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A B S T R A C T

The nacrite-NaCl nanohybrid material, Si2Al2O5(OH)4�(1�(a+d))NaCl�(1�d)H2O with {a = 0.2, d = 0.02},
has been prepared at ambient temperature by straightforward intercalation of sodium chloride in the
interlamellar space of Tunisian nacrite, a reference clay mineral. The structural identification of the
elaborated nanohybrid has been determined by means of X-ray diffraction and infrared spectroscopy.
Thermogravimetric analysis carried out that in-situ heat treatment of the elaborated nanohybrid induces
an amorphous nanohybrid Si2Al2O7�(1�(a+d))NaCl at 723 K, proceeding with heating till 923 K leads to a
highly amorphous and disordered nanohybrid material labeled Si2Al2O7�{(1�(a+d))/2}Na2O. The
electrochemical impedance spectroscopy reveals that the elaborated nanohybrid exhibits a fairly high
ionic conductivity up to 10�2 S m�1 at higher temperatures and can be classified as a superionic
conductor.

© 2017 Elsevier Ltd. All rights reserved.
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1. Introduction

Clay minerals are the most common components of all
sediments and soils in the Earth’s crust. Among a wide variety
of clay resources, kaolin is considered as one of the most promising
candidates due to its low cost, easy availability, nontoxicity, bulk
properties and its surface chemical properties [1]. One side of the
kaolinite layer is gibbsite-like with aluminium atoms octahedrally
coordinated to corner oxygen atoms and hydroxyl groups. The
other side of the layer constitutes a silica-like structure in which
the silicon atoms are tetrahedrally coordinated to oxygen atoms.
The adjacent layers are linked via hydrogen bonds (O��H� � �O)
involving aluminol (Al��OH) and siloxane (Si��O) groups. As a
consequence of this structure, the silica/oxygen and alumina/
hydroxyl sheets are exposed and interact with different compo-
nents in the soil [2]. Consequently, kaolin has potential environ-
mental applications [3,4]. The kaolin group is divided in three
polytypes (i.e. nacrite, kaolinite, dickite) in addition to halloysite
their hydrated analogue [5].

Well-crystallized Tunisian nacrite was used in this work as a
starting clay mineral economically viable and technically efficient
[6]. This layered aluminosilicate material {Si2Al2O5(OH)4}contrib-
utes high chemical stability with a main basal distance
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d002 = 0.72 nm and has been previously characterized in the work
of Ben Haj Amara and co-workers [6–9].

With such a configuration and by adding very low organic
and/or inorganic precursor content to the layered silicate, it is
possible to tailor nacrite and/or kaolin into various structures of
nanohybrid materials [10–12]. However, hybridization is eventu-
ally accompanied by substantial modifications of the kaolin surface
of this silicate layer due to the expansion of the interlamellar space
and complexation via hydrogen bonding. The resultant nanohybrid
materials combine the features of both the host clay mineral and
the guest species. These nanohybrid materials have attracted much
interest from researchers, since they frequently show unexpected
and remarkable improvements in their physicochemical properties
compared to the unmodified aluminosilicate mineral [13,14].

Indeed, three intercalation modes of alkali halides into the
kaolin group have been distinguished: Mode A includes those
species that are directly intercalated [15,16]. Mode B includes those
species which can enter the interlayer space by means of an
entraining agent such as hydrazine or ammonium acetate [16].
Mode C includes those species which can only be intercalated into
the interlayer space by the displacement of a previously-
intercalated compound such as dimethylsufoxide “DMSO” [16].

Otherwise, as well as Tunisian nacrite has been employed in the
development of new nanohybrid materials with high functionali-
ties and unique properties [8,9,17–22], it was possible to produce
synthetic material labeled “metanacrite” on the basis of thermally
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activated raw nacrite [21,23]. The calcination process may be
presented by the following equation [21,23]:

Si2Al2O5ðOHÞ4
nacrite

! Si2Al2O7
metanacrite

þ 2H2O
water

Metanacrite possesses amorphous structure very different from
the layered nacrite matrix with a disordered polymerized silicon/
aluminium framework [21,23].

This paper presents a continuation of the existing bibliometric
data focusing eventually on the intercalation of NaCl alkali halide
in the interlayer space of kaolinite. The previous attempts of
intercalations of NaCl into Tunisian nacrite material failed in the
major experiments cases. However, by referring to the previous
publications [16,24], sodium chloride has been intercalated into
kaolinite from aqueous solutions based on the cited mode C, where
ammonium acetate is used as an intermediate agent [24].
Moreover, a possible intercalation of a trace amount of NaCl alkali
halide was reached by thermal solid state reaction based on mode C
via displacement of a previously intercalated dimethylsulfoxid
[16]. Indeed in the present work we succeed in the intercalation of
NaCl within an ordered matrix, and the nacrite’s layers were
considered appropriate for our interest. In this regard, we followed
an innovative and inexpensive protocol based on another
intercalation mode with a different entraining agent and novel
solutions to dissolve NaCl.

Based on this scenario, we found it interesting to investigate the
behavior of nacrite-NaCl nanohybrid by means of X-ray diffraction
(XRD), infrared spectroscopy (IR) and thermogravimetric analysis
(TGA).The electrical/dielectric properties of this nanohybrid
subjected to excitation of frequency under controlled temperature
were studied. Finally, we demonstrated a correlation between
structural and electrical properties opening new perspectives of
application of this nanohybrid material in future device gener-
ations based on alkali elements.

2. Experimental details

2.1. Materials

2.1.1. Raw nacrite
Raw nacrite material used in this work as a starting material

was collected from the mine of Jbel Slata located in the region of
Kef in North Tunisia [6–9].

2.1.2. Hybridization of nacrite
In this study, Mode B was adopted, firstly, due to the strong

interlayer bonds governed by van der Waals’ forces between the
hydrogen atoms of the hydroxyls in the octahedral sheet and the
oxygen atoms in the tetrahedral sheet which prevent the direct
incorporation of some substances into the nacrite interlamellar
space [25]. Secondly, this process ensures the fast intercalation of
the alkali halide without destruction of the nacrite framework
compared to Mode A. Finally, the protocol of synthesis followed in
Mode B is much easier in comparison to that in Mode C. For these
reasons, potassium acetate “KAc” was the best entraining agent
selected for the expansion of nacrite; KAc was widely utilized as a
small and highly polar molecule for the synthesis of materials that
cannot be directly intercalated [6,16]. The nacrite-KAc complex
was obtained after 14 days of manipulation, where 51 g of
potassium acetate (Normality = 26 N) were added to 4 g of raw
nacrite and mechanically shaken [9]. The resulting nacrite-KAc
complex was then washed two times with water and air dried
leading to a stable-homogeneous hydrate [6,8], which constituted
the starting material for the next step of the synthesis of the new
hybrid material. Experiments based on the use of water as a solvent
leads to incomplete intercalation of Na+ cations. For this reason,
different organic solvents (acetone, methanol, ethanol, glycerol
and ethylene glycol) were tested until an intercalation of 0.82 g of
NaCl (Prolabo) was achieved in presence of 20 ml of acetone (NaCl
insoluble in acetone and sodium salts have poor solubility in
comparison to lithium salts) at ambient temperature. After 9 days
of mechanical shaking under a magnetic stirrer, the final product
was obtained and labeled: nacrite-NaCl nanohybrid.

2.1.3. Elaboration of highly amorphous nanohybrid
The in-situ heat treatment of the elaborated nacrite-NaCl

nanohybrid induces an amorphous nanohybrid at 723 K, proceed-
ing with heating till 923 K leads to a highly amorphous and
disordered nanohybrid material labeled: metanacrite-Na2O nano-
hybrid.

2.2. Characterization set up

The hybridization of nacrite and the amorphization of the
nanohybrid were controlled by means of X-ray diffraction, infrared
spectroscopy, thermogravimetric analysis, electrochemical imped-
ance spectroscopy.

X-ray diffraction (XRD) patterns were recorded at ambient
temperature by reflection setting with a D8 Bruker installation
monitored by the EVA-version Diffrac plus software (Bruker AXS
GmbH, Karlsruhe, Germany) and using CuKa1 radiation
(l = 1.540598 Å) operating at 40 kV and 40 mA. Usual scanning
parameters were 0.02�2u as step size and 6 s as counting time per
step over the angular range 5–55�2u. The divergence slit, the two
Soller slits, the antiscatter, and resolution slits were 0.5, 2.3, 2.3,
0.5, and 0.06�, respectively.

Infrared (IR) spectra were recorded at ambient temperature
using a thermo scientific Nicolet IR 200 FT-IR with ATR
Spectrometer, equipped with a diamond crystal and working in
the medium IR wavenumber range [4000–400 cm�1].

Thermogravimetric (TG) behavior was investigated from the
ambient temperature up to 1073 K using a 92 SETARAM instrument
in flowing air, along with a heating rate of 5� C/min.

Electrochemical impedance spectra (EIS) were obtained using a
Hewlett-Packard (HP) 4192 analyzer. The impedance measure-
ments were taken in an open circuit using two electrode
configurations with signal amplitude of 50 mV and a frequency
band ranging from 10 Hz to 13 MHz at different temperatures. The
examined sample was pressed into pellet using a hydraulic press.
To ensure good electrical contact between the sample and the
electrical junctions, the pellet was sandwiched between two
platinum electrodes to form a symmetrical cell. The cell was placed
into a programmable oven coupled with a temperature controller
from ambient to 923 K. The resulting data were fitted using the
equivalent circuit of the Z view software.

3. Results and discussion

In the following sections, the crystallographic, vibrational,
thermal characteristics as well as the electrical/dielectric behavior
of the nacrite-NaCl nanohybrid material are detailed starting with
X-ray diffraction analysis.

3.1. Modelling of X-ray diffraction pattern of nacrite-NaCl nanohybrid

Examining the experimental XRD pattern of the stable nacrite-
NaCl nanohybrid in Fig. 1, a main 00l reflection with d002 = 1.10 nm
basal spacing value can be seen. This increase is accompanied by
the expansion of the interlayer space of nacrite along the c* axis.
This result is probably due to the incorporation of sodium chloride
with one water sheet into the nacrite matrix.



Fig. 1. Experimental XRD pattern of nacrite-NaCl nanohybrid material.
*: Reflections related to the excess of the salt: [Data Base PDF2: 01-070-2509.
Compound name: Halite, syn.Formula NaCl].
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The mean number of layers per crystallite, M, deduced from the
Debye-Scherrer formula:

M ¼ 0:886l
ld00l:FWHM �2uð Þ:cosu00l

ð1Þ

where l is the wavelength used, FWHM (�2u) represents the
angular width at half-height of 00l XRD reflection and (l d 00l) the
apparent distance deduced from the maximum intensity for all
measurable reflections over the 5–55�2u angular range. M
decreases from “70 � 1” of raw nacrite [8] to “12 � 1” of nacrite-
NaCl nanohybrid. This result can be interpreted as particle cleavage
and as a break of coherence during the intercalation process.

Concerning, the coefficient of variation introduced by Bailey
[26].

CV ¼ 100
dm

X
dn � dmð Þ2
n � 1

" #1=2

ð2Þ

where dn, dm and n represent the apparent spacing determined
from the maximum intensity for all measurable reflections (l d 00l),
the mean basal distance and the number of 00l reflections
respectively. For a regular system, the CV coefficient is less than
0.75 indicating a homogenous complex.

The value of the coefficient of variation CV (Eq. (2)) and the
rationality of 00l the basal reflections (Table 1) in the case of
nacrite-NaCl nanohybrid suggest a homogenous sample character.
However, the high value of the full width at half maximum FWHM
of the mean reflection at around (1.111�2u) (Table 1) is interpreted
as a contradictory result. This is highlighted by the fact that the
FWHM could be significantly affected by stress, strain and
interstratifications. Additional reflections are attributed to excess
of salt and are marked with (*).

The quantitative study will now be considered because it is
much more convincing than the qualitative one. For these reasons,
a modelling computer program designed to perform calculations of
diffracted intensities was used.
Table 1
Principal qualitative XRD results of nacrite-NaCl nanohybrid.

nanohybrid nacrite –NaCl

00l reflections 002 

(l.d 00l) (nm) 1.100 

The full width at half maximum:FWHM (�2u) 1.111 

The mean number of layers per crystallite:M
The coefficient of variation: CV 
The overall fit quality is assessed using the unweighted Rp
parameter [27]:

Rp ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiX
I 2uið Þobs � I 2uið Þcalc
� �2ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

I 2uið Þobs
� �2q

vuuut ð3Þ

where, Iobs and Icalc represent measured and calculated intensities,
respectively, at the 2ui position, the subscript i running over all
points in the refined angular range. Rp is mainly influenced by the
most intense diffraction maxima, such as the 00l reflections, which
contains essential information on the proportions of the different
layer types and layer thickness.

The theoretical XRD pattern related to the nacrite-NaCl
specimen was reproduced to fit the experimental one. The best
model belongs to the lowest reliability factor (7.14%). Furthermore,
we observe a satisfactory agreement between the experimental
and theoretical XRD patterns according to both intensity and
profile (Fig. 2).

Finally, we deduce the structural parameters of the stable
nacrite-NaCl nanohybrid per half unit-cell:

� One Na+ cation located at z = 0.98 � 0.01 nm
� One Cl� anion located at z = 0.66 � 0.01 nm
� One water molecule placed at z = 0.75 � 0.01 nm and is sand-
wiched between the cation and the anion.

z coordinates are taken from the oxygen surface oxygen along
the normal to the layer.

This model suggests the presence of a hydrated salt and is in
concordance with the qualitative analysis.

To sum up, the intercalated species stand vertically in the
interlamellar space of nacrite, where the cations are located close
to the ditrigonal holes of the tetrahedral layers and the anions are
located close to the inner-surface hydroxyls of the octahedral layer
of the subsequent sheet (Scheme 1).

The quantitative study of the nacrite-NaCl nanohybrid clearly
showed an interstratified stacking mode characterized by a
segregation tendency consisting of a total demixion of three types
of layers:

� Layer A at 1.10 nm attributed to a major fraction (78%) of the
intercalated nacrite.

� Layer B at 0.84 nm related to a minor fraction (20%) of the
hydrate.

� Layer C at 0.72 nm related to a minor fraction (2%) of the
unexpanded clay.

The proportions of each layer {WA= 0.78, WB= 0.20, WC= 0.02}.
The conditional probability of passing from layer i to layer j (Pij):

{PAA = 1, PAB = 0, PAC = 0, PBA = 0, PBB = 1, PBC = 0, PCA = 0, PCB = 0, PCC = 1}.
The mean number of layers per stacking within each crystallite

equals 14 �1, this value is very close to the experimental value M
obtained from the qualitative analysis.

The structural formula per half unit cell of the studied
nanohybrid at ambient temperature was then determined as;
004 006 008 0010
1.110 1.099 1.094 1.096
0.847 0.494 0.576 0.651

12
0.56 < 0.75



Fig. 3. Wavenumbers and assignments of the IR absorption bands in the 4000–
400 cm�1 spectral region for nacrite-NaCl nanohybrid and metanacrite-Na2O
nanohybrid.

Fig. 2. Best agreement between experimental and theoretical XRD profiles of
nacrite-NaCl nanohybrid material.
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(1�(a+d)) {Si2Al2O5(OH)4�NaCl�1H2O} + a {Si2A-
l2O5(OH)4�1H2O} + d {Si2Al2O5(OH)4�1H2O} = Si2Al2O5(OH)4�(1�
(a+d))NaCl�(1�d)H2O

with a = 0.2 (the fraction of the hydrate of nacrite) and d = 0.02 (the
fraction of non intercalated nacrite).

3.2. IR spectroscopy of nacrite-NaCl nanohybrid

By comparing the spectrum of nacrite-NaCl nanohybrid (Fig. 3)
to the spectrum of the untreated nacrite [19], it is possible to follow
the modification of the stretching and deformation vibrations.
These changes are manifested in the recorded spectrum of the
nacrite-NaCl nanohybrid by:

i) The weakening of the OH lattice stretching band since it is
located in the envelope of the strong HOH band.

ii) The appearance of HOH stretching and bending vibrations
which do not occur in the spectrum of raw nacrite.

iii) Shifts of d(Al��OH) and d(Al��O) deformation vibrations to
lower frequencies.

iv) Shifts of the Si��O stretching n(Si��O) and deformation
d(Si��O) vibrations to lower frequencies.

The weakening of the n(Al��OH) stretching vibrations as well as
the shifts of the d(Al��OH) deformation vibrations, indicate that
the inner surface hydroxyls of the octahedral layer form hydrogen
bonds with the Cl� ions: O��H� � �Cl�. It is important to note that the
Scheme 1. (a) Schematic representation of the alumina and silica-like layers of raw
nacrite; (b) Schematic representation of the nacrite-NaCl nanohybrid.
hydrogen bonds between the chlorides and the inner surface OH
groups are much stronger than those between the chlorides and
the inner OH groups [10].

A concomitant appearance of a new and strong water band at
3451 cm�1 is an indication that the intercalated H2O molecule is
bonded to both ions of the salt, the alkali and the halide [15,28].
The sodium cation is bound to the H2O oxygen by an ion-dipole
electrostatic interaction whereas the chloride anion is bound
through a hydrogen bond in which the water molecule acts as a
proton donor as follows: Na� � �O(H)��H� � �Cl [15,28].

It should be mentioned that shifts of the SiO stretching and
deformation vibrations in the infrared spectrum of the studied
nanohybrid indicate that these bonds are weak. This is due to the
strength of the bonds formed between water molecules and Cl�

ions. Consequently, the ability of the inserted water molecule to
donate its second proton to an oxygen atom of the silicate layer
leads to a weak Si��O� � �H��OH hydrogen bond. This result is in
great accordance with the previous studies of Yariv et al. [10] about
the keying of chloride salts into the kaolin-type minerals.

Finally, IR spectroscopy proved that:

� The Cl� halide anion interacts with the inner surface hydroxyls of
the alumina sheet through hydrogen-bonding.

� The Na+ alkali cation interacts electrostatically with the
negatively charged oxygens of the inner-surface oxygen of the
silica sheet.

� The intercalated water molecule only interacts with the Cl� and
Na+ ions.

3.3. Evolution of ATG from nacrite-NaCl nanohybrid to metanacrite-
Na2O nanohybrid

The thermal analysis of the nacrite-NaCl nanohybrid
Si2Al2O5(OH)4�(1�(a+d))NaCl�(1�d)H2O with {a = 0.2, d = 0.02,
(1�(a+d)) = 0.78 and (1�d) = 0.98} indicates that in-situ heat
treatment induces an amorphous nanohybrid at 723 K, proceeding
with heating till 873 K leads to a highly amorphous and disordered
nanohybrid material.

Thermogravimetric curves give evidence that the nanohybrid
nacrite-NaCl gradually loses mass from 298 to 1073 K (Fig. 4,
Table 2).
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Fig. 4. The TG curves of the nacrite-NaCl nanohybrid heated from 298 to 1073 K.

Table 2
Mass loss of the elaborated nacrite-NaCl nanohybrid.

Dm
m

–n H2O
per half unit-cell

mass loss 1 1.14% �1H2O
mass loss 2 0.49% �1H2O
mass loss 3 12.78% �2H2O
mass loss 4 0.60% �1H2O
Total mass loss 15.41%
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� The first remarkable mass loss is observed between 298 and
423 K corresponds to the removal of water molecules in the
pores.

� A second mass loss (0.49%) occured between 423 and 623 K and
belongs to the removal of the intercalated water molecule and
confirms the results obtained by XRD of nacrite-NaCl nano-
hybrid.

� The third mass loss is centered between 723 and 923 K (12.78%)
and was due to the calcination process of nacrite-NaCl nano-
hybrid. This loss confirms the departure of structural water. At
T = 723 K, the chemical decomposition of the nanohybrid per
half-unit cell can be expressed as follows:

Si2Al2O5(OH)4�(1�(a+d))NaCl ! Si2Al2O7�(1�(a+d))NaCl + 2H2O.

The product formed during the calcination is labeled amor-
phous nanohybrid: Si2Al2O7�(1�(a+d))NaCl (Table 3).

At T � 723 K, this step is eventually accompanied by the
evolution of the hydrogen halide which results from the following
thermal hydrolysis [29,30]:

Si2Al2O7 þ ð1 � ða þ dÞÞNaCl ! Si2Al2O7 �
1 � a þ d

� �� �
2

Na2O

þ ð1 � ða þ dÞÞHCl

� 1 � a þ d
� �� �
2

H2O:

During the calcination process, a liberated water molecule from
the clay surface is associated with Cl� to form volatile HCl. The
Table 3
Phase transformations during in-situ heat-treatement of nacrite-NaCl nanohybrid from

Temperature Nanohybrid Ch

T = 298 K nacrite-NaCl Si2
T = 723 K metanacrite-NaCl Si2
T = 873 K metanacrite-Na2O Si2
volatilization of HCl is responsible for a significant amount of
thermal mass loss of the examined nanohybrid. This phenomenon
causes the trapping of Na2O sodium oxide within the metanacrite
matrix. The nanohybrid formed during this step is highly
amorphous and has the following chemical formula:
Si2Al2O7�{(1�(a+d))/2}Na2O (Table 3).

� A fourth mass loss occurred between 873 and 1073 K may be due
to the evolution of hygroscopic water belonging to the sphere of
hydration of Na+ cation.

To confirm the newly developed highly amorphous phase of
Si2Al2O7�{(1�(a+d))/2}Na2O, ex-situ infrared spectroscopy (IR)
analysis is carried out. As shown in Fig. 3, it is possible to follow the
modifications of the stretching and deformation vibrations by
comparing the IR spectra of metanacrite-Na2O and nacrite-NaCl
nanohybrids. Indeed, at high wavenumbers, it should be men-
tioned that no bands are detected in the infrared spectrum of
metanacrite-Na2O, indicating the disappearance of the OH lattice
stretching band and lose of structural and intercalated water
during heat-treatment. However, at low wavenumbers, the
stretching vibrations n(Si��O) located at 1005, 1040, 1124 cm�1

and the Si��O deformation vibrations d(Si��O) located at 469 cm�1

are evidently observed with a slight change in their shape and
intensity, while the d(Al��O) deformation vibrations are shifted to
high wavenumbers from 535 to 715 cm�1 and the d(Al��OH)
deformation vibrations placed at 749, 801 and 915 cm�1 in the
spectrum of nacrite-NaCl are omitted in the spectrum of
metanacrite-Na2O. All these changes in the infrared spectrum
between metanacrite-Na2O and nacrite-NaCl imply that layered
structure is then destroyed and transformed into a disordered
metastate.

In the other hand, the similarity between the IR spectra of
metanacrite-Na2O and metanacrite [23] confirms the amorphocity
behavior of the metanacrite-Na2O nanohybrid. Nevertheless, we
note a slight shift and shape deformation between them indicating
the presence of content of sodium oxide trapped into the
metanacrite framework which corroborate the XRD and TG
analysis of this highly amorphous nanohybrid.

3.4. Electrochemical impedance spectroscopy of nacrite-NaCl
nanohybrid subjected to excitation of frequency under controlled
temperature

3.4.1. Nyquist diagrams
Nyquist diagrams illustrate the existence of semicircles in the

complex plane (Fig. 5). At high temperature, these semi-arcs shift
towards higher frequencies with a significant reduction of their
size from 573 to 923 K. We point out, that nacrite-NaCl nanohybrid
becomes more conductive at high temperature. We think that this
phenomenon is attributed to the deformation and destruction of
some physical characteristics of the host clay framework and to
some chemical characteristics of NaCl alkali halide. The resulting
data were fitted using the Zview software. The best electrical circuit
which reflects the response of the sample nacrite-NaCl is an
equivalent circuit type: Rs//(CPE, Rp). Rs represents the resistance of
 ambient temperature to 873 K.

emical formula (a= 0.2, d= 0.02) Phase

Al2O5(OH)4�(1�(a+d))NaCl�(1�d)H2O crystalline
Al2O7�(1�(a+d))NaCl amorphous
Al2O7�{(1�(a+d))/2}Na2O highly amorphous



Fig. 5. Complex impedance diagrams of nacrite-NaCl nanohybrid over the
temperature range (573–923 K).

Fig. 6. log(sdc�T) = f (1000/T) of nacrite-NaCl nanohybrid material in the tempera-
ture range between 773–923 K.

Table 5
ac activation energies values from 773 to 923 K of nacrite-NaCl nanohybrid material.

Frequencies ac activation energies: Ea(ac) [eV]

Temperature range
773 ! 798 K

Temperature range
798 ! 923 K

100 Hz 0.29 1.22
1 MHz 0.16 0.40
5 MHz 0.39 0.47
10 MHz 1.15 0.95
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grain connected in series, R is the resistance of grain connected in
parallel to a constant phase angle capability (CPE).

3.4.2. AC and DC electrical conductivity
The dc conductivity of nacrite-NaCl nanohybrid increases from

(5.01.10�6 S m�1) at 773 K up to (7.24 .10�5 S m�1) at 923 K (Table 4).
The logarithmic variation of the dc conductivity shows two slopes,
which corresponds to the activation energies. These values suggest
an ionic conduction process (Fig. 6). Moreover, the break in the
curve, attributed to the phase transition from crystalline to
amorphous state as determined in thermal analysis, indicates that
the ionic conductivity is strongly enhanced by the amorphization
of the nanohybrid.

The values of the activation energies Ea(ac) were determined
from the log curve log ðsacÞ vs 1000=Tð Þ (Fig. 6, Table 5).
Measurements of ac conductivity at high frequency (10 MHz)
indicates that the conductivity sac increases in terms of tempera-
ture from (3.63.10�3 S m�1) at 773 K up to (3.01. 10�2 S m�1) at
923 K (Table 4). The increase of ac conductivity measured at high
frequencies (10 MHz) is related to that of the number of free
sodium cations in the nanohybrid matrix and designates that the
ionic transport mechanism can be interpreted by the thermally
activated hopping process.

In the next part we detail the charge carriers responsible for
conduction in our nanohybrid before and after the temperature of
calcination.

� Before calcination, the nacrite-NaCl nanohybrid has a highly
crystalline structure according to the XRD profile. Based on the
Table 4
ac and dc conductivity values of nacrite-NaCl nanohybrid.

Temperature [K] ac conductivity: sdc (S.m�1) dc cond

f = 100 H

773 5.01.10�6 5.01.10�

778 5.24.10�6 5.24.10
783 5.37.10�6 5.37.10�

788 5.49.10�6 5.49.10
798 5.62.10�6 5.62.10
823 9.54.10�6 9.54.10
833 1.09.10�5 1.12.10�

838 1.28.10�5 1.28.10�

843 1.38.10�5 1.38.10�

848 1.65.10�5 1.65.10�

858 1.99.10�5 1.94.10�

873 2.60.10�5 2.63.10
898 4.16.10�5 4.07.10�

923 7.24.10�5 7.24.10�
strong interactions between the silicate network and the
intercalated species determined by IR, the structure of the
aluminosilicate ion (O2�, OH� and H+) can not contribute to the
conduction in the nanohybrid.

� In addition, H+ and OH� ions of water molecules intercalated are
eliminated due to dehydration that starts from 373 K as shown by
TGA. On the other hand, Na+ is known as an excellent charge
carrier in superionic solids motivated by its small ionic radius, its
low atomic mass. Besides Cl� anion appears to be a bit less
mobile than the Na+ cation. In conclusion, Na+ is the dominant
charge carrier in the nacrite-NaCl nanohybrid.

� During calcination, in the temperature range between 723 and
923 K, the nacrite-NaCl nanohybrid becomes metanacrite-NaCl
nanohybrid then metanacrite-Na2O nanohybrid containing large
uctivity: sac (S m�1)

z f = 1 MHz f = 5 MHz f = 10 MHz
6 1.51.10�4 3.23.10�4 3.63.10�3

�6 1.51.10�4 3.38.10�4 4.07.10�3

6 1.54.10�4 3.46.10�4 6.16.10�3

�6 1.54.10�4 3.63.10�4 6.45.10�3

�6 1.58.10�4 3.89.10�4 6.60.10�3

�6 1.62.10�4 4.07.10�4 6.76.10�3

5 1.69.10�4 4.26.10�4 6.91.10�3

5 1.73.10�4 4.26.10�4 7.58.10�3

5 1.77.10�4 4.36.10�4 8.31.10�3

5 2.13.10�4 5.37.10�4 1.00.10�2

5 2.29.10�4 5.88.10�4 1.00.10�2

�5 2.51.10�4 6.76.10�4 1.02.10�2

5 2.95.10�4 8.12.10�4 1.17.10�2

5 3.09.10�4 8.12.10�4 3.01.10�2



a

b

Fig. 7. a. e0 = f (log f) of nacrite-NaCl nanohybrid from 773 to 923 K. b. e00 = f (log f)
nacrite-NaCl nanohybrid from 773 to 923 K.
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amount of amorphous aluminosilicate (Table 3). TGA indicated
that in this temperature range, the de-hydroxylation is
characterized by the elimination of inner-surface hydroxyls
and inner hydroxyl of nacrite framework. Therefore, OH� and H+

do not contribute to ion conduction process. In addition, a new
Si��O��Al is created, which prevents O2� anions to participate
into the ionic transport mechanism.

Hence, concerning the amorphous nanohybrid Si2Al2O7�(1�
(a+d))NaCl (Table 4), the corresponding ionic conductivity
increases significantly in terms of temperature. The amorphous
structure favors the motion of Na+ ions. In addition, the highly
amorphous nanohybrid Si2Al2O7�{(1�(a+d))/2}Na2O showed a
higher conductivity value. This improvement in conductivity may
be explained by the presence of sodium content oxide into the
highly amorphous nanohybrid matrix through which the mobile
ions migrate. Different models have been proposed to describe the
appropriate dc conduction mechanism for this elaborated highly
amorphous nanohybrid. The 1st model: The NBO-BO switching
model [31–35] suggests that ion transport occurs during the
exchange process between the “Non-Bridging oxygens NBO” and
“Bridging oxygens BO”. This process causes the destabilization of
the cations (alkali ions) and requires a small activation barrier. The
2nd model: The alkali ion transport model proposed by
Anderson and Stuart [36]. It considers that the alkali oxide
(sodium oxide) reacted completely with the network by creating
oxygen non-bridging and free alkali ions (Na+). The model treats all
alkali ions as effective charge carriers. The alkali ion moves to a
position equivalent to another by crossing a characteristic
migration barrier, this model requires Ea(dc)� 1 eV. We conclude
then that the model “NBO-BO switching” is not consistent with the
experimental results. However, the alkali ion transport model
proposed by Anderson and Stuart is the best model that adequately
reflects the dc conduction mechanism (Fig. 6 and Table 6). We
conclude that the Na+ cation is the predominant charge carrier for
the highly disordered nanohybrid.

According to these experimental results, we conclude that the
amorphous structure facilitates the motion of ions compared to
that in the crystalline state. We conclude that the disorder and
defects are responsible for the motion of charge carriers. To
conclude, the ordered nanohybrid “nacrite-NaCl” behaves like a
good ionic conductor motivated by mobility and low ionic radius of
Na+ cation incorporated into the nanohybrid matrix. The highly
disordered nanohybrid “metanacrite-Na2O” exhibits a higher
conductivity and behaves like a superionic conductor due to the
competition of the size of the alkali metal ion Na+ and the presence
of disorder and defects. This suggests that there is a close
correlation between the structure and conductivity.

Finally, we compare our experimental results with a popular
class of electrolytes from the literature possessing high ionic
conductivity based on glassy amorphous alkali metal phosphates
Table 6
Assessment of the activation energies for dc conductivity of our elaborated
amorphous clay nanohybrid with a serie of composite materials based on glassy
phosphate.

Class of materials Ionic conductor materials Ea(dc) (eV) References

Clay minerals Si2Al2O7�{(1�(a+d))/2}Na2O 1.34 this work

Glassy phosphates LiLa(PO3)4 0.40 [38]
LiDy(PO3)4 0.96 [39]
LiGd(PO3)4 0.96 and 1.7 [40]
AgLa(PO3)4 1.22 [40]
KY(PO3)4 1.43 [41]
LiK(PO3)2 1.89 [42]
NaCeP2O7 1.39 [43]
[37]. We deduce the sensitivity of the ionic conduction to the guest
species and physical properties composition of the host matrix (see
Table 6).

3.4.3. Dielectric permittivity
Moreover, we discover that: At low frequencies (Fig. 7a and b),

the decrease in the dielectric constant and the increase of the
dielectric loss in terms of temperature corroborates the ac
measurements. This result confirms also the thermal behavior of
the studied nanohybrid characterized by the destruction of the
ordered structure of the nanohybrid in function of temperature
that does not allow the isolation of the Na+ cation in a localized site,
and therefore a faster motion of sodium cations may be expected.

Another interesting observation is that at a higher frequency
(f > 1 kHz) and for all temperatures (Fig. 7a and b), the variation of
dielectric functions (e0 and e00) slows down and becomes almost
constant. This behavior may be accredited to the fact that as the
frequency increases, the overall polarization (electronic, orienta-
tion, space charge polarizations, etc.) decreases and the dielectric
functions become almost frequency independent.

4. Conclusions

Summarizing, new nanohybrid material, namely nacrite host
matrix intercalated with NaCl alkali halide salt has been prepared
and characterized by several techniques. The increase of the host
matrix interlamellar distance from 0.72 up to 1.10 nm shows a
successful intercalation of the guest molecule maintaining, in the
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same time, the layered structure. The intercalation process was
also verified by accurate infrared spectroscopy. Additionally, the
electrical/dielectric properties were successfully enhanced by
heating to 923 K, showing that the thermal treatment employed
in this work is an effective route to obtain an amorphous
nanohybrid material with original properties.
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