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Crystal facet engineering strategy is an effective way to regulate the exposed facets, which affect the ability of the
surface to adsorb and react with gas molecules, ultimately enhancing the gas-sensing properties. In this work,
Co304 mesoporous nanosheets with dominant exposed {111} facets (Co304-60) or {112} facets (Co304-100)
were synthesized by simply adjusting the condensation-reflux temperature. The sensing results toward toluene
show that Co304-60 exhibited superior performance. According to the crystal structure analysis and work
function calculations, the (111) facet composed of Co?" would adsorb more oxygen molecules, which have been
proved by experimental characterization, facilitating the sensing efficiency. The results of X-ray photoelectron
spectroscopy indicated that Co304-60 possesses a higher Co?* content and chemisorbed oxygen ratio (52.9%).
Furthermore, Co304-60 has a high electrical conductivity and a minor apparent activation energy for toluene
(38.75 kJ/mol). The gas sensor based on Co304-60 exhibited a response of 20.6 for 100 ppm toluene with rapid
recovery and a detection limit of 1 ppm. Besides, other properties such as selectivity, repeatability, and humidity
resistance were evaluated. This work evidences that crystal facet engineering is a practical approach to
improving the gas-sensing properties of pure-phase Co304.

1. Introduction

Toluene is a representative volatile organic compound (VOC) that
has a unique aromatic odor. Toluene can be used as a solvent in the
synthesis of oil, rubber, and asphalt, and it is also the primary raw
material for producing many dyes [1]. Toluene is highly irritating and
anesthetic [2], while prolonged exposure can cause symptoms such as
headaches, nausea, anorexia, and damage to the human liver and brain
[3]. The permissible concentration-time weighted average (PC-TWA) of
toluene is 50 rng/rn3 (~12 ppm) according to the Chinese regulation
(GBZ2.1-2019). Therefore, developing gas sensors with real-time and
accurate monitoring of toluene is of great importance to protect human
health and ensure safe production.

Chemiresistive gas sensors based on metal oxide semiconductors
(MOSs) have the advantages of small size, high sensitivity, and short
response time [4], making them ideal for toluene detection. Recently,
many studies have used doping [5], heterostructure design [6], noble

metal loading [7], or other means to further improve the gas-sensing
properties of MOSs to toluene but underestimate the influences of
crystal facets. Engineering the exposed crystal facets could regulate the
atomic configuration of the surface to fully expose the expected chem-
ical state, bonding, and vacancies, significantly impacting the gas
sensing performance [8,9]. For instance, Xu et al. prepared ZnO nano-
sheets with exposed (0 0 0 1) or (1 0 1 0) facets [10]. The ZnO nano-
sheets with exposed (0 0 0 1) facets demonstrated better ethanol
detection due to the abundance of unsaturated dangling bonds and ox-
ygen vacancy defects.

Cobalt (11, I1I) oxide (Co304) is a p-type MOS with multivalence that
commonly exhibits high catalytic activity towards toluene [11]. Mean-
while, its variable oxidation state facilitates the adsorption of reactive
surface oxygen at relatively low temperatures [12,13], which contrib-
utes to the process of toluene sensing. Therefore, in addition to the
crystal facet alteration, Co?t and Co®' in Co304 would also play
different roles in gas sensing [14]. Although no research shows the
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optimal ratio of Co?* to Co>" for gas detection, relevant literature has
reported that higher Co?" content could improve gas sensing perfor-
mance [15,16]. Further combined with its crystal structure in Fig. S1,
the (111) facet of Co304 is composed entirely of tetrahedral Co?* cat-
ions. Therefore, preparing Co304 with dominant exposed {111} facets is
significant for us to explore the role of crystal facets and prepare toluene
Sensors.

In this work, we synthesized Co304 nanosheets with exposed Co?*-
rich crystal facets using a facile and controllable condensation-reflux
method combined with post-calcination treatment. The formation of
CoOOH intermediate would induce the transition between the exposed
{111} facets and the {112} facets of Co304 [17]. The exposed facets
{111} guaranteed fertile Co?* and chemisorbed oxygen available on the
large surface of nanosheets, which promote the gas sensing synergisti-
cally. The gas sensor based on Co304-60 (with exposed {111} facets)
had a gas response of 20.6 for 100 ppm toluene at its optimum operating
temperature of 170 °C, which was over three times that of Co304-100
with exposed {112} facets (180 °C, 6.5). Also, it exhibited a lower
baseline resistance, rapid recovery time, and remarkable selectivity,
contributing to its practical application.

2. Experimental section
2.1. Chemical synthesis

The Co304 mesoporous nanosheets were prepared by condensation-
reflux combined with calcination treatment [17]. The schematic dia-
gram of Co(OH), precursors synthesis was shown in Scheme 1. Cobalt
nitrate hexahydrate (99%, Co(NOs3)2-6H0) and 2-Methylimidazole
(98%, C4HgN3) were purchased from Shanghai Aladdin Biochemical
Technology Co., LTD., and were not further purified in use. Typically, 1
mmol Co(NO3)2-6H,0 was mixed with 50 ml deionized water and stir-
red until a homogeneous solution was formed. Subsequently, 8 mmol 2-
Methylimidazole was added to the above aqueous solution, and stirring
was continued until complete dissolution. The mixed solution was
refluxed for 1 h at 60 °C, 80 °C, and 100 °C, respectively, to precipitate
the precursor Co(OH),-T (T represents the reaction temperature, 60, 80,
or 100). The precursors were centrifuged, washed with water four times,
and placed into a vacuum drying oven of 80 °C. After thoroughly drying,
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these precursor powders were calcinated in a muffle furnace at 350 °C
for 2 h with a heating rate of 2 °C/min to obtain Co304-T.

2.2. Characterization instruments

X-ray diffraction (XRD, Rigaku D/Max-2550, 10-80°) and Raman
spectra (RENISHAW INVIA Micro-Raman spectrometer, excitation
wavelength 532 nm, 100-1200 cm ) characterized the materials’
composition and crystal structure. Field emission scanning electron
microscope (FESEM/SEM, JEOL JSM-7500F) and transmission electron
microscope (TEM, JEOL JEM-2200FS) jointly characterized their
morphology. The exposed crystal facets were analyzed using a high-
resolution transmission electron microscope (HRTEM) and selected
area electron diffraction (SAED). The specific surface area and pore size
were obtained by Brunauer-Emmett-Teller test (Micromeritics Gemini
VII2390) and combined with Barrett-Joyner-Halenda analysis. Their
work functions were compared by Kelvin probe (KP 6500 Digital Kelvin
Probe McAllister Technical Services Co., Ltd.). X-ray photoelectron
spectroscopy (XPS, PREVAC XPS system) analyzed the surface elements
and valence states of these samples. Binding energies have been cali-
brated by the C 1s peak (284.8 eV). And the same feature of different
samples has approximately the same full width at half maximum
(FWHM) in the fits.

2.3. Manufacturing and testing of gas sensors

The sensor structure is shown in Fig. S2a. First, an appropriate
amount of Co304 powder was placed in an agate mortar and lightly
ground while dropping deionized water until a paste was formed. Then,
it was quickly applied to the surface of ceramic tubes. It can be seen from
Fig. S2b and Fig. S2c1-c3 that the sensor film uniformly covered the
ceramic tube with an approximate thickness of 25 pm. The ceramic tubes
coated with sensing materials were treated at 250 °C for 2 h to enhance
their adhesion. Then, after passing through a Ni-Cr alloy heating coil
(~38 Q), the four wires of the ceramic tube and the two ends of the
heating coil were welded to a hexagonal tube base to construct a gas
sensor. The Joule heat of the Ni-Cr heating coil could regulate the sen-
sor’s operating temperature. Three of each sensor were prepared and
tested to evaluate their deviation.

aqueous
solution oxidize
reflux
condensation
Co(OH), CoOOH/Co(OH),
Temperature

—

60°C

80°C

100°C

Scheme 1. The illustration for the Co(OH), precursors synthesis.
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A static system shown in Fig. S3 was used to test the gas sensing
properties. A digital multimeter recorded the sensors’ resistance at one-
second intervals. The gas sensor was initially in an air chamber (1 L)
filled with ambient air to obtain its baseline resistance (R,). Then, the
sensor was transferred to a chamber containing the test gas to obtain its
gas resistance (Rg), and finally, it was placed back into the air chamber
to recover the resistance. Therefore, the gas response is defined as S =
Rg/Rq. It is generally considered that effective detection of the target gas
can be achieved when S > 1.2. Moreover, response time and recovery
time are typically considered to be the time it takes for a sensor to
respond or recover to 90%. It is worth noting that the transfer between
chambers is done in less than one second; thus, considering the response
and recovery rates of the sensors in this work, the effect of resistance
fluctuations during this process on the response-recovery time and
apparent activation energy calculation is considered negligible.

These sensors were placed in advance in the experimental environ-
ment (24 £+ 2 °C, 15 + 3RH%) and aged at an operating temperature of
170 °C for two days to stabilize the following tests. A humidity chamber
with a constant temperature of 25 °C controlled humidity regulation
during the moisture effect test.

More details about the gas configuration were placed in the Sup-
plementary Material.

3. Results and discussion
3.1. Characterization of materials

The Co(OH), precursors were obtained after condensation-reflux.
The XRD patterns of the precursors obtained at different reflux tem-
peratures are shown in Fig. 1a. All the precursors are in good agreement
with the typical -Co(OH) (JCPDS No. 74-1057). Moreover, the Raman
spectra of these Co(OH), precursors are characterized in Fig. 1b. The
peak at 690 cm ! emerges gradually with the rise of reflux temperature.
The new peak is attributed to the spinel structure Co3O4. It has been
reported that CoOOH undergoes a phase transition when irradiated by a
laser higher than 10 mW [18,19]. Fig. 1c—e show the SEM images of Co
(OH), obtained at different reflux temperatures. All the precursors are
circular nanosheets, but with smaller sizes, rougher surfaces, and jaggier
edges when prepared at higher reflux temperatures. The nanosheet
diameter dropped from nearly 4 pm (Co304-60) to less than 3 pm
(C0304-100). This phenomenon further validates the formation process
of CoOOH. As the reflux temperature increased, the protons generated
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by Co%* hydrolysis would etch the edges of the Co(OH), nanosheets
formed in the preliminary step. Parts of the released metal ions were
oxidized at high temperatures and then reacted with hydroxyl groups
generated by the protonation of 2-Methylimidazole in the aqueous so-
lution to form CoOOH. Thus, we inferred the existence of CoOOH
intermedia in the Co(OH), precursors obtained at higher reflux tem-
peratures (80 and 100 °C).

The XRD patterns of the calcinated samples are shown in Fig. 2a. The
materials are all cubic phase Co304 (JCPDS NO. 43-1003), indicating the
complete conversion of Co(OH), at 350 °C. The crystallites size and
strain of the samples were calculated using Williamson-Hall (W-H)
method:

Bcos® = KA/D + 4esind (¢})
where f is the FWHM of the diffraction peak, 0 is the peak position in
radians, A = 0.15418 nm is the wavelength of X-ray, K = 0.9 is the shape
factor, D is the crystallite size, and ¢ is the lattice strain. Therefore, the
crystallite size and the lattice strain can be given by the intercept and the
slope of the linear fitted pcos® ~ 4sin6 shown in Fig. S4. These data are
summarized in Table S1. The crystallite size of Co304-60 is 27.9 nm,
which is bigger than that of Co304-80 (20.9 nm) and Co304-100 (17.2
nm). The charge transport in polycrystalline materials is mainly influ-
enced by grain boundary effects [20], where more grain boundaries
between small crystallites reduce their carrier mobility. Besides the
largest crystallite size, C0304-60 also has the hugest lattice stretching
strain, which may imply more defect sites, such as oxygen vacancies
[21,22]. Five peaks of F&l), Eag, F§2), F%), and Ajg can be observed in the
Raman characterization (Fig. 2b) which proves their spinel structure
[23]. The morphologies of Co304 are characterized by the SEM images
in Fig. 2c-e. The calcination did not damage the nanosheets, but some
cracks appeared due to the decomposition of the precursors. Further, the
nitrogen adsorption-desorption isotherms and corresponding pore-size
distributions of the samples were tested as in Fig. S5. Compared with
C0304-60 (37.2 m?/g) and Co304-80 (35.8 m?/g), the higher specific
surface area of Co304-100 (45.1 m?/g) is attributed to its rougher
nanosheet edges and surface-dispersed nanoparticles. Meanwhile, the
three Co304 nanosheets have similar mesopore size distributions
(~12.5 nm), which facilitates the diffusion and infiltration of gases
within the material. The results show that Co304-60 does not have the
biggest surface area but superior sensing properties, which indicates the
surface area did not dominate the sensing properties in our case.

The pores are proved again by the TEM images of Fig. 3a and 3d. The
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Fig. 1. (a) XRD patterns and (b) Raman spectra of Co(OH), precursors; SEM images of (c) Co(OH)»-60, (d) Co(OH)»-80 and (e) Co(OH),-100.
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Fig. 3. TEM and HRTEM (FFT) images of (a, b) C0304-60 and (d, e) Co304-100; (c) the SAED image of C0o304-60.

HRTEM image of C0304-60 (Fig. 3b) reveals the lattice spacing of 0.288 points could be allocated to (220), (022), (202), (220), (022), and (202).
nm, which corresponds to the (220) atomic plans. Furthermore, the These characteristics demonstrate that {111} facets are the dominant
SAED of Fig. 3c shows the interface angle of 60°, and the six diffraction exposed crystal facets of Co304-60 [24]. Meanwhile, the HRTEM and
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Fig. 4. (a) XPS survey, (b) Co 2p and (c) O 1s spectra of Co304 nanosheets.
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corresponding fast Fourier transform (FFT) pattern (inset) of Co304-100
were shown in Fig. 3e. The exposed (220) and (131) atomic plans reveal
that the dominant exposed crystal facets of Co304-100 have transformed
into {112} facets because of the intervention of CoOOOH [17,25]. The
(111) facet compose entirely of Co?", which possesses a higher Co?*
ratio compared with the (11 2) facet (Fig. S1).

The element composition and chemical state on the surface of the
Co304 materials were analyzed by XPS and illustrated in Fig. 4, where
Fig. 4a-c are the XPS survey, Co 2p, and O 1s spectra, respectively. The
element composition ratios can be determined by the integrated peak
areas of individual ones. In Fig. 4b, the binding energies of the two peaks
at ~795 eV and ~780 eV correspond to Co 2p; 2 and Co 2p3,», while the
other three contributions of the Co 2p spectra are attributed to satellite
peaks (Satl, Sat2, and Sat3) [25,26]. The details of the constraints on the
Co 2p spectra fits are as follows: the peaks representing the same cations
(Co*t or Co®") in 2p; 5 and 2ps/, have equal FWHM and determined
relative intensity (1:2), the FWHM of the two narrower satellite peaks
(Satl and Sat2) are equal, the FWHM of the largest satellite peak (Sat3)
is constant at 8 eV, and their tail heights are all the same [27].
Accordingly, Co 2p; 2 and Co 2p3,, were deconvoluted into two peaks of
Co** (~796.5 eV and ~781.5 eV) and Co°t (~794.9 eV and ~779.9
eV), respectively. For both two cations, the difference between Co 2p; /2
and Co 2ps,» was as the same as 15.0 eV. Then, the ratio of Co?* to Co®*
(Co**/Co®") was calculated. Co304-60 has the highest Co®/Co>*
(1.23), which is significantly greater than that of Co304-80 (0.86) and
Co304-100 (0.83). And this may be related to the exposed crystal facets
[25]. The Co®" in Co304 has higher catalytic activity [28], which should
be beneficial to promoting the reaction of gases on the surface during the
sensing. Meanwhile, higher Co%"/Co®" usually means more oxygen
vacancies are generated on the surface [29], and the oxygen vacancies
can trap and activate gaseous oxygen molecules to form surface chem-
isorbed oxygen [30]. The binding energy of the O 1s spectra in Fig. 4c is
located at 530.6 eV, which could be further deconvoluted into two peaks
representing lattice oxygen (O, ~530.5 eV) and chemisorbed oxygen
(O¢, ~531.5 eV) [31]. The content of chemisorbed oxygen was calcu-
lated by curve fitting area ratio of O¢/(O¢ + OL), and the results are
52.9% (Co304-60), 49.0% (Co304-80), and 47.9% (Co304-100),
respectively. Co304-60 has the most chemisorbed oxygen, and the con-
tent of chemisorbed oxygen gradually decreases with the increase of
reflux temperature, which is consistent with the trend of Co**/Co>*.
This phenomenon is further demonstrated by the Fermi level changes
(Fig. S6) measured by Kelvin probe. More chemisorbed oxygen led to
more electron loss from the conduction band, which caused greater
energy band bending and ultimately resulted in the largest work func-
tion of Co304-60. It is widely recognized that chemisorbed oxygen
directly participates in the process of gas-sensing reaction. More
chemisorbed oxygen provides convenient reaction kinetics, which is
essential to improve gas-sensing performance.

3.2. Toluene sensing properties

The Co304 samples were made into gas sensors. Their baseline
resistance in the operating range of 110-200 °C is shown in Fig. 5a. The

—_
=
N’
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baseline resistance decreases with increasing operating temperature,
which verifies their semiconducting properties [32]. Meanwhile, the
sensor based on Co304-60 exhibits lower baseline resistance at the same
operating temperature. The I-V curves of the devices were further tested
at 170 and 180 °C as Fig. 5b-c, where their conductivity showed the
same trend as the device resistance. And these straight I-V curves also
demonstrate an excellent ohmic contact between the sensitive material
and the electrodes. Furthermore, Fig. 6 and Fig. S7 summarizes each
sensor’s gas response and response-recovery curves to 100 ppm toluene
over the operating temperature range of 110-200 °C, respectively. The
response of each sensor shows a “volcanic” trend that rises and then falls
with increasing operating temperature because the sensors’ optimal
operating temperature is jointly determined by the reactivity and
adsorption-desorption capacity of gas molecules. The gas sensor based
on Co304-60 confirmed its lowest baseline resistance (20.4 kQ) and
highest response (20.6 for 100 ppm toluene) at a low optimum operating
temperature (170 °C), outperforming those gas sensors based on Co304-
80 (60.8 kQ, 9.3, 180 °C) and Co304-100 (512.3 kQ, 6.5, 180 °C).

The response of each gas sensor to 100 ppm of different VOCs,
containing triethylamine, toluene, acetone, ethanol, formaldehyde, and
methanol, is shown in Fig. S8. The Co304-60 gas sensor exhibits the
lowest optimum operating temperature for all the tested VOCs. This
general variation trend originates from the adsorbed oxygen species on
the Co304-60. Moreover, the lowest operating temperature indicates
that the least activation energy is required for the gas-sensing reaction,
which involves the surface reaction occurring during the sensing pro-
cess. The Arrhenius equation was used to calculate the apparent acti-
vation energy (E,a), and the method was detailed in the supplementary
material [33]. The baseline resistances at different temperatures have
been normalized before conversion to ensure consistency of comparison.
Fig. 7a-c show the resistance changes of Co0304-60, Co304-80, and
Co0304-100 to 100 ppm toluene at different operating temperatures and
were converted into Arrhenius-type plots between resistance change
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Fig. 6. Responses of the sensors to 100 ppm toluene at different operating
temperatures.
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Fig. 5. (a) The dependence between the resistance of the sensors and the operating temperature; and the I-V curves at (b) 170 °C and (c) 180 °C.
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rate and Kelvin temperature (Fig. 7d-f). E;; was calculated from the
slopes of |dR|/dt ~ 1/T in Fig. 7d-f. The E,, of Co304-60 (38.75 kJ/mol)
to toluene is smaller than that of Co304-80 (54.56 kJ/mol) and Co304-
100 (81.84 kJ/mol). A lower E,, indicates that less energy is required to
trigger the sensing reaction. Thus, Co304-60 exhibits a high response
with low optimal operating temperature in the detection of toluene.
Correspondingly, the E,, of Co304-60 (39.69 kJ/mol), Co304-80 (40.01
kJ/mol), and Co304-100 (49.89 kJ/mol) to triethylamine (as shown in
Fig. S9) were calculated. Co304-80 and Co304-100 possessed higher E,,
to toluene than triethylamine. However, the E,, of Co304-60 to toluene
significantly reduced to a value comparable to that of triethylamine but
slightly lower, indicating that the preferential affinity to toluene was
tailored for Co304-60. Thus, Co304-60 exhibited superior sensing per-
formance against triethylamine interference. The better selectivity res-
olution of Co304-60 originates from the various instinct properties of
interference gases. It is possible that the effects of crystal facet on the
interfering gases caused their different variation in operating tempera-
ture and gas response, which eventually caused an improvement in the
selectivity resolution.

The gas-sensing performance of the Co304-60 gas sensor to toluene at
170 °C is shown in Fig. 8. Fig. 8a shows its response-recovery curve to
100 ppm toluene with a response time of 68 s and a recovery time of 81
s. While, as shown in Fig. S10, the Co304-80 (82 s) and the Co304-100
(153 s) exhibit longer recovery times than the Co304-60, which might be
related to the re-formation process of chemisorbed oxygen [34]. It can
be seen from Fig. 8b that the sensor’s baseline resistance and gas
response are basically stable during the consecutive detections of 100
ppm toluene, indicating its good repeatability. The gas responses to 100
ppm of possible interfering components are shown in Fig. 8c and
Fig. S11, which reveals its good selectivity. Fig. 8d is the dynamic
concentration gradient transient response to 1-100 ppm toluene. The
relationship between response and gas concentration is plotted in
Fig. 8e. The Co304-60 gas sensor has a detection limit of 1 ppm, with a
gas response of 1.29. The corresponding linear-logarithmic relationship
is established in the inset, with the linear equation Log(S — 1) =1.01 x
Log(C) —0.72, R? = 0.988. As a result, the C0304-60 gas sensor is well
suited for toluene detection in the concentration range of 1-100 ppm.
Compared with the concentration gradient response-recovery curves of
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C0304-80 and Co304-100 gas sensors (Fig. S12), the Co304-60 gas sensor
has the highest response at all concentrations tested. We summarized
recent reports of Co304 gas sensors for the detection of toluene in
Table S2 [35-39]. The gas sensor based on Co304-60 has superior
sensitivity to toluene at lower operating temperature, reflecting our
contribution.

Fig. 9a shows the dynamic response-recovery curves of Co304-60 gas
sensor to 100 ppm toluene in several humidity levels (30RH%, 50RH%,
70RH%, 90RH%). And their corresponding baseline resistance and gas
responses are exhibited in Fig. 9b. The baseline resistance increased, and
the gas response decreased as the humidity increased during the test.
This was attributed to the reaction of H,O molecules with chemisorbed
oxygen, which forms hydroxyl groups on the surface of the material,
impeding charge and mass transfer and weakening the gas-sensing re-
action [40]. Long-term stability is also an important metric for evalu-
ating sensor performance. During the three consecutive weeks of testing,
as shown in Fig. 10, although the baseline resistance rose significantly,
the overall response was stable with only a tiny drop. Recently, humidity
drift compensations and long-term drift compensation have been used in
gas sensors [40-42] and are expected to attenuate adverse effects in
practical applications.

3.3. Gas sensing mechanism

The sensing mechanism in this work is mainly derived from the
resistance change driven by surface chemistry. In air, due to the higher
electron affinity of Oy molecules, they can extract electrons from the
conduction band of the material surface and form chemisorbed oxygen
(O") while forming a hole accumulation layer (HAL) in the surface of
Co30y4, resulting in lower resistance. When the sensors are exposed to
toluene, toluene molecules will react with the chemisorbed oxygen to
generate CO2 and H0 while releasing the electrons back to the material
surface. The return of electrons reduces the thickness of HAL, causing
the sensor resistance to rising. The above reaction processes were shown
in Fig. 11 and expressed as equations (2)-(4) [35]:

02(&"15) + ei_)og(ad:) (2)
027(ml.x) + ei_)zo(iml.x) (3)
C7Hg + 1804y —>7CO, +4H,0 + 18¢~ 4

(ads

The gas sensor based on Co0304-60 exhibited excellent toluene
detection performance. Its uniform nanosheet structure, equal meso-
porous distribution, and sufficient exposed area of crystal facets {111}
are favorable for gas diffusion and adsorption. Meanwhile, Co304-60
with exposed crystal facets {111} increases the content of chemisorbed
oxygen on the material surface and exposes more reaction sites for gas
detection. On the other hand, the catalytic effect originating from the
abundant Co?* and the lower apparent activation energy synergistically
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Fig. 10. The response and baseline resistance of Co304-60
21 days.

gas sensor in

promote the gas-sensing reaction of Co304-60. Besides, more surface
chemisorbed oxygen captures more electrons from Co304-60. It forms a
thicker HAL, which, combined with the bigger crystallite size, ultimately
reduces the baseline resistance. According to the definition of gas
response in this work, low baseline resistance and significant resistance
change owing to rich reaction sites would corporately determine the
superior response. In summary, the design of exposed crystal facets
{111} regulated electrical and catalytical properties and ultimately
improved the sensing performance.

4. Conclusion

In summary, Co3O4 mesoporous nanosheets with exposed {111} or
{112} crystal facets were prepared by controlling the intermedia of
CoOOH at different reflux temperatures. The nanosheet structure and
uniformly distributed mesoporous channels benefit the exposed area of
ideal crystal facets and the diffusion of gases. The gas sensor based on
Co304-60 with exposed Co®*t-rich {111} facets exhibited the best gas
response to toluene due to its higher Co?t content, more chemisorbed
oxygen, lower apparent activation energy, and lower baseline resis-
tance. The Co304-60 gas sensor had a response of 20.6 for 100 ppm
toluene with a detection limit of 1 ppm and good repeatability at the
optimal operating temperature of 170 °C. This work proves that crystal
facet engineering is a promising strategy and provides a reference for
further improving the gas-sensing properties of materials.
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