Bull. Mater. Sci.
(2020) 43:90
https://doi.org/10.1007/s12034-020-2051-6

© Indian Academy of Sciences

Effect of intercalated anions on the electrical and dielectric
−
properties of NiAl-X layered double hydroxide (X = CO2−
3 , NO3
and H2 PO−4 ): investigation by impedance spectroscopy
F Z BOURAGBA∗ , W ELHATIMI, R LAHKALE, E M MOUJAHID and E SABBAR
Laboratory of Physico-Chemistry of Materials, Chemistry Department, Faculty of Science, Chouaib Doukkali University,
24000 El Jadida, Morocco
∗ Author for correspondence (Fz.bouragba@gmail.com)
MS received 15 May 2019; accepted 25 November 2019
Abstract. This paper reports the effect of interlayer species on the electrical and dielectric behaviours of a lamellar structure.
−
−
The successful intercalation of three oxyanions (CO2−
3 , NO3 and H2 PO4 ) in the interlayer space of NiAl-layered double
hydroxide (LDH) was confirmed by X-ray diffraction, Fourier transform infrared spectroscopy, thermogravimetric analysis
and inductively coupled plasma. Using complex impedance spectroscopy measurements, equivalent circuit consisting of
three serially connected R-CPE units was established for each sample. Each unit contains a resistance and a constant phase
element representing contributions of grain, grain boundary and electrode interface, which allowed the determination of
their electrical parameters. The adjustment of experimental data of conductivity by the double power law allowed the
determination of σdc and other conductivity parameters, and therefore, the investigation of the effect of intercalated anions
on NiAl LDH electrical behaviour. Indeed, dihydrogenophosphates intercalated sample was found to decrease σac over the
frequency range of measure, comparing to the other anions. The intercalation of this anion has also an effect on dielectric
properties, it reduces the value of dielectric constant of NiAl LDH, and shifts the maximum of tan δ towards medium
frequencies with a decrease in the value of loss tangent above 105 Hz. Carbonate and nitrate intercalated LDH showed a
similarity in their effect on electrical and dielectric properties of NiAl LDH.
Keywords. NiAl layered double hydroxide; intercalated anions; impedance spectroscopy; electrical equivalent circuit;
ionic conductivity; dielectric properties.

1. Introduction
LDH are a class of (2D) anionic clays with positively
charged brucite-like layers and intercalated charge balancing interlayer anions. LDH have the general formula
II
x+
n− x
x−
MIII
[M1−x
x (OH)2 ] [(A ) n · mH2 O] ; Usually noted as
MII MIII -A, where MII and MIII are respectively, divalent and
trivalent metal ions. An− is the charge compensating anion.
The low cost and flexibility in LDH composition and method
of preparation either with or without ulterior heat treatment
[1], and the fact that the gallery anions may be exchangeable [2], have attracted the interest of many investigators on
the application of LDH and their nanocomposites in a variety
of fields, such as catalysis [3–5], environment [6,7], corrosion inhibition, etc. [8–10]. Also, the high energy density of
LDH, the high redox activity and the pseudocapacitive nature
allowed their application in solid electrolytes and high energy
electrode materials (supercapacitors) [11–13]. But the use
of these materials in these fields required the hybridization
of LDH to overcome some defects, such as their poor conductivity and adverse agglomeration. Among layered-double
hydroxide materials, NiAl LDH has been the most promising
candidate in a variety of fields due to its properties making it
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favourable for different applications. For example, NiAl LDH
nanosheets were prepared by simple hydrothermal method
to improve electrochemical energy storage performance [14];
also NiAl LDH was used in nano-flakes fabrication for energy
storage application by growing the LDH on functionalized
carbon nanotubes [15]. In other recent work, NiAl LDH hollow microspheres were prepared and found to exhibit a high
specific capacitance and good cycling performance, which
allowed the successful assemblage of an asymmetric supercapacitor [16].
However, experimental studies interested in the investigation of electric and dielectric properties of these materials are
revealed with difficulty and are still scarcely discussed. This is
because LDH are in general, electronically heterogeneous, so
their characterization needs the determination of their electrical parameters. Hence, complex impedance spectroscopy
measurement is recently applied to LDH materials. For example, impedance spectroscopy was applied to ZnAl-NO3 LDH
to investigate the effect of pH of synthesis on the ac conductivity of this material [17]; also it was used to study the effect
of the molar ratio on the electric and dielectric properties of
MgAl-NO3 LDH [18]. In another work, the ion conducting
properties of CO3 -type- as well as the OH-type-layered
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double hydroxides were measured under saturated humidity
conditions (RH 100%) [19], only a few works have reported
the effect of intercalated anions on the ionic conduction in
LDH [20], but without describing this effect on the electric
and dielectric behaviours of these materials. For this reason, the present work is focussed on the study by impedance
spectroscopy of NiAl LDH intercalated with three different
oxyanions.

2. Experimental
2.1 Materials
Nickel nitrate (Ni(NO3 )2 ·6H2 O), aluminium nitrate
(Al(NO3 )3 · 9H2 O) (Fluka analytical ≥98%), sodium hydroxide (NaOH) (Fluka analytical >97%), sodium carbonate
(Na2 CO3 ) (Polysciences Inc., 99%) and sodium phosphate
monobasic (NaH2 PO4 ·2H2 O) (Panreac 99%) were used without further purification. Distilled water was used as solvent
throughout this study.
2.2 Synthesis of sample
Three LDH materials like NiAl-CO3 LDH, NiAl-NO3 LDH
and NiAl-H2 PO4 LDH with Ni2+ /Al3+ = 1.5 (molar ratio)
[21] were synthesized using the co-precipitation method at
constant pH (9.0 ± 0.5) for the first and the second materials
and by anion-exchange for the third one.
2.2a Preparation of NiAl-CO3 LDH: NiAl-CO3 LDH was
prepared by using the co-precipitation method at constant pH
(9.0 ± 0.5). Actually, this synthesis was carried out by a slow
addition of two metal nitrate solutions (Ni(NO3 )2 ·6H2 O
and Al(NO3 )3 ·9H2 O) with constant stirring at 70◦ C. The pH
value of the reaction mixture was controlled by dropwise addition of an aqueous solution mixture of NaOH and Na2 CO3
(1 mol l−1 ). The resulting slurry was aged at 70◦ C for 1 h,
then at room temperature for 24 h. The precipitate was washed
with distilled water many times to remove the excess of Na+
◦
and CO2−
3 and dried at 50 C for 16 h.
2.2b Preparation of NiAl-NO3 LDH: NiAl-NO3 LDH was
obtained using the same method used for the synthesis of
NiAl-CO3 LDH by using nickel nitrate and aluminium nitrate
as salt precursors, but to maintain the pH value at 9.5, sodium
hydroxide solution (1 mol l−1 ) was only used. The reaction
mixture was mixed under nitrogen atmosphere to avoid contamination by carbonate anions [22]. The obtained product
was repeatedly washed to remove the excess of Na+ and NO−
3
and dried at 50◦ C for 16 h.
2.2c Preparation of NiAl-H2 PO4 LDH: NiAl-H2 PO4 LDH
was obtained through an anion-exchange process [20,21].
Actually, 0.5 g of NiAl-NO3 LDH was added to an aqueous
solution of NaH2 PO4 ·2H2 O (0.4 mol l−1 , 500 ml) with

Bull. Mater. Sci.

(2020) 43:90

constant stirring under nitrogen atmosphere flow. The
reaction product was aged for 48 h, centrifuged and then
washed rigorously to eliminate the excess of Na+ and H2 PO−
4,
and finally dried at 50◦ C for 16 h.
The pellets used in impedance measurements were prepared
by weighing 300 mg of each sample, and then the powder is
placed in a mould and pressed using a hydraulic press under
a pressure of 1 ton. The mould diameter is 10 mm and the
thickness of the pellets depends on the powder nature (density, granulometry, water content, etc,). The pellets are placed
in a desiccator to avoid their contamination.
2.3 Characterization
Powder X-ray diffraction (PXRD) pattern of the samples
was recorded on an X-ray diffractometer (Bruker-Binary)
using CuKα (λ = 1.54187 Å). Fourier transform infrared
spectroscopy (FTIR) spectrum was carried out on a thermoscientific NICOLET iS10. Thermogravimetric analysis (TGA)
was carried out on an instrument from Shimadzu model DTG
60H, air flow rate of 200 cm3 min−1 . Inductively coupled
plasma (ICP) analysis was recorded using spectrometer VARIAN; reference ms/13/35. The sample dissolution is carried
out in nitric acid.
Impedance measurements were performed using a computer-controlled SOLARTRON analytical spectrometer
equipped with Modulab MTS software to ensure the acquisition and recording of experimental measurements. Actually,
the pellet is placed in the sample holder under the application
of a low sinusoidal voltage of 0.8 V, in a frequency range of
1 Hz–1 MHz at an ambient temperature (T = 20◦ C) and an
atmospheric relative humidity (76.4%). The pellet diameter
is 10 mm, and thickness is 0.536, 0.798 and 0.797 mm for
NiAl-CO3 , NiAl-NO3 and NiAl-H2 PO4 LDH, respectively.

3. Results and discussion
3.1 PXRD analysis
The crystalline phase of NiAL LDH samples was confirmed
by the PXRD analysis as shown in figure 1. XRD patterns
of the synthesized compounds have a good crystallinity and
show the hydrotalcite-like typical reflection peaks of (003),
(006), (009) and (110), with R 3̄m symmetry and hexagonal
lattice [23,24]. Comparing the patterns of the three samples, a
peak shift is noticed. The reason for this shift is the change in
the interlayer anions, which induce a change in the distance
d003 . The d003 represents the interlayer distance in the layered
double hydroxide structure and it increases from 0.771 to
−
0.873 and 0.926 nm upon intercalation of CO2−
3 , NO3 and
−
H2 PO4 , respectively (table 1), which confirms the successful
emplacement of the anions between the NiAl LDH layers. The
values of d-spacing determined through peak positions are in
a good agreement with works reported previously concerning
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Figure 1. PXRD patterns of NiAl-LDH compounds intercalated
by (a) carbonate, (b) nitrate and (c) dihydrogenophosphate with
indexing of patterns peaks.

Figure 2. Infrared spectrum of NiAl-LDH compounds intercalated
by (a) carbonate, (b) nitrate and (c) dihydrogenophosphate, showing
the characteristic bands.

Table 1. Lattice parameters of synthesized NiAl-LDH
intercalated by carbonate, nitrate and dihydrogenophosphate.

the antisymmetric stretching mode υ3 of interlayer carbonate
[23,28].
FTIR spectrum of the sample containing NO−
3 anions
(figure 2b) showed the appearance of a distinct peak at
1383 cm−1 [29,30]. This peak is characteristic of the nitrate
vibration and indicates that anions of NiAl-NO3 consist of
only nitrates, besides the hydroxyl ions.
The disappearance of nitrate-related bands in figure 2c
and their replacement by phosphate-related bands situated at
around 1200–900 cm−1 confirms the complete exchange of
nitrate ions with phosphate ions [25,30–32].
For all the samples, the presence of bands between 820–
430 cm−1 could be seen. These bands could be attributed to
the stretching vibrations of metal-oxygen υ(M-O) and oxygenmetal-oxygen bending vibrations δ(O-M-O) [23,28–30].

Sample
NiAl-CO3
NiAl-NO3
NiAl-H2 PO4

d003 (nm) d006 (nm) d110 (nm) a ∗ (nm) c• (nm)
0.771
0.873
0.926

0.381
0.436
0.452

0.151
0.151
0.151

0.302
0.302
0.302

2.313
2.619
2.778

∗a = 2 × d
110 .
•c = 3 × d
003 .

the intercalation of the same anions in the interlayer space of
LDH materials [22,25–27].
The d110 spacing of [110] plane is 0.151 nm for all the
samples [19,22,25], which means that the brucite-like layer
structure has not changed upon the intercalation of the three
anions. This is the reason for the octahedral LDH layer, which
is composed of nickel and aluminium and the d110 depends on
the radii of Ni and Al ions and the molar ratio between them.
3.2 FTIR
The infrared absorption spectroscopy has been carried out to
identify the nature and the symmetry of intercalated anions,
and the eventual presence of contamination or impurities.
Figure 2a, b and c illustrates the FTIR spectra of NiAlCO3 , NiAl-NO3 and NiAl-H2 PO4 , respectively. All samples
showed a broad, intense band at around 4000–3000 cm−1 due
to the OH stretching mode of layer hydroxyl and of interlayer
water [1,7–9]. The weak band at 1640 cm−1 is attributed to the
bending mode of water molecules, δ(H2 O) [23,28–30]. The
sample containing CO2−
3 anions (figure 2a) has a characteristic
vibration band situated at 1352 cm−1 . This band is due to

3.3 TGA
The thermal decomposition of the samples was monitored by
TGA. As seen in figure 3, LDH samples undergo the decomposition in three steps. All present materials exhibit notable
mass losses under 200◦ C, corresponding to the evaporation of
physisorbed and interlayer water [1]. The mass loss is larger
in the case of NiAl-CO3 , indicating higher water content for
this phase. The second region, which is in the temperature
range of above 200◦ C and below 300◦ C is ascribed to the
dehydroxylation of brucite-like layers and the beginning of
decomposition of interlayer anions [1,22,30]. The process
of anions decomposition is accentuated beyond 300◦ C for
NiAl-CO3 and NiAl-NO3 , which corresponds to the carbonate and nitrate decompositions [1,22], while this process is
not appearing for NiAl-H2 PO4 confirming the replacement of
nitrate anions by dihydrogenophosphate anions in the interlayer space [30].
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Figure 3. TGA curves of the as prepared NiAl-LDH compounds intercalated by (a) carbonate, (b) nitrate and (c) dihydrogenophosphate, showing the effect of the three anions on thermal decomposition of LDH. Steps of thermal decomposition: (1) dehydration,
(2) dehydroxylation and (3) departure of intercalated anions.

Table 2.
results.

Chemical analysis and formula of the synthesized LDHs determined using ICP coupled to TGA

Sample
NiAl-CO3
NiAl-NO3
NiAl-H2 PO4

% Ni2+

% Al3+

% H2 O

Rex

Chemical formula

43.18
39.26
41

12.48
12.30
12.55

19.80
16.38
15.72

1.59
1.47
1.5

Ni0.614 Al0.386 (OH)2 (CO2−
3 )0.193 ·1.260H2 O
Ni0.594 Al0.405 (OH)2 (NO−
3 )0.405 ·1.142H2 O
Ni0.600 Al0.399 (OH)2 (H2 PO−
4 )0.399 ·1.231H2 O

3.4 ICP
The result of elemental chemical analysis (table 2) shows
as expected that the experimental ratio Rex = Ni2+ /Al3+
obtained is very close to 1.5 for all the samples. The formula
is determined using ICP and TGA results for each material.
3.5 Electric and dielectric properties
3.5a Complex impedance: To have an insight into the
microstructure of polycrystalline materials, the complex
impedance plots are explained on the basis of a model,
which shows the contribution of grains, grain boundaries and
electrode interface conduction and polarization to the total
impedance of materials. In the case of NiAl LDH compounds,
the understanding of these contributions is achieved by modelling the Nyquist diagrams to an electrical equivalent circuit.
The Nyquist plots obtained for NiAl LDH compound measured at room temperature is shown in the figure 4. The
inset of figure 4a and b shows the enlarged view corresponding to Nyquist at high frequency side. It could be seen that
all the diagrams show a certain degree of decentralization
[18,33–35]. Also, the impedance plots are characterized

by the presence of spike-like nature at low frequencies
representing electrode–interface contribution [33,34], and
small arcs at high frequencies represent grain contribution
[33–35]. Grain boundaries contribution is confused with the
electrode–interface effect, forming a straight line. Symbols
in figure 4 represent the experimental data and the solid lines
represent the fit by an equivalent electrical circuit [36]. The
deconvolution of the plotted data curve allows the separation of the contributions and confirms the fit by completing
the depressed arcs and making them visible. Equivalent circuits for the three samples consist of three blocs serially
arranged, describing the contribution of grains, grain boundaries and electrode–LDH interface. Each bloc is a parallel
arrangement of a resistor R and a constant element phase
CPE, describing the heterogeneity of materials (figure 5).
CPE can be expressed as Z CPE = 1/T ( jω)P ; T is called
pseudo-capacitance and P the dispersion constant between 0
and 1. Definitely, Z CPE is equal to a pure resistance for P = 0
and pure capacitance for P = 1.
Equations (1 and 2) represent the mathematical model of
complex impedance related to the equivalent circuit proposed,
and they are used for fitting the experimental data. Equations
(3 and 4) are respectively, the real and imaginary part of
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Figure 4. ac impedance spectrum and the fitting lines of the NiAl-LDH compounds intercalated by (a) carbonate, (b) nitrate and
(c) dihydrogenophosphate, measured at room temperature and atmospheric humidity. The deconvolution of the plots shows the contribution
of grain, grain boundary and electrode interface.


 πP 
P
Rgb 1 + τgbgb ω Pgb cos 2gb
+
  P
2

P
πP
1 + 2τgbgb ω Pgb cos 2gb + τgbgb ω Pgb
Figure 5. Equivalent electrical circuit for NiAl-LDH modelling,
consisting on three blocs serially arranged of (R||CPE).

complex impedance of the circuit modelling the present
materials behaviour:
∗
Z ∗ (ω) = Z ei∗ (ω) + Z gb
(ω) + Z g∗ (ω),

Rgb
Rei
+
Pei
1 + ( jωτei )
1 + ( jωτgb ) Pgb
Rg
+
,
1 + ( jωτg ) Pg



P
Rei 1 + τei ei ω Pei cos π 2Pei
Z  (ω) =
 
2

P
P
1 + 2τei ei ω Pei cos π 2Pei + τei ei ω Pei

(1)

Z ∗ (ω) =

(2)




P
πP
Rg 1 + τg g ω Pg cos 2 g
+
 
2 ,

P
P
πP
1 + 2τg g ω Pg cos 2 g + τg g ω Pg

(3)




P
Rei 1 + τei ei ω Pei sin π 2Pei
Z  (ω) =
 
2

P
P
1 + 2τei ei ω Pei sin πP2 ei + τei ei ω Pei

 πP 
P
Rgb 1 + τgbgb ω Pgb sin 2gb
+
2
 πP   P
P
1 + 2τgbgb ω Pgb sin 2gb + τgbgb ω Pgb



P
πP
Rg 1 + τg g ω Pg sin 2 g
+
 
2 .

P
P
πP
1 + 2τg g ω Pg sin 2 g + τg g ω Pg

(4)
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Fitting parameters of the experimental data by the equivalent circuits for NiAl-CO3 , NiAl-NO3 and NiAl-H2 PO4 .

Contribution (i)
Grain (g)

Grain boundary (gb)

Electrode interface (ei)

Sample

Resistance
( ) Ri

Pseudocapacitance
(F) Ti

NiAl-CO3
NiAl-NO3
NiAl-H2 PO4
NiAl-CO3
NiAl-NO3
NiAl-H2 PO4
NiAl-CO3
NiAl-NO3
NiAl-H2 PO4

2.235 × 103
2.255 × 103
8.952 × 104
2.296 × 105
2.690 × 105
3.599 × 105
1.361 × 106
3.159 × 105
2.602 × 106

2.379 × 10−9
5.980 × 10−10
2.424 × 10−11
7.194 × 10−7
4.321 × 10−7
1.096 × 10−10
8.372 × 10−7
2.864 × 10−7
1.537 × 10−7

Dispersion
constant Pi

Relaxation time
(s) τi

Relaxation
frequency
(Hz) f i

0.772
0.867
0.987
0.576
0.678
0.879
0.729
0.773
0.579

1.472 × 10−7
1.696 × 10−7
1.827 × 10−6
4.387 × 10−2
4.182 × 10−2
9.767 × 10−6
1.196
4.467 × 10−2
2.053 × 10−1

6.8 × 106
5.8 × 106
5.5 × 105
22.794
24
1.023 × 105
0.836
22.38
4.869

The extract parameters Rei , Tei , Pei , τei , Rgb , Tgb , Pgb , τgb ,
Rg , Tg , Pg and τg are grouped in table 2, where Ri , Ti , Pi and
τi are respectively, resistance, pseudo-capacitance, dispersion
constant and relaxation time, and ifor the electrode interface
(ei), grain boundary (gb) or grain (g). Relaxation times were
calculated using the following equation (5):
τi = (Ri × Ti )1/Pi .

(5)

For all NiAl LDH compounds, the grain resistance is lower
than grain boundaries resistance (table 3), which means that
the grain boundaries are more insulating than the grains. This
is a characteristic of polycrystalline materials, where grain
boundaries act as a barrier for the charge carriers with high
capacitance [18,35,37]. Thus, the predominant contribution
to the total conduction of the samples comes from the grains.
Also, it could be seen from table 3 that the samples response
to the applied field does not show a significant change upon
−
intercalation of NiAl LDH by CO2−
3 and NO3 . Really, the
fitting parameters remain in the same range for the grain and
the grain boundaries with a small decrease in the resistance
and capacitance of the electrode-interface of NiAl-NO3 . However, the intercalation of H2 PO−
4 in the interlamellar space
of NiAl LDH increases the resistance of the grain and grain
boundaries, which increases the total resistance of the sample. Actually, NiAl-H2 PO4 phase represents the lowest water
content comparing to the other phases according to the TGA
results, in addition to the nature of the intercalated anion,
which is less conductive compared to the others. This induces
a decrease in the number of charge carriers in the interlayer
space, causing an increase in sample resistance.
The arcs in figure 4 are depressed below the real part of
impedance axis. This confirms the non-Debye like behaviour
of polycrystalline materials. Moreover, the non-Debye behaviour is proved by the existence of a distribution of relaxation
times [38–42].
Figure 6 illustrates the frequency dependence of the imaginary part of impedance for NiAl-H2 PO4 . It could be seen for

Figure 6. Z  vs. frequency plots for NiAl-LDH intercalated by
dihydrogenophosphate anions, showing relaxations corresponding
to electrode–sample interface and grain boundary.

Bode diagram, the appearance of two relaxation frequencies
corresponding to the contribution of grain boundaries and
electrode-interface. Comparing relaxation times determined
graphically to those calculated previously using fitting parameters (table 3), the choice of three blocs electrical equivalent
circuits and the parameters cited previously could be confirmed in all the samples. Bode diagrams for the other samples
are not presented because some relaxation frequencies are situated out of the frequency range of measurements.
3.5b Electric modulus: Intrinsic relaxation frequencies
have been investigated using the complex modulus formalism. It allows the study of polarization due to its relation to
the complex permittivity through equation (6):
M ∗ = M  + M  =

1
ε∗

(6)
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Figure 7. M  vs. frequency plots for NiAl-LDH intercalated by
dihydrogenophosphate anions, showing relaxation corresponding to
grains contribution.

M  = ωC0 Z 
M  = ωC0 Z 

(7)
(8)

where M  and M  are respectively, the real and imaginary
parts of complex modulus M ∗ , C0 the vacuum capacitance
and ε∗ the complex permittivity.
Figure 7 illustrates the frequency dependence of the imaginary part of complex modulus M  for NiAl-H2 PO4 . The
broadening of the asymmetric peak indicates the spread of
relaxation times and confirms the non-Debye behaviour [38].
This peak is related to the grain relaxation, while the grain
boundaries relaxation is masked in this formalism.
In general, the M  peak subdivides the plot to three distinct
regions. The region before the M  maximum where charge
carriers undergo long distance movement, the region after M 
maximum where charge carriers move over a short distance
because they become confined in their potential wells. This
region is not appearing for NiAl-CO3 and NiAl-NO3 because
it starts above 106 Hz, this is why the diagram is not presented
for the other samples. The third region is the M  maximum
where the transition or relaxation occurs.
All relaxation frequencies determined graphically are in a
good agreement with those calculated using fitting parameters
(table 3).
3.5c ac conductivity study: To investigate the effect of
intercalated anions on the electrical behaviour of NiAl LDH,
the ac conductivity analysis was carried out. Figure 8 shows
the ac conductivity of synthesized LDH measured at room
temperature in the frequency range of 1 Hz–1 MHz. The ac
conductivity data were obtained through the following equation:
σac



 −1

= Y × K = (Z )

×K

(9)

90

Figure 8. σac vs. frequency plots measured at room temperature
for NiAl-LDH compounds intercalated by (a) carbonate, (b) nitrate
and (c) dihydrogenophosphate.

where Y  is the real part of complex admittance, K the cell
constant (K = e/S with e the sample pellet thickness and S
the electrode surface). It could be seen for all samples that the
conductivity increases with increasing frequency. This is due
to the polarization decrease and the gradual decrease in series
resistance [41]. Because the electrode effect is extrinsic to
the material electrical behaviour contrary to that of grain and
grain boundary. The increase of conductivity with increasing frequency can be described through Jonscher’s universal
power law feature as:
σac = σdc + Ag ωn g + Agb ωn gb

(10)

where σdc is the sample direct current conductivity, Ag and Agb
correspond to the temperature dependent constants determining the polarizability strength in grain (g) and grain boundary
region (gb). n g and n gb are the power law exponent used to
determine the degree of interaction between mobile ions and
the lattice around them in grain and grain boundary regions.
According to the plot (figure 8), it is observed that LDH
intercalated carbonate and nitrate are showing similar electrical behaviour with a small increase in conductivity for the
nitrate intercalated sample, this similarity in the electrical
behaviour is due to the similarity in anions geometry (trigonal plane), contrary to dihydrogenophosphates intercalated
LDH. The low frequency region represents the dc conductivity, which is constant. It was determined by simulation
of experimental data using the equivalent electrical circuit
obtained for each sample, and confirmed using the following
expression:
σdc =

1
×K
Rs

(11)
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Figure 9. Fitting of ac conductivity (σac ) to double power law, at room temperature for the synthesized NiAl-LDH. ◦, data;
(a) grain fitting, (b) grain boundary fitting and σdc , dc conductivity determined by simulation at frequency tending to 0. (A) NiAl-CO3 ,
(B) NiAl-NO3 , (C) NiAl-H2 PO4 .

where Rs is the total resistance of the sample representing
the resistance of the three arcs in the Nyquist plot. The other
conductivity parameters were determined by the adjustment
of experimental data by the double power law (figure 9). It
could be seen in all samples the presence of two regions
in conductivity plots, (a) high frequency region for grain
contribution and (b) low and medium frequency regions
for grain boundary contribution. The obtained values of A
and n for each region for the three samples are grouped in
table 4.
According to the value of σdc reported in table 4, the three
samples are showing values in the same order [18]. But by
increasing the frequency, σac of dihydrogenophosphates intercalated sample is reduced compared to the other anions. This
is due to the large size of this anion and the increase of
the number of hydrogen bond through OH− around it. This
induces a slow in the movement of charge carriers in this
material compared to the others. Concerning carbonate and
nitrate intercalated samples; the movement of charge carriers

is furthered in these materials thanks to the delocalized bonds
in the two anions.
In addition to the intercalated anions, H+ protons provided
from the polarization of physisorbed and interlamellar water
molecules are considered also as charge carriers responsible
for the conduction within LDH materials.
The exponent n gives an idea about the kind of hopping
motion in the corresponding region, and this according to its
value. Actually, n < 1 means that the hopping movement of
charge carriers involves long-range movement with a sudden
hopping (a translational motion), whereas n ≥ 1 means that
the movement involves localized hopping [43,44].
For all samples, the value of n remains <1 for grain and
grain boundary regions (table 4), and this means that charge
carriers undergo the same hopping process in NiAl LDH materials, which is a long-range movement with a sudden hopping,
aside from the nature of intercalated species.
The polarizability strength in the grain region is higher than
the grain boundary region for all samples (table 4), which
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Values of σac fitting parameters to double power law, at room temperature for the synthesized LDHs.

Sample

σdc (S m−1 ) calculated

σdc (S m−1 ) simulated

Ag

ng

Agb

n gb

5.014 × 10−6
3.216 × 10−5
3.899 × 10−6

6.941 × 10−6
2.958 × 10−5
3.888 × 10−6

2.700 × 10−4
9.046 × 10−4
1.137 × 10−5

0.185
0.121
0.087

8.969 × 10−6
6.387 × 10−6
1.904 × 10−6

0.541
0.626
0.272

NiAl-CO3
NiAl-NO3
NiAl-H2 PO4

Figure 10. εr vs. frequency for NiAl-LDH compounds intercalated
by (a) carbonate, (b) nitrate and (c) dihydrogenophosphate.

confirms that the total conduction is governed by the grains.
We can also notice that the intercalation of dihydrogenophosphate anions reduces the polarizability strength of NiAl LDH
in both grain and grain boundary regions. These results are in
a good agreement with the previous results.
3.5d Dielectric study: The complex permittivity formalism has been investigated. This formalism is generally
employed to reveal significant information about physical and
microstructural properties of materials. It is expressed as:
ε∗ (ω) = ε (ω) − jε (ω)

(12)

where ε is the dielectric constant and ε the dielectric loss.
The dielectric constant is related to the capacitive nature of
the material and represents a measure of the reversible energy
stored from an external field in it by polarization [38].
Figure 10 shows the frequency dependence of the dielectric constant (ε ) for NiAl LDH compounds. As shown, the
three samples exhibit the same trend with higher values at
low frequencies and almost constant values at high frequencies. This variation is due to the electrode polarization effect
at the low frequencies, where the charge carriers follow the
applied field and then contribute fully to the polarization, and
the periodical reversal of field at high frequencies where the

Figure 11. Tangent of dielectric loss vs. frequency for NiAl-LDH
compounds intercalated by (a) carbonate, (b) nitrate and (c) dihydrogenophosphate.

charge carriers are not able to follow the applied field due to its
rapid variation. So the contribution to the dielectric constant
becomes negligible.
However, the gradual decrease of (ε ) representing the
relaxation, occurs at the same frequency region for both NiAlCO3 and NiAl-NO3 , while for NiAl-H2 PO4 , the relaxation
occurs at lower frequency region, which makes the dispersive
region smaller in this case. Also, the dielectric constant cor−
responding to compounds intercalated by CO2−
3 and NO3 is
−
higher than that of the compound intercalated by H2 PO4 . This
is probably due to the fact that H2 PO−
4 takes up more space in
LDH interlayer space with intermolecular interactions com−
pared to CO2−
3 and NO3 , conducting therefore, to more steric
hindrance and allowing the decrease in the dielectric constant
[45].
Frequency dependence of dielectric loss tangent for NiAl
LDH samples in the frequency range of 1 Hz–1 MHz is shown
in figure 11. The loss tangent (tan δ) can be expressed as
follows:
tan δ =

ε
.
ε

(13)

As shown in figure 11a and b, NiAl-CO3 and NiAl-NO3
have the same variation of tan δ with frequency. In fact,

90

Page 10 of 11

tan δ for the two samples is low at low and medium
frequencies, and show a maximum of energy dissipation at
high frequencies. The lowest value of loss tangent for NiAlCO3 is 0.52 and for NiAl-NO3 is 1.25. The intercalation of
H2 PO4 in the interlamellar space of NiAl LDH allows the
shift of the maximum of energy dissipation toward medium
frequencies and decreases the value of loss tangent to 0.08
above 105 Hz (figure 11c), which makes the use of this material interesting in these frequency ranges.

4. Conclusion
The effect of intercalated anions on the electric and dielectric behaviours of NiAl LDH material was investigated in
detail by the complex impedance spectroscopy. The samples
response to the applied field showed a similarity upon intercalation of NiAl LDH by carbonate and nitrate. However,
the intercalation of dihydrogenophosphate anions allowed the
increase of the total resistance of NiAl LDH material. The
intercalation of the three anions has also an effect on the ac
conductivity. Even if the movement of charge carriers under
the applied field is found to be a long-range movement in both
grain and grain boundary regions for all the samples, but the
intercalation of dihydrogenophosphates reduced the conductivity of NiAl LDH comparing to the other anions. Concerning
the dielectric properties, carbonate and nitrate samples were
found to exhibit the same behaviour with higher values of
dielectric constant comparing to LDH intercalated by dihydrogenophosphates. Moreover, the intercalation of H2 PO4
allowed to shift the maximum of energy dissipation from
high to medium frequencies, and to decrease the energy loss
to 0.08 at high frequencies. These results make the use of
this material interesting for energy storage precisely above
105 Hz.
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