 4f.

NPs were calculated to be 1.4 × 105 and 6.5 × 104 Ohm, respectively.
Work function differences between Au (4.2 eV) and Co3O4 (3.8 eV) will
promote the flow of electrons from Co3O4 to Au (Fig. S1). Fig. 6 illus
trates the response/recovery time of the Au@Co3O4 core-shell NP
sensor. The response times of the Au@Co3O4 core-shell NP sensor at
250 ◦ C were calculated to be 394, 293, and 233 s for acetone gases at
concentrations of 2, 6, and 10 ppm, respectively. Corresponding re
covery time were measured to be 294, 275, and 280 s for 2, 6, and
10 ppm acetone, respectively. In the meantime, the response times of the
pristine Co3O4 NP sensor at 250 ◦ C was calculated to be 286, 291, and
237 s for 2, 6, 10 ppm acetone, respectively, whereas corresponding
recovery times were 599, 595, and 633 s for 2, 6, 10 ppm acetone,
respectively. The average recovery time of Au@Co3O4 core-shell NP
sensor at the working temperature was significantly shorter than that of
the pristine Co3O4 NP, demonstrating that desorption process was
enhanced through implementation of core-shell NP sensor.
With admitting that acetone concentration in the exhaled breath is
higher than 1.8 ppm for a type-I diabetic patient, it is necessary to
accomplish the acetone detection in the ppb range. Fig. 7a–b shows the
ppb level detection of acetone gas for Au@Co3O4 core-shell NPs. The
Au@Co3O4 core-shell NP sensor was tested further for acetone gas in the
ppb range up to 400 ppb. The lowest limit of detection (LOD) for this
sensor was at 20 ppb, tested at 250 ◦ C. Fig. 7b illustrates the response of
Au@Co3O4 core-shell NPs with varying acetone concentrations at the
ppb level, indicating a linear relationship.
Fig. 8 shows the repeatability study of the Au@Co3O4 core-shell NP
by repeating a 2-ppm acetone signal for 6 cycles at 250 ◦ C. It demon
strates the rapid response characteristics in an acetone environment and
demonstrates recovery to the origin after exposed to air. This shows that
the sensor yields reproducible results with no substantial change in
response after iterative tests. Fig. 9 shows a histogram for the selectivity

test of Co3O4 NP and Au@Co3O4 core-shell NP sensors to seven types of
target gases tested with 2 ppm acetone at 250 ◦ C. It shows the highest
response to acetone in presence of other reducing and oxidizing gases,
such as SO2, xylene, ethanol, benzene, toluene, and NO2, suggesting that
the Au@Co3O4 core-shell NP sensor has good selectivity properties for
acetone. This good selectivity will be attributable to introduction of Au
NPs.
The gas sensor performance can be affected in a humid environment.
As the exhaled breath generally is comprised of water vapor, the hu
midity effects on acetone sensing was investigated for the Au@Co3O4
core-shell NP sensor under different levels of humidity varying from
10% to 80%. Fig. 10a presents the relative response of the sensor under
different levels of RH measured at 25 ◦ C and Fig. 10b presents corre
sponding base resistance as a function of RH%. The sensor response
decreased with increasing the RH% in the range of 0–80 RH%. At 80 RH
%, the response value decreased from 27.05 to 16.2, which was 60% of
the original response value. The decrease of response can be attributed
to the occupancy of adsorption sites by water or OH molecules. As a
result, the number of available adsorption sites decreases, lowering the
response in high humid condition. Decrease of resistance along with a
change in resistance is associated with the intervention of hydroxyl
(-OH) ions on the Au@Co3O4 core-shell NP sensor surface based on the
following reaction [38–40]:
H2 O(g) + 2Co(lat) + O− (ads)→2(Colat − OH) + e−

(1)

Fig. 11 shows the response to 10 ppm of CO2 with N2 background,
and 10 ppm of O2 gases with N2 background, and 10 ppm of acetone gas
with air background at 250 ◦ C, respectively. Sensor responses to the
three mentioned gases are 1.01, 1.08, and 27.05, respectively, implying
the high selectivity to acetone gas.
We also examined the stability of the gas sensor after two weeks. For
6
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Fig. 6. (a) Response times and (b) recovery times of Au@Co3O4 core-shell NPs.

NPs gas sensors were prepared and tested towards 2, 6 and 10 ppm
acetone at 250 ◦ C. There is no significant difference between the
response values, demonstrating a good reproducibility.
3.6. Comparison with other works
The acetone response in the present work was compared with other
literatures (Table 1) [7,21,41–55]. The main feature of the optimized
gas sensor is high response to acetone in comparison to most existing
literatures. However, the sensing temperature is relatively high and also
sensor dynamics are relatively long. By using different strategies such as
self-heating mode operation or use of UV light, it is possible to decrease
the sensing temperature. Furthermore, making more porosity in Co3O4
shell will reduce the response time/recovery time. These techniques will
be explored in our future studies.

Fig. 5. Acetone sensing properties of (a) Co3O4 NPs; (b) Au@Co3O4 core-shell
NPs at various operating temperatures; (c) transient responses tested at 250 ◦ C.

this purpose, the sensor was stored in laboratory environment for two
weeks and the response to 10 ppm of acetone at 250 ◦ C was measured
(Fig. 12). At 250 ◦ C, the responses to 2, 6, and 10 ppm of acetone of the
fresh Au@Co3O4 core-shell NP sensor were 12.56, 25.32, and 27.05
respectively, while the responses to 2, 6, and 10 ppm of acetone of the
same sample stored in the laboratory for two weeks were 1.56, 1.89, and
1.92 respectively. Overall, the responses were significantly decreased
presumably due to possible adsorption of moisture or trace amounts of
some interfering gases in laboratory. Finally, we studied the reproduc
ibility of fabricated gas sensors. In Fig. S3, two Au@Co3O4 core-shell

3.7. Sensing mechanism of Au@Co3O4 core-shell NPs
The sensing mechanism underpinning the excellent sensitivity of the
p-type Au@Co3O4 core-shell NP sensor was investigated. It is recognized
that the mechanism of a p-type MOSs is opposite to n-type gas sensors
[56]. The p-type Co3O4 NP sensor in air, forms a hole accumulation layer
(HAL) near the surface enabling oxygen adsorption followed by the
dissociation of oxygen ions (O2-, O2-, O-) at an elevated temperature
(150–300 ◦ C). This process reduces the base resistance (Ra), as the
resulting HAL will increase the conductivity of the sensor. In this study,
7
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Fig. 9. Gas selectivity test in the presence of 2 ppm seven other target gases
at 250 ◦ C.

Fig. 7. (a) Dynamic resistance plots of Au@Co3O4 core-shell NPs with respect
to ppb-level acetone gas at 250 ◦ C. (b) Corresponding calibration curve.

Fig. 8. Repeatability test for the Au@Co3O4 core-shell NP sensor with 2 ppm
acetone at 250 ◦ C.

Fig. 10. (a) Humidity dependent (0–80 RH%) response analysis of the
Au@Co3O4 core-shell NP sensor to 2–10 ppm acetone at 250 ◦ C. (b) Corre
sponding graph showing the dependence of base resistance on RH%.
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Table 1
Comparison of the gas sensing performances of different p-type and n-type MOS
gas sensors for acetone sensing.

Fig. 11. Comparison between the response of the Au@Co3O4 core-shell NP
sensor to CO2, O2 and acetone gases at 250 ◦ C.

the base resistance of the bare Co3O4 NP sensor was 1.4 × 105 Ohm, as
depicted in the transient sensing properties in Fig. 5c. The reaction be
tween the chemisorbed oxygen ions (O-; optimum temperature of
300 ◦ C), and the acetone causes the release of electrons, increasing
resistance (Rg), which cause subsequent thinning of the HAL [57]. As
such, the ratio of two base resistances (Rg/Ra) is calculated as the
response signal. The possible reactions are:
(2)

(gas)

↔ O2

O2

(ads)

+ e- ↔ O2-

O2
O

-

-

(ads)

(ads)

(ads)

-

(ads)

(3)

-

(4)

+e ↔2O
-

(ads)

(5)

2-

+ e ↔ O (ads)
-

-

CH3COCH3 + 8 O ↔ 3CO2 + 3 H2O + 8e

Conc.
(ppm)

T
(◦ C)

Response
(Ra/Rg)

Response time
(s)/ recovery
time (s)

Ref.

PdO-Co3O4 HNCs
Co3O4 nanocubes
Co3O4 nanosheets
Co3O4 nanosheets
SnO2 @Co3O4
nanotubes
Co3O4/ a-Fe2O3
nanofibers
Co3O4/WO3
PdO/In2O3
microspheres
Au deposited
In2O3
Au-loaded In2O3
Co-doped ZnO
NFs
CuO-ZnO
Au/ 3DOM In2O3
5 mol% Cr-doped
WO3
GrapheneZnFe2O4
SnO2-TiO2
nanospheres
ZnO-Pd
nanosheets
Au@Co3O4 coreshell
nanoparticles

5
500
100
100
10

350
240
150
160
140

2.51
4.88
11.4
6.1
2.7

NA
2 s/5 s
80 s/120 s
98 s/7 s
NA

[41]
[21]
[42]
[43]
[44]

50

240

11.7

NA

[45]

100
100 ppm

280
250

5.3
50.9

NA
1 s/26 s

[46]
[47]

100

250

19

NA

[48]

10
100

320
360

53.08
5

NA
NA

[49]
[50]

2.5
5
20

220
340
320

3.5
42.4
9

NA
11 s/14 s
20 s/40 s

[51]
[7]
[52]

10

275

3.5

4 /18 s

[53]

400

277

29

NA

[54]

100

340

70

NA

[55]

10

250

27.5

233.7 s/
280.4 s

This
work

The baseline resistance of Au@Co3O4 core-shell NPs is therefore much
lower than the Co3O4 NP sensors as depicted in Fig. 5c. As soon as the
acetone gas reacts with ionic oxygen (O-), the extracted electrons return
back to the Au@Co3O4, decreasing the number of holes and eventually
increasing the base resistance of Au@Co3O4, being related to the elec
tronic sensitization mechanism of Au@Co3O4. The chemical sensitiza
tion mechanism occurs when the Au metal core is capable of dissociating
adsorbed oxygen molecules on its active sites to form ionic oxygen [30,
58]. This process increases the number of chemisorbed oxygen ions (O-)
to react with the acetone target gas molecules, facilitating an improved
response in the Au@Co3O4 NP sensor (Fig. 13b). These mechanisms
demonstrate the advantages of the Au metal core in enhancing the
sensing properties in gas sensors. Sensing enhancement in core-shell gas
sensor can be also related to higher surface area. BET surface area of
bare Co3O4 NPs was 0.84 m2/g and it was increased to 25.94 m2/g for
Au@Co3O4 core-shell NPs. In other words, the core-shell structures have
the effect of increasing the surface area by 30 times. More surface area
provides more adsorption sites for gas molecules, generating a stronger
sensing signal. Therefore, increase of surface area due to formation of
core-shell structures can contribute to the enhanced sensing. Fig. S5
shows Barret-Joyner-Halenda (BJH) pore size distribution curves of bare
Co3O4 NPs and Au@Co3O4 core-shell nanostructures. The curves are
calculated by the BJH method from the desorption branch of the N2
isotherm. As it can be seen, for bare Co3O4, the pore sizes are mainly
concentrated in the range of 10–25 nm, whereas for core-shell structure,
the range of pore sizes ranges from 10–40 nm. Overall, the core-shell
structure provides a higher volume of porosities compared with bare
Co3O4 NPs, which are beneficial for providing more adsorption sites for
incoming gas molecules.
The selectivity is the most essential parameter and based on this
study, the Au@Co3O4 core-shell NP sensor displayed high selectivity
toward acetone, presumably owing to the surface structure, as there is a
strong dependence between sensing properties and the surface struc
tures of sensing materials [59]. The selectivity to acetone gas for the

Fig. 12. Response of Au@Co3O4 core-shell NP sensor at 250 ◦ C in fresh state
and after being stored in laboratory for two weeks.

O2

Sample

(6)

Similarly, for the Au@Co3O4 core-shell NP sensor, a Schottky junc
tion will be established between the Au metal core NPs and the Co3O4
shell [56,57]. According to the UPS analysis in Fig. S4, work functions of
the Co3O4 and Au are 3.8 and 4.2 eV, respectively, promoting the flow of
electrons from Co3O4 to Au. Since Au is an electron acceptor, the elec
trons released from Co3O4 leave behind a number of holes in Co3O4,
increasing the hole concentration and thus, widening the HAL. The
contact between Au and Co3O4 will bend the energy band in Fig. 13a.
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Fig. 13. (a) Energy band diagram; and (b) acetone sensing mechanism of Au@Co3O4 core-shell nanoparticle sensor.

Au@Co3O4 NP sensor was due to high polar acetone gas molecules
compared to other interfering gases. In this way, acetone is easily
adsorbed on the sensor surface. The high selectivity to acetone may also
be due to the greater absorbing ability and low bond dissociation energy
(BDE) of acetone (352 kJ/mol) than other gases such as ethanol
(462 kJ/mol), toluene (371 kJ/mole), benzene (473 kJ/mole) and
xylene (367 kJ/mole). This enables acetone gases to easily react to the
surface adsorbed oxygen ionic species [49,60,61]. In addition, the
presence of higher concentrations of oxygen vacancies on the
Au@Co3O4 (Fig. 4b), helps in quick adsorption of acetone gas molecules.
Metal nanoparticles exhibit excellent sensing characteristics, in com
parison to usual sensing architectures, in which metal particles are
decorated on the surface of metal oxides. Incorporation of metal NPs on
the metal oxides surfaces generates heterointerfaces and metal islands,
exhibiting high catalytic activity [62]. However, metal NPs will be
exposed to reactants, products, and surrounding medium, being more
severely attacked at higher operating temperature. Even noble metals
can be affected by H2S, SO2, thiols or phosphorus. Therefore, core@shell
materials with metal NPs-core are the most promising structures to
prevent nanoparticles from coarsening and sintering, being attracted for
real sensing applications.

4. Conclusion
We designed an acetone sensor based on novel Au@Co3O4 core-shell
NPs synthesized via a simple, in-situ, redox, self-assembly process. TEM
and STEM analysis confirmed the formation of the core-shell
morphology with a total size between 70 and 180 nm and multi-core
Au NPs (5–10 nm) located inside the Au@Co3O4 core-shell system.
The Au@Co3O4 core-shell NPs exhibited reasonably decent sensing
properties compared to other gas sensors, including n-type counterparts.
The p-type Au@Co3O4 core-shell NP sensor had a high sensitivity to
acetone between 27.05 and 10 ppm at 250 ◦ C compared to a bare Co3O4
NP sensor. The influence of varying levels of humidity was tested for the
Au@Co3O4 core-shell NP sensor, finding a 60% response to 2 ppm
acetone at 80 RH%, and no significant reduction between 10 and 40 RH
%. The prepared sensor had an LOD of 20 ppb, a response time of 233 s
and with good stability for 2 ppm acetone at 250 ◦ C. This study moti
vates the researchers to design other varieties of core-shell nano
architectures using metal and metal oxides through a simple approach.
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