
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

5 
Ju

ly
 2

01
9.

 D
ow

nl
oa

de
d 

on
 4

/5
/2

02
6 

12
:0

2:
44

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Porous 3D flowe
aKey Laboratory of Functional Inorganic Ma

School of Chemistry and Material Science,

P. R. China. E-mail: shikeying2008@163.co
bKey Laboratory of Chemical Engineering P

Conversion, Heilongjiang University, Harbin

† Electronic supplementary informa
10.1039/c9ra02799h

Cite this: RSC Adv., 2019, 9, 21911

Received 13th April 2019
Accepted 9th July 2019

DOI: 10.1039/c9ra02799h

rsc.li/rsc-advances

This journal is © The Royal Society of C
r-like CoAl-LDH nanocomposite
with excellent performance for NO2 detection at
room temperature†

Zhi Liu,a Lei Teng,a Laifeng Ma,a Yang Liu,a Xueying Zhang,a Jialing Xue,a

Muhammad Ikram,a Mohib Ullah,a Li Li*ab and Keying Shi *a

The 3D flower-like CoAl-layered double hydroxide (CoAl-LDH) was successfully prepared using the

functional template agent of fluoride ions via a facile one-step hydrothermal route. Various techniques

proved that all the samples presented 3D flower-like microstructural morphology. Representatively, the

CA-2 sample, which was synthesized with the molar ratio of Co : Al of 3.65 : 1, had considerably

abundant pores in its thin nanosheets. The average pore size was 2–4 nm, the specific surface area was

equal to 49.45 m2 g�1, and the thickness of nanosheets was approximately 3.068 nm. The CA-2 sample

showed an excellent response to 0.01–100 ppm NO2 with ultrafast response/recovery time at room

temperature (RT). The detection limit of the sensor even reached 10 ppb. The superior gas sensing

performance could be attributed to the synergistic effects of the functional template agent of fluoride

ions and specific porous 3D flower-like nanostructure. The current study showed that the 3D flower-like

CoAl-LDHs might a promising material in practical detection of NO2 at RT.
Introduction

As a notorious gas, nitrogen dioxide (NO2) plays a central role in
the formation of photochemical smog, acid rain and PM2.5 as
well as ozone formation in the atmosphere.1–3 According to the
National Institute for Occupational Safety and Health, NO2 may
cause harm to life at concentrations higher than 20 ppm.4 Faced
with this, the sensitive monitoring of NO2 is extremely impor-
tant to public health and the environment. Many NO2 sensing
materials such as SnO2,5,6 TiO2,7,8 WO3,9,10 and ZnO11 have been
investigated as solid-state gas sensor materials. Khuspe et al.6

prepared nanostructured SnO2 to detect NO2 gas at 200 �C. 3D
hierarchical ower-like WO3 was applied by Wang et al.9 to
detect NO2 at 100 �C. Using ZnO nanorods/TiO2 materials, Zou
et al.11 studied their detection of NO2 gas at 180 �C. Many efforts
have been made to improve NO2 gas detecting sensors,12–14 but
there are still some problems such as low sensitive response
and high energy consumption.

Recently, two dimensional (2D) layered materials have
become attractive in gas sensing because of being tunable and
functionable.15,16 As typical 2D materials, LDHs have been
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exploited for abundant applications ranging from catalysis17,18

to electrochemistry19 and gas sensing.20,21 In LDHs, An� anions
are located in the interlayer gallery to balance positively charged
brucite-like host layers of edge-sharing MO6 octahedra;22–27

notably, hydrogen bonds inside the interlayer space can provide
an interacting site for external molecules,28 therefore, LDHs
lately has been used as gas sensing materials.29 Table 1 showed
a comparison of the gas sensing characteristic of LDHs reported
in the literature and in present work. From this table, it was
observed that Morandi et al.20 reported Pt/Zn/Al-LDH as CH4 gas
sensor material operating at 450 �C, not only consumed too
much energy, but also increased cost by using precious metal.
(ZnAl-LDH/PAN)n as NH3 sensor at RT was investigated by Xu
et al.,30 which faced a number of difficulties including complex
preparation process and long response/recovery time. Our
previous reported work,21 reported an MgAl-LDH based gas
sensor for NOx gas detection at RT, but there were still some
shortcomings such as lower sensitivity and detection limit only
at ppm level.

In this work, to further improve gas sensitivity, a 3D ower-
like CoAl-LDHs nanocomposite with ultra-thin nanosheets
(NSs) was synthesized via a simple hydrothermal method.
Fluoride ion was utilized as a functional template agent under
mild conditions. The functionalized composite was systemati-
cally characterized. One of sample showed excellent perfor-
mance of high sensitivity, and ultra-fast response/recovery. Its
detection limit was able to reach ppb level. Synthetic approach
and related properties of newly-synthesized were discussed in
detail.
RSC Adv., 2019, 9, 21911–21921 | 21911
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Table 1 Comparison of the gas sensing characteristics of LDHs reported in literature and in present work

Sensor material Operating temperature Gas Gas concentration Response Response time
Recovery
time Ref.

Pt/ZnAl-LDH 450 �C CH4 500 ppm 5 — — 20
ZnAl–calcein-LDH 80 �C Ethanol 100 ppm 5 — — 30
Ag/MgAl-LDH RT Ethanol 200 ppm 7.8 10 s 50 s 31
ZnAl-LDH/PANI RT NH3 1000 ppm 16 150 s 240 s 32
NiAl-LDH RT O3 700 ppb 1.84 8 s 74 s 33
HPTS/NiFe-LDH RT CO2 — 34
MgAl-LDH RT NOx 100 ppm 76% 1.3 s — 21
CoAl-LDH RT NO2 100 ppm 26.61 1.3 s 14.6 s This work
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Experimental
Materials and chemicals

All of the chemical reagents used in the experiment were
analytical grade as purchased and be used directly without any
further purication. Co(NO3)2$6H2O, Al(NO3)3$9H2O and urea
were purchased from Xilong Chemical Co., Ltd., NH4F was
purchased from Beijing Yili Fine Chemical Co., Ltd.

Synthesis of functionalized CoAl-LDHs

Functionalized CoAl-LDHs were synthesized through a urea
hydrolysis reaction without any surfactant. 0.8 mmol
Co(NO3)2$6H2O (0.233 g), 0.4 mmol Al(NO3)3$9H2O (0.15 g),
4 mmol NH4F (0.15 g) and 28 mmol urea (1.7 g) were mixed in
40mL deionized water and themixed solution was continuously
stirred for 0.5 h. The solution was then moved into a 50 mL
Teon-lined stainless steel autoclave. It was subsequently
sealed, put into the electric blower drying box and heated at
90 �C for 6 h. Until being cooled naturally to room temperature,
the obtained pink CoAl-LDHs was thoroughly washed with
deionized water and ethanol. It was dried at 60 �C in air for 12 h
and named as CA-2 (the molar ratio of Co : Al ¼ 3.65 : 1). In
addition, changed amount of Co(NO3)2$6H2O (0.4 mmol, 0.117
g) and (1.2 mmol, 0.349 g), and resulting samples were labelled
as CA-1 (the molar ratio of Co : Al ¼ 3.40 : 1), CA-3 (the molar
ratio of Co : Al ¼ 3.80 : 1). It should be noted that the synthetic
condition was the same as CA-2. CAW was a sample without
adding NH4F. By varying hydrothermal time i.e. from 1 to 5
hours, ve different samples were obtained (see Fig. S2a†). The
specic synthetic condition was listed in Table S1.†

Materials characterizations

Crystalline structure and chemical composition of the samples
were characterized through X-ray powder diffraction (XRD,
Rigaku TTRIII X-ray diffractometer, l ¼ 1.5406 Å) and Fourier
transform infrared spectroscopy (FT-IR, Varian FTIR spectro-
photometer), respectively. The morphology and size of the
products were studied by scanning electron microscopy (SEM,
HITACHI S-4800) and transmission electron microscopy (TEM,
JEOL JEM-2100) at an accelerating voltage of 200 kV. Specic
surface areas and pore size distribution of the samples were
performed by using the Brunauer–Emmett–Teller (BET).
Chemical state of elements in composite were studied by using
21912 | RSC Adv., 2019, 9, 21911–21921
X-ray photoelectron spectroscopy (XPS). The charge transfer and
carrier concentration were evaluated by electrochemical
impedance spectroscopy (EIS) and Mott–Schottky (MS) plot
using electrochemical working station (CHI660C, Shanghai,
China) at room temperature. Temperature program desorption
(TPD) studies was performed by AutoChem TP5080 chemi-
sorption analyzer with a temperature ramp of 10 �C min�1, and
using mass spectra (QIC-20, Hidden) to record TPD signals.

Fabrication and testing of gas sensor

Manufacture method of CoAl-LDHs composites sensor lm and
test measurement were similar to our reported previously.21

Sensor resistance test was performed at room temperature (RT
¼ 25 �C) and a relative humidity (RH ¼ 26%). Aer NO2 reacted
with the sensor to get a response, fresh air was injected and
started to recover. The response was calculated as follows:

R ¼ Ra/Rg

where Ra and Rg represent resistance in air and target gas
respectively. The response and recovery time are dened as time
taken to reach 90% of resistance change value. Repeatability
was studied by using four sensors under each sensor detection.

Results and discussions

As demonstrated in Scheme 1a, urea, a common ammonia-
releasing agent, was utilized as pH buffer to release OH�

slowly and constantly, and provided carbonate ions simulta-
neously during the hydrolysis.35 This offers the basic environ-
ment to precipitate Co2+, yet it might prevent oxidation of Co2+

because of its reducibility. Moreover, F� played the role of
functional template agent in formation of LDHs.36–38 During the
hydrothermal reaction, a large number of particles came into
being and formed microspheres over time, which taken the juts
on the surface of microspheres as crystal nucleus and further
grew into nanobers with F� as structure-orientation agent
under the unreacted urea solution. The steric hindrance and
magnetic interaction forced nanobers to orient radially,39 and
the urchin-like grew up slowly (Scheme 1b), eventually formed
in 3D ower-like structure (Scheme 1c). The main reactions in
the precursor solution were described as follows:40,41

NH2CONH2 / NH4
+ + CNO� (1)
This journal is © The Royal Society of Chemistry 2019

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra02799h


Scheme 1 The formation mechanism of functionalized 3D flower-like CoAl-LDH (a) precursor solution containing Co2+, Al3+, F�, NH4+ and
urea; (b and b1) C-2; (c and c1) CA-2; and (d) octahedral units of CA-2.

Fig. 1 XRD diffraction pattern (a) and FT-IR spectra (b) of CA-1, CA-2,
CA-3 and CAW.
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CNO� + 3H2O / HCO3
� + NH4

+ + OH� (2)

NH2CONH2 + H2O / 2NH3 + CO2 (3)

NH3 + H2O / NH4
+ + 2OH� (4)

In the reaction process, pH gradually increased with slow
hydrolysis of urea. At the beginning of crystallization, contin-
uous hydrolysis was in favor of precipitation of Al(OH)3 due to
the pH value of Al3+ (pH¼ 3.9) was lower than that of Co2+ (pH¼
7.6).42 However, there were no diffraction peaks of aluminum
hydroxide or hydrous oxide appearance (Fig. S2a†), that is, Al3+

rst formed AlO2
� in alkali aqueous. Then the complexation

between AlO2
� and OH� occurred to produce [Al13(OH)32(H2-

O)]7+.43 During this process, a-Co(OH)2 was formed in approxi-
mately 1 h (Fig. S2a†), which contained carbonate ions and
nitrate ions in the interlayer gallery (Scheme 1b1). With reaction
time increasing, Al3+ complex in [Al13(OH)32(H2O)]

7+ would
promptly transport into the lattice of a-Co(OH)2 and substitute
Co2+ to form CoAl-LDH nanosheet (Fig. S2c†).43,44 This attrib-
uted to the ionic radius of Al3+ (0.053 nm) was lower than that of
Co2+ (0.070 nm), eventually formed ultrathin nanosheets
(Scheme 1c) with carbonate ions intercalated into 3D ower-like
CoAl-LDH.

To investigate the crystal structure and purity of samples,
XRD of CoAl-LDHs aer hydrothermal reaction was depicted in
This journal is © The Royal Society of Chemistry 2019
Fig. 1a. The study showed that all XRD peaks for CoAl-LDHs
could be indexed in a hexagonal cell (a ¼ 0.308 nm, c ¼ 2.301
nm) with the rhombohedral symmetry R3m. Interlayer spacing
(d003 ¼ 0.767 nm) proved that carbonate anion intercalated in
LDHs. The existence of carbonate anions was likely produced
from urea hydrolysis in the hydrothermal process. There were
four characteristic diffraction peaks with equal spacing at 11.6�,
23.32�, 34.25� and 46.27�, corresponding to (003), (006), (012)
and (018) crystal planes (CoAl-LDHs JCPDS: 51-0045), respec-
tively. The typical doublet (110) and (113) crystal planes of CoAl-
LDHs could be clearly observed within the scope of 2q¼ 60–62�.
The diffraction peaks of (003), (006) crystal planes were stronger
compared with the other peaks indicating that CoAl-LDHs grew
along an axial direction during the formation. Furthermore,
RSC Adv., 2019, 9, 21911–21921 | 21913
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Fig. 2 BET (a) and BJH (b) curves of CA-1, CA-2 and CA-3.
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there were two diffraction peaks ð1011 Þ and ð1013 Þ appeared
aer using F� as functional template agent. This may be due to
the effect of functional F� controlling the crystal structure. On
the other hand, no other peaks appeared, which clearly indi-
cated that high purity of CoAl-LDHs were formed during prep-
aration process.

FT-IR spectrum was carried out to investigate the chemical
composition of CoAl-LDHs (Fig. 1b). There were four charac-
teristic peaks associated with CoAl-LDH. The broad band at
3512 cm�1 belonged to O–H stretching vibration from H-
bonded OH group and water molecules in the interlayer.45 The
peak at 1646 cm�1 could be assigned to the bending mode of
interlayer water molecule. The peaks at 1369 and 748 cm�1

corresponded to n3 bending vibration of CO3
2� indicating that

carbonate ions had been intercalated into LDHs. The low
frequency peak at 583 cm�1 was attributed to the M–OH
bending mode of Co and Al, and 445 cm�1 could be assigned to
M–O stretching vibration.46 Furthermore, the narrow peak
appeared at 2189 cm�1 was the typical stretching vibration of
C^N bonds in CNO anions indicating the incomplete decom-
position of urea.47

The specic surface area and pore size distributions of the
as-synthesized composites CA-1, CA-2 and CA-3 were investi-
gated by using BET technique. The detailed information was
Fig. 3 SEM images of CA-1, CA-2 and CA-3.

21914 | RSC Adv., 2019, 9, 21911–21921
presented in Fig. 2 and Table S2.† All the three samples repre-
sented typical IV isotherms with H3 type hysteresis loop, which
made clearly the presence of mesoporous structure. According
to the pore size distribution curve, there was very slight change
in the distribution centers. The pore size distribution was about
2–4 nm. Relative to other two samples, the CA-2 possessed the
largest surface area (49.45 m2 g�1) and its total pore volume was
0.10 cm3 g�1. High pore volume could provide a delivery
channel for electron easily transmitted to internal space, which
was benecial for NO2 gas sensing. This meant CA-2 would
process higher NO2 sensitivities.

Morphology of the samples was examined by SEM and TEM.
SEM images of the as-prepared CA-1, CA-2 and CA-2 samples
were shown in Fig. 3. Fig. 3a–f distinctly revealed that the
morphologies of CA-1, CA-2, and CA-3 not similar to each other.
When the molar ratio of Co : Al was much lower, the
morphology of CA-1 was insufficient to support formation of
awless nanosheets (Fig. 3b). When the molar ratio of Co : Al
was much higher, excess primitives of CA-3 were attached to
spaces between the neighboring nanosheets to form micro-
scopic nanostructures (Fig. 3f). The CA-2 sample with the
optimal ratio of Co : Al displayed a 3D ower-like structure
(Fig. 3d), which was composed of a large number of well-
dispersed ultrathin nanosheets, and there was a lot of inter-
spaces between the layered nanopetals and thin nanosheets.
The as-prepared CAW sample presented well-dened nanosheet
structure was shown in Fig. S4.†

As shown in Fig. 4, low magnication TEM images of CA-2
demonstrated that 3D ower-like nanostructure was formed
and the sample consisted of many ultrathin nanosheets with
mesoporous size about 2–4 nm. The formation of mesoporous
attributed to the release of CO2 during the urea hydrolysis
process, and it was benecial to improve the gas sensing
properties.
This journal is © The Royal Society of Chemistry 2019
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Fig. 4 TEM images of the CA-2 sample (a–e), together with a HRTEM image (f) from the (e) picture.
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As illustrated in Fig. 5a, CA-2 sample was composed of many
3D owers with the size of 2.4–3.4 mm. The well-dened ower
clearly illustrated that abundant nanosheets (Fig. 5b) were
assembled to form a 3D ower-like architectures. Petals in
Fig. 5c further conrmed the owers consisted of uniform and
ultrathin nanosheets with 4.0 layers and thickness of 3.068 nm.
Moreover, as shown in HRTEM of Fig. 5d and e, the value of the
interplanar spacing between the adjacent lattice fringes were
0.235 and 0.391 nm, which were consistent with (015) and (006)
planes of CoAl-LDHs, respectively. The polycrystalline diffrac-
tion rings (Fig. 5f) from inside to outside were (015), (018) and
(113) planes, respectively, which in accordance with the results
of XRD (Fig. 1a). TEM and HRTEM images of CAW sample
shown in Fig. S5† conrmed that the as-preparation sample
with nanosheet structure has low crystallinity.
Fig. 5 Microstructure of CA-2: (a–c) gradually enlarged TEM images,
(d and e) HRTEM images of different compositions, and (f) SAED
pattern.

This journal is © The Royal Society of Chemistry 2019
The element mapping and EDS spectra of CA-2 were used to
verify the element distribution (Fig. 6). The bright image in
Fig. 6b–e indicated that Co, Al, O and F elements were distrib-
uted uniformly. As Fig. 6f showed that Co atomic element
contents was 26.49%, Al 7.24%, O 57.73%, and F 8.54%. The
atomic ratio of Co/Al in CA-2 was calculated to be 3.65 : 1.

To reveal the surface chemical composition and the element
electronic states of the ower-like CoAl-LDHs, the correspond-
ing XPS results were presented in Fig. 7. Fig. 7a–c depicted the
high-resolution Co 2p spectrum in CoAl-LDHs. For comparison,
distributions of Co 2p XPS peaks were similar in three samples.
The peaks of Co 2p3/2 was at 781.9, 781.7 and 781.8 eV, and Co
2p1/2 at 797.3, 797.2 and 797.2 eV, with the spin–orbit splitting
value of 15.4, 15.5 and 15.4 eV, respectively. These all proved
that Co ion existed in the form of Co(OH)2. The other three
satellite bands demonstrated that Co ion existed in the form of
divalent Co2+ state.48,49

In the O 1s spectra (Fig. 7d–f), the spectra could divide into
two peaks by using Gaussian tting. Binding energy at 530.9 eV
(peak 1) could be attributed to Co–OH and/or Al–OH groups,50

indicating there was a large amount of OH groups inside the
interlayer which could provide an interaction site for external
molecules. The peak 2 (532.2–532.6 eV) could be attributed to
chemisorbed oxygen.51 The calculated chemisorbed oxygen of
CA-1, CA-2 and CA-3 was about 18.64%, 24.91% and 20.19%
(Table S3†), respectively, and CA-2 sample had the largest
calculated chemisorbed oxygen. More chemisorbed oxygen
participated in surface reactions, the higher response sensitivity
might be produced.

Al 2p spectrum was presented in Fig. 7g–i. It could be
concluded that there was only Al3+ species peaks existed in
CoAl-LDHs (BE ¼ 72.9–73.0 eV).52

XPS spectrum of F� in 682–692 eV (Fig. 7j–l) clearly indicated
that the substitution of OH� by F� did not cause a large lattice
RSC Adv., 2019, 9, 21911–21921 | 21915
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Fig. 6 SEM image/EDS mapping of CA-2: (a) bright field image, (b–e) Co, Al, O and F element mapping, and (f) EDS spectra.
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distortion because ionic radius of F� (0.117 nm) was similar to
that of OH�.53 The existence of uoride ions (F�) enhanced
carrier concentration and decreased charge transfer resis-
tance.54,55 This result was consistent with those of MS (Fig. 9e)
and EIS (Fig. 9f).
Enhanced NO2 gas sensing properties

For comparison, gas sensing properties to NO2 were investi-
gated for CA-1, CA-2 and CA-3 based sensors at RT, as shown in
Fig. 8.
Fig. 7 XPS spectra of CA-1, CA-2 and CA-3 samples: (a–c) Co 2p, (d–f)
O 1s, (g–i) Al 2p, and (j–l) F 1s.

21916 | RSC Adv., 2019, 9, 21911–21921
As shown Fig. 8a, the CA-2 sensor shown the maximum
response towards 100 ppm NO2 was 26.61, which was 5.03 and
1.3 times higher than that of CA-1 and CA-3 sensor, respectively.
Their detection limit towards NO2 all could reach to 0.01 ppm,
and the response of CA-2 was signicantly higher than that of
other two sensors, as Table S4† summarized. Fig. S6† presented
that slope of the response curve was higher for low concentra-
tion than high concentration of NO2. This further illustrated
that CoAl-LDHs based sensor possessed a great ability to detect
low concentration NO2.

Fig. 8b and c showed response/recovery time of CA-1, CA-2 and
CA-3 based sensors at RT under different NO2 concentration. The
response time tended to increase while the recovery time was the
opposite. It was worth noting that the response time of the CA-2
sensor was only 1.3 s (Table S4†) at 100 ppm, faster than that of
the other two sensors. Even at the lowest detection limit (10 ppb),
the response time of CA-2 sensor was still the shortest (4.6 s).
Moreover, it could be clearly observed that the recovery time of CA-
2 sensor was faster than that of other two sensors at every NO2

concentration (Table S4†). This was further veried by NO2-TPD
(Fig. 8d and S7†). Compared with the other two samples, the
physical desorption peak of CA-2 sample shied towards lower
temperature with a larger area. This indicated that CA-2 possessed
a high adsorption capacity for NO2 at RT (25 �C), which was
conductive to the desorption process at lower temperature.56,57

To further investigated the gas sensing properties of CA-2
sensor, selectivity, repeatability, stability, MS and EIS tests
were carried out at RT as presented in Fig. 9.

Fig. 9a depicted the dynamic response–recovery curve of CA-
2 sensor at RT under different concentration of NO2. When NO2

was injected and reacted with CA-2 sensor, its resistance drop-
ped rapidly to a minimum value in a short time, and recovered
back to its initial value aer purging the gas with fresh air. The
response gradually reduced with the injected concentration of
NO2 decreasing and ultimately reached to a lower limit detec-
tion of 0.01 ppm.
This journal is © The Royal Society of Chemistry 2019
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Fig. 8 (a) Response; (b) response time; (c) recovery time and (d) NO2-
TPD of the CA-1, CA-2 and CA-3 sensor.
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Fig. 9b showed that CA-2 sensor almost had no response to
ve detection gases (e.g. NH3, CO, CH4, H2 and H2S) at RT, but
signicantly higher response to NO2, demonstrating that it had
an excellent selectivity toward NO2.

It was well-known that repeatability and long-term stability
were vitally important parameters for sensor devices. As illus-
trated in Fig. 9c, response–recovery curves of CA-2 resistance to
10 ppm of NO2 at RT maintained the initial resistance upon 30
cycles without a clear attenuation, this revealed the sensor's
stable and repeatable character. In addition, the measurement
of the response values of CA-2 sensor to 10 ppm NO2 at RT and
its initial resistance in air atmosphere (Ra) for 54 days further
veried its excellent long-term stability in Fig. 9d.

Generally, low resistance and superior electron trans-
portation are critical to sensitive materials.58 MS plot
measurements were performed to investigate electric charac-
teristics of CoAl-LDHs. As Fig. 9e showed, slope of CoAl-LDHs's
Fig. 9 Sensing properties (a) dynamic response–recovery curve of the C
different gas; (c) thirty cycles of dynamic response curves of CA-2 sensor
at RT; (e) Mott–Schottky plots of CA-1, CA-2, CA-3 and CAWmodified ele
of CA-1, CA-2, CA-3 and CAW.

This journal is © The Royal Society of Chemistry 2019
plot was negative, indicating CoAl-LDHs exhibited a p-type
behavior. Based on the calculation,59 carrier concentration of
CA-1, CA-2, CA-3 and CAW were 2.31 � 1015, 9.80 � 1015, 5.82 �
1015 and 3.08 � 1015 (Table S7†), respectively, and CA-2 had the
largest carrier concentration of 9.80 � 1015.

EIS measurements were carried out to study charge-transfer
of the samples. As shown in Fig. 9f, CA-2 sample had the
smallest semicircle radii. The relevant equivalent circuit model
and the impedance parameters' results were given in Fig. S9 and
Table S7.† It was well known that radius of high-frequency
region was thought to be associated with charge transfer, and
the smaller radius means lower resistance. Consequently, EIS
results indicated that CA-2 had a superior charge transport
property, which could provide an ideal electron transmission.
Gas sensing mechanism

LDHs commonly had a large surface/volume ratio and their
structures proved to be able to absorb detection gases because
of its interlayer spacing could use as a gallery pathway. What's
more, the hydrogen bond between surface hydroxyl group and
interlayer water molecules was equivalent to bridge connecting
the adjacent the positively charge layers. This bridging effect
could provide natural channels for the effective and fast trans-
portation of carriers.

It was known that gas sensing mechanism of solid-state
sensors could be attributed to modulation of electrical
conductivity on the surface in the presence and absence of the
target gas.60,61 The mechanism of NO2 sensing for CoAl-LDHs
was proposed in Scheme 2 which predominantly showed the
involvement of three steps: adsorption, charge transfer and
desorption process.

In air (Scheme 2a), surface electrons of the samples were
captured by O2 from accepter level of the sensor, leading to the
formation of ionized O2

�. As a result, decreased the conduc-
tivity and enhanced the resistance of the sensing material (eqn
(5) and (6)):62
A-2 sensor for 100–0.01 ppm at RT; (b) response of CA-2 sensor for
to 10 ppm NO2; (d) stability of CA-2 sensor to 10 ppm NO2 for 54 days
ctrodes in 1 M KOH electrolyte measured at a frequency of 1 kHz; (f) EIS

RSC Adv., 2019, 9, 21911–21921 | 21917

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra02799h


Scheme 2 Schematic for the mechanism of NO2 sensing for CoAl-LDHs. (a) SEM image of 3D flower-like CA-2 on Au electrode; (b and c) the
model with response procedure of gas sensing; (d) I–V curve measured for CA-2 sensor in air and 50 ppm NO2 exposure at RT; (e) IR spectra of
CA-2 before and after NO2 gas detection (CA-2 test NO2 gas sensing for 2 h).
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O2(gas) 4 O2(ads) (5)

O2(ads) + e� / O2(ads)
� (6)

where “ads” means the “adsorbed”.
As shown in Scheme 2b and c, when the samples were

exposed to NO2, the gas molecules not only captured free elec-
trons from the accepter electron level of CoAl-LDHs to produce
NO2

�, but also reacted with O2
� forming NO3

�, which led to an
increase in the hole density and ultimately a rapid decrease in
the resistance (eqn (7) and (8)).

NO2(gas) + e� / NO2(ads)
� (7)

NO2(gas) + O2(ads)
� + 2e� / NO3(ads)

� + 2O(ads)
� (8)

Scheme 2d showed the I–V plots for CA-2 sensor exposure to
50 ppm NO2 gas. It was worth noting that the current was
decreased when CA-2 sensor exposure to NO2 gas. Because of
the oxidation of NO2, it was easily adsorbed on the surface of
CA-2 and withdrew electrons from CA-2. This led to the electron
carrier concentration decreasing and signicantly changed the
resistance.

Therefore, 3D ower-like CA-2 sensor presented an
outstanding NO2 gas sensing performance at RT, especially
high response, short response/recovery time. This could be
ascribed to the following factors: rst, the morphology of 3D
ower-like CA-2 consisted of ultrathin nanosheets in its
framework. Its thickness was 3.068 nm, which was in favored of
the electrons transfer speed from internal to surface; second,
there were a large number of mesoporous existed on the surface
of ultrathin nanosheets which facilitated the gas diffusion/
adsorption alleyway. NO2 gas could be easily adsorbed at the
outer/inner surfaces as well as the entire mesoporous wall. In
addition, the largest specic surface area of CA-2 provided
21918 | RSC Adv., 2019, 9, 21911–21921
a number of active sites, which provided more oxidative NO2

molecules absorbed sites and nally led to the high response. In
particularly, as functional template agent, the roles of uoride
ions (F�) (i) decreased the charge transfer resistance (Fig. 9f and
Table S7†), i.e. the electron would transfer faster in adsorption
and desorption process; (ii) enhanced the carrier concentration
(Fig. 9e and Table S7†), which meant there were more electrons
would react with oxygen to produce more O2

�. These were all
benecial for the high response of CA-2.
Conclusions

In summary, a facile one-step hydrothermal method was
developed to synthesize a 3D ower-like CoAl-LDHs architecture
by using uoride ion as a functional template agent. Speci-
cally, the morphology of the functionalized 3D ower-like CA-2
sample consisted of ultrathin nanosheets with 3.068 nm thick
in its framework, and a large number of mesoporous existed on
the surface of ultrathin nanosheet. A systematic and compara-
tive analysis indicated that the CA-2 based sensor showed
a notable NO2 gas sensing performance at RT, i.e., high sensi-
tivity, fast response/recovery time, and detection limit of ppb
level. The superior performance was attributed to the 3D ower-
like morphological and mesoporous structure of CoAl-LDHs as
well as the uoride ion as functional template agent. The exis-
tence of uoride ion decreased the charge transfer resistance
and enhanced the carrier concentration which led to much
higher sensing response. Therefore, the functionalized CA-2
sample, displayed an outstanding sensing activity to super
low-concentration NO2 gas at RT, it would be a potential
candidate to fabricate relevant sensor. And our facile synthetic
method could be a promising method to prepare the basic gas
sensor materials.
This journal is © The Royal Society of Chemistry 2019
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