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Metal ions doping is a typical approach for tuning sensing properties of metal oxide semiconductors based gas sen-
sors. Herein, hierarchical flower-like pure and In-doped Co304 nanostructures assembled by porous two-dimensional (2D)
nanosheets are synthesized via a solvothermal method and annealing process. The sensing measurements display that the
In@Co304-4 based sensor possesses high response value of 55.9 toward 100 ppm xylene at 150 °C, which is nearly 3.8
times larger than that of pure Co3zOy4 sensor. Furthermore, it possesses good selectivity and anti-humidity properties. Com-
bined with the results of DFT calculations, the mechanism of enhanced gas sensing performance is analyzed systematically.

Keywords: sensor, Co304, xylene, density functional theory (DFT)

PACS: 81.07.-b, 07.07.Df

1. Introduction

As an important volatile organic compound (VOC), xy-
lene is inevitably released from industrial wastes, cigarette
smoke, various kinds of adhesives and so on.!'"=3! In addition,
it is harmful to the environment and human health. Long-term
exposure to xylene environment will lead to adverse health
effect including headaches, itchy skin, throat irritation, der-
matitis, and fatigue.[*! Therefore, it is of great significance
to construct high performance xylene sensors.

Cobalt oxide (Co304), as a representative p-type semi-
conductor material, has been widely used in the field of
photocatalytic,[®! supercapacitor,!”! lithium battery,!® and en-
ergy storage.!”! In addition, it is regarded as an ideal sens-
ing material due to its multivalent characteristics and unique

10—

catalytic function.!'-1?] However, the response value of n-

type oxide semiconductor (Sn) is usually larger than that of
p-type oxide semiconductor (Sp) with same morphologies. 3]
To enhance the sensing properties of Co304, various effec-
tive strategies have been adopted, such as noble metal catalyst
loading,!" and functionalization of p-n heterointerfaces.!!”!
Among them, metal ions doping is an effective method
to achieve good sensing performance, because doping will not
only decrease the average crystalline size, but also affect car-
rier concentration and catalytic activity of sensing materials,
which are beneficial to the enhancement of the sensing perfor-

16,171 gor example, the sensor based

mance of Coz0y sensors. !
on 6.0 at.% Fe-doped Co304 showed a enhanced response of

18.2 to 100 ppm xylene at 175 °C.!3] Flower-like Zn-doped

fCorresponding author. E-mail: xiaoliang732@163.com
© 2023 Chinese Physical Society and IOP Publishing Ltd

DOI: 10.1088/1674-1056/acbe30

Co304 was prepared by the solvothermal synthesis method.
It exhibited higher gas response (52.3) to 100 ppm acetone

U9 Therefore, it is necessary

compared with pristine Co30y4.
to further study hole modulation by doping as well as the cor-
responding sensing mechanism.

Herein, hierarchical flower-like pure Co304 and In-doped
Co304 nanostructures are obtained via a one-step hydrother-
mal synthesis method. Gas-sensing performance tests show
that 4 at.% In-doped Co30;4 sensor has ultra-high responses of
55.9 to 100 ppm xylene at 150 °C, which is almost 3.8 times
higher than that of pure Co3zO4. Furthermore, it also shows
good selectivity and anti-humidity properties. Adjust the num-
ber of In ions in adsorption models, to analyze the changes of
different structure models and adsorption energies. Combined
with the DFT calculation results, the enhanced sensing mech-
anism is systematically studied.

2. Experimental detials

2.1. Preparation of pristine Co304 and In-doped Co3Og4
nanostructures

Typically, 4 mmol of Co(NO3),-6H,0 and 8 mmol of 2-
methylimidazole were dissolved into 70 mL of methanol under
magnetic stirring. Next, an amount of In(NO3)3-4.5H,0 was
added to the mixed solution. The clear solution was transferred
to a 100 mL teflon-lined stainless steel autoclave and heated at
120 °C for 4 h. Next the resulting precipitate was collected
by centrifugation and washed by DI water and ethanol alter-
nately several times, and then dried at 70 °C for 12 h. Finally,

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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the as-obtained samples were heated to 400 °C at the rate of
2 °C/min for 2 h. The products with In to Co molar ratios of
0%, 1%, 4% and 7% were labeled as Co304, In@Co304-1,
In@Co0304-4 and In@Co304-7, respectively.

2.2. Characterization

The structures were investigated by x-ray diffraction
(XRD, Rigaku D/max-2500) with Cu-Ka1 radication (A =
1.54056 A). The morphologies of the materials were de-
termined by using scanning electron microscopy (SEM,
Magellan-400), and detailed structural information was ob-
tained by transmission electron microscopy (TEM, JEOL
JEM-2200FS). UV spectroscopy (Shimadzu UV-2450) was
used to analyze bandgap changes of synthesized materi-
als. Specific surface areas were calculated by the Brunauer—
Emmett-Teller (BET, Micromeritics ASAP 2420) method,
and surface elemental composition was conducted by x-ray
photoelectron spectroscopy (XPS, ESCALAB 250XI spec-
trometer).

2.3. Fabrication and measurement of gas sensor

The fabrication process of gas sensor has been described
in our previous work.?>?!1 Firstly, the sample powders were
dispersed evenly in absolute ethanol by grinding to form the
paste, which was then uniformly coated on a square ceramic
plate. The back of the ceramic plate was loaded with a pair
of Ru electrodes. Finally, the ceramic plate was welded to a
hexapod base by Pt lead wires attached to four corners. The
schematic diagram of the sensor is shown in Fig. S1 in the
supplementary material.

A CGS-8 intelligent gas sensing analysis system (Beijing
Elite Tech. Co., Ltd., China) was applied to measure the sens-
ing performance of sensors, and the data acquisition interval
was set to 1 s. The response of sensors was expressed as
S = Ry/R,, where R, and R, denoted the sensor resistance
when exposed to target gas and air atmosphere, respectively.
The response (fes) and recovery (f.) times were defined as the
time to reach 90% variation of the resistance after the sensor

was exposed to the target gases and fresh air, respectively.[??!

2.4. Theory models

In this work, all the calculations were carried out using
Vienna ab initio simulation package (VASP) within the frame-
work of density functional theory (DFT).[?3] We chose Co304
(311) surface and introduce different numbers of In atoms into
the surface model by substituting Co with In, creating three
theoretical models. According to the number of In atoms in
the model, they are named as CI0, CI1, and CIS, respectively,
the pristine structures and optimized structures are shown in
Fig. S2 in the supplementary material. A cut-off energy of
500 eV was adopted to ensure the energy convergence, and the
k-point grid of 3 x 2 x 1 was set for geometry optimization.

To analyze the adsorption strength of xylene molecule
with different models, the adsorption energy (E,qs) of xylene
on Co30y4 surface was defined as

Eas = E(model+xylene molecule) — Emodel — Exylene molecule; (1)

where E(model+xylene molecule)» Enodel, and Exylene molecule are

the total energies for xylene molecule on the model, isolated

model and single xylene molecule, respectively.?4

3. Results and discussion
3.1. Structural and morphological characteristics

The XRD pattern of pristine and In-doped Co304 mate-
rials are exhibited in Fig. 1. All diffraction peaks of the as-
obtained materials are ascribed to the cubic Co3Q4 structure
(JCPDS No. 74-2120). Moreover, no other peaks come from
impurity phases are detected, indicating their high purity. >
The pattern of (311) peaks of all the materials is shown in
Fig. 1(b), which clearly reveals the peak of In-doped Co304
to be broader and shifted compared to that of the pure Co3Oj4.
The lattice parameters of the four materials are calculated as
shown in Table 1. Obviously, the slight shifts of the peak of
In-doped Co304 to a lower angle can be observed compared
with the pure Co304, showing the lattice expansion of Co304
when In ions are doped into Co3zO4 because of their larger

radius. [26-27]
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Fig. 1. XRD patterns (a) and high resolution (311) peaks (b) of the pure
sample and of different In-dopant CozO4 samples.
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Table 1. Lattice parameters and crystal system of materials.

Lattice parameters

Materials Crystal system

a (nm) b (nm) ¢ (nm) o B b4

Co304 Cubic 0.807 0.807 0.807 90° 90° 90°
In@Co304-1 Cubic 0.809 0.809 0.809 90° 90° 90°
In@Co304-4 Cubic 0.812 0.812 0.812 90° 90° 90°
In@Co304-7 Cubic 0.818 0.818 0.818 90° 90° 90°

The morphologies and structure of the pure CozO4 and
In@Co0304-4 are observed by SEM and TEM, as shown in
Figs. 2 and 3, respectively. Clearly, the hierarchical flower-
like Co304 nanosphere is about 7 um in diameter, and it can
be seen that the nanosphere is assembled by many curving 2D
nanosheets [Fig. 2(a)]. From Fig. 2(b), the nanosheets have
porous structure. The TEM image [Fig. 2(c)] further reveals
that these nanosheets contain many pores, which corresponds
with SEM characterization. The formation of porous structure
is caused by the release of surface adsorbed H,O and volatile
gas with the heating treatment.!'”) Figure 2(d) shows a high-
resolution TEM (HRTEM) image of pure Co3zO4. The lattice
spacing of 0.47 nm is attributed to the (111) plane of cubic
Co0304. Figures 3(a)-3(c) show the SEM and TEM images of
In@Co0304-4 nanosphere, which exhibit a similar flower-like
nanostructure, which is composed of 2D porous nanosheets.
In addition, it can be seen that the doping of In ions results
in a significant decrease in the size of nanosheets.”®! The
HRTEM image of the In@Co304-4 nanosphere shows the lat-
tice spacing of 0.24 nm, which is ascribed to the (311) plane
of Co304. Furthermore, the corresponding SEM and TEM
images of In@Co0304-1 and In@Co304-7 can be observed in
Figs. S3 and S4, which exhibit a similar structure and pattern
to In@Co304-4.

50 nm

10 nm

Fig. 2. [(a), (b)] SEM, (c) TEM, and (d) HRTEM images of pure Co3Oj.

20 nm :
Y (. il

Fig. 3. [(a), (b)] SEM, (c) TEM, and (d) HRTEM images of In@Co304-4.
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Fig. 4. UV-vis diffraction spectrum (a) and the plots of (Akv)? versus
hv (b) of pure and In-doped Co304 samples.

The UV-visible absorption spectra of pure Co304 and In-
doped Co304 [Fig. 4(a)] could reveal the bandgap (E,), which
can be described by the formula (ahv)'/" = A(hv — Ey),
where « is the absorption coefficient, 4 is the Plank constant,
v is the photon frequency, A is a constant related to the ma-
terial, and n is the electronic transition parameter of 1/2 (di-
rect bandgap semiconductor).!?®! Therefore, E, can be calcu-
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lated by extrapolating the peak linear portion of the (ahv)?—
hv curve to the energy axis.[’”! As shown in Fig. 4(b), E,
of C0304, In@Co0304-1, In@Co0304-4, and In@Co304-7 are
3.47 eV, 3.39 eV, 3.16 eV, and 2.97 eV, respectively. Since
doped In ions substitute Co into Co30y lattice and form im-
purity energy levels below the conduction band edge, the ad-
sorption edge shifts to lower energy, which benefits to carrier

transmission. 1]

1000} —— Ads Co304

—o— Des Co304

800 —— Ads In@Co304-1
—e— Des In@QCo304-1
600 —* Ads In@Co304-4
—eo— Des In@QCo304-4
400} —— Ads IH@CO;;O4-7
—eo— Des InQCo304-7

200

Volume adsorbed (cm?/g)

OoF

0 0.2 0.4 0.6 0.8 1.0
Relative pressure (P/Pp)

Fig. 5. The N, adsorption-desorption isotherms of pure and In-doped
Co304 samples.
The specific surface areas of Co304, In@Co0304-1,
In@Co0304-4, and In@Co304-7 are 101.6 m*/g, 122.1 m%/g,
149.9 m?/g, and 131.4 m?/g, respectively (Fig. 5). It is obvious

that doping In ions effectively increases the specific surface
area, and the specific surface area of In@Co0304-4 is larger
than that of other samples. The large specific surface area will
obtain more abundant regions, which is helpful for enhancing
gas responses. 3!

The chemical states and elemental composition of Co3QOy,
In@Co0304-1, In@C0304-4, and In@Co304-7 samples are
determined by XPS. The Co 2p spectra of In@Co0304-4 shows
two strong peaks at 795.1 eV and 779.7 eV, which correspond
to Co 2py /, and Co 2p3 /,, accompanied by two satellite peaks,
as shown in Fig. 6(a). In addition, the peaks of Co 2p; /, and
Co 2p3, are composed of Co®* and Co**.1%*] Figure 6(b) ex-
hibits the In 3d spectra of In@Co304-4. Two peaks are in-
dexed as In 3d3 ; and In 3ds 5, respectively. (341 The Co 2p and
In 3d spectra of In@Co0304-1 and In@Co304-7 are shown in
Fig. S5. Figures 6(c)-6(f) show the O 1s spectra of Co304,
In@Co0304-1, In@Co0304-4, and In@Co304-7, respectively.
It can be seen that the O 1s peak can be divided various
parts including lattice oxygen (Or ), oxygen vacancy (Oy), and
chemisorbed oxygen (Oc), respectively.[®] The relative per-
centages of each oxygen species of in the materials are exhib-
ited in Table S1. Compared with other samples, In@Co304-4

possesses more oxygen vacancies and chemisorbed oxygen.

Co 2p Co 2ps) (a) O 1s (c) O 1s (e)
z = O z o
1%} ‘0 1%
g g g Oy,
: %
= = Oc¢ = Oc¢
810 805 800 795 790 785 780 775 770 536 534 532 530 528 526 55’;6 554 55’)2 5&’)0 5.28 5.26
Binding energy (eV) Binding energy (eV) Binding energy (eV)
In 3d In 3ds2 (D) 0 1s () O 1s (f)
In 3d5/2
*? ‘? OL > O
— »—:1 OC *E OC
460 455 450 445 440 435 536 534 532 530 528 526 536 534 532 530 528 526
Binding energy (eV) Binding energy (eV) Binding energy (eV)

Fig. 6. XPS patterns of In@Co0304-4: (a) Co 2p and (b) In 3d; (c)—(f) O 1s XPS spectra of pure Co304, In@Co0304-1, In@C0304-4, and

In@Co304-7, respectively.
3.2. Gas sensing properties

Operating temperature will seriously influence gas ad-
sorption and desorption process.?®37 Thus the response val-
ues of Co304 and In-doped Co304 samples to 100 ppm xylene

at different temperature (from 130 to 170 °C) were measured

[Fig. 7(a)]. The response values of all the products increase
firstly and then decline rapidly with the increasing of tem-
perature. An equilibrium between adsorption and desorption
process is obtained at 150 °C, which leads to a maximum re-

sponse value. In addition, the highest responses of In@Co304-
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4 are about 55.9 (R /R,), which are 3.78 times higher than that
of Co3z04 (14.8). The excellent selectivity is important prop-
erty for detecting gases in practical applications. The response
of sensors to 100 ppm different gases (aniline, triethylamine,
xylene, acetone, formaldehyde, methanol, ammonia and ben-
zene) were investigated at 150 °C (Fig. 7(b)). Clearly, all the
sensors exhibit higher responses to xylene than to other test-
ing gases, and the In@Co304-4 has the highest response to
xylene, indicating that it possesses outstanding selectivity for
xylene.

The repeatability of sensors to 100 ppm xylene at 150 °C
is exhibited in Fig. 7(c). The response maintains a substan-
tially constant value upon six successive measurement, which
demonstrates that the sensors present stable repeatability. To
check the long-term stability, responses of the four sensors
to 100 ppm xylene were recorded for a period of one month
(Fig. 7(d)). It can be seen that the gas response values slightly
decrease with the extension of time. This decreasing tendency
may be caused by changes in ambient humidity, indicating that
all the sensors have good long-term stability. The response of
Co304 based samples to xylene with the concentration rag-
ing from 1 to 200 ppm at 150 °C are shown in Fig. S6. All
responses increase with increasing xylene concentration. Re-
markably, the detection limit of these gas sensors can be as
low as 1 ppm. In addition, the sensor based on In@Co304-4

(a) 60 —a— Co304
+II1@CO;§O4*1
50 f —A— [1@C030,-4
§ —'—IH@COgO(’?
~ 40'
B0
)
o 30t
wn
5
o 201
3}
~
10}
O"930 140 150 160 170
Temperature (°C)
(C) _*00304 —— In@QCo304-1 °
60f - [h@C0s0,4 — n@Cos0p7 100
—~ 50r
< 1
go 40t
o 30
z VGV G 1A ]
a 20- ’
¢ AL A
10H] \ '\ | ‘
O A \ k f L \
0 500 1000 1500 2000 2500 3000

Time (s)

shows the highest responses in these sensors.

Figure 8 presents the dynamic response-recovery curves
of all the sensors. The response/recovery speed of Co3Oy4,
In@Co0304-1, In@Co0304-4, and In@Co304-7 are 49 s/11 s,
38 s/57 s, 142 s/127 s, and 102 s/125 s, respectively. In ad-
dition, the sensor resistance increases with increasing the In
doping amount. The phenomenon can be explained such that
doping makes In ions occupy the site of Co ions, which leads
to the increase of resistance.3®! Figure S7 shows the responses
of all the sensors to 100 ppm xylene at different relative hu-
midities (from 10% to 90%). It can be seen that no significant
change can be detected in the four curves. The inherent anti-
humidity characteristic of Co3O4 1391 and the abundant defect
oxygen in In@Co304 samples caused by In doping lead to the
good anti-humidity performance.!**! As the water molecules

would mainly be adsorbed at the defect sites of materials,*!]

the less water vapor would compete with xylene gas.*?!

The comparison of xylene sensing properties between
In@Co304-4 based sensor and other sensors is summarized
in Table 2. In comparison of the responses (Res.) and op-
erating temperature (Temp.), the In@Co304-4 sensor in this
work possesses higher gas response and lower working tem-
perature. Hence, it is expected to have excellent application

prospects for xylene gas sensors.

Aniline
(b) : . )
Benzen Triethylamine
Ammonia Xylene
—u— Co30,
—o— [n@Co0304-1
—A— 111@00304—4
-v= 111@00304—7
Methanol Acetone
Formaldehyde
(d) 60
—a—Co30, ——In@Co304-1 150 °C
—4— In@QCo0304-4 —v— In@QCo304-7
Cﬁd 55y A—_-‘\«——""‘\A\‘
~
B0
&
o 50z 4
2
2 sl : :
o 25t
= — . .
20
15+
5 10 15 20 25 30
Time (day)

Fig. 7. (a) Response of sensors based on the pure and In-doped Co3O4 samples to 100 ppm xylene at different operating temperatures. (b) The
response values of the sensors to 100 ppm different gases at 150 °C. (c) Six cycles of the dynamic response-recovery curve of the sensors to

100 ppm xylene. (d) Long-term stability of the sensors.
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Fig. 8. The response/recovery speed of (a) pure Co3Oy4, (b) In@Co0304-1, (c) In@Co0304-4, and (d) In@Co304-7 to 100 ppm xylene 150 °C.

Table 2. Comparison of xylene-sensing performances of the sensors based
different materials.

Materials Temp. (°C) Conc. (ppm) Res.
57r-MoO3 P! 206 100 7.99

6 at.% Fe-doped Co304!'8) 175 100 18.2
0.5 wt% Ag/TiO nanorod!*’] 375 100 6.5
3 at.% Sn-doped NiO[*4] 225 100 20.2
W-doped NiO#] 375 200 8.74
In@Co304-4 150 100 55.9

3.3. Gas sensing mechanism

Gas sensing mechanism of Co304 belongs to surface con-
trol model.!"”! When Co304 or In-doped Co304 based sensor
is exposed to air, CozO4 surface will adsorb oxygen molecules
and form oxygen species (O, , O~ and 0?7) by capturing free

46471 Therefore, a hole accumula-

electrons from conduction. !
tion layer will be formed and the sensor resistance will decline.
Subsequently, when the sensor transfer into the xylene atmo-
sphere, the xylene molecules will react with O~. Thus the
electrons will be released back to the conduction band of sens-
ing material and neutralizing the holes (Fig. 9), resulting in a

rise in electrical resistance. These reactions can be expressed

as
0, (ads)+e~ — 20" (ads), 2)
CsHio+210" (ads) — 8CO, + 5H,0+21e ™,  (3)
e” +h" — null. 4)

The experimental results show that the In-doped Co3O4
based sensor exhibit better sensing properties, which can be

explained as follows. Because of doping, In ion will occupy
the site of the divalent Co ion and form a positive substituted
cation (Ing,). At the same time, the unbalanced charges can be
compensated for by the generation of two electrons and oxy-

gen gas or by the formation of Co vacancies (V¢,): (271

1
03 <22 2Ing, +2e~ +20% + 502(gas),  (5)

03 =2 2Ing, + 308 + Vi,

(6)

Fig. 9. Schematic diagram of the In-doped Co304 sensor when exposed
to xylene.

As a result, electrons are generated to neutralize holes in
the In-doped Co304 sample and increase the resistance. In
the previous report,/?! the same number of electrons injected
into p-type semiconductor oxide material in the sensing re-
action would result in a higher variation in sensor resistance
with the lower hole concentration, which leads to increased
gas response. In addition, the oxygen vacancy (Oy) proportion
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(36.6%) of In@Co0304-4 is higher than that of other samples
(Table S1). It is reported that a larger amount of Oy can offer
more active regions for redox reaction, which enhance sensing
performances of the gas sensor. 48491

In addition, the surface area of In@Co0304-4 is higher
than that of pure Co3QOy4, indicating that the In@Co304-4
based sensor possesses more chemisorbed oxygen species,
which leads to higher responses. °°!

To further discuss the sensing mechanism, we analyze
the adsorption strength of Co304 models containing different
amounts of In ions for xylene molecule. As shown in Fig. 10,
compared with the CIO and CI5 models, the atomic position
change near the adsorption interface of CI1 model is most ob-
vious, indicating that the CI1 model has the strongest interac-
tion with xylene. In addition, the adsorption energies between
the three adsorption models and xylene molecule are listed in
Table 3. It is obvious that the adsorption energy of CI1 is lower
than other models, proving that the CI1 model is easier to ad-
sorb xylene molecules.>!l With the increasing number of In
ions, the adsorption energy increases first and then decreases,
which is consistent with the experimental results.

Fig. 10. The initial and optimized structures of three different adsorp-
tive configurations to xylene molecule: [(a), (b)] CIO, [(c), (d)] CI1, and
[(e), (D] CIS5.

Table 3. The adsorption energies between different models and xylene
molecule.

Model CIO CIl CI5
-0.08 -0.43 -0.12

Adsorption energy (eV)

4. Conclusion

In summary, we have prepared hierarchical flower-like
pure and In-doped Co304 nanostructures by employing a one-
step hydrothermal synthesis method. The results of sens-
ing measurement illustrate that In@Co304-4 based sensor
presents the best gas sensing performance at low optimum op-
erating temperature (150 °C). The enhanced gas sensing per-
formance is ascribed to the doping of In ions, which could
increase specific surface area, carrier concentration, and the

content of oxygen vacancies. In addition, the DFT analysis
verifies the experimental results, demonstrating that an appro-
priate doping of In ions is helpful for improving the adsorp-
tion strength of xylene molecules. As described above, the
In-doped Co3zO4 sensor has great potential for xylene detec-
tion.
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