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ABSTRACT: Although p-type semiconductors exhibit highly selective and stable
chemiresistive gas sensing performances compared to conventional n-type semiconductors,
their low sensitivity had long impeded their practical development. In this work, we
developed highly porous Co3O4/CoMoO4 heterostructure nanosheets (NSs) with
enhanced sensitivity and superior stability toward acetone gas through a facile solution-
based approach with Mo-impregnated Co-based metal−organic frameworks as the starting
material. The spontaneous formation of a large number of p−p heterojunctions at the
Co3O4−CoMoO4 interface would facilitate the adsorption of oxygen and acetone
molecules, as verified by density functional theory calculations. Consequently, experimental
results showed that the Co3O4/CoMoO4 NSs have a greatly enhanced response of 8.5
toward 5 ppm acetone, which is 7.1 times higher than that of pure Co3O4 NS, without
involving any noble metal catalysts. Moreover, the limit of detection of the Co3O4/
CoMoO4 NSs was as low as 10 ppb. Altogether, we propose that our synthetic approach
for the engineering of p−p heterojunctions is an effective strategy for the future
development of highly practical and sensitive gas sensors based on p-type semiconductors.
KEYWORDS: nanosheets, heterojunction, p-type metal oxides, acetone, gas sensors

Inevitably, the rapid industrialization of emerging economies
around the world is contributing to the release of various

toxic volatile organic compounds (VOCs) into the atmos-
phere, which is a major health hazard for the general
population. Among the VOCs, acetone is a common
byproduct of research and industrial operations,1 the
prolonged exposure to which results in liver and kidney failure
in humans.2 To effectively prevent accidental acetone exposure
in the workplace and guarantee the safety and health of
workers, therefore, we must develop reliable sensors that can
provide accurate, quantitative detection capability toward
acetone gases in real-time.3

Semiconducting metal oxide (SMO)-based gas sensors have
been widely utilized for the detection of various target gas
molecules, including VOCs, in a highly sensitive manner. Up to
now, various n-type SMOs such as SnO2,

4 WO3,
5 In2O3,

6 and
Fe2O3

7 have been widely explored for use as sensing material.
Pristine p-type SMOs, on the other hand, have been rarely
studied in this application owing to their inherently low
response. Specifically, according to a study by Hübner et al.,8

the response of a p-type SMO-based sensor was about equal to
the square root of that of an n-type SMO-based sensor with
identical morphologies. Nevertheless, p-type SMOs such as
Co3O4,

9 NiO,10 CuO,11 Cr2O3,
12 and Mn3O4

13 have recently
received a fair share of attention owing to their high catalytic
reactivity and relatively low cost as chemiresistive sensing
materials.9 In particular, many p-type SMOs act as catalysts for
the selective oxidation of VOCs, which promotes the selective

response of the sensor toward the target VOCs.14 Given these
inherent advantages of p-type SMOs toward selective gas
sensing, as long as the issues with the low sensitivity of p-type
SMOs are resolved through a more in-depth materials design,
we should be able to achieve a practically viable sensor system
based on p-type SMOs.
One representative type of a p-type SMO is Co3O4, a

catalytically active material typically used as a photocatalyst15

or an electrocatalyst,16 which makes it a suitable candidate for
selective gas sensing applications.9 Specifically, considerable
amounts of studies have been conducted to explore and
improve the gas-sensing characteristics of Co3O4 by modifying
their electronic structure. For instance, Li et al.17 synthesized
Co3O4 nanocages for selective acetone detection, which was
further sensitized with Au to improve the sensing performance.
In spite of its effectiveness, noble metal catalysts increase the
cost of the sensing material, and the catalyst nanoparticles are
prone to aggregation in high-temperature environments. As
such, noble-metal-free alternatives are more attractive for
practical applications. In this regard, Li et al.18 demonstrated
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the preparation of flower-like nanostructures consisting of
numerous heterojunctions between n-type ZnO phases and p-
type Co3O4 phases, which can amplify the gas sensing
properties through the interface electron flow effect. In n-p
junctions, however, the charge carriers readily undergo
frequent recombination and mitigate the sensitization, which
motivates the exploration of nanostructured SMO-based
sensing layers based on abundant p−p heterojunctions.20

Moreover, two-dimensional materials have been widely used in
catalysts such as the hydrogen evolution reaction19 owing to
their highly exposed active sites.21,22 To this end, while rarely
studied in the literature thus far, Co3O4-based p−p
heterojunction materials should provide an important oppor-
tunity for achieving highly sensitive p-type SMO-based
chemiresistive sensors.
In this study, metal−organic-framework (MOF) derived p-

type Co3O4/p-type CoMoO4 (hereafter, Co3O4/CoMoO4)
heterostructure 2D nanosheets (NSs) were prepared for the
first time, and their utility toward acetone detection is
demonstrated. Herein, a facile but effective synthesis strategy
was introduced by using zeolite imidazole framework-L (ZIF-
L) NS as a template. Specifically, ZIF-L acted as the sacrificial
host, and the Co2+ ions in the porous structure of ZIF-L were
converted into Co(OH)2 and CoMoO4 (in the presence of
MoO4

2− ions) for their regrowth onto the template upon
hydrothermal reaction, the former of which was calcined into
Co3O4 in the subsequent step to produce heterostructured
Co3O4/CoMoO4 NSs. The experimental results reveal that the
acetone sensing behavior of heterostructured Co3O4/CoMoO4
NSs is superior to that of pristine Co3O4 and physically mixed
(PM)-Co3O4/CoMoO4 composite sensors as control samples,

in terms of higher sensitivity, ultralow limit of detection (10
ppb), and superior long-term stability. This study paves a new,
cost-effective pathway to improve the gas sensing performance
of p-type SMO through constructing p−p heterojunction
structures.

■ EXPERIMENTAL SECTION
Materials. Cobalt nitrate hexahydrate (Co (NO3)2·6H2O), 2-

methylimidazole (2-MIM), sodium molybdate dihydrate (Na2MoO4·
2H2O), and ethanol were purchased from Sigma-Aldrich. All
chemicals were used as received without further purification.

Synthesis of Co-MOF NS. A total of 8 mmol of 2-MIM and 1
mmol of Co(NO3)2·6H2O were dissolved in 20 mL of deionized
water. Then, the two solutions were mixed in a beaker, and the
resultant solution turned purple immediately. After the reaction at
room temperature for 5 h, the sample was collected by using
centrifugation, and collected Co-MOF NS was washed in ethanol
several times and dried at 60 °C for 5 h.

Synthesis of Co3O4/CoMoO4 NS. A total of 0.25 g of Co-MOF
NS synthesized above was dispersed in 45 mL of deionized water
containing Na2MoO4·2H2O (various amounts: 0.01, 0.02, 0.03, and
0.04 g corresponding to Co3O4/CoMoO4 (5 at. % Mo), Co3O4/
CoMoO4 (8.5 at. % Mo), Co3O4/CoMoO4 (12 at. % Mo), and
Co3O4/CoMoO4 (16 at. % Mo), respectively) uniformly by
ultrasonication for 5 min to form a suspension (for clarification, the
atomic ratios reported in this manuscript corresponds to the actual
measured values as confirmed by inductively coupled plasma mass
spectrometry (ICP-MS) measurements). The resultant suspension
was maintained in an oven at 100 °C for 2 h. Next, the sample was
collected using a vacuum filter, and collected Co(OH)2@Mo NS was
washed using ethanol and dried at 60 °C for 5 h. At last, the prepared
Co(OH)2@CoMo4 NS was first calcined at 350 °C for 2 h with a

Figure 1. Schematic illustration of the synthesis strategy for the heterojunction Co3O4/CoMoO4 NS.
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ramping rate of 5 °C/min, followed by calcination at 600 °C/min for
2 h with a ramping rate of 10 °C/min.

Synthesis of Co3O4 NS, CoMoO4, and Physically Mixed (PM)-
Co3O4/CoMoO4. The synthesis of Co3O4 NS is similar to that of
Co3O4/CoMoO4 NS except for the absence of the reaction with an
aqueous solution of Na2MoO4·2H2O. CoMoO4 is prepared as
follows: 7.0 mmol CoCl2·6H2O, 1.0 mmol (NH4)6 Mo7O24·4H2O,
and 28 mmol CO(NH2)2 are dissolved in 70 mL of deionized water
homogenously. Next, the solution is transferred into a 100 mL Teflon-
lined autoclave followed by a heat treatment at 120 °C for 10 h. Then,
the sample with pink color is collected following the Co3O4/CoMoO4
NS collecting method. Physically mixed Co3O4/CoMoO4 (denoted as
PM-Co3O4/CoMoO4) is prepared by sonicating 1 mL of ethanol
solution containing 197 mg of Co3O4 and 19.6 mg of CoMoO4 for 15
min (calculated atomic ratio of Mo: 8.5%).

Preparation of Sensors and Evaluation of Gas Sensing
Performance. The fabrication of sensors is reported by our previous
study.23 Air and varying concentrations of target gas were injected
into the gas-sensing chamber based on 10 min air and 10 min target
gas as a complete cycle. The response of sensors was calculated as
Rgas/Rair, where Rgas and Rair are the resistances in target gas and
ambient condition, respectively.

DFT Calculations. The spin-polarized DFT + U (U = 2.0 eV for
Co24) calculations were performed using the plane-wave projector
augmented-wave (PAW) method,25 applying the semi-local Perdew−
Burke−Ernzerhof (PBE) exchange-correlation functional, as imple-
mented in the Vienna ab initio simulation package (VASP) code.26

More details are given in the Supporting Information.

■ RESULTS AND DISCUSSION
The synthesis of Co3O4/CoMoO4 NSs is illustrated in Figure
1. In the first step, the Co-MOF nanosheet was homoge-
neously grown in an aqueous growth solution containing Co
precursors (Co(NO3)2·6H2O) and the organic linker mole-
cules (2-methylimidazole). The as-obtained Co-MOF sheets
were subsequently mixed with Na2MoO4 in an aqueous
solution and then subjected to a hydrothermal treatment
(schematically illustrated in Figure S1). In this case, the Co-
MOF is a porous structure with a large surface area and Co2+ is
evenly distributed in the porous structure of Co-MOF.27

Meanwhile, Na2MoO4 plays two roles: generating molybdate
acid radicals (MoO4

2−) and inducing an alkaline environment
(OH−). Thus, the Co2+ ions reacted with either MoO4

2− or

Figure 2. SEM images of (a) Co-MOF NS, (b) Co(OH)2@Mo NS, and (c) Co3O4/CoMoO4 NS. (d, g) STEM, (h) HRTEM images, and (e, f)
low-resolution and (i) high-resolution EDS mapping of Co3O4/CoMoO4 NS.
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OH− ions in the aqueous solution to form CoMoO4 and
Co(OH)2, respectively, which is readily deposited onto the
template. The regrowth process continues, transforming the
MOF into a Co(OH)2/CoMoO4 heterostructure while
maintaining the initial 2D sheet-like morphology of the ZIF-
L template. The Co(OH)2 portion of this heterostructure
could be further oxidized to Co3O4 through calcination,
ultimately yielding the heterostructured Co3O4/CoMoO4 NSs.
Scanning electron microscopy (SEM) and transmission

electron microscopy (TEM) analyses were carried out to
investigate the morphologies and structures of the as-made
samples. The SEM images in Figure 2a (Figure S2, low
magnification SEM image) show that the Co-MOF NSs with a
smooth surface was successfully obtained through the aqueous
reaction. After the hydrothermal process, the NSs could
maintain their 2D morphology but turned slightly rough with
several debris on the surface (Figure 2b and Figure S3) formed
by the in situ regrowth and sedimentation of Co(OH)2 and
CoMoO4, which are insoluble in water. The NSs retained their
structure even after calcination, as shown in Figure 2c and
Figure S4. Moreover, TEM images also support the successful
synthesis of the NSs as shown in Figure 2d and Figure S5.
Notably, the high-resolution scanning TEM (STEM) images in
Figure 2g and Figure S6b,c revealed the porous structure of
Co3O4/CoMoO4 NSs, wherein the abundant pores on NSs
(Figure S6a) would promote the permeation of gas molecules
into the sensing layer for effectively eliciting chemiresistive
response. In addition, a homogeneous distribution of Mo on
the Co3O4-based NS without obvious aggregation is confirmed
according to the energy dispersive spectroscopy (EDS)
element mapping results (Figure 2e,f). We further conducted
a high-magnification EDS mapping as shown in Figure 2i; the
area with concentrated Co signals and empty Mo signals
(encircled in yellow dotted lines) is ascribed to the crystalline
Co3O4, while the remaining area showing both Co and Mo
signals is assumed to be CoMoO4. Furthermore, the HRTEM
image in Figure 2h presents the lattice fringes with interplanar
parameters of 0.290, 0.243, and 0.334 nm, corresponding to
the (220) and (311) planes of cubic Co3O4 and the (002)

plane of monoclinic CoMoO4, respectively. Altogether, we
could confirm that nanoscale grains of Co3O4 and CoMoO4
coexist in an even mixing, together constituting the porous 2D
NS structure and that this structure would facilitate highly
sensitive gas sensing performances.
To investigate the crystal structure of the as-synthesized

NSs, we performed powder X-ray diffraction (XRD) analyses
on the Co(OH)2@Mo NS, Co3O4/CoMoO4 NSs (8.5 at. %
Mo, real value as confirmed by ICP-MS measurements), PM-
Co3O4/CoMoO4, Co3O4 NSs, and CoMoO4 (Figure 3a, and
Figure S8). For reference, the XRD patterns of Co3O4 NSs and
CoMoO4 each showed peaks assigned to cubic Co3O4
(JCPDS, PDF#42-1467) and monoclinic CoMoO4 (JCPDS,
PDF#21-0868), respectively. Importantly, the diffraction peaks
of Co3O4/CoMoO4 NSs as well as the PM-Co3O4/CoMoO4
indicated the coexistence of Co3O4 and CoMoO4 crystals. As
elucidated previously, PM-Co3O4/CoMoO4 NS was prepared
by physically mixing crystals of Co3O4 and CoMoO4, thus
exhibiting stronger and sharper diffraction peaks, which
indicate low dispersity and better crystallinity. On the contrary,
Co3O4/CoMoO4 (8.5%) NSs exhibit broadening in their
diffraction peaks compared with the other three samples
(Figure 3), indicating decreased grain sizes (TEM image in
Figure S7a,b) as a result of the in situ growth strategy. The
minor diffraction peaks (i.e., (204), (441), and (440))
corresponding to CoMoO4 were not strong enough to be
observed with clarity. In Figure 3b, as the Mo content
increased from 5.0 to 16 at. %, the diffraction peak located at
2θ = 36.9° corresponding to the (311) plane of Co3O4 showed
a noticeable broadening, which indicates that the growth of
Co3O4 grains were impeded. Since the main peak located at 2θ
= 26.5° corresponding to the (002) plane of CoMoO4 was also
becoming stronger, which was attributed to the increasing
amount of crystalized CoMoO4, we may conclude that the
presence of CoMoO4 prohibited the growth of Co3O4 grains.
Altogether, the TEM and XRD analyses confirmed that
Co3O4/CoMoO4 NSs having nanograins with regulated sizes
could be successfully prepared through our in situ growth
strategy, which would induce the formation of a large number

Figure 3. XRD patterns of (a) Co3O4 NSs, CoMoO4, Co3O4/CoMoO4 (8.5 at. % Mo) NSs, PM-Co3O4/CoMoO4, and (b) Co3O4/CoMoO4 (5−
16 at. % Mo) NSs.
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of p-p heterojunctions for improving the sensing performances
of p-type Co-based SMOs.
To further analyze the composition and chemical states of

the synthesized NSs, X-ray photoelectron spectroscopy (XPS)

analyses were performed (Figure 4 and Figure S9−10). The
XPS spectra of the as-synthesized Co3O4/CoMoO4 NSs
revealed the existence of Co 2p, Mo 3d, and O 1s peaks,
which confirms the mixed oxide composition. In more detail,

Figure 4. High-resolution XPS scan profile spectra of the (a) Co 2p, (b) Mo 3d region, and (c) O 1s region in Co3O4/CoMoO4 (8.5 at. % Mo)
NSs. High-resolution spectra in the O 1s region of (d) PM-Co3O4/CoMoO4 NS, (e) pristine Co3O4 NS, and (f) pristine CoMoO4.

Figure 5. (a−c) Dynamic response and (d−e) plot of the response of Co3O4, Co3O4/CoMoO4 (5−16 at. % Mo) NSs, PM-Co3O4/CoMoO4
toward 5−0.01 ppm acetone gas at 300 °C. (f) Selectivity of Co3O4/CoMoO4 (8.5 at. % Mo) NSs to various gases (5 ppm) at 300 °C.
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the Co 2p region (Figure 4a) showed two main peaks
attributed to 2p3/2 (779.75 eV) and 2p1/2 (795.01 eV) peaks of
Co3+, respectively. Two smaller peaks for the 2p3/2 (781.26
eV) and 2p1/2 (796.69 eV) peaks of Co2+ were also located.
These peaks confirm the coexistence of Co3+ and Co2+ in the
as-prepared NSs, supporting the formation of spinel-structure
Co3O4. In addition, the two peaks in the Mo 3d region as
shown in Figure 4b at 235.0 and 231.9 eV can be assigned to
the 3d3/2 and 3d5/2 peaks of Mo6+ as their peak separation (3.1
eV), respectively, coinciding with that of previously reported
values for Mo6+.28 Furthermore, the spectrum of O 1s can be
deconvoluted into three Gaussian peaks at 529.9 (lattice
oxygen, denoted as Olatt), 531.4 (defect oxygen, denoted as
Odef), and 532.7 eV (adsorbed oxygen, denoted as Oads).
Specifically, the proportion of the combined sum of Odef and
Oads over the entire O 1s signal (Sche) represented the surface
chemisorbed oxygen species that can participate in the redox
reaction with incoming acetone molecules, inducing a change
in resistance.29−31 The Sche in the case of heterostructure
Co3O4/CoMoO4 (8.5 at. % Mo) NSs (59.9%) was significantly
higher than that of pristine Co3O4 (32.5%) and CoMoO4
(27.1%), indicating that the heterostructure provides addi-
tional chemisorbed oxygen species on the surface. Based on the
fact that the Sche of PM-Co3O4/CoMoO4 was calculated as
43.4%, we concluded that the synergistic effect of the
heterojunctions facilitates the chemisorption of oxygen.32

To directly evaluate the effect of p-p heterojunctions on
improving the gas sensing characteristics of the p-type Co-
based SMOs, we characterized the chemiresistive responses of
Co3O4 NSs, PM-Co3O4/CoMoO4, and Co3O4/CoMoO4 NSs
(with different amounts of CoMoO4) upon exposure to

varying concentrations of acetone as well as other interfering
gases (C7H8, C2H5OH, C2H2, CH4, CO, H2S, NO2) (Figure 5,
more information of sensors are shown in Figure S11).
Previous studies on SMO-based gas sensors indicated that the
working temperature is a critical parameter that affects the
sensing performance since the surface adsorption behavior can
directly be affected.33 Hence, we first optimized the working
temperature by exposing Co3O4/CoMoO4 NSs, as the
representative sample, to acetone of 5 ppm at various working
temperatures (200−400 °C). As shown in Figure S12, the
Co3O4/CoMoO4 NSs exhibited the highest response to 5 ppm
acetone at 300 °C; henceforth, the evaluation of the dynamic
sensing behavior (to 10 ppb−5 ppm acetone gas) was
conducted at 300 °C to establish a fair comparison between
each sample.
We then compared the baseline resistance of each sensor as

shown in Figure 5d and found that the baseline resistance of
Co3O4/CoMoO4 (8.5 at. % Mo) NSs (39 kΩ) is much higher
than that of Co3O4 (4.6 kΩ), which is ascribed to several
factors including the inherent poor conductivity of CoMoO4,
numerous heterointerfaces that serve as charge barriers,
abundant chemisorbed oxygen species,34 and the grain size
effect.35 We found that the electrical resistances of Co3O4/
CoMoO4 NSs showed a strong correlation with increased
amounts of CoMoO4, supporting our understanding. As shown
in Figure 5a, the response of Co3O4/CoMoO4 (8.5 at. % Mo)
NSs to 5 ppm acetone is shown to be 8.5, which is 7.1 times
higher than that of Co3O4 NSs (response = 1.2). Similarly, we
found that all of the sensors containing both Co3O4 and
CoMoO4, including the case of the physically mixed sample,
can achieve a higher response to acetone gas compared to

Figure 6. (a) Long-term stability, (b) dynamic resistance transient in dry air and humid air (90% RH), and (c) reliability of heterojunction Co3O4/
CoMoO4 (8.5 at. % Mo) NSs toward 1 ppm of acetone gas at 300 °C.
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pristine Co3O4, albeit with high baseline resistance. Specifi-
cally, the responses of PM-Co3O4/CoMoO4 NSs were 2.3, the
decreasing response of which is attributed to the limited
amount of heterojunction interfaces for physically mixed
samples due to the low dispersity of Mo-containing regions
(Figure S13).
The dynamic response of the various sensing materials to 50

ppb acetone is shown in Figure S14, from which we found that
all of the CoMoO4-containing materials (including the
physically mixed sample) exhibited an improved response,
while pristine Co3O4 NSs showed practically undiscernible
changes in the resistance. It is noteworthy that Co3O4/
CoMoO4 NSs (with different contents of CoMoO4) exhibited
an exceptionally low limit of detection (LOD, defined as the
lowest concentration of the analyte gas that can be detected) of
10 ppb (Figure 5c). We further investigated their selectivity
toward acetone gas by exposing Co3O4/CoMoO4 (8.5 at. %
Mo) NSs, the representative sample, to various common
interfering gases (C7H8, C2H5OH, C2H2, CH4, CO, H2S,
NO2), each at a concentration of 5 ppm (Figure 5f, Figure
S15). We found that the heterostructured NSs exhibited
excellent selectivity toward acetone gas with a significantly
higher response (Rgas/Rair > 8) compared to those of other
analytes (Rgas/Rair < 2.1 for toluene, which was the second-
highest). Taken together, we demonstrated that the interface
engineered p-type MOSs, such as Co3O4, by incorporating
numerous heterojunctions in the nanostructure, can effectively
enhance the sensing performance.
In real-life applications, the detrimental effects of humidity

on the response of the SMO-based gas sensors are often cited
as a major development challenge.36 Since the electrons
donated from the water vapor would recombine with

electronic holes to decrease the number of charge carriers,
the baseline resistance of wet p-type SMOs would increase, as
demonstrated in Figure 6b and Figure S16.37,38 Interestingly,
the response of Co3O4/CoMoO4 (8.5 at. % Mo) NSs under a
high RH of 90% (2.97 toward 1 ppm acetone) was only slightly
degraded (9.0%) compared to the response in a dry
atmosphere (3.30 toward 1 ppm acetone), demonstrating the
resilience of NSs even in a highly humid environment.
Furthermore, long-term stability and reliability are also crucial
to the practical use of gas sensors. To investigate the acetone
sensing stability, the Co3O4/CoMoO4 (8.5 at. % Mo) NSs
were exposed to 1 ppm acetone for 15 successive cycles, where
each cycle consists of a 10 min injection of air (baseline)
followed by acetone (target gas). The dynamic response to 1
ppm acetone gas is plotted as shown in Figure 6a,
demonstrating stable responses of 3.4 on average (standard
derivation of 0.05) throughout 15 cycles with no noticeable
fluctuation and/or degradation in the signals. Even after the
sensor was kept in ambient conditions for 2 months after initial
fabrication, the dynamic response curves of the aged sensors
(Figure 6a) were not too different from the as-synthesized
sensors, implying the excellent long-term stability of the
Co3O4/CoMoO4 heterojunction NSs. We further established
the reliability of Co3O4/CoMoO4 (8.5 at. % Mo) NSs by
evaluating it over an extended cyclic exposure of 82 cycles, as
illustrated in Figure 6c. Moreover, the stability test results of
pristine Co3O4 NS and PM-Co3O4/CoMoO4 are presented in
Figure S17. Altogether, the Co3O4/CoMoO4 NSs synthesized
in this study can improve the sensing response without further
degradation of stability.
To elaborate on the explicit mechanistic details of the

chemiresistive sensing of Co3O4/CoMoO4 NSs, we performed

Figure 7. Work functions of (a) Co3O4, (b) CoMoO4, and (c) Co3O4/CoMoO4 NSs. (The blue and red dashed lines represent the vacuum level
and Fermi level.) (d) Adsorption energy of O and acetoen (COCH3CH3) by Co3O4 and Co3O4/CoMoO4. (e) Co3O4/CoMoO4 3D charge density
difference, and (f) planner average charge density difference.

ACS Sensors pubs.acs.org/acssensors Article

https://doi.org/10.1021/acssensors.2c01969
ACS Sens. 2022, 7, 3540−3550

3546

https://pubs.acs.org/doi/suppl/10.1021/acssensors.2c01969/suppl_file/se2c01969_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssensors.2c01969/suppl_file/se2c01969_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssensors.2c01969/suppl_file/se2c01969_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssensors.2c01969/suppl_file/se2c01969_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssensors.2c01969/suppl_file/se2c01969_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssensors.2c01969/suppl_file/se2c01969_si_001.pdf
https://pubs.acs.org/doi/10.1021/acssensors.2c01969?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.2c01969?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.2c01969?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.2c01969?fig=fig7&ref=pdf
pubs.acs.org/acssensors?ref=pdf
https://doi.org/10.1021/acssensors.2c01969?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


additional analyses accompanied by theoretical calculations
and considerations. The origin of the chemiresistive response
of typical p-type SMO-based sensing materials is the reaction
of target gas molecules with chemisorbed oxygen on the
sensing layers, which changes the charge carrier population on
the surface to modulate the overall resistance.36,38,39

Specifically, the sensing process involves (i) the chemisorption
of oxygen species on the sensing layers (eq 1) resulting in the
formation of hole accumulation layers, which helps decrease
the resistance of sensors; and the (ii) release of electrons back
to the sensing layer and their recombination with holes upon
the reaction of acetone molecules with chemisorbed oxygen
(eqs 2 and 3), thus increasing the electrical resistance. To
identify the energy level between the Co3O4 and CoMoO4,
ultraviolet photoelectron spectroscopy (UPS) measurements
were carried out as shown in Figure S18. The work function
(Wf) of Co3O4 was calculated as 5.17 eV (5.045 eV from
density functional theory (DFT) calculations), while that of
the pristine CoMoO4 could not be collected owing to its poor
conductivity. According to the calculated Wf of Co3O4/
CoMoO4 (8.5 at. % Mo) NSs of 5.50 eV, it was speculated that
CoMoO4 would exhibit a larger Wf than Co3O4, which is also
supported by DFT calculations.40 It seems reasonable to
deduce from these results that the formation of the
heterojunction interfaces between Co3O4 and CoMoO4
domains caused the migration of electrons from Co3O4 to
CoMoO4, inducing the formation of the depletion layers at the
Co3O4/CoMoO4 interface. When the surface is exposed to
acetone, more electrons will be released back to the sensing
layers after the acetone reacts with chemisorbed oxygen species
to amplify the change in resistance.

+ +O g O h( ) 2 22 (ads) (1)

+ + ++g O H eCH COCH ( ) CH COC OH3 3 (ads) 3 2

(2)

+

+ + ++

g O

O C H e

CH COCH ( ) 2

CH CO 2

3 3 (ads)

3 3 2 (3)

Furthermore, we carried out systematic DFT calculations to
support the UPS measurement data, ultimately to unravel the
enhancement mechanisms of the p-p heterojunction toward
acetone sensing. As shown in Figure 7, the work functions of
Co3O4 and CoMoO4 were found to be 5.045 and 6.639 eV,

respectively. When the Co3O4/CoMoO4 heterojunction is
formed, the Fermi level is equalized across the interface as the
charge carriers are transported across the junction, indicated by
the measured work function of 5.337 eV as shown in Figure 7c.
Subsequently, as shown in Figure 7d, we calculated the
adsorption energy of the O atom and COCH3CH3 on the
model surfaces of Co3O4 (EO* = −0.09 eV, ECOCH3CH3* =
+0.53 eV) and Co3O4/CoMoO4 (EO* = −4.83 eV, ECOCH3CH3*
= −1.29 eV), showing that the heterojunction facilitates a more
favorable chemisorption of either species. This is corroborated
by our experimental observations that the heterojunction
exhibits a larger amount of chemisorbed oxygen and provides a
significant increase in sensitivity for acetone gas detection.
Specifically, Figure 7e shows a local increase in the electron
density at the Co3O4/CoMoO4 interface, assisting the
formation of a stable chemical bond. The yellow electron
cloud represents the received electrons, and the cyan electron
cloud indicates the lost electrons. Figure 7f shows a violent
oscillation of the average planar charge density plot at the
interface, which supports the active electron exchange at the
interface. From Bader charge calculations (Table S1), we could
ascertain that this charge transfer occurs across the Co3O4/
CoMoO4 heterojunction, with 2.6 e of charge transferred from
Co3O4 to CoMoO4.
Overall, the experimental data and DFT calculations

together illustrate a clear mechanistic picture. Numerous p-p
heterojunctions formed at Co3O4/CoMoO4 interfaces would
cause the electron transfer owing to different work functions
until the Fermi levels are equal; thus, the hole accumulation
layer and electron depletion layer formed on the lower work
function side and higher work function side, respectively. A
higher amount of chemisorbed oxygen species could be found
owing to the enlarged electron accumulation layer.41 The
unique electronic structure between the heterostructure
interfaces has been also demonstrated in hydrogen evolution
catalysts.42 The subsequent chemical reaction between acetone
gas molecules and chemisorbed oxygen leads to more electrons
being released and recombining with holes, generating
chemiresistive responses and contributing to the enhanced
sensitivity to acetone gas. We note that, even when compared
to state-of-the-art sensors including those based on n-type
SMOs or those sensitized with noble metal catalysts, the
Co3O4/CoMoO4 NSs having numerous p-p heterojunctions
exhibited superior sensing response and a record-low LOD of
10 ppb (Table 1).

Table 1. Publications on SMO-Based Sensors for Detecting Acetonea

sensing materials D(response) response LOD operating temp ref

PdO−Co3O4 Rgas/Rair 2.51 at 5 ppm 100 ppb 350 °C 36
SnO2−Co3O4 Rair/Rgas 1.50 at 1 ppm 500 ppb 220 °C 43
IGO@ZnO Rair/Rgas 2.10 at 1 ppm 200 ppb 300 °C 44
ZnO−MoS2 Rair/Rgas 4.67 at 20 ppm 100 ppb 100 °C with UV 45
Pt−SnO2 Rair/Rgas 1.50 at 200 ppb 200 ppb 400 °C 46
Pt−Co3O4 Rgas/Rair 3.50 at 1 ppm 100 ppb 200 °C 47
NiO−Zn2SnO4 Rair/Rgas 5.2 at 5 ppm 100 ppb 300 °C 2
Pt−SnO2 NTs Rair/Rgas 192 at 5 ppm 10 ppb 350 °C 48
Ni1Sn3 Rair/Rgas 6 at 5 ppm 10 ppb 300 °C 49
In2O3−AuPt Rair/Rgas 3 at 20 ppm 500 ppb 240 °C 50
Pt-loaded Fe2O3 Rair/Rgas 1.10 at 1 ppm 200 ppb 139 °C 51
ZnO:Pt nanostructures Rair/Rgas 20.6 at 100 ppm nr 450 °C 52
Co3O4/CoMoO4(8.5 at. % Mo) NSs Rgas/Rair 8.50 at 5 ppm1.03 at 10 ppb 10 ppb 300 °C this work

aD(response) is the definition of response, nr = not reported.
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■ CONCLUSIONS
In this work, we have synthesized the Co3O4/CoMoO4
heterojunction NSs through the MOF-derived in situ growth
method as a p-type sensing layer not only with high selectivity
but also improved sensitivity and outstanding stability toward
the detection of acetone gas. Through our demonstration, we
highlight the practical relevance and effectiveness of the
engineered p-p heterojunctions formed at the interfaces of
Co3O4/CoMoO4 NSs. The p-p heterojunction favors the
chemisorption of both chemisorbed oxygen species and
acetone target gas, inducing a significant enhancement in the
response to 5 ppm acetone gas from 1.2 for pristine Co3O4 to
8.5. Moreover, even when repeatedly exposed to 1 ppm
acetone for over 15 cycles at 300 °C, the Co3O4/CoMoO4 NSs
remained stable with an average response of 3.4 with no
noticeable decay in the response. Most notably, the
synthesized Co3O4/CoMoO4 NSs were effective in detecting
ultralow concentrations of acetone with a limit of detection
(LOD) of 10 ppb. Together with DFT calculations to
adequately describe our experimental observations, we could
elucidate the particular roles played by the p-p heterojunction
in enhancing the sensing response. Moving forward, our facile
approach to engineer p-p heterojunctions for improving the
reliability of p-type SMO-based chemiresistive sensors not only
provides an immediately useful solution for acetone sensing
but also expands our insights for establishing the rational
design of practical p-type SMO-based sensors with high
selectivity as well as sensitivity.
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