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Controlled preparation of multiple mesoporous
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By fine tuning the metal mole ratio, CoAl-LDHs (CA) with a 2D nanosheet structure were successfully
prepared via a one-step hydrothermal method using urea as both precipitator and pore-forming agent.
The morphology of CA samples shows uniform and thin porous hexagonal nanosheets. In particular,
CA2-1, prepared with the 2 : 1 molar ratio for Co and Al, respectively, has the highest surface area (54 m?
g7Y); its average transverse size of platelets is 2.54 pm with a thickness of around 19.30 nm and inter-
plate spacing of about 0.2 um. The sample exhibits a high sensing performance (response value of 17.09)
towards 100 ppm NO,, fast response time (4.27 s) and a low limit of detection (down to 0.01 ppm) at
room temperature. Furthermore, CA2-1 shows long -term stability (60 days) and a better selectivity
towards NO, at room temperature. The excellent performance of the fabricated sensor is attributed to
the special hexagonal structure of the 2D thin nanosheets with abundant mesopores, where the active
sites provide fast adsorption and transportation channels, promote oxygen chemisorption, and eventually
decrease the diffusion energy barrier for NO, molecules. Furthermore, hydrogen bonds between water
molecules and OH™ could serve as a bridge, thus providing a channel for rapid electron transfer. This
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Introduction

Although there have been considerable substantial achieve-
ments in recent years, the development of gas sensors still faces
many challenges toward the detection of nitrogen oxides (NO,,
NO) such as low sensitivity and high cost. Several metal oxides,
graphene, and organic semiconductors have been used as
ubiquitous gas sensors towards different hazardous gases.'” In
particular, metal oxides have been given more attention
because of their good stability and high sensitivity. To date,
various oxides, such as ZnO,** SnO, (ref. 6 and 7) and WO;,*°
are intensively investigated. However, high operating tempera-
ture and high cost seriously restrict their wide application.

In recent years, 2D materials have been extensively used in
photocatalysis, photoelectric conversion and advanced sensing
applications because of their unique properties. There are
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multiple methods to synthesize 2D materials such as
intercalant-assisted thermal cleavage, assisted transport
growth, and assisted inverse transport growth.'®**> As proto-
typical 2D materials, layered double hydroxides (LDHs) have
been a burgeoning area of research due to their advantages,
including unique lamellar structure, high stability and low
cost.”" Duan et al." reported that the reaction of H-acid/LDH
could be applied to selectively detect the heavy metal mercury
ion. Moreover, the ruthenium complex/LDHs was investigated
in electrochemical sensors by the same group.'® Liu et al."’
explored a ZnO-/ZnFe,0,4-based sensor, which afforded a low
response value while detecting triethylamine gas. PS@Co-LDHs
were prepared to fabricate a gas sensor for ethanol;'® however, it
showed disadvantages such as complicated preparation condi-
tions and high cost issues. Qin et al.*®* used PANI/ZnTi-LDHs
effectively as a sensitive sensor towards NH; at room tempera-
ture; moreover, its detection limit was lowered to 200 ppb.
Chlorine-intercalated LDHs were explored to sense five
common volatile compounds of different concentrations at RT,
and this type of a sensor were found to be unselective.”®
Furthermore, our team has investigated M™"™-LDHs in recent
years.”*>* Although many aspects were explored, many prob-
lems still remain to be solved, e.g., the complicated preparation
process and low sensitivity. The detailed survey along with other
references are presented in Table S1.t Therefore, a simple
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preparation route is still required to access LDHs, especially
with desirable morphology and good performance.

With the goal of solving the abovementioned issues, a simple
one-step hydrothermal method was developed to synthesize
CoAl-LDHs materials. A 2D mesoporous nanosheet was
successfully fabricated by controlling the urea release and
adjusting the molar ratio of Co and Al. Benefiting from its 2D
morphology, a high surface area and mesoporous structure, the
fabricated CoAl-LDHs sensor exhibits excellent sensing perfor-
mance toward NO, at RT. The microstructures and various
properties of the representative sample CA2-1 are discussed in
detail.

Experimental
Chemicals

All chemical substances used in this experiment were of
analytical grade and used without further purification.
Co(NO3),-6H,0 and Al(NO;);-9H,0 and urea were purchased
from Xilong Chemical Co., Ltd.

Synthesis of LDHs nanoplates

CoAl-LDHs were synthesized using a simple one-step hydro-
thermal method. Primarily, Co(NO3),-6H,0 (0.117, 0.233, 0.348
), 0.15 g Al(NO;);-9H,0 and 1.7 g urea were added to 40 mL of
deionized water for dissolution, and the solution was quickly
and continuously stirred for 0.5 h to get a clear and transparent
solution. Then, the solution was transferred into 50 mL teflon-
lined stainless steel autoclave and hydrothermally heated at
90 °C for 6 h. After naturally cooling down to room temperature,
the solution was washed with deionized water and ethanol for
several times until neutral, and then dried at 60 °C for 12 h.
According to their molar ratios of Co: Al (3:1,2:1,1:1), the
obtained samples were named as CA3-1, CA2-1, and CA1l-1,
respectively.

Material characterization

The crystal structures of synthesized samples were character-
ized using X-ray powder diffraction (XRD) with a D/Max-III B
type X-ray diffractometer (Cu-K,, A = 0.15406 nm, 40 kV, 30 mA)
at a scanning speed was 5° min ', and compared with the
standard JCPDS card no. 51-0045. An infrared spectrometer
(American Perkin Elmer company, model: FT-IR Spectrometer)
was used to analyze the composition of samples, and the
measured wave number range was between 400 and 4000 cm ™.
The regular hexagonal shape and structure of the LDHs samples
were observed using scanning electron microscopy (SEM) and
transmission electron microscopy (TEM). The surface
morphology of the samples was analyzed by a MultiMode8
atomic force microscope of Brooke (Germany). The specific
surface area and pore size distribution of samples were tested
using TriStarIl automatic analyzer (Micromeritics Instrument
company). X-ray photoelectron spectrum analyzer was used in
this study with a Thermal VG ESCALAB MK250 (1468.4 eV).
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Preparation of gas sensitive sensor film

The prepared Au electrode spacing is 20 pm. First, 0.05 g of the
prepared LDHs sample was added to 0.1 mL of deionized water,
subjected to ultrasonication for 5 min and obtained as
a uniform suspended solution. Then, 0.05 mL of the suspended
liquid was taken and added on the electrode dropwise through
a pipet gun, and then dried for 3 h at 60 °C.

Gas sensor performance tests process

This experiment test was conducted at (25 £+ 2) °C at room
temperature, and the relative humidity was (25 + 4)%. The gas
sensor's response value R = R,/R, was used for calculation,
where R, and R, represented the sensor resistance of air and
target gas injection, respectively. Both response time and
recovery time were defined as the time required for the resis-
tance of gas sensor to change by 85% when the sensing element
touched the target gas and air, respectively.

Results and discussion
Morphology and structure characterizations

XRD patterns were obtained to investigate the crystal structure
and purity of as prepared CoAl-LDHs samples. As shown in
Fig. 1a, the diffraction peaks of samples at 26 = 11.70°, 23.66°,
34.66°, 38.79°, 47.00°, 59.70°, 60.95° corresponded to (003),
(006), (012), (015), (018), (110), (113) lattice planes (JCPDS card
no. 51-0045).>2¢ Compared with those of CA1-1 and CA3-1, the
diffraction peaks of CA2-1 at (003) and (006) lattice planes were
intense, which indicated that CoAl-LDHs grew in a certain
direction during the formation process. Moreover, no other
diffraction peaks were observed in XRD, thus demonstrating the
high purity of the prepared samples.>” According to the Bragg's
equation, the interlayer spacing (d003 = 0.767 nm) obtained
from the diffraction peak of (003) illustrated that there were
larger spaces in CoAl-LDHs, which would accommodate more
gas molecules*® and would be helpful for improving the sensi-
tivity of materials.

FT-IR spectrum was used to analyze the types of functional
groups of CoAl-LDHs and further confirm the synthesized
structures of LDHs (Fig. 1b). The broad absorption peak at
3512 cm ™" indicated the stretching vibration of the hydrophilic
O-H and interlayer water molecules. The weaker absorption
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Fig. 1 (a) X-ray diffraction patterns and (b) FT-IR spectra of CAl-1,

CA2-1 and CA3-1.
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Fig. 2 BET of CAl-1, CA2-1 and CA3-1 samples: (a) specific surface
area, and (b) pore diameter distribution curves.

peak at 1650 cm ™" belonged to the bending vibration of water
molecules between layers.”® Similarly, the stronger absorption
peaks at 1358 cm ™" and 760 cm™ " corresponded to the bending
vibration of CO,2~, which indicated the successful insertion of
CO;>” into the layer of CoAl-LDHs.*** The peaks at 580 ecm ™"
and 425 cm™ " were attributed to the unique bending vibration
of the metal oxygen (M-O) bonds.** These absorption peaks
were a typical characteristic of LDHs absorption peaks and
consistent with literature reports. Furthermore, the peak that
appeared at ~2190 cm™ " was the typical stretching vibration of
C=N bonds in CNO anions, indicating the incomplete
decomposition of urea in this process.*

Since the adsorption capacity of the target gas was propor-
tional to the specific surface area. The following study was
performed using the BET method to test the pore distribution
plots of CoAl-LDHs samples. Fig. 2a shows the N, adsorption-
desorption isotherms of the three samples. All of the CoAl-LDHs
nanostructures presented the type IV isotherms and typical H;
type hysteretic loops. BET specific surface areas of CA1-1, CA2-1
and CA3-1 were approximately 35, 54 and 42 m* g™, respec-
tively. As shown in Fig. 2b, the pore diameter distributions were
quite concentrated and distributed around 2.3 nm. This proved
that CoAl-LDHs samples have a mesoporous structure and that
the mapping of the samples further proved it as shown in
Fig. S1.1

Because the morphology is one of the important factors
related to the gas sensitivity, the morphology of the synthetic
CoAl-LDHs samples was examined by SEM as shown in Fig. 3.
Fig. 3a-f show that CA1-1, CA2-1 and CA3-1 presented hexag-
onal nanosheets with a complete structure and uniform

Fig. 3 SEM images of (a and b) CAl-1, (c and d) CA2-1 and (e and f)
CA3-1.
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Fig. 4 (aandb) TEM images, (c) HRTEM images and (d) EDS spectra of
the CA2-1 sample.

distribution. Interestingly, with the increase of the Co : Al molar
ratio, the morphology of LDH became more complete and
uniform. Among them, the CA2-1 sample with the optimal ratio
of Co: Al = 2 : 1 displayed a relatively perfect hexagonal nano-
sheet structure (Fig. 3d and 5d), which comprised multiple well-
dispersed nanosheets of 19.30 nm. This was beneficial for
a better performance due to the increased contact area within
the gas molecules. However, when the molar ratio increased to
a certain extent, such as in the case of the CA3-1 sample, it
showed an abnormal agglomeration phenomenon.

For further confirmation, various characterizations have
been performed on the CA2-1 sample. Its TEM and HRTEM
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Fig. 5 (a and b) HRTEM images, (c) selected-area electron diffraction
(SAED) pattern and (d) AFM images and height profiles of the CA2-1
sample.
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Fig. 6 XPS spectra of CAl-1, CA2-1 and CA3-1 (a-c) Co 2p; (d-f)
along with respective O 1s and (g—i) Al 2p.

images are shown in Fig. 4 and 5. As shown in Fig. 4a, the
sample presented a clear hexagonal nanosheet structure
(Fig. 4b), and there were many 2-5 nm-sized mesopores on the
surface of the nanosheets, as shown in Fig. 4c, 5a and b. They
were caused by NH; and CO, produced by urea during the
hydrolysis process where the urea molecules acted as pore
forming agents. Moreover, the HRTEM image (Fig. 4c and
Fig. 5a and b) illustrated that the fringe spacing was 0.263, 0.235
and 0.158 nm, corresponding to the polycrystalline diffraction
at (012), (015) and (110) lattice planes. The EDS spectra (Fig. 4d)
showed that the atomic element contents of Co, Al and O were
28.43%, 10.23% and 61.23%, respectively. This was accordance
with the designed experiment. The SAED pattern confirmed that
CA2-1 had a polycrystalline structure (Fig. 5¢), and the poly-
crystalline diffraction rings corresponded to the (015), (118) and
(113) lattice planes, which agreed with the results of XRD
(Fig. 1a). Moreover, AFM results (Fig. 5d) proved the thickness
of the CA2-1 nanosheets was ~19.30 nm.

The compositions of CoAl-LDHs were studied by XPS anal-
ysis. The survey spectrum peaks corresponded to Co 2p, O 1s
and Al 2p, as shown in Fig. 6. The Co 2p spectra in Fig. 6a—c
showed that the two satellite peaks at binding energies of 780.7,
780.8, 780.6 and 797.2, 797.0, 797.4 eV were attributed to Co 2p
3/2 and Co 2p 1/2 of CA1-1, CA2-1 and CA3-1, respectively. This
indicated that the Co ion was only presented in the form of
Co>".>* As shown in Fig. 6d-f, the O 1s spectra of the CoAlI-LDHs
had two peaks of oxygen species. The peaks atbinding energies
of 530.7-530.8 eV were assigned to AlI-OH and Co-OH due to the
existence of OH between laminates, which provided a large
number of binding sites in the sample. Moreover, the binding
energies of 533.4-534.5 eV were related to the oxygen vacancy of
chemical adsorption.*>?® As it is known to all, a large number of
chemisorbed oxygen vacancies and binding sites could provide
more active sites for the adsorption of gas molecules. This was

This journal is © The Royal Society of Chemistry 2020
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beneficial for improving the gas sensing performance. The
fitting results of the O 1s XPS spectra of CA1-1, CA2-1 and CA3-1
samples are listed in Table S5.f Al 2p peaks of CoAl-LDHs
shown in Fig. 6g-i indicated that the binding energy at 74.1-
74.2 eV manifested the presence of AI**.3”

Gas sensing properties

To analyze the gas sensing performance, materials with
different mole ratios to NO, were obtained at RT with 26% RH.
Fig. 7a shows the gas response of CA1-1, CA2-1, CA3-1 samples
at RT to 100 ppm NO,. The response of CA2-1 was significantly
higher (R,/R; = 17.09) than those of the other two samples (4.29
and 7.12). The dynamic response and recovery curve of the NO,
gas at different concentrations in CA2-1 presented in Fig. 7b
gave further proof of this result. When the sensors were exposed
to the target gas, the resistivity rapidly decreased and reached
a minimum value in a short time period and stabilized. Simi-
larly, when the sensors exposed to air and drained the NO, gas,
the resistance values quickly returned to the initial value. This
indicated that CoAl-LDHs had typical p-type semiconductor
characteristics.?®** It is clearly seen in Fig. 7c that CA2-1 had the
highest response and a short response/recovery time of 4.27/
38.93 s to 100 ppm NO,. The response of the sensor gradually
decreased with the decrease in the concentration of NO,, and
the lower detection limit was reached at 0.01 ppm. The dynamic
response recovery curve in Fig. 7d demonstrated the excellent
recyclability of CA2-1 to 100 ppm NO, in 10 consecutive cycles.

In practical applications, the sensitive stability is an impor-
tant parameter for gas sensors. As shown in Fig. 8a, the stability
test of CA2-1 to 100 ppm NO, within 60 days (interval of time is 3
days) was performed. The gas sensor represented the long-term
stability at RT, and the sensitivity was basically around 17,
indicating that CA2-1 sample would be a beneficial material as
a NO, gas sensor.
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Furthermore, the CA2-1 sensor exhibited good selectivity
towards NO, compared to other tested gases (NH,, CO, CH,4, H,,
and H,S), as shown in Fig. 8b.

Discussion of the formation and gas sensing mechanism

The formation and gas sensing mechanism of hexagonal
nanosheet CoAl-LDHs was explained as in Scheme 1. In the
formation process, urea played a role in the precipitation and
pore formation during the synthesis of LDHs. When the
hydrothermal temperature increased, urea was gradually
hydrolyzed into NH,', CO, and OH™ (see eqn (1) and (2)). The
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precursor solution gradually became alkaline and provided
a good condition for the molding of LDHs, as shown in Scheme
1b. In this reaction system, the pH of precipitation AI** (pH =
3.8) was much lower than that of Co®" (pH = 7.2).%* Therefore,
in the first stage, Al ions would react with OH™ (hydrolyzed
product of urea) to form amorphous Al(OH); and AlO,". This
was proved in the above characterization by XRD in which there
were no corresponding diffraction peaks of aluminum
hydroxide, and thus AlO,” and OH~ was produced [Al;;-
~(OH)3,(H,0)]”*. Accompanying by a further pH increase, Co>*
(pH = 7.2) gradually hydrolyzed to generate Co(OH),. Along
with the reaction progression, Co>" would gradually be replaced
by the lamellar structure of AI** which resulted in the formation
of CoAl-LDHs.*** The reaction process is described as follows:

H,NCONH, + H,0 — 2NH; + CO, (1)
NH; + H,0 — NHy" + 20H™ 2)
AlO,” + OH™ — [Alj; (OH)3(H0)]™" (3)

As shown in Scheme 1e, there were four absorption peaks
close to 3436, 1515, 1361 and 786 cm™ ' after the adsorption of
. (after the NO, detection for 2 h at RT), which were the

M2+(CO2) / NI3+(AFBH)=2:1

b

S S N

NH; H,0

@OpH=3.8 === QpH=7.2 === @pH increase

® &I
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Au
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e A In Air
- /€ 1nNO,
NOy o,
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Schemel The formation and gas-sensing mechanism of the 2D nanosheet structure of CoAl-LDHs. (a) Reaction beaker, (b) process of reaction,
(c) two-dimensional (2D) nanosheet structure of CA2-1, (d) Au electrode, (e) FT-IR spectra of CA2-1 before and after adsorption of NO, (test for 2

h), and (f) LDH assembly structure.
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stretching modes of OH™ and NO; , respectively. After
adsorption, the NO, molecules trapped electrons from the
donor sites of CA2-1, and the hole density became higher while
the resistance decreased. This result improved the sensitivity of
the sensor. When the sensor was exposed to air, oxygen could
easily be adsorbed on its outer surface layers, and easily
diffused into the pores of CA2-1, thus capturing the free elec-
trons to form chemically adsorption oxygen, reducing the
conductivity of the materials, and placing them in a state of
high resistance.*” Similarly, when the sensor was exposed to
NO, gas, it could capture free electrons directly from the sensor
surface to form NO /NO,  and react with O, to form NO, /
NO; ", which would eventually increase the hole density on the
surface and rapidly reduce the resistivity (Scheme 1f).*® The
reaction equation on the surface of the sensor is described as
follows (see eqn (4)-(6)):

02 +e — 027 (4)
N02 +e — N027 (5)
NO, + 0, +2e~ — NO;~ + 20~ (6)

Conclusions

CoAl-LDHs with a 2D nanosheet structure were successfully
synthesized via a simple hydrothermal method using urea as
a precipitator and pore-forming agent. An interesting
morphology of the samples was obtained by adjusting and
tuning the molar ratio of Co and Al. Among them, CA2-1 (Co : Al
= 2: 1) is the optimal one, featuring 2D nanosheets with plenty
of mesopores. It presented the best sensitive performance
toward NO, at RT, i.e., higher response value, faster response/
recovery time, and lower detection limit. The excellent gas-
sensing performance of CA2-1 relative to those of CA1-1 and
CA3-1 is summarized as follows: (1) the larger surface area of
CA2-1 (54.36 m* g~ ') increased the surface contact reaction with
NO, molecules; (2) unique mesoporous structure, which
provided much more adsorption active sites; and (3) the
hydrogen bonds between water molecules and OH™ served as
a connection bridge, which provided a channel for rapid elec-
tron transfer, sped up the response time and enhanced the gas
sensitive performance. Furthermore, the relevant mechanism
for the formation of CoAl-LDHs was proposed. The present work
offers a simple synthesis method for the controllable prepara-
tion of LDHs materials. This strategy could be extended to other
application fields of LDHs.
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