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Co3z0y4 is a promising p-type semiconductor for ethanol detection. In this work, ethanol detection sensors
were fabricated with nanostructured CozO,4, which exhibited higher selectivity and lower operating
temperature. The Coz0O4 was synthesised using ZIF-67 as a sacrificial precursor. The T400-Co3zO4 that
was obtained by calcining ZIF-67 at 400 °C showed the best sensing performance. Its response to
100 ppm ethanol vapor was 221.99 at a low optimal operating temperature (200 °C). Moreover, T400-
Coz04 achieved a low detection limit (1 ppm), remarkable repeatability, and higher selectivity compared
to ammonia, carbon monoxide, acetone, hydrogen, methane, methanol, and nitrogen dioxide. The
enhanced sensing performance was mainly attributed to three factors: (1) the adsorption/desorption of
active adsorbed oxygen molecules (e.g. O~ and O27) and abundant oxygen vacancies, which increased
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Accepted 6th January 2020 the number of active sites; (2) the catalytic activity of Co>", which greatly increased the reaction route
and decreased the activation energy; and (3) the effective diffusion of gas molecules, which increased

DOI: 10.1039/c9ra08904g the effect of collisions between gas molecules and the material surface. This work provides an effective
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1. Introduction

Ethanol detection is widely used in fields such as food quality
testing, transportation safety, and the chemistry industry. Gas
sensors, especially metal-oxide-based semiconductor gas
sensors (MOS gas sensor), are commonly used in toxic gas
detection because they have low cost, high response values, and
high stability."> However, commercial MOS experience low
selectivity and high energy consumption.* Metal oxides are
critical factors in enhancing the sensing properties of MOS gas
sensors. Metal oxides with the right pore size increase the
response value and decrease the response/recovery time
because they have more exposed active sites and higher gas
molecule diffusion.*

Metal-organic frameworks (MOFs) are excellent gas
adsorption/desorption materials because of a high specific
surface area, tailorable pore structure, and catalytic activity.>®
Considering these advantages, MOFs and MOFs-derived mate-
rials are extensively used in gas detection. MOFs-derived porous
metal oxides are suitable gas-sensitive materials because of
their similar structural and physicochemical properties to
MOFs. For example, ZnO nanocages were prepared by direct
pyrolysis of MOF-5, and it could detect low-concentration
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means to fabricate sensitive ethanol gas sensors with low energy consumption.

VOCs.” The composite like ZnO/CozO4 was synthesised by
pyrolysis of MOFs precursors, and it exhibited remarkable
sensing properties to acetone at the ppb-ppm level.? The Co, Zn-
based MOFs-derived Co03;0,/ZnO also showed great response
and selectivity properties to HCHO at low operating
temperatures.’

As for the ethanol gas sensor, Table 1 compares the ethanol
sensing performance of existing materials to the Co;0, in this
work. Among these metal oxides, n-type semiconductors (e.g.
ZnO, WO3;, and Sn0O,) are common ethanol sensing materials
with a high response value and excellent stability."**>**"
However, the operating temperature of these n-type semi-
conductors is usually high (250 to 500 °C), which leads to
a higher energy consumption. On the contrary, a p-type semi-
conductor like Co;0, shows a lower operating temperature (150
to 250 °C) than n-type semiconductors, and its baseline is more
stable.’®** Although p-type semiconductors suffer from a lower
response value and longer response/recovery time, they are
a possible ethanol sensing material using morphological
control.>** Coz0, is a type of transition metal oxide and Co
containing various states (e.g. Co>" and Co®"). The redox process
between Co>* and Co** leads to a more natural adsorbing
process of oxygen and ethanol molecules. Thus, Co;0, with
a large surface area, abundant active sites, and suitable pore
size is considered as a probable ethanol sensing material.
Especially, Lii et al.*® synthesised porous Co3;O, concave nano-
cubes with a high specific surface by calcining ZIF-67 at 300 °C.
This porous Coz;0, shows a low detection limitation (10 ppm),
and its response to 200 ppm ethanol is about 3.3 at 300 °C. The
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Table 1 Comparison of ethanol gas-sensing performance based on different sensor material reported in the literature

Operating temperature Concentration
Material Morphology (9] (ppm) Response Ref.
Co050, Nanorod 160 500 70.7 10
SnoO, Hollow spheres 350 100 10.5 11
ZnO Nanorod 400 100 149.2 12
C030,4/1GO Layer-by-layer nanocomposites 200 100 21 13
Zn0O/C030,4 Core-shell structure 200 100 38.87 14
ZnO@ZIF-8 Core-shell microspheres 160 100 35.9 15
Au-WO, Nanoplatelets 320 100 97.2 16
Pt-In, 03 Cubic 250 100 32.6 17
Commercial Co;0, Nanomaterial 200 100 15.5 This work
T400-Co30,4 Polyhedral structure 200 100 221.99 This work

synthesis ratio of the metal and precipitant and heating rate
significantly affects the morphology of the precursor and Co;0,.
Furthermore, the pore size is also a critical factor for sensing
performance. Thus, factors such as the heating temperature in
the synthesis process, and the pore size of Co;0, have to be
considered.

Herein, porous Coz;0, with different pore sizes was syn-
thesised by temperature-controlled decomposition of MOFs
(z1F-67) precursors. The porous CozO, exhibited enhanced
sensing properties for ethanol at 200 °C, indicating that
a MOFs-derived material is suitable for developing a gas sensing
material with a high response value and short response/
recovery time.

To investigate the sensing performance and examine the
sensing mechanism, the obtained Co;0, was examined by X-ray
diffraction (XRD), Raman spectroscopy, scanning electron
microscopy (SEM), transmission electron microscopy (TEM), N,
adsorption-desorption analysis (BET), energy-dispersive X-ray
spectroscopy (EDS), and X-ray photoelectron spectroscopy
(XPS). The obtained results were useful to understand the
sensing mechanism of Co;0, and contributed to expanding the
ethanol sensing material.

2. Materials and methods
2.1 Material preparation

The synthesis of ZIF-67 precursors was referenced by previous
literature.” In a typical synthesis, 6 mmol Co(NOj3),-6H,0O
(99%, Aladdin Bio-Chem Technology Co., Ltd) was dissolved
into a 40 mL methanol/ethanol (1/1 in v/v) mixed solvent to
form solution A. 24 mmol 2-methylimidazole (2-MI, 98%,
Aladdin Bio-Chem Technology Co., Ltd) was dissolved in
another 40 mL methanol/ethanol (1/1 in v/v) mixed solvent to
form solution B. Then, solution A was poured in solution B with
vigorous stirring and formed purple precipitation. The solution
was stirred for 10 minutes and suspended to stew at room
temperature for 24 h. The purple precipitation was then filtered
and washed by ethanol, and then dried at 60 °C overnight. The
obtained purple precipitation was collected as a precursor, and
the final Co;0, was synthesised by a temperature-controlled
decomposition with a heating rate of 2 °C min~'. The decom-
position temperatures were 300, 350, 400, 450, and 500 °C,
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respectively. When heated to the decomposition temperature,
the samples were kept for 2 h in the atmosphere to cool natu-
rally. The final samples were named as T300-Coz;0,4, T350-
C030,, T400-C030,4, T450-Co30,4, and T500-Co;0,, respectively.
Additionally, commercial Co;0, was purchased from Aladdin
Bio-Chem Technology Co., Ltd (100 nm, 99.5%) as a reference
material.

2.2 Physicochemical characterisation and gas detection

The crystallinity information of the samples was characterised
by XRD on a D/max-2500/PC X-ray diffractometer (Rigaku,
Japan) with Cu-Ka radiation and 26 with a range of 5° to 90°. A
Raman study was carried out with the use of Renishaw RM2000
(Britain). The morphology and nanostructure of samples were
tested by SEM (S-4800, Hitachi, Japan) and TEM (Tecnai G2 F30
S-Twin, FEI, USA). The channel information and specific surface
areas of samples were measured by BET (ASAP 3020, Micro-
meritics, USA) at 77 K. The element contents and valence states
on the sample surface were obtained by XPS (ESCALAB 250 XI,
Thermo, USA). Furthermore, the binding energy of the XPS
analysis was referenced to C 1s at 284.8 eV.

The gas sensing properties were analysed on a JFO2F
dynamic gas sensing analysis system (Guiyan Jinfeng Tech-
nology Co., Kunming, China). Before testing, the prepared
Co30, was first dispersed in ethanol and dropped on the testing
ceramic substrate, which has a pair of Ag electrodes. The mass
of the loading Co;0, was fixed, and the testing substrate was
then transferred to the test chamber. The test substrate was
heated to the operating temperature by a heating platform. The
response value of the Co;0, is defined as Ry/R,, where R; and R,
represent the resistances of the sample in the target gas and air,
respectively. The response time is defined as the time for sensor
resistance to reach 90% of the final state, while the recovery
time is the time needed for the sensor to return to 10% of the
total resistance change. The details of the test are shown in
Fig. S1.t

3. Results and discussion
3.1 Gas sensing properties

The Co;0, sensing performance was tested by exposing the
sensors to ethanol vapor and air. Fig. 1a shows the responses of

This journal is © The Royal Society of Chemistry 2020
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Fig. 1 (a) Response to ethanol (100 ppm) of CozO4 samples under

various operating temperatures, and (b) the response/recovery curve
of T400-Coz04 to 100 ppm ethanol at different operating
temperature.

Co30, to different operating temperatures (100 to 300 °C). The
response values of T300-Coz;0,, T350-Co30,4, T400-Co30,4, and
T450-Co;0, increase with an increase in the operating
temperature and reach a maximum value at 150 °C. Moreover,
the optimal operating temperature of T500-Co;0, is 200 °C. The
fitting curves of these Co;0, samples show that the optimal
operating temperature ranges from 150 to 200 °C. However, the
resistance of the sensor cannot restore to the original value
when the operating temperature is below 200 °C (Fig. 1b), and it
might be related to the pore structures and the exclusion of
adsorbed gas molecules.” Furthermore, the response of
commercial Coz0, is 15.45 to 100 ppm ethanol at 200 °C, which
was much lower than the MOF-derived Co;O, samples.
Considering the good performance of the sensors at 200 °C,
subsequent investigations are focused on T400-Co3;0,. The
dynamic curves resistance are shown in Fig. S2.}

Fig. 2a shows the dynamic response/recovery curve of T400-
Co;04. The sensor resistance increases upon exposure to
ethanol, while it decreases when the sensor is exposed to air.
The response of T400-Co;O, continuously increases with
increasing ethanol concentration, which can be ascribed to the
rich active sites for ethanol detection. The response values of
T400-Co;0, are 1.03, 1.87, 5.43, and 171.20 for 1, 5, 10, 50 ppm
of ethanol vapor (Fig. 2b). The rapid response values increase at
50 ppm ethanol. For a higher ethanol concentration, the
response values are 221.99, 256.97, and 284.07 for 100, 200, and
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Fig. 2 (a) Dynamic response/recovery curves, and (b) response values

of T400-Co3z04 to different ethanol concentrations (1-500 ppm) at
200 °C.
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500 ppm ethanol vapor, respectively, which indicate the abun-
dant active sites of T400-Co;0, on the available surface.

The response/recovery time is another crucial parameter for
the gas sensor. As shown in Fig. 3a, the response time of Co;0,
decreases with increasing calcination temperature until 400 °C.
Then, the response time increases with a further rise (e.g. from
450 to 500 °C) in calcination temperature, which might
contribute to structural changes. The response time is signifi-
cantly related to the pore structure, specific surface area and
operating temperature. The recovery time is complicated
because it needs to consider the detection process and band
bending.**> The response and recovery times of the T400-Co30,
are 129 and 216 s, respectively (Fig. 3b).

The repeatability and stability of T400-Coz0O, is shown in
Fig. 4a. A rapid response loss is seen in first 7 days, followed by
slight decrease in response in the subsequent 21 days. The
reason might be due to the further oxidation of Co and the
agglomerate of the nanostructure.” In addition, the dynamic
curves of T400-Coz;0, are almost at the same level after 6 cycles
at 200 °C, showing significant repeatability and reversibility. As
for selectivity, the response of T400-Co3;O, and commercial
Co30, to various target gases is investigated at 200 °C (Fig. 4b).
The response value of T400-Co;0, to 100 ppm ethanol (221.99)
is higher than the response to acetone (74.05), methanol
(87.22), methane (5.67), ammonia (3.10), carbon monoxide
(5.61), and hydrogen (8.37) under the same conditions. The
response value of commercial Co;0, to various target gases is
lower than T400-Coz;0,, and it shows a high response to
ethanol, methanol and acetone. The results demonstrate that
the T400-Co30, is sensitive to specific functional groups (e.g
Hydroxyl and Carbonyl), which might be related to the variable
valence characteristics of cobalt and its redox process.

3.2 Physicochemical characteristics

XRD and Raman spectra determine the structure and compo-
sition of the Co;0, sample. As shown in Fig. 5a, all diffraction
peaks of the Co;0, XRD patterns are well indexed to spinel-type
phase Co;0, (JCPDS card no. 42-1467). Furthermore, the rela-
tive intensity of the Co;0, diffraction peak increases with
increasing calcination temperature, indicating that the crystal-
linity of the samples is improved.
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Fig. 3 (a) Response time/recovery time of CozO,4, and (b) dynamic
curves of T400-Coz0O4 upon exposure to 100 ppm ethanol at 200 °C.
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Fig. 5 (a) XRD patterns, and (b) Raman spectra of CozO4 samples.

The Raman spectra of Co;0, samples are shown in Fig. 5b,
and Table 2 lists the experimental results of the position of the
Co;0,4 samples. The Raman bands at 191, 465, 511, 608 and
670 cm ™' of the T400-Co;0, are Raman active peaks®®* (e.g. F,g,
E,, and A;,). These five active Raman peaks indicate that the
spinel structure of Coz;0,4, which is in agreement with the XRD
results.

Furthermore, stronger and sharper red-shifted Raman peaks
are related to the size-dependent effect on the nanoparticles.*
T400-Co3;0, shows the narrow peaks slightly red-shifted
compared to the other samples, showing the smaller particle
size of T400-C030,.

The morphologies of ZIF-67 and Coz;0, with different calci-
nation temperatures were investigated by SEM, TEM and
HRTEM (Fig. 6 and S37). Fig. 6a shows the SEM image of ZIF-67
and it shows a typical rhombic dodecahedron structure. The
obtained Co;0, maintains similar polyhedral shape with ZIF-67
within a calcination temperature range of 300 to 400 °C, while

Table 2 Positions of Raman peaks for CozO4 samples

View Article Online
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1.00 ym

Fig. 6 SEM images of (a) ZIF-67, (b) T300-Co030y,, (c) T350-Co304, (d)
T400-Co304, (e) T450-Co30y, (f) T500-Co30,.

the surface of these samples becomes rough and broken, which
might be due to the decomposition of the organic ligand. In
addition, the surface of T400-Co;0, shows more holes and
crevices than T300-Co;0, and T350-Co;0,. When the calcina-
tion temperature further rises to 500 °C, the polyhedral struc-
ture is collapsed and forms an interconnected net-work
structure (Fig. 6b—f). Fig. S3a and bt are the TEM and HRTEM
images of T400-Co;0,. The obtained T400-Co;0, with a poly-
hedral structure is comprised of nanorods and the powder is
stacked together. The basic units of polyhedral T400-Co3;0, are
nanorods with a uniform diameter of about 40 nm. The HRTEM
image exhibits the lattice fringes with lengths of 0.24 nm, which
index to the (311) planes of Co;0,. Furthermore, the absence of
amorphous carbon indicates the completed decomposition of
the ZIF-67 precursor.

The N, adsorption-desorption isotherm and pore size
distribution of ZIF-67 and Co30, are shown in Fig. 7, while BET
specific surface area, pore size and pore volume of the samples
are listed in Table 3. The N, adsorption-desorption isotherm of
ZIF-67 is a type I curve, while Co;0, samples are type IV with an
H3 hysteresis loop, which indicates the existence of slit holes.

Sample Fae (cm ™) Eg (em ™) Fag (cm™! Fag (cm ™) A (em™)
T300-C030, 192.9 469.9 513.7 607.9 673.9
T350-C030,4 193.7 472.9 514.0 611.8 676.7
T400-C030, 191.2 466.8 510.6 606.4 669.6
T450-Co30,4 194.5 476.7 518.3 616.4 682.3
T500-C0304 192.4 469.5 513.1 618.8 673.9

2194 | RSC Adv, 2020, 10, 2191-2197
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Fig. 7 N, adsorption—desorption isotherms, and pore size distribu-
tions of (a) ZIF-67, and (b) T400-Co30Oy4.

Table 3 The specific surface area, pore volume and pore size of
Coz04 samples

Specific surface Pore volume Pore size

Sample area (m® g™ ") (em® g™ (nm)

ZIF-67 1362.959 0.043 4.418
T300-Co50, 118.475 0.411 11.654
T350-C0304 51.474 0.345 22.866
T400-Co304 28.509 0.176 24.808
T450-Co304 16.144 0.103 21.996
T500-C0304 4.341 0.021 14.566

As shown in Table 3, the specific surface area and pore volume
of Co;0, decrease with increasing calcination temperature.
Notably, the specific surface area and pore volume of T500-
Co;0, is sharply reduced as compared to other Co;0,4 samples,
indicating that the total mutation of the structure, which
corresponds to the results of the SEM image. For the pore size,
T400-Co;0,4 shows the largest pore size among these Co;0,4
samples, which is suitable for the diffusion of ethanol gas
molecules.

XPS analysis was performed to confirm the valence states of
the elements on the surface of the samples (Fig. 8 and S47).
Fig. 8a shows the Co 2p;, XPS spectra. The peaks at 779.6—
779.9 eV can be attributed to Co®", while peaks at 780.8-781.1 eV
are attributed to Co®". The satellite peaks of Co®" and Co®" have
binding energies of 788.8-789.1 eV and 783.0-784.3 eV,
respectively.””*® Particularly, the Co content of Co;0, initially
increases with increasing calcination temperature until 400 °C

(a) Co2p,, (b) &\ O1s
T300-Co,0, e g§ T300-Co,0, é
| 1350-Co0, D% ~|T380-C0,0, ///\
5 e
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Binding energy (eV) Binding energy (eV)

Fig. 8 (a) Co 2ps,2, and (b) O 1s XPS spectra of CozO4 samples.
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and then decrease at 400 to 500 °C. The T400-Co3;0, has the
highest Co content of 29.43%. Additionally, the Co** content of
T500-Co;0, and T400-Co;0, is 10.63% and 10.32%, respec-
tively, which is higher than other CozO, samples (Table 4).
Fig. 8b shows the O 1s spectra. The O 1s XPS spectra of Co30,
samples can be deconvoluted into three peaks, which are
assigned to surface lattice oxygen (530.0-530.1 eV), oxygen
vacancies (531.1-531.3 eV), and chemisorbed oxygen species
(532.3-532.5 eV)."®* Table S1t is the amount of oxygen with
different O species of the Co;0,, Generally, the response of the
sensing material is significantly related to the oxygen vacancies.
However, the numbers of oxygen species are determined by the
oxide species.” Thus, the numbers of oxygen species, especially
oxygen vacancies, of these samples are almost the same in
quantity.

3.3 Gas-sensing mechanism

The common sensing mechanism is based on gas adsorption
and desorption. For Coz0,, a typical p-type semiconductor,
oxygen molecules are adsorbed on the surface of the material in
air and forms adsorbed oxygen species (e.g. O, O, , and 0*").
0, molecules cannot exist on a material surface in an undis-
sociated state.** Oxygen molecules will be ionised into O,~
when the operating temperature is below 150 °C. When the
temperature increases (e.g. 150 to 400 °C), oxygen molecules
change to O~ and O*>". The O™ and O”>~ species are active sites
for ethanol detection and O™ ions are formed at 200 to 350 °C.*'
The adsorption heat of O™ is higher than O, ™, which means that
O~ is preferred for sensing reactions.®* Once the sensor is
exposed to ethanol vapor, ethanol molecules react with these
adsorbed oxygen species.*® The sensing process is shown in eqn
(1) and (2):

C2HSOH(gas) - C2HSOH(ads)s (1)

CoH5sOH aas) + 60(adsy” — 2COx(gas) + 3H2O(gas) + 0. (2)

In this process, oxygen vacancies (V,) play a crucial role.
When O, is adsorbed on the surface of the material, some
oxygen atoms fill the anion vacancy while other oxygen atoms
dangle out and form adsorbed oxygen (Fig. 9). The formed Co*-
O~ are active sites for ethanol dissociation and oxidise the
ethanol to CO, and H,O as eqn (3) and (4):**

Co*+ 0O +V,+e — Co*0O, (3)

Table 4 Amount (at%) of Co with different valence states in CozO4
samples

Co(u) Co(m)
Sample Co Co(m) Co(n) (satellite) (satellite)
T300-C030,4 25.74 9.42 10.94 3.53 1.85
T350-Co30,4 28.6 9.68 12.51 4.21 2.20
T400-Co3;04 29.43 10.32 11.66 4.94 2.50
T450-Co30,4 27.07 9.64 10.18 5.26 1.99
T500-C030,4 26.71 10.63 9.91 4.01 2.15
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2. Catalytic Effect

0;\

O (or 0%, 02,) b 1. Active Adsorbed
o o Oxygen Effect
CHOH ., 0O
CO,+H,0
® Co,0, ® Co O Co* O co**

© Adsorbed Oxygen @ Ethanol Molecule © Active Oxygen

Fig. 9 Schematic of the CozO4 sensing process.

6Co*-O~ + C,HsOH — 6Co* + 6V, + 2CO, + 3H,0 + 6e. (4)

In addition to the effect of molecule adsorption and oxygen
vacancy, gas sensing performance is also enhanced by the
catalytic effect of cobalt due to its multiple valence states. In
other words, a relatively lower operating temperature might be
related to the catalytic activity of the Co30,. According to XPS
analysis, Co;0,4 contains abundant Co®" and Co**. The active
sites Co®" react with ethanol when the material is exposed to
ethanol vapor. In this process, the Co** ions are reduced to Co>",
while ethanol molecules are oxidised at the same time*” (Fig. 9).
The catalytic activity of Co;0, significantly reduces the activa-
tion energy of the reaction and leads to a lower operating
temperature. When the material is exposed to air, electrons are
captured from the conduction band of Co;0,, and positively
charged oxygen is created. In this process, Co>" ions will be
oxidised to Co®".

Furthermore, developing the structure is another critical
factor for sensing the performance. According to BET results,
the specific surface area and pore volume are related to the
calcination temperature. Although larger specific surface areas
and pore volumes provide a more effective contact surface, the
nanostructure also causes agglomeration. The agglomeration
further decreases the surface energy and reduces the activation
sites,*® which might be the reason why the response value of
T300-Co;0, and T350-Co;0, is smaller than that of T400-C0;0,.
Therefore, the specific surface area and pore volume may not be
the relevant factor for increased responsiveness. Except for the
specific surface area and pore volume, the BET results also
provide information on the pore size, which shows a significant
impact on the gas sensitivity. The reason is that the pore size is
related to gas diffusion, especially effective diffusion, such as
Knudsen diffusion. The mean free path (1) of gas molecules at
ambient temperature and pressure is constant and the A of
ethanol is 25.6 nm.*®* When the pore size is approximately the
same as A, Knudsen diffusion will dominate relative to molec-
ular diffusion. The Knudsen diffusion coefficient (D) is defined
as eqn (5):*®

4

2RT
kT3

M’ ()
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Here, R is the universal gas constant, T is temperature, M is the
molecular mass of ethanol, and r is the pore size. Dy is linearly
related to r. A reduction of r in the samples will reduce Dy, and
thus the ethanol molecules’ diffusion is limited throughout the
whole material. As shown in Table 3, the r of T350-Co;0, and
T450-Co;0, are approximately the same, and these two Co3;0,
samples show approximately equal response values to 100 ppm
ethanol at 200 °C. The same results are shown in T300-Co;0,
and T500-Co30,. As for T400-Co30,, it shows the largest pore
size and highest response value.

4. Conclusions

In summary, a series of porous Co;0, with different morphol-
ogies were fabricated by an MOF precursor template technique
without any surfactants. These Co;0, showed notable ethanol
sensing performance, and the Co;O, sample obtained with
a 400 °C calcination temperature (T400-Co;0,) showed the best
response among the samples. The response value of T400-Co30,
was better than other materials reported in literatures. Further,
the detection limitation of T400-Co;0, was as low as 1 ppm, and
it exhibited good repeatability, high selectivity and fast
response/recovery time. The enhanced sensing ability might be
attributed to the adsorption/desorption of oxygen molecules,
the catalytic activity of Co®" and the effective diffusion of gas
molecules. The facile and effective synthesis technique provides
a candidate material to optimise sensor performance and
provides an example of a low-energy consumption ethanol gas
sensor.
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