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A series of polyaniline and sodium dodecanesulfonate co-intercalated layered double hydroxides (LDH/

PANI/SDS) have been obtained by a coprecipitation method. The composites have been named LiAl-

LDH/PANI/SDS, MgAl-LDH/PANI/SDS, and NiAl-LDH/PANI/SDS according to the composition of the LDH

nanosheets. The structure and chemical composition of the composites have been characterized by

X-ray diffraction, Fourier transform infrared spectroscopy, scanning electron microscopy, transmission

electron microscopy, thermogravimetry and differential thermal analysis. It has been observed that SDS

serves as both the interlayer anion and the template for the formation of LDH sheets, which induces the

co-intercalation of PANI. All the composites have been incorporated into humidity sensors and humidity

sensing experiments have been conducted. It has been found that the humidity sensors based on LDH/

PANI/SDS demonstrate good humidity properties with good linearity, low hysteresis, good stability and

rapid response compared with PANI alone. The sensing mechanism of the composites has also been

discussed.
1. Introduction

In recent years, the important issue of environmental humidity
has caused extensive concern. Many efforts have been made to
develop humidity sensors which have been widely used in
environment control, food storage, industrial manufacturing,
plant cultivation, etc.1,2 As the main part of the sensitive layer,
various inorganic and polymer materials have been studied for
the development of humidity sensors. In general, metal oxides
such as ZnO,3 WO3,4 and TiO2,5 which have good chemical and
thermal stability, have been widely utilized for humidity
sensing. Additionally, polymers have gained more and more
attention due to their characteristics of exibility, low cost, wide
range of relative humidity tests and simple fabrication
processes.6,7 Polyaniline (PANI), a conjugated conducting poly-
mer, has been utilized for humidity sensing and exhibits good
conductivity and electrochemical reversibility.8,9 However, PANI
shows the intrinsic shortcomings of instability at high humidity
and high hysteresis.10,11 To solve this problem, many references
have reported the humidity properties of modied PANI
composites. To a certain degree, the modied PANI composites
showed better sensing performance in terms of response time,
sensitivity and repeatability compared to unmodied PANI.
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Commonly used modifying methods include doping with metal
oxides,12 forming nanobres,13 and depositing ultrathin lms.14

Because all inorganic and organic materials have advantages
and disadvantages as humidity materials, it is desirable to
obtain organic–inorganic composites, which maintain their
respective advantages and reciprocally compensate for their
deciencies. Consequently, some composite materials made of
inorganic–organic compounds have been reported as humidity
sensors, such as BaTiO3/RMX,15 nano-sized SiO2/poly-(2-
acrylamido-2-methylpropane sulfonate)16 and LiCl/poly-(3-
hydroxybenzoic acid).17 As can be seen, all of the above inor-
ganic–organic composite materials show better humidity-
sensitive properties than the single substances.

In this paper, a series of organic–inorganic composites based
on LDH/PANI/SDS have been synthesized, where SDS serves as
a co-intercalated anion to introduce PANI into the interlamellar
space. Inorganic–organic composites which contain PANI as the
organic part and layered double hydroxides (LDHs) as the
inorganic part have been used to study the advanced humidity
sensing properties introduced by the inorganic nanosheets.
These inorganic matrices, layered double hydroxides (LDHs),
whose structures can be generally expressed as
[MII

1�xM
III
x (OH)2](A

n�)x/n$mH2O (where MII and MIII are divalent
and trivalent metals, respectively, and An� is an n-valent anion),
are important layered materials that show great versatility in
terms of their chemical composition and their ability to build
2D-organized structures. The stacking of the layers gives rise to
an accessible interlayer space on the nanometer scale.18,19 To the
best of our knowledge, this is the rst ever attempt to introduce
RSC Adv., 2016, 6, 63099–63106 | 63099
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Fig. 1 Low angle (A) and wide angle (B) XRD patterns of (a): LiAl-LDH/
PANI/SDS, (b): MgAl-LDH/PANI/SDS, (c): NiAl-LDH/PANI/SDS.
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LDHs into the humidity sensing eld; it is found that the LDH/
PANI sensors exhibit high humidity sensitivity, rapid response
and good stability compared with PANI alone. The incorpora-
tion of a humidity sensing polymer into the LDH gallery exhibits
the following advantages: rst, the LDH matrix provides the
polymer molecules with a conned and stable environment,
which improves their humidity and thermal stability; second,
the polarizability and the transferability of the metal cations on
the LDH sheets could enhance the interaction between the
composites and water molecules and, hence, the impedance of
the humidity sensors would decrease markedly with increasing
RH.

2. Experimental
2.1. Materials

All chemicals used were analytical reagent (AR) grade. Polyani-
line (PANI) and N-methyl-2-pyrrolidinone (NMP) were
purchased from Sigma-Aldrich. Dimethyl formamide (DMF),
sodium dodecanesulfonate (SDS, C12H25SO3Na), lithium nitrate
(LiNO3), aluminum nitrate nonahydrate (Al(NO3)3$9H2O),
nickel nitrate hexahydrate (Ni(NO3)2$6H2O), magnesium nitrate
hexahydrate (Mg(NO3)2$6H2O) and sodium hydroxide (NaOH)
were purchased from Beijing Chemical Reagents Co.

2.2. Synthesis of LDH–PANI/SDS powder

Solution A: metal nitrate (12 mmol, monovalent or divalent
metal cation) and Al(NO3)3$9H2O (4 mmol, trivalent metal
cation) were dissolved in 60 mL of deionized water. (The metal
nitrates were lithium nitrate, aluminum nitrate nonahydrate,
and nickel nitrate hexahydrate, respectively.)

Solution B: 0.2 M NaOH solution.
Solution C: a blend of SDS (4 mmol) dissolved in 50 mL

deionized water and PANI (0.1 g) dissolved in 50 mL DMF.
Typically, the synthesis of LiAl-LDH/PANI/SDS was carried

out as follows: solution A and solution B were simultaneously
added dropwise to solution C; the nal pH of the aqueous
solution was adjusted to 10.5 with solution B. The resulting gel
was transferred to an autoclave and aged at 100 �C for 18 h. The
obtained material was centrifuged and washed with deionized
water three times, then dried at 60 �C for 12 h. MgAl-LDH/PANI/
SDS and NiAl-LDH/PANI/SDS were manufactured by similar
processes, with nal pH values of 10 and 9, respectively.

2.3. Preparation of humidity sensors

The resulting LDH/PANI/SDS composite was mixed with
minimal N-methyl-2-pyrrolidinone (NMP) solvent to form
a paste. Then the paste was dip-coated on ceramic substrate
(4 mm � 6 mm � 0.5 mm) and fabricated with an interdigital
array of Ag–Pt electrodes (the spacing between the Ag–Pt elec-
trodes was 2 mm) to form a lm with a thickness of about
200 mm; the lm was then dried in air at 40 �C for 6 h.

2.4. Measurements

Powder X-ray diffraction (XRD) data were collected on a Rigaku
XRD-6000 diffractometer at 40 kV and 30 mA in the 2q range of
63100 | RSC Adv., 2016, 6, 63099–63106
3–70�. The morphologies of the samples were observed using
a Zeiss SUPRA 55 instrument at 20 kV. The Fourier transform
infrared (FTIR) spectra were recorded on a Bruker Vector-22
Fourier transform infrared spectrometer in the range of 4000
to 400 cm�1. Thermogravimetry and differential thermal anal-
ysis (TG-DTA) were carried out using an HCT-1 thermal analysis
system in the temperature range from 30 to 800 �C with
a heating rate of 10 �C min�1 in air. Elemental analysis was
performed using a Shimadzu ICPS-7500 inductively coupled
plasma emission spectrometer (ICP). Carbon, hydrogen,
nitrogen and sulfur analyses (C, H, N, and S) were carried out
using a Vario EL Cube Analyzer.

The characteristic curves of humidity sensitive materials
were measured using a CHS-1 intelligent test meter (Beijing
Elite Tech. Co., Ltd., China). All the intercalated LDH materials
were used to fabricate sensors to check their behavior for
sensing humidity changes. The sensors were measured at room
temperature and an AC voltage of 1 V, 100 Hz. Different
humidities were provided by different saturated salt solutions
of LiCl (11%), MgCl2 (33%), K2CO3 (54%), NaCl (75%), KCl
(85%), and K2SO4 (95%). At a certain humidity, the sensors were
placed in a bottle for half an hour to enable the humidity source
to reach equilibrium before measurement.

3. Results and discussion
3.1. Structures and morphologies

The X-ray diffraction (XRD) patterns of LiAl-LDH/PANI/SDS (a),
MgAl-LDH/PANI/SDS (b) and NiAl-LDH/PANI/SDS (c) are shown
in Fig. 1. The powder XRD patterns of the LDH/PANI/SDS
samples exhibit narrow, strong (003), (006), (009) reections,
indicating the formation of the LDH structure.20 The interlayer
spacing can be calculated by averaging the positions of the three
harmonics: c ¼ (1/3)(d003 + 2d006 + 3d009).21 The (003) diffraction
peaks of the three compounds appear at 2q ¼ 3.50� (LiAl-LDH/
PANI/SDS), 3.40� (MgAl-LDH/PANI/SDS), and 3.49� (NiAl-LDH/
PANI/SDS). Compared with CO3

2� intercalated LiAl-LDH,22 the
characteristic (003) peak of LiAl-LDH/PANI/SDS is shied from
2q¼ 11.78� to 3.50�, which indicates the interlamellar space has
been expanded by the guest molecules of PANI and SDS. Taking
the thickness of the LDH layer as 0.48 nm (ref. 23) and the chain
length of the C12H25SO3

� anion as 1.85 nm,24 the basal spacing
of the intercalated LDH is calculated to be about 2.33 nm if
C12H25SO3

� is arranged in a monolayer. In our case, the basal
spacing of the three composites can be obtained by the Bragg
This journal is © The Royal Society of Chemistry 2016
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Table 1 Chemical compositions of the LDH/PANI/SDS samples

Sample Chemical composition M/Al ration (M ¼ Li, Mg or Ni)

LiAl-LDH/PANI/SDS Li1.092Al0.390(OH)2(C12H25SO3)0.263(C12H12N2)0.084 2.8
MgAl-LDH/PANI/SDS Mg0.744Al0.256(OH)2(C12H25SO3)0.256(C12H12N2)0.091 2.9
NiAl-LDH/PANI/SDS Ni0.714Al0.286(OH)2(C12H25SO3)0.286(C12H12N2)0.092 2.5
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equation; they are 2.52 nm (dLiAl-LDH/PANI/SDS), 2.59 nm
(dMgAl-LDH/PANI/SDS) and 2.53 nm (dNiAl-LDH/PANI/SDS). All the basal
spacings are slightly larger than 2.33 nm, which indicates that
the SDS is arranged in a monolayer between the layered nano-
sheets. The increase of the interlayer spacing above 2.33 nm can
be attributed to the co-intercalation of SDS and PANI. The
variation of the interlayer spacing can be attributed to the
different ratios of PANI and SDS. The compositions of the
products from ICP and C, H, N, and S analyses are given in
Table 1. It can be seen that the interlayer spacing increases
upon increase of the PANI/SDS ratio. Moreover, the experiment
ratio of M (M ¼ Li, Mg, Ni) to Al in the materials is close to the
initial nominal ratio, as expected, which indicates that there is
almost no loss of the metal content during the synthesis.

Fig. 2 shows the SEM and TEM images of the LDH/PANI/SDS.
The morphologies and microstructures of the three LDHs were
observed by SEM. As shown in the SEM images, the LDH
samples exhibit mainly cumulate nanoake-like structures with
curved or contorted edges. All the images reveal a size distri-
bution of 200 to 400 nm for the LDH nanoplates. Further
observation from the TEM images shows that the LDHs exhibit
characteristic LDH platelets with a uniform size of 200 nm to
400 nm. The morphology result shows that the cointercalated
materials are layered materials, which is consistent with the
XRD analysis.
Fig. 2 SEM and TEM images of LiAl-LDH/PANI/SDS (A and B), MgAl-
LDH/PANI/SDS (C and D) and NiAl-LDH/PANI/SDS (E and F).

This journal is © The Royal Society of Chemistry 2016
Because PANI has no charge and has a certain chain length,
it cannot be freely intercalated into the interlayer space.
Therefore, anionic surfactants can sometimes be used as coin-
tercalation molecules to assist the intercalation of the PANI
molecules.25 In our work, SDS is used as the interlayer anion to
compensate for the positive charge of the hydroxide layers. In
our paper, SDS is used to provide the PANI molecule with
a homogeneous environment so as to enhance its humidity
sensing properties.

As illustrated in Fig. 3, due to the strong electrostatic attrac-
tion between the surfactant anions and the metal cations, the
metal cations can be adsorbed around the PANI and SDS anions
to form layered structures where the SDS serves as interlayer
anion and the template for the formation of LDH sheets. As
discussed by Li et al.,26 the growth of the LDH sheets can be
induced to form curved or contorted morphologies by vesicles
formed by superuous SDS. There are two factors inuencing
the sheet contortion of sodium dodecanesulfonate intercalated
LDHs. First is the weak interaction of layers through expanding
the basal spacing, and second is the electronegative vesicles that
electrostatically attract LDH layers and provide a bending force
on the LDH layers. Finally, LDH grows into curved or contorted
sheets, which are shown in the SEM image.

To further illustrate the structure and composition of these
interlayered compounds, we take LiAl-LDH/PANI/SDS as an
illustrative example. The IR spectra in Fig. 4 show the charac-
teristic vibrations of PANI, SDS and the composite of LiAl-LDH/
PANI/SDS. A broad absorption band of LiAl-LDH/PANI/SDS is
Fig. 3 Schematic of the formation of LDH/PANI/SDS.

RSC Adv., 2016, 6, 63099–63106 | 63101
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Fig. 4 IR spectra of LiAl-LDH/PANI/SDS (a), SDS (b) and PANI (c).

Fig. 6 TG (A) and DTA (B) curves for LiAl-LDH/PANI/SDS, SDS and
PANI.
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observed around 3500 cm�1, which corresponds to the –OH
stretching vibration. In addition to the –OH stretching vibra-
tions, NH2+ stretching vibrations at 2924 cm�1 (NH2+ belongs to
the –C6H4NH

2+C6H4– group27), C]N vibrations at 1561 cm�1

(characteristic of the quinonoid units in PANI) and C]C
vibrations at 1470 cm�1 (characteristic of the benzenoid units in
PANI) are observed. This is attributed to the two states of poly-
aniline: the leuco-emeraldine salt state and the emeraldine salt
state, which can be converted to one another under different
conditions (Fig. 5). The peak at 801 cm�1 is assigned to the C–H
bending vibration out of the plane of the para-disubstituted
benzene rings.28 The characteristic absorption peaks corre-
sponding to the antisymmetric and symmetrical stretching
vibrations of –CH2– from SDS are observed at 2919 and
2863 cm�1. In addition, other characteristic bands, such as
S]O antisymmetric (1231 cm�1) and symmetric (1072 cm�1)
stretching vibrations, are also shown in the LiAl-LDH/PANI/SDS
IR spectrum. All the vibration peaks of the composite indicate
that PANI and SDS have been introduced in the composite
successfully.

As shown in Fig. 6, the thermolysis behaviors of SDS, PANI
and LiAl–PANI/SDS were studied. The DTA curve of SDS displays
an exothermic effect at 150 �C, as well as a large exothermic
peak with a maximum at 410 �C and a smaller peak at 490 �C.
Meanwhile, the decomposition of PANI begins around 260 �C,
with an exothermic effect. The DTA curve of LiAl-LDH/PANI/SDS
shows that the decomposition process of the compound is an
exothermic reaction, which is related to the decomposition and
combustion of PANI and SDS. The TG curve of LiAl-LDH/PANI/
SDS includes three stages: 160 to 230 �C, 230 to 330 �C and
330 to 550 �C. The weight loss in the temperature range of 160 to
230 �C is due to the desorption of structural water molecules
and partial decomposition of SDS. A sharp weight loss in the
range of 230 to 330 �C with a sharp exothermic peak in the DTA
Fig. 5 Structures of PANI leuco-emeraldine salt and emeraldine salt.

63102 | RSC Adv., 2016, 6, 63099–63106
curve is mainly due to the decomposition of PANI. SDS and
PANI continue to decompose when the compound is heated to
330 �C and give off a large amount of heat. Furthermore, the low
peak of the LiAl-LDH/PANI/SDS DTA curve at 210 �C and 320 �C
is due to the heat absorbed by further decomposition of the
compound. Based upon this analysis, PANI and SDS have been
intercalated into the gallery of the LDHs successfully.
3.2. Humidity sensing properties

The impedance of the sensor is seen to decrease as the level of
relative humidity (RH) increases. When the sensing material is
measured at increased or decreased RH, a hysteresis effort is
observed. The humidity hysteresis characteristic of the LiAl-
LDH/PANI/SDS composite is shown as a function of relative
humidity in Fig. 7(A). It can be seen that the impedance changes
from 185 to 3.7 � 105 kU, and the curve shows acceptable
linearity. The differences between the humidication and
desiccation processes in the range of 11% to 95% RH are within
5.2%. The response and recovery behavior are important char-
acteristics for evaluating the performance of a humidity sensor.
The time taken by a sensor to achieve 90% of the total imped-
ance changes is dened as the response or recovery time.29

Fig. 7(B) shows the response and recovery properties of the LiAl-
LDH/PANI/SDS sensor between 11% and 95% RH.When the RH
is increased from 11% to 95%, the response time of LiAl-LDH/
PANI/SDS is less than 2 s. When the RH is decreased from
This journal is © The Royal Society of Chemistry 2016
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Fig. 7 Humidity hysteresis and response and recovery curves to
humidity of LiAl-LDH/PANI/SDS (A and B), MgAl-LDH/PANI/SDS (C and
D) and NiAl-LDH/PANI/SDS (E and F).

Fig. 8 Response and recovery curve to humidity of PANI.

Paper RSC Advances

Pu
bl

is
he

d 
on

 1
6 

Ju
ne

 2
01

6.
 D

ow
nl

oa
de

d 
by

 B
ei

jin
g 

U
ni

ve
rs

ity
 o

f 
C

he
m

ic
al

 T
ec

hn
ol

og
y 

on
 1

0/
09

/2
01

6 
08

:1
9:

11
. 

View Article Online
95% to 11%, the recovery time is about 30 s. It can be observed
that LiAl-LDH/PANI/SDS exhibits good humidity sensing prop-
erties, such as quick response, high sensitivity and good
linearity.

The humidity hysteresis and the response and recovery curve
of MgAl-LDH/PANI/SDS are shown in Fig. 7(C) and (D), respec-
tively. MgAl-LDH/PANI/SDS exhibits an impedance change of 3
orders of magnitude (5.1� 105 to 258 kU) from 11% to 95% RH.
Furthermore, the hysteresis is found to be about 4.5% under
54% RH. The response and recovery times of MgAl-LDH/PANI/
SDS are calculated to be 3 s and 25 s, respectively.

The humidity hysteresis of NiAl-LDH/PANI/SDS is shown in
Fig. 7(E). It can be clearly observed that NiAl-LDH/PANI/SDS
exhibits a good sensing response as well. The impedance of
NiAl-LDH/PANI/SDS changes linearly by four orders of magni-
tude (5.8 � 105 to 38 kU) from 11% RH to 95% RH on a semi-
logarithmic scale, showing better linearity than LiAl-LDH/
PANI/SDS and MgAl-LDH/PANI/SDS. The lines for the adsorp-
tion and desorption processes of NiAl-LDH/PANI/SDS are very
close; the maximum humidity hysteresis is less than 3.2%. Also,
from Fig. 7(F), we can see that the response and recovery times
of NiAl-LDH/PANI/SDS are about 4 s and 25 s, respectively. All
the measurements were repeated for seven cycles, as shown in
Fig. 7, which indicates the good stability of the three samples
for practical humidity sensing applications.

As shown above, the three humidity sensors of the series of
LDH/PANI/SDS exhibit good sensing properties, such as ultra-
fast response time, good stability and good linearity. All three
compounds are sensitive to humidity variations, and their
response curves are similar. This ultrafast response behavior
can be explained by the polarizability and the transferability of
This journal is © The Royal Society of Chemistry 2016
the metal cations.30 When comparing the humidity sensitivity of
the three samples, it is found that LiAl-LDH/PANI/SDS has the
fastest response time and NiAl-LDH/PANI/SDS has the lowest
humidity hysteresis. This is attributed to the difference in the
cations, which leads to the slight difference in the humidity
sensitivity of the three materials. The smaller the radius of the
metal ions, the greater adsorption capacity for water molecules,
and thus the fast response time; however, this also leads to
higher hysteresis and slower water desorption. In addition, the
LDH matrix provides polymer molecules with a stable envi-
ronment, which ensures the good stability of the materials. All
these results indicate that the chemical structures of the
materials affect their sensing properties. The 2D-organized
structure of LDH nanosheets is benecial for improving
the humidity sensitive properties and long-term stability of
humidity sensors.

Sodium dodecanesulfonate (SDS) is an anionic surfactant
which is not sensitive to humidity. Meanwhile, as a conjugated
conducting polymer, polyaniline (PANI) exhibits high electrical
conductivity and good humidity sensing linearity.8 However,
PANI normally shows intrinsic shortcomings of instability at
high humidity and high hysteresis.11 Also, PANI cannot recover
its initial value aer absorbing water, as can be seen from the
response and recovery curve of PANI (Fig. 8); this is not bene-
cial for humidity sensing. Therefore, it is necessary to modify
PANI to improve its humidity sensing stability. For comparison,
the humidity curves of PANI and the PANI intercalated LDHs
sensors have been shown in Fig. 9. As can be seen, within the
whole humidity range, the impedance of the LDH sensors
changes linearly by three or four orders of magnitude, while the
impedance of PANI only decreases from 122 kU to 21 kU. The
reason that LDHs possess high impedance at low humidity is
that the interlayered PANI cannot easily absorb water at low
humidity due to the connement of the LDH platelets.
3.3. Discussion of the sensing mechanism

In order to study the mechanism of the humidity sensing
behavior of the intercalated materials, complex impedance
plots were measured from 10 Hz to 100 kHz at different RHs.
RSC Adv., 2016, 6, 63099–63106 | 63103
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Fig. 9 Humidity curves of the LiAl-LDH/PANI/SDS, MgAl-LDH/PANI/
SDS, NiAl-LDH/PANI/SDS and PANI sensors.
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The complex impedance plots of LiAl–LDH/PANI/SDS are dis-
played in Fig. 10. Zr and Zi are the real and imaginary parts of
the complex impedance plots, respectively. Because the LDH
matrix provides polymer molecules with a conned and stable
environment, the internal body electrons of the polymer have
almost no contribution to the electronic conduction at 11% RH.
The complex impedance plot appears to be an arc with a large
curvature radius. Only a few water molecules are adsorbed on
the surface of the LiAl-LDH/PANI/SDS composites, and the
proton migrates by hopping from site to site across the material
surface, resulting a relatively high impedance at 11% RH.31

When the RH increases to 33% and 45%, a semicircle is
observed in the complex impedance plot, which supports the
existence of H+ and H3O

+ hopping conduction. In addition, it
has been evidenced from NMR studies that this proton transfer
from the polymer can take place in the presence of a water
molecule.32 The basic repeat units in PANI are characterized by
the state of the nitrogen atom and are consequently labelled as
NH2

+ and NH. This transfer can be described by the following
acid–base reaction:

NH2
+ + H2O / NH + H3O

+

Fig. 10 Complex impedance of LiAl-LDH/PANI/SDS under different
RHs and frequencies.

63104 | RSC Adv., 2016, 6, 63099–63106
The role of water thus appears to be crucial for this
mechanism.

As the RH further increased to 75%, 85% and 95% RH, the
complex impedance plot comprised a partial semicircle at the
high frequency range and a short line at the low frequency
range. At high RH, a short line representing the Warburg
impedance is observed, which is caused by diffusion of elec-
troactive species at the electrodes.33

Jiang et al. reported the humidity sensing of Li-loaded
microporous organic polymer assembled from 1,3,5-trihydeoxy-
benzene and terephthalic aldehyde;34 they found that LiCl
ionized to Li+ and Cl� at high humidity. In this work, we sus-
pected that lithium cations could play the role of a conduction
carrier which could transfer freely at high humidity. The poly-
mer chain is attached to the LDH slab by weak van der Waals
forces of attraction, and some Li cations are attached to the
polymer chains and the LDH slab. When the RH is low (11%),
only a few water molecules are absorbed on the surface of the
LiAl-LDH/PANI/SDS composites, and the movement of Li ion is
limited by the intermolecular forces, resulting in a relatively
high impedance at 11% RH.31 As the humidity increases, the
materials absorb more water molecules; the chemisorbed water
molecules are polarized to H+, H3O

+ and OH�, and the transfer
of H3O

+ leads to a decrease in the impedance. Moreover, along
with increasing RH (85%, 95%), the semicircle gradually
disappears and the line lengthens. With the increase of adsor-
bed water molecules, several serial water layers are formed. As
shown in Fig. 11, the quick transfer of Li ions on the water layers
leads to an elongated straight line and results in a sharp
decrease in the impedance of the sensor by three orders of
magnitude compared with the initial impedance.

The complex impedance plots of MgAl-LDH/PANI/SDS
(Fig. 12(A)) and NiAl-LDH/PANI/SDS (Fig. 12(B)) are similar to
LiAl-LDH/PANI/SDS, which means that the humidity sensing
mechanisms are similar. When the RH is low (<75%), a semi-
circle of lm impedance is observed.35 With increasing
humidity, the semicircle gradually disappears and the line
lengthens, indicating the diffusion of electroactive species. The
quick transfer of metal cations on the water layers plays an
important role in reducing the impedance.

The above results indicate that three humidity sensitive
composites based on polyaniline-intercalated layered double
Fig. 11 The schematic of Li cation transportation at low humidity or
high humidity.

This journal is © The Royal Society of Chemistry 2016
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Fig. 12 Complex impedance of MgAl-LDH/PANI/SDS (A) and NiAl-
LDH/PANI/SDS (B) under different RHs and frequencies.
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hydroxides are obtained, with good linearity, low hysteresis,
good stability and rapid response. All three composites exhibit
similar humidity sensing mechanisms. As is known, PANI as
a humidity sensitive material shows the intrinsic shortcomings
of instability at high humidity and low hysteresis. The method
of intercalating the polymer into an LDH matrix could enhance
the humidity sensitivity properties of PANI, which seems to be
a feasible approach to develop high performance humidity
sensors.
4. Conclusions

In conclusion, a series of LDH/PANI/SDS composites with
different metal cations were synthesized by co-intercalating
polyaniline and dodecanesulfonate into the interlayer space of
LDHs. Humidity sensors based on the LDH/PANI/SDS
composites were fabricated and demonstrate good humidity
properties, with good linearity, low hysteresis, good stability
and rapid response. This is a novel method to fabricate organic–
inorganic humidity materials with 2D-organized structures. The
LDHs nanosheets play an important role in improving the long-
term stability and humidity sensitive properties by providing
a stable environment for the polymer and combining the metal
cations on the LDHs nanosheets to improve the humidity
response speed with polarized water molecules in the air.
Because the structure of the materials strongly inuences the
This journal is © The Royal Society of Chemistry 2016
sensing mechanism, further research on the design of materials
with good sensitivity will be benecial for device applications.
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