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The freshness of seafood can be judged by detecting the concentration of triethylamine (TEA). In this
work, 2D CuO porous nanosheets (CuO PNs) were prepared by a graphene oxide template method and
their particle sizes were regulated by changing the calcination temperature. Their structure, morphol-
ogy and gas sensing performances were investigated by various characterization methods. The response
(Rg/Ra) of the gas sensor based on CuO PNs calcined at 700 °C was as high as 440-100 ppm TEA at the
operating temperature of 40 °C. The detection limit was as low as 0.25 ppm. In addition, the gas sensor
has good selectivity and stability. The excellent TEA sensitivity is mainly resulted from the appropriate
particle size and loose porous framework. This work not only paves the way to explore the novel low
temperature TEA gas sensors, but also provides deep insight on improving the structure and properties
of gas sensitive materials by controlling the calcination temperature.

© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

As one of the most commonly used organic bases, triethy-
lamine (TEA) is widely used in pesticides (glyphosate), medicine
as intermediates. Due to toxicity and irritation, concentrations of
TEA above 10 ppm in the air can affect human health and even
cause death in serious cases [1]. In addition, since seafood prod-
ucts would release organic amine when decaying, the freshness
of seafood can be judged based on the measured concentration of
TEA. Moreover, the mixture of TEA vapor and air is highly explosive
when exposed to flame. Therefore, precise detection of TEA gas
is of great significance. Although the traditional detection meth-
ods such as colorimetry and chromatography are effective in the
detection of TEA, they also suffer from the complicated detection
process and expensive detection equipment, restricting the further
practical application. Compared with these methods, the gas sen-
sor with faster response, smaller volume and convenient carrying
would be a better alternative.

To date, metal oxide semiconductor (MOS) based gas sensor has
been widely used in TEA detection due to their low price, high
sensitivity and ease of integration [2-5]. For example, Xue et al.
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synthesized flower-like CeO,-SnO, composites by the one-step hy-
drothermal reaction and their response was 252.2 ppm toward 200
ppm TEA at 310 °C [6]. Zou et al. prepared hollow SnO, microfiber
through biomass conversion strategy, which delivered a response
of 49.5 ppm to 100 ppm TEA at 270 °C [7]. Zhai et al. reported
three-dimensional WO3 hollow microspheres, showing a response
of 16 ppm to 50 ppm TEA at 220 °C [8]. Li et al. synthesized
PdPt/a-Fe,03, which obtained a response of 98 ppm to 50 ppm
TEA at 190 °C [9]. However, although MOS sensors can be used for
TEA detection, most sensors still suffer from problems such as high
operating temperature and low sensitivity.

As one of the most promising candidates for gas sensor, p-type
MOS sensitive materials usually have good gas selectivity and low
operating temperature [10-12]. As a p-type semiconductor with
small band gap, CuO has a wide application prospect in the fields
of sensors, catalysts, superconductors, supercapacitors and so on
[13-15]. Until now, various excellent methods for preparing CuO
nanostructures with different morphology have been well estab-
lished, including nanosheets, nanofibers, nanospheres, nanowires,
etc. [16-19]. Among them, the two-dimensional structure has sig-
nificant advantages in the field of gas sensitivity due to its large
specific surface area and abundant active sites. To further enhance
the gas sensing performance, structural design has been widely
adopted [20-24]. It has been found that grain size, porosity and
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Fig. 1. Schematic illustration for fabrication of 2D CuO PNs by GO templated pro-
cess.

specific surface area of the material have great impacts on the heat
treatment of the precursor [25-27]. For example, NiO nanosheets
with different pore sizes and grain sizes were obtained by chang-
ing the calcination temperature, exhibiting improved gas sensing
properties [25]. As another example, Wu et al. obtained CuO with
different morphologies by controlling the calcination condition and
evaluated its effect on the gas sensing performance of the samples
[28]. Therefore, systematical study of the heat treatment effects on
the morphology, crystallinity and porosity of CuO is highly desir-
able, which is of great significance for improving the performance
of gas sensing.

Herein, we report a facile method to prepare a series of 2D CuO
porous nanosheets (PNs) for the high-efficiency TEA detection. The
CuO nanosheets were first synthesized by using graphene oxide
(GO) as template, which were then calcined at different tempera-
tures to form the desired CuO PNs. The morphology, structure and
elemental composition of the materials were fully characterized.
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With TEA as target detection gas, the optimum operating tempera-
ture, selectivity, response and stability of CuO were investigated by
a gas sensor evaluation system. Finally, the gas sensing mechanism
was discussed.

The detailed process for the preparation of CuO PNs was shown
in Fig. 1 and Supporting information. The schematic illustration in-
dicated that cupric ion is firmly attached to the GO surface un-
der the action of electrostatic force. The functional groups on the
GO surface make the GO surface negatively charged. Then, the CuO
PNs with different grain sizes were obtained after heat treatment
at different temperature.

The morphology of CuO PNs was characterized by scanning
electron microscope (SEM) and transmission electron microscope
(TEM). As shown in Figs. 2a-e, all the CuO PNs calcined at 600-800
°C consisted of in-plane mesopores with interconnected frame-
work. The TEM images of CuO PNs samples in Figs. 2f-j also proved
the 2D porous nanosheets morphologies. In addition, the particle
distribution of samples calcined at different temperatures was cal-
culated, showing average particle sizes (insets of Figs. 2f-j) of 30
nm, 39 nm, 46 nm, 58 nm, 140 nm for Cu0-600, CuO-650, CuO-
700, Cu0-750, Cu0-800, respectively. Obviously, the particle sizes
increased with the increasing of calcining temperature.

In order to understand the material morphology evolution un-
der different calcination temperature, TG-DSC was performed to
investigate the thermal behavior of the GO/cupric acetate precur-
sor. As shown in Fig. 2k, a total weight loss of 67 wt% was ob-
served during thermogravimetric test, which is mainly distributed
in the following three temperature ranges. The first stage (~10
wt’% weight loss) below 200 °C corresponded to the desorption of
adsorbed water. The second weight loss stage (~27 wt%) during
the temperature range of 200-400 °C might be related to the de-
composition of cupric acetate and functional groups on GO. The
third stage (~30 wt% weight loss) at around 400 °C was the com-
bustion of GO. Furthermore, no obvious weight loss was observed
above 400 °C indicated the complete removal of GO. Therefore, we
can eliminate the interference of GO by calcination above 600 °C.
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Fig. 2. SEM images of (a) CuO-600, (b) Cu0-650, (c) Cu0-700, (d) Cu0-750, (e) CuO-800. TEM images of (f) Cu0-600, (g) CuO-650, (h) CuO-700, (i) CuO-750, (j) CuO-800.
The insets are the size distribution of CuO calcined at different temperature. (k) TGA analysis of the precursor annealed in air. (1) XRD patterns of CuO products calcined at
different temperatures. (m) Raman spectra of CuO products calcined at different temperatures.



FE. Wang, H. Zhong, Z. Chen et al.

Chinese Chemical Letters 34 (2023) 107392

(a) - () 500 250 (©) 500 -
7504 - Cu0-600 = Rcsponsc Time ~a-Cu0O-700
== Cu0-650 le- Recovery Time
S 1 AL ) 400+
6004 ——Cu0-700| 400 2002 T
& —~—Cu0-750| 5 z g
;:» 255 ] ——Cu0-800 £ 300 g 3300
. = 150, 35
2} o fa) 2
- 2 2004
S 3004 g s 25
2 2 100 3 &
) @ 1%
100 8 100
& 150 S & &
04 0 50 01 54s
20 30 40 50 60 20 30 50 60 0 100 200 300 400 500 600
Temperature (°C) Temperature (°C) Time (s)
(d) - (e) ® 500 —
500 I Cu0-600 a=Triethylamine b=Trimethylamine -e— Cu0-700 100
400 [ CuO-650 1801c=Ammonia d=Formaldchyde = ]
P I CuO-700 —F - - 4001 23
=300 3 2150+ e=Ethanol f=Methanol i = =
°\_‘ 200 Il CuO-750 (-4 g=Acetone h=Xylene i=Water < B ;l»o
2% I Cu0-800 ) b 23004 3
& 100 & 1204 35 F = 24
2 ;e o H =
% Q 9 1 &
g 2 9] = 3£ 5200 §?
8' = 8. = » < .*; a - 50 ppmy
7 & = b 8 e 3 T 2
9 $ 604 3 2 100 0 Ti 10 .1 20
(-4 10 I~ ? oz 1 A Time (min) 5 ppmlo ppm
IEEEE B BERB:E 2 ledaeaa Py
0 e
‘ et ¢ 0 10 20 30 40 50 60
\‘\ o o 1 3
_c\‘\g\’&\\\\“‘“ 0\6"‘“ \\‘A\_\‘“‘\N}‘\g\,‘\p”‘o\“& \\“ Time (min)
o™ ? 5
(2 (h) ) 800
s Cu0-700 - P —a— Cu0-700) =a—Cu0-700
700
i ke
f Y=3.9X+9 F 400 3
e '™ R’=0.97 S 35,600
& & 300 &
;r 2 = 2 500
g 5 200 H s
g g? I 2
2 2 2400
n‘:' 104 2100 ~
300
$ 0
T r T - - . . a—
1 10 100 0 10 20 30 40 50 05047 10515120728 30" 135

Concentration (ppm)

Time (min)

Time (day)

Fig. 3. (a) Response of sensors versus operating temperature to 100 ppm TEA. (b) The operating temperature vs. response/recovery time of the sensor (CuO-700). (c) Response
curve of Cu0O-700 sensor to 100 ppm TEA. (d) Response of the sensor to 100 ppm different gases at 40 °C. (e) Responses of CuO-700 sensor to mixture vapors at 40 °C. (f)
Response/recovery curves of the sensor to 0.25-100 ppm TEA (The inset is response/recovery curves of sensors to 0.25-1 ppm TEA.). (g) The relationship between response
and concentration of the sensor. (h) 5 circles of the response to 100 ppm TEA based on Cu0-700 at 40 °C. (i) Long-term stability of the sensor to 100 ppm TEA at 40 °C.

As shown in Fig. S2a (Supporting information), the corresponding
isotherm curves for CuO-700 exhibited a typical IV isotherm with
a Hs hysteresis loop in the relative pressure (P/Py) range of 0.1-1,
which suggested the presence of the mesoporous.

XRD patterns of CuO PNs calcined at the temperature range be-
tween 600 and 800 °C were displayed in Fig. 2l. All diffraction
peaks matched well with those of standard XRD patterns of CuO
(JCPDF No. 48-1548) [29]. No phases that correspond to impuri-
ties were observed in the patterns. As the calcination tempera-
ture increasing, the crystallinity of the sample become higher and
large crystals could be formed, which was confirmed by the trend
that the diffraction peak in the XRD pattern becomes stronger and
sharper. According to Scherrer’s formula, the average grain sizes
of CuO at different calcination temperatures (600-800 °C) are 25.9
nm, 34.2 nm, 50.4 nm, 52.2 nm and 57.2 nm, respectively. The vari-
ation trend of particle size was consistent with results shown in
TEM.

Raman spectra of CuO PNs calcined at the temperature between
600 °C and 800 °C were shown in Fig. 2m. The scattering bands
corresponded to the Ag, Bg1 and Bg2 vibrational modes of CuO ob-
served at the wavenumbers of 276-286 cm~!, 323-333 cm™!, and
608-618 cm~!, respectively. With the increase of calcination tem-
perature, the Raman peaks became stronger and sharper, and shift
to higher wavenumber, which was attributed to the increasing of
the grain size. Due to the size effect, the increase of CuO grain size
leads to the narrowing of Raman peak and the blue shift of peak
position [30]. GO was completely removed from the CuO PNs based

on the absence of carbon characteristic peaks in the Raman spectra
(Fig. 2m).

The chemical states of the sample were studied by X-
ray photoelectron spectroscopy (XPS). The full survey XPS
spectrum of CuO-700 was shown in Fig. Sla (Support-
ing information), suggesting the coexistence of Cu, O and
C elements. As shown the high-resolution spectrum of
Cu 2p for CuO-700 (Fig. S1b), the characteristic peaks at 934
eV and 954 eV are corresponded to Cu 2p;, and 2py,, respec-
tively. Besides, the peaks at 941.5 eV, 944.4 eV and 962.7 eV can
be assigned to the shake-up satellite of Cu 2p3, and 2p;p,, which
are the characteristic peaks in the XPS spectrum of CuO [31,32].
Thus, the copper in CuO-700 mostly exists in the oxidation state.

Sensing properties of CuO PNs calcined at different tempera-
tures were measured through a gas sensor evaluation system. The
optimal operation temperature was obtained by testing the sen-
sors from 20 °C to 60 °C. As shown in Fig. 3a, the response values
(Rg/Ra) of the sensors to 100 ppm TEA increased as the tempera-
ture increasing from 20 °C to 30 °C and decreased as the temper-
ature increasing from 30 °C to 60 °C. The maximum response val-
ues were obtained at 30 °C. The optimum calcination temperature
of the precursor was 700 °C as the maximum response value was
obtained. It is noteworthy that a maximum sensitivity of ~750-100
ppm TEA at 30 °C can be achieved on the Cu0-700 sensor. Fig. 3b
showed the relationships between operating temperature and re-
sponse/recovery times of CuO-700 sensor. Although the CuO-700
sensor has the highest sensitivity to 100 ppm TEA at 30 °C, the
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Fig. 4. (a) Schematic diagram of TEA sensing mechanism. (b) The high-resolution spectra of O 1s for CuO calcined at 700 °C. (c) ESR spectra of CuO-700 recorded at 25 °C.

response time was about 150 s, which was too long to be applied
in practical application. In contrast, as shown in Fig. 3c, the re-
sponse/recovery times of the sensor at 40 °C is reduced to 87 s/54
s and the sensitivity remains 440 for 100 ppm TEA. Therefore, con-
sidering both the sensitivity and response/recovery performances
of the sensor, 40 °C was selected as the optimal operating temper-
ature. The rapid response/recovery rate of CuO PNs to TEA is at-
tributed to its unique porous structure. The porous structure short-
ens the gas transmission path and improves the response speed.
Beyond that, abundant pores also make the gas easier to diffuse
and improve the recovery speed. Fig. 3d showed the selectivity
of the sensors. All sensors only have high response to TEA, while
their response to other interfering gases is relatively low. In order
to simulate actual detecting environment, the sensor was exposed
to a mixture of TEA and different interfering gases. The concen-
tration of TEA in the mixed gases was maintained at 10 ppm and
the operation temperature was kept at 40 °C. Fig. 3e indicated that
Cu0-700 showed better anti-interference performance in a com-
plicated atmosphere as compared with other samples. Obviously,
the response towards interfering vapors was much less than to-
ward pure TEA.

The response/recovery curve of CuO-700 sensor with increasing
TEA concentration was shown in Fig. 3f. The sensitivity of CuO-700
sensor increased as the TEA concentration increasing from 0.25
ppm to 100 ppm. In order to reveal the relationship between re-
sponse and gas concentration, the correlation line of the sensor in
Fig. 3g is fitted. The response value has an approximate linear rela-
tionship with the gas concentration in the double logarithmic coor-
dinate, indicating its great potential for practical detection of TEA.
The limit of detection (LOD) of CuO-700 was as low as 0.25 ppm,
implying its application for indoor TEA detection with the test re-
quirement of 10 ppm. Excellent repeatability is the premise for
the application of gas sensor in practice. As shown in Fig. 3h, the
sensitivity of CuO-700 showed negligible change in the five cycles
test. Moreover, there is no obvious change in the response/recovery
curve measured from the sensors, proving its good stability and
repeatability. The long-term stability of CuO-700 was studied by
testing the sensor every 5 days within a month. As shown in
Fig. 3i, the response value of the sensors showed little fluctuation
as compared with the original value during the one-month test.

The gas sensing properties of CuO PNs sensor to TEA are com-
pared with other gas sensors in Table S1 (Supporting information)
[6-8,28,33-36]. In contrast to most of the TEA gas sensors, CuO PNs
gas sensor in this work had a relatively lower operation tempera-
ture close to the room temperature, low LOD and extremely high
sensitivity. Generally, the operating temperature of TEA gas sensors
is higher than 100 °C, while the optimal operating temperature of
the porous CuO nanosheets gas sensor obtained was only 40 °C.
The response of the porous CuO nanosheets gas sensor to 100 ppm
TEA was higher (440) than most of the previously reported re-
sults. The outstanding sensing performance was attributed to the
unique framework structure and suitable particle size of CuO PNs.
Response of CuO-700 to 100 ppm of TEA under different relative
humidity (RH%) were also tested. As shown in Fig. S3 (Supporting

information), the response values decreased with the increase of
the humidity from 40 RH% to 70 RH%. The OH group of H,O may
occupy the adsorption site and react with TEA by competing with
surface oxygen. This may be the reason for the decline of gas sens-
ing performance of materials in humid environment.

As shown in Fig. 4a, when oxygen molecules adsorbed on the
surface of CuO PNs and accepted electrons to form oxygen ions
(0,7, 0, or 0%7) in air, the hole accumulation layer (HAL) was
formed and resulted in the decrease of the resistance of CuO. Then,
when the sensor was exposed in TEA vapor, a virtual reaction oc-
curred between adsorbed oxygen species and TEA molecules. In
this case, a few holes were consumed and led to the increase of
the resistance of CuO [37]. The adsorbed oxygen species varied
at different operating temperature (top) [38]. In this work, all gas
sensitivity tests are carried out at 40 °C. Therefore, the adsorbed
oxygen species can be described as following:

0, (gas)— 0, (ads) (1)

0, (ads)+e~ — 0, (ads) (top < 100 °C) (2)
The reaction between TEA and adsorbed oxygen species can be
described with the following equation [39]:
4N(CyHs)3 +430,~ — 24C0, +4NO; + 30H,0 +43e~ (3)
The excellent sensing properties of the CuO PNs sensor were
attributed to the porous nanostructure including suitable particle
size and abundant in-plane mesopores. First, the CuO-700 pre-
pared by GO template method had a porous structure, greatly re-
ducing the transport path and effectively improved the gas sensing
response. In addition, the abundant mesopores increase the spe-
cific surface area and active sites of the material, which is con-
ducive to the adsorption of gas molecules on the material surface,
and then improve the response to TEA. Second, the grain size of
the materials also has a significant effect on the gas sensing per-
formance. If the grain size is less than two times of the Debye
length of the material, the grains on the surface of the material
will be in the depletion region, and the conductivity of the mate-
rial is controlled by the grains [40,41]. With the rise of the calci-
nation temperature, the grain size of CuO increased gradually. The
Debye length of CuO was reported to 23 nm [42]. The average grain
sizes of Cu0-600, CuO-650, Cu0-700, Cu0-750, CuO-800 were 30
nm, 39 nm, 46 nm, 58 nm, 140 nm, respectively, indicating that
the crystallites of Cu0-600, Cu0-650 and CuO-700 could be de-
pleted, which may imply that most CuO nanoparticles were active
and provided abundant active sites for oxygen species and TEA gas
molecules. Fig. 4b and Figs. S1c-f (Supporting informaiton) showed
the high-resolution XPS spectrum of O 1s for CuO calcined at dif-
ferent temperatures which could be deconvoluted into three peaks
at 530.2 eV, 531.8 eV and 532.6 eV, which could be assigned to lat-
tice oxygen (Or), oxygen vacancy (Oy) and adsorbed oxygen (O,qs),
respectively. Table S2 showed the relative percentage of O, Oy
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and O,4, peak areas, respectively. The relative percentage of 0,4
peak area for CuO-700 was the highest among the five samples. It
demonstrated that CuO-700 had the highest amounts of adsorbed
oxygen, which could enhance the sensing performance of CuO. As
shown in Fig. 4c, a strong signal caused by oxygen vacancies can
be seen at g=2.003, which indicates that there are a large num-
ber of oxygen vacancies on the surface of CuO-700 [43,44]. A large
number of oxygen vacancies on the surface of CuO is also one of
the reasons why the material has excellent gas sensing properties.

In summary, a high-efficiency sensor for the detection of TEA
gas was successfully fabricated based on 2D CuO PNs. The CuO PNs
was prepared by GO template method. The CuO sensors exhibited
superior TEA sensing performance. CuO prepared by calcining at
700 °C had the highest response value. In addition, the CuO PNs
sensor showed good performance with low operating temperature
and LOD. These unique sensing properties of CuO PNs sensor were
attributed to the porous nanostructure of the material.
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