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A B S T R A C T

The rapid development of internet and internet of things brings new opportunities for the expansion of
intelligent sensors, and acetone as a major disease detection indicator (i.e., diabetes) making it become
extremely important clinical indicator. Herein, uniform mesoporous ZnO spheres were successfully
synthesized via novel formaldehyde-assisted metal-ligand crosslinking strategy. In order to adjust the
pore structure of mesoporous ZnO, various mesoporous ZnO spheres were synthesized by changing
weight percentage of Zn(NO3)2�6H2O to tannic acid (TA). Moreover, highly active heterojunction
mesoporous ZnO/Co3O4 has been fabricated based on as-prepared ultra-small Co3O4 nanocrystals (ca.
3 nm) and mesoporous ZnO spheres by flexible impregnation technique. Profit from nano-size effect and
synergistic effect of p-n heterojunction, mesoporous ZnO/Co3O4 exhibited excellent acetone sensing
performance with high selectivity, superior sensitivity and responsiveness. Typically, 5wt% Co3O4

embedded mesoporous ZnO sphere showed prominent acetone response (ca. 46 for 50 ppm), which was
about 11.5 times higher than that in pure ZnO sensing device, and it was also endowed high cyclic
stability. The nanocrystals embedded hybrid material is expected to be used as promising efficient
material in the field of catalysis and gas sensing.
© 2021 Chinese Chemical Society and Institute of MateriaMedica, Chinese Academy ofMedical Sciences.

Published by Elsevier B.V. All rights reserved.

With the rapid development of intelligent sensor technology
and nanomedicine detection, chemo-resistive gas sensors have
aroused extensive concerns on food security, environmental
protection and medical science, etc. [1–3]. Metal oxide semi-
conductors as sensitive sensing material have been exploited for
decades and successfully detected multiple gases, such as
flammable, disease indicator, toxic and explosive gases [4,5].
Transition traditional metal oxides possess tunable electronic
structure and metal-oxygen active sites, which is beneficial for the
surface adsorption of targeted gases, but their bulk structure and
morphology limit to their applications due to low surface area and

weak mass transfer efficiency. By contrast, mesoporous metal
oxides possess better structure features, including high porosity,
large specific surface area, efficient mass transfer and diffusion
rate, which are extremely favorable for gas-solid interface
interaction for improved gas sensing application [6,7].

In recent years, emerging mesoporous metal oxides, such as
WO3 [8], TiO2 [9], In2O3 [10], SnO2 [11], have been designed based
on hard and soft template synthesis method, and it showed great
application potential for detecting various toxic or explosive gases,
such as H2S, CO and butanol. Among these mesoporous metal
oxides, mesoporous ZnO as typical n-type semiconductor has low
crystallization temperature and wide bandgap (ca. 3.37 eV), which
has been widely applied in catalysis [12], gas sensor [13] and solar
cell [14]. For gas sensing application, ZnO is one of the earliest
discovered and the most widely used oxide-based materials [15].
However, single component mesoporous ZnO usually suffers poor
responsiveness and weak selectivity due to its own electronic
structure and surface defect. Multicomponent mesoporous
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ZnO-based oxides cannot only take the advantages of each
component but also provide abundant heterogeneous interfaces
or active sites to achieve improved sensing performance. Various
methods, including element doping, nanoparticle embedding and
recombination, have been applied to fabricate multicomponent
ZnO-based materials [6,16,17]. In general, noble metal (e.g., Au, Pt,
Ag, Rh and Pd) as activity catalyst or sensitizer can significantly
enhance reactivity and adsorption capacity of surface molecules
(e.g., O2�, O-, O2�). Kim et al. [18] synthesized novel ZnO nanorods
coated with amorphous Pd layer, and the obtained amorphous Pd/
ZnO nanorods sensor exhibited an improved sensing response
towardH2,making them good candidate for development of H2 gas
sensor with high sensitivity and selectivity for detecting low-
concentration H2. Except for expensive noble-metal/metal-oxide
based sensor, heterojunction provides a new direction for
intelligent sensor, and heterojunction-based metal oxide compo-
sites (e.g., n-n, p-n or p-n-p) have recently emerged as sensing
components for intelligent gas sensors, and they exhibit improved
electrical properties and reduced surface energy by virtue of their
favorable interfacial effect and energy band structure. Taking ZnO
based heterojunctionmaterials as examples, variousmultiple ZnO-
based heterojunction nanomaterials have been designed, such as
ZnO/SnO2, ZnSe/ZnO. For example, Huang et al. [19] demonstrated
n-p-n ZnO-based heterojunction, which existed in the contact
region between SnO2 nanorods and ZnO thin layer. SnO2 nanorod
arrays were fabricated via plasma-enhanced CVD method and
then coated a layer of ZnO on the surface of SnO2 nanorods. The
ZnO/SnO2 nanorod sensor exhibits a normal n-type response to
CH4, NH3 and CO but it shows a special concentration-dependent
n-p-n transition in sensing response to H2. Similarly, Liu et al. [20]
fabricated mesoporous ZnSe/ZnO heterojunctions by the in-situ
thermal oxidation of ZnSe in air, where the ZnSe/ZnO hetero-
junction-based sensor showed superior NO2 sensing performance
than pure ZnO owing to its novel mesoporous structure and the
formation of heterojunctions.

As common p-type semiconductor, Co3O4 possesses narrow
indirectbandgap (1.5 eV)andprominent catalytic activity, and ithas
been widely explored in various applications such as catalysts [21],
electrodematerials [22,23] andgassensors [22]. Specially, Co3O4can
beusedasactivecomponent (Co3+andoxygenvacancies) to enhance
the selectivity and gas response in gas sensor. It is well-known that
minimize the size of sensing materials can enhance surface activity
for physical adsorption or chemical reaction, which is favorable for
the extension of depletion layer and surface reaction of oxygen
species. Previous studies have shown that faster charge transfer can
induce higher electron-hole separation efficiency when the hetero-
junction isas small as2�3 nm[24,25]. Therefore, it isvery important
to develop reliable method for loading ultra-small metal oxide
nanoparticles on other semiconductor metal oxides to improve
charge separation efficiency.

Herein, unique mesoporous ZnO spheres with high surface area
and tunable mesopores were synthesized via a formaldehyde-
assisted metal-ligand crosslinking strategy, and these mesoporous
ZnO spheres possess uniform size and high porosity. Ultra-small
Co3O4 nanocrystals (�3 nm) were embedded in the mesopores of
ZnO spheres to enhance the electron-hole separation efficiency.
Importantly, the obtained mesoporous ZnO/Co3O4 composites
exhibit excellent gas sensing performance towards acetone
compared with pure mesoporous ZnO spheres. The response of
5wt% Co3O4 embedded mesoporous ZnO sphere composites to
50 ppm acetone reached 46 at 250 �C, which was about 11.5 times
higher than that of pure ZnO under the same condition due to the
formation of mesoporous p-n heterojunctions at the interface of
ZnO and Co3O4.

Metal-phenolic coordination spheres were synthesized by
novel formaldehyde-assisted metal-ligand crosslinking strategy

according to reported previously [26,27], and uniform ZnO spheres
with abundant mesopores could be obtained after calcination
treatment for the removal of organic species. Based on the strong
metal-chelating interaction, a series of multi-component metallic
spheres can be synthesized, such as single, binary and multiple. In
this study, pre-synthesized Co3O4 nanocrystals were encapsulated
into the pores of mesoporous ZnO spheres through facile and
simple impregnation technique, and ultra-small Co3O4 nano-
crystals could be deposited in the mesopores of ZnO spheres to
provide enormous ZnO/Co3O4 interfaces. The whole synthesis
process for mesoporous ZnO/Co3O4 spheres was schematically
shown in Scheme 1. TA (C76H52O46) is a kind of plant polyphenol
with five galloyl groups and five catechol groups,which can chelate
with various metal ions. Tannic acid acts as a skeleton template in
the synthesis, the addition of TA is important to adjust the
morphology and structure of metal-phenolic coordination poly-
mers. In the polymerization process, TA molecules were firstly
crosslinked by formaldehyde to produce composite resin under
alkaline conditions, and then metal-TA coordination spheres were
formed via the strong metal-ligand coordination interactions
between Zn2+ ions and catechol groups of polymer oligomers.
After calcination in air at 400 �C for 2 h, uniform mesoporous ZnO
spheres were obtained. In order to acquire highly active
mesoporous ZnO/Co3O4 composites, the pre-synthesized ultra-
small Co3O4 nanocrystals (3.0 nm) and mesoporous ZnO spheres
were dispersed in ethanol under vigorous stirring in air, and the
nanocrystals could diffuse into the pores by the capillary effect
of mesopores during evaporation of ethanol. The resultant
mesoporous ZnO/Co3O4 composites were annealed at 300 �C in
air to enable the strong ZnO-Co3O4 interaction.

Transmission electron microscopy (TEM) images indicate that
the Zn-TA coordination nanospheres have uniform spherical
structure with smooth surface. Taking ZnO-50 as an example,
the as-made Zn-TA coordination spheres have average diameter of
180 nm (Figs. 1a and b), and after calcination in air the obtained
mesoporous ZnO spheres exhibit roughmorphology and abundant
ZnO grains with high crystallinity, which can produce disordered
grain accumulation pores (Figs. 1c and d). As shown in Fig. S1
(Supporting informatoin), a series of mesoporous spherical ZnO
spheres with various properties (e.g., pore size, surface area,
surface roughness) can be also obtained via the same synthesis
process by adjusting the weight percentage of zinc salts to TA
added in the reaction system.

[(Scheme_1)TD$FIG]

Scheme 1. The synthesis pathway for mesoporous ZnO/Co3O4 composites. Step 1.
In the polymerization process, TA molecules were firstly crosslinked by formalde-
hyde to produce composite resin under alkaline conditions, and then metal-TA
coordination spheres were formed via the strong metal-ligand coordination
interactions between Zn2+ ions and catechol groups of polymer oligomers. Step 2.
The as-prepared organic-inorganic composites were calcined in air at 400 �C for 2 h
with a ramp of 2 �C/min, forming crystalline mesoporous ZnO spheres. Step 3. A
complete evaporation of ethanol and the deposition of Co3O4 nanocrystals in the
mesopores of ZnO spheres to obtain mesoporous ZnO/Co3O4 composites.
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The X-ray diffraction (XRD) pattern of mesoporous ZnO-50
(Fig. 1e) exhibits well-resolved peaks at 2u of 32.1�, 34.6�, 36.5�,
47.7�, 56.9�, 63.1� and 68.2�, which are corresponding to the ZnO
crystal planes of (100), (002), (101), (102), (110), (103) and (112),
respectively. Small-angle X-ray scattering (SAXS) patterns of ZnO
samples exhibit no obvious scattering peaks, indicating its
disordered structure (Fig. S2 in Supporting information), which
is consistent with the results of TEM image.

N2 adsorption-desorption isotherms of all as-prepared samples
show sharp capillary condensation steps in the relative pressure
range of 0.90�0.98 (Fig. 1f) and the pore size as well as specific
surface area is shown in Table S1 (Supporting information). For
mesoporous ZnO, the surface area increases from 24.95m2/g to
51.06m2/g with the increase of zine salts and all as-prepared ZnO
spheres has adjustable pore size based on Barrett-Joyner-Halanda
(BJH)model, which indicates there is typical mesoporous structure
produced by the accumulation of ZnO grains. Especially, according
to the pore size distribution of ZnO (Fig. S3 in Supporting
information), there is a weak peak for larger pore size (9.9 nm
for ZnO-30, 7.4 nm for ZnO-40 and 11.8 nm for ZnO-50), which can
provide abundant adhere sites for ultra-small Co3O4 nanocrystals
(�3 nm).

According to the above discussion, the obtained ZnO spheres
have an attracted mesoporous structure, which is suitable for
loading ultra-small Co3O4 nanocrystals into the pore channels, so
as to construct p-n heterojunctions to improve the gas sensing
properties of the composites. Therefore, ZnO/Co3O4 composites
were synthesized by impregnation method and their gas sensing
properties were studied. It can be seen from the TEM images of
ZnO-50-Co3O4-5% composites (Fig. S4 in Supporting information)
that the morphology of ZnO without change significantly after
loading Co3O4 nanocrystals by impregnation method. The HRTEM
image of Co3O4 nanocrystals (Fig. S5a in Supporting information)
exhibits obvious crystal lattice and the selected area electron
diffraction (SAED) analysis reveals diffraction rings, which
indicates that these as-prepared Co3O4 nanocrystals possess
pre-crystallization feature. Due to their ultrasmall size features,
these ultra-small Co3O4 nanocrystals can not only provide nano-
size effect to accelerate mass transfer but also enhance catalytic
effect in the process of gas sensing reaction. By contrast, the

HRTEM image of ZnO-50-Co3O4-5% (Fig. S5b in Supporting
information) shows that there is no obvious crystal lattice for
Co3O4 nano-crystals while it shows [100] lattice fringe of ZnO
clearly, which is due to its ultra-small size and overspread effect of
highly crystalline ZnO. The STEM image (Fig. S5c in Supporting
information) and element mapping (Figs. S5d-f in Supporting
information) of above composite shows a homogeneous distribu-
tion of Zn, O and Co, and highly dispersed Co3O4 nanoparticles are
encapsulated in the pores of mesoporous ZnO.

The XRD patterns of mesoporous ZnO/Co3O4 composites are
shown in Fig. 2a, and it can be clearly seen the well-resolved peaks
of ZnO. Fig. S6 (Supporting information) shows a typical XRD
pattern of Co3O4. The diffraction peaks at 19.0�, 36.9�, 44.9�, 59.6�

and 65.3� can be indexed to (111), (311), (400), (511) and (440)
(JCPDS No. 74-1656), respectively. However, there is still no
obvious diffraction peaks of Co3O4 nanocrystals in the XRD
patterns of ZnO/Co3O4 composites, which might be due to the
low content of Co3O4 nanocrystals in the composites and ultra-
small size of Co3O4 nanoparticles (�3 nm). Although the peak of
Co3O4 species cannot be observed in the XRD pattern, the presence
of Co element can be observed in the EDS pattern (Fig. S7 in
Supporting information). ICP analysis was also carried out to
evaluate the content of Co element in ZnO/Co3O4 composites, as
shown in Table S2, which further confirms the existence of Co
element. According to the FT-IR spectra of ZnO and ZnO/Co3O4

composites (Fig. 2b), the strong peak around 460 cm�1 is
corresponding to the stretchingmode of Zn-O bonds (ZnO species)
[28]. Theweak peak at 660 cm�1 demonstrates the existence of the
Co3O4 nanocrystals, which is related to the stretching vibrations of
the metal-oxygen bonds (Co-O) [29,30].

As shown in Fig. 2c, the Raman spectra of mesoporous ZnO and
mesoporous ZnO/Co3O4 composites exhibits similar characteristic
peaks, and the position of peaks without obvious changes after the
incorporation of Co3O4 nanocrystals. But the intensity of the peak
decreases with the increase of Co3O4 nanocrystals, indicating a
certain interaction between ZnO grains and ultra-small Co3O4

nanocrystals. In ZnO/Co3O4 composites, since the Fermi level of
ZnO sphere is higher than that of Co3O4, electrons will transfer
from ZnO grain to Co3O4 nanocrystals until their Fermi level is
balanced, and more defects are generated. When the amount of

[(Fig._1)TD$FIG]

Fig. 1. TEM images of (a, b) Zn-TA-50 coordination spheres; (c, d) ZnO-50 spheres. (e) XRD pattern of mesoporous ZnO-50 spheres. (f) N2 adsorption-desorption isotherms of
mesoporous ZnO-X spheres recorded at 77 K (samples with X of 30, 40 and 50 were offset vertically by 0, 20 and 30 cm3/g, respectively).
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Co3O4 nanocrystals increased, the more crystal defects are
produced and the vibration stretching strength of the Zn-O bond
will decrease, which will lead to the weakening of the Raman peak
intensity. Similarly, N2 adsorption-desorption isotherms of all ZnO/
Co3O4 samples also show sharp capillary condensation steps in the
relative pressure range of 0.90�0.98 (Fig. S8 in Supporting
information), where the pore size and specific surface area are
shown in Table S3 (Supporting information). The specific surface
area of ZnO-50-Co3O4-X decreases with the increase of Co3O4

content and the pore size of the ZnO/Co3O4 composites decreases
obviously compared with ZnO-50, which mainly due to the pore
encapsulation of mesoporous ZnO spheres by ultra-small Co3O4

nanocrystals.
XPS analysis was performed to investigate the chemical states

of the mesoporous ZnO/Co3O4 composites. As shown in Fig. 2f, it
confirms the presence of four elements (Zn, O, Co and C). The
narrow-scan Zn 2p spectrum can be assigned to Zn 2p3/2

(1023.2 eV) and Zn 2p1/2 (1046.5 eV) (Fig. 2g), respectively, which
indicates that the coordination form and chemical valence of Zn2+

in ZnO/Co3O4 composites is normal [31]. By contrast, the peak
positions of Zn 2p spectrum for above composites exhibit a higher
binding energy than pure mesoporous ZnO (Fig. 2d) (Zn 2p3/2 at
1021.8 eV and Zn 2p1/2 at 1045.1 eV), which reveals that Co3O4

nanocrystals can interact with ZnO grains and accelerate electron
transfer rate [32]. This kind of shift is generally induced by the
change of coordinated environment or chemical state [33].
Similarly, the XPS spectra of O1s (Figs. 2e and h) can be divided
into two different oxygen species (such as adsorbed oxygen and
lattice oxygen). The peaks at � 531.0 and 532.0 eV are assigned to
the crystal lattice oxygen (O2�) and the surface-absorbed oxygen
(O2� or O�), respectively. Interestingly, there is typical migration of
peak position, which is attributed to the doping of Co3O4

nanocrystals, and it can affect the coordination environment or
metal-oxygen bonds (i.e., Co-O and Zn-O). The Co 2p XPS spectra of
ZnO-50-Co3O4-5% shows two major peaks at 780.0 eV and
790.7 eV, which is corresponding to the Co 2p3/2 and Co 2p1/2

spin-orbit peaks of Co3O4 species, respectively (Fig. 2i). In addition,
a weak satellite peak at around 787.2 eV can be clearly
detected, which is further confirmed the existence of Co3O4

nanocrystals [34].
Mesoporous ZnO is regarded as efficient semiconductor sensing

material, and Co3O4 nanocrystals can further optimize material
performance. Thus, the sensing properties of the composite were
evaluated systematically. The electric circuit for measuring and the
assembled sensing device are demonstrated in Fig. 3a, where Rf is
represented as the reference resistor and Rx is the resistor of

[(Fig._2)TD$FIG]

Fig. 2. (a) XRD patterns, (b) FTIR spectra, (c) Raman spectra of mesoporous ZnO andmesoporous ZnO/Co3O4 composites. Zn 2p XPS spectra of (d) ZnO and (g) ZnO-50-Co3O4-
5%. O 1s XPS spectra of (e) ZnO and (h) ZnO-50-Co3O4-5%. (f) XPS full survey of ZnO-50-Co3O4-5%. (i) Co 2p XPS spectra of ZnO-50-Co3O4-5%.
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material to be tested, Vo is the output voltage and Ix is the current. It
can be clearly seen that the gas-sensing properties of semicon-
ducting metal oxides is closely related to the operating tempera-
ture. To optimize the operating temperature, themesoporous ZnO/
Co3O4 composites sensors were tested towards 50 ppm of acetone
at 150�350 �C. As shown in Fig. 3b, the response value for pure
mesoporous ZnO spheres increased slowly with the increase of
working temperature, while it still maintained low response value
(< 5.0) even under 350 �C. The poor acetone sensing performance
of pure mesoporous ZnO spheres is related to electronic structure
and optoelectronic properties. By contrast, under the assistance of
ultra-small Co3O4 nanocrystals, the response value to acetone
under same condition increased first and then decreased with the
changing of working temperature. The optimum sensing temper-
ature is near 250 �C, which can be attributed to the high dispersion
of Co3O4 nanocrystals and the formation of ZnO-Co3O4 hetero-
structures. Moreover, the response value increased gradually from
ZnO-30-Co3O4-5% to ZnO-50-Co3O4-5%, which can be explained by
the pore volume and specific surface area increased from ZnO-30
to ZnO-50 (as shown in Fig. S3 and Table S1). More importantly, the
response value of ZnO-50-Co3O4-5% to 50 ppm acetone reached 46
at 250 �C, which is 11.5 times higher than that of pure mesoporous
ZnO-50 (response value = 4.0) under the same condition. Com-
pared with ZnO/Co3O4 materials reported previously (Table S4 in
Supporting information), the mesoporous ZnO/Co3O4 composites
exhibited great potential in acetone gas sensor due to its relative
low operating temperature and high sensitivity. As shown in
Fig. 3c, a series of common volatile gases, such as toluene,
ammonia, methane, formaldehyde, carbon monoxide and hydro-
genwere chosen as the interfering gases to study the selectivity of
ZnO/Co3O4 composites. The response of ZnO-50-Co3O4-5% to
50 ppm acetone was at least 13 times higher than other gases,
which indicates excellent acetone selectivity. It fully indicates that
the incorporation of Co3O4 nanoparticles is very helpful to improve

the gas sensing properties of the materials. In addition, the
advantages of the impregnation method can also be seen from
Fig. 3d. The response value of ZnO/Co3O4 composites via the
impregnation method was much higher than pure mesoporous
ZnO spheres (4.0) and Co3O4 nanocrystals (1.66) to 50 ppm acetone
at 250 �C. The enhanced gas sensing performance of ZnO/Co3O4

composites was mainly ascribed to the formation of p-n
heterojunctions between ZnO grains and Co3O4 nanocrystals,
which greatly increased the baseline resistance in air and reduced
the resistance in acetone gas. Therefore, a larger variation of
resistance produced when converting from air to acetone
atmosphere. According to the definition of response (Ra/Rg), the
response to acetone increased a lot. The response of ZnO/Co3O4

composites via the impregnation method increased first and then
decreased with the increase of the amount of Co3O4, and reached a
maximum when the amount of Co3O4 was 5%. It is attributed to
that the number of reactive sites increases with the increase of the
amount of Co3O4 nanocrystals, and more reactive sites can provide
abundant adhere sites for oxygen species (i.e., O2

�, O� and O2-).
However, when the amount of Co3O4 continues to increase, the
agglomeration of Co3O4 nanoparticles will occur and the over-
loading of Co3O4 nanocrystals can block the pores, which can
restrain the fast gas molecules penetration and efficient interior
electron transport. Therefore, the response value will decrease
again, which can be confirmed by the fact that the specific surface
area of ZnO-50-Co3O4 decreased with the increase of Co3O4

content (as shown in Fig. S8 and Table S3). This experimental result
indicates that the incorporation of Co3O4 nanoparticles greatly
improves the response of ZnO spheres to acetone, which mainly
due to the formation of heterojunctions andmore active sites of the
post-loaded complex are exposed to the targeted gas. Moreover,
previous studies have shown that faster charge transfer leads to
higher electron-hole separation efficiency when the heterojunc-
tion is as small as 2�3 nm [24,25]. Thus, smaller nanocrystals are

[(Fig._3)TD$FIG]

Fig. 3. (a) The electric circuit for measuring. (b) Responses of the sensors to 50 ppm acetone at different working temperature (150-350 �C). (c) Selectivity of ZnO and ZnO/
Co3O4 composites sensors to various gases at 50 ppm at 250 �C. (d) Responses of ZnO, Co3O4 and ZnO-50-Co3O4-X (X [18_TD$DIFF]= 1%, 5% and 10%) towards 50 ppm acetone at 250 �C. (e)
Response of ZnO and ZnO-50-Co3O4-5% composite sensor upon exposure to 50 ppm of acetone at 250 �C. (f) Gas response towards different concentration of acetone of ZnO
and ZnO/Co3O4 composites at 250 �C.
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beneficial for gas sensing application, and more attentions should
be focused on the design of ultra-small heterojunctions. Moreover,
the base resistance of the ZnO changed accordingly after the
incorporation of Co3O4 nanoparticles (Fig. 3e), which confirms the
existence of a wider range of depletion layers proposed by p-n
junction.

The dynamic gas sensor responses of ZnO/Co3O4 composites
and pure mesoporous ZnO spheres to different concentrations of
acetone from 2.0 ppm to 100 ppm are shown in Fig. 3f and Fig. S9a
(Supporting information). With the increase of acetone concen-
tration, the response of ZnO-50-Co3O4-5% sensor increased from
2.2 at 2 ppm to 75 at 100 ppm, which exhibited a much higher
sensitivity than pure mesoporous ZnO-50 spheres. Fig. S9b
(Supporting information) shows the response of ZnO-50-Co3O4-
5% sensor to different acetone concentrations ranging from
0.2 ppm to 1 ppm, and a response of 1.18 is realized at an acetone
concentration of 0.2 ppm. The high sensitivity is attributed to the
larger specific surface area and the formation of smaller
heterojunction sites. The ZnO-50-Co3O4-5% sensor showed a fast
response of 60 s when exposed to 50 ppm acetone (Fig. S9c in
Supporting information). In addition, the sensor exhibited a good
cycle performance towards 50 ppm acetone (Fig. S9d in Supporting
information), indicating good stability for the sensitive detection of
acetone.

The sensing performance of the ZnO/Co3O4 composites was
tested on a platform based on a side-heated type of gas sensor and
the interaction between ZnO/Co3O4 composites and acetone
molecules was shown in Fig. 4a. The sensing mechanism of ZnO
sphere follows the surface-resistance controlled model, and the
resistance change of ZnO is relevant to the amount and species of
chemisorbed oxygen (i.e., O2

�, O� or O2-) in the process of
adsorption and desorption. When ZnO sensor is exposed to air,
oxygen molecules will be adsorbed on the surface of ZnO sphere
and capture electrons from the conduction band of ZnO sphere to
form oxygen species (as Eqs.1–4), which leads to the formation of a
depletion layer on the surface of bare ZnO [35]. When exposed to
acetone gas, O2- and O� species can react with the acetone gas

molecules and release electrons back to the conduction band of
ZnO sphere. Therefore, the depletion layer becomes thin and the
resistance of sensor decreases.

O2(gas) → O2 (ads) (1)

O2(ads) + e� → O2
� (ads) (2)

O2
�(ads) + e� → 2O� (ads) (3)

CH3COCH3(gas) + 6O�(ads) → 3CO2 + 3H2O + 6e- (4)

However, after loading with Co3O4 nanocrystals, the working
temperature for the sensors decreased and the response value to
acetone has also been greatly improved, which can be attributed to
the excellent catalytic performance of highly dispersed Co3O4

nanocrystals and the formation of ZnO/Co3O4 p-n heterostructure.
The porous structure makes it possible to deposit more Co3O4

nanocrystals in the pores of mesoporous ZnO, which can induce
that the gas sensing reaction takes place uniformly in the whole
mesoporous ZnO spheres.

The energy band structure of ZnO grain and Co3O4 nanocrystal
before contact and after contact is shown in Fig. 4b. Aswe all know,
the conductivity behaviors of p-type Co3O4 is completely opposite
to that of n-type ZnO spheres. In ZnO/Co3O4 heterostructure, since
the Fermi level of ZnO sphere is higher than that of Co3O4, electrons
will transfer from ZnO grain to Co3O4 nanocrystals, which leads to
the band bending and an additional depletion layer (electronic
depletion on the surface of ZnO, while hole depletion on the
surface of Co3O4) until their Fermi level is balanced, as shown in
Figs. 4b and c. P-N Heterojunctions are formed at the interface
between ZnO nanoparticles and Co3O4 nanocrystals [36], and the
recombination of electrons and holes significantly decreases the
charge conduction channel and leads to a higher resistance than
pure ZnO (the base resistance of ZnO and ZnO-50-Co3O4-5% were
shown in Fig. 3e and Table S5 in Supporting information).
Moreover, since the content of Co3O4 is relatively small in ZnO/
Co3O4 composites, the p-n heterojunction and conductivity of
mesoporous ZnO spheres still play an important role. When it
exposed to acetone gas, electrons trapped by oxygen species are
released back to ZnO grains, leading to an increase of electron
concentration and a decrease in the sensor resistance. Therefore,
according to the response definition of Ra/Rg, the response of ZnO/
Co3O4 composites in acetone gas is significantly enhanced due to
the formation of a deeper electron depletion layer.

In this work, ZnO nanospheres and ZnO/Co3O4 composites were
synthesized by a facile and efficient method, which possess typical
spherical structure with high specific surface area, abundant pores
and highly dispersed grains. In addition, the pore structure of
mesoporous ZnO can be adjusted by changing the weight
percentage of zinc salt to TA added in the reaction system and
Co3O4 nanocrystals were deposited intomesopores of mesoporous
ZnO by virtue of the capillary effect in the process of solvent
evaporation. The obtained ZnO/Co3O4 composites exhibited
excellent acetone sensing performance, and the optimum response
value of mesoporous ZnO/Co3O4 composites to 50 ppm acetone
reached 46 at 250 �C, which is 11.5 times higher than that of pure
ZnO spheres (4.0) under the same condition. Moreover, the
enhanced response of ZnO/Co3O4 composite sensor to acetone is
attributed to the existence of p-n heterojunction between ZnO
grains and Co3O4 nanocrystals. This research provides a reasonable
way for the design of chemical resistance gas sensor with high
performance.

[(Fig._4)TD$FIG]

Fig. 4. (a) Sketch of the structure of side-heated gas sensor based on ZnO/Co3O4

composites and diagram of the interaction between ZnO/Co3O4 composites and
acetone molecules. (b) Band diagrams of ZnO grain and Co3O4 nanocrystal before
contact and after contact and (c) schematic diagram of the mechanism of ZnO/
Co3O4 composites for acetone-gas sensing.
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