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Abstract
Na super ionic conductive (NASICON) materials are ceramics with three-dimensional scaffolds. In this
study, Li1.4Al0.4Ti1.6(PO4)3 with NASICON structure was synthesized by Pechini method. As a result, a
sample having a total conduction of 1.18×10-3 S cm-1 was attained. In addition, various parameters were
studied to obtain high value of conductivity, by optimizing the process. The optimization was made
using L16 Taguchi based orthogonal array, followed by ANOM, ANOVA and stepwise regression. As a
result, the optimum synthesis parameters can be obtained, while pH of the solution was adjusted to 7.
The ratio between the concentration of citric acid to metal ions and ethylene glycol concentration stuck
to 1 and 2.5, respectively. The best heat treatment can be carried out with a combination of pyrolysis at
600 ºC and sintering at 1000 ºC. Keywords: L16 orthogonal array; NASICON; Pechini; Ionic
conductivity; ANOM; Stepwise regression; Electrochemical impedance spectroscopy; LATP;
Peroxotitanium.

1. Introduction
During the last decade solid lithium ion conductors have found widespread applications in areas
such as high-energy lithium ion batteries [1-3], electrochemical sensors [4-6] and supercapacitors
[7] due to their high ionic conductivity and relatively high chemical stability [8, 9]. Sodium
supersonic conductor (NASICON), with a 3D framework structure, is compound as a major fast
ionic conduction compound.
Various methods for the synthesis of this ceramic compound such as sol-gel [10-12], solid state [1315] and melt quenching [16-18] process have been used. Sol-gel has several advantages, such as:
much lower processing temperatures, a high homogeneity of the resulting structures, the possibility
of obtaining pure phase of multi-component metal oxides [19], low manufacturing cost, simple
stoichiometry control, and fast deposition rate [20]. Generally Alkoxides as organometallic reagents
[21, 22] or soluble metallic salts (used in Pechini method) [23-25], have applied for sol-gel

1

synthesis of this structure. However, the main disadvantage of alkoxides is their extreme sensitivity
to moisture and a high reactivity toward hydrolysis, which affect the hydroxylation process [26].
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Pechini process consists of two combined stages; a process of forming metal complexes and in situ
polymerization of organic compounds [27]. In general, hydroxycarboxylic acids are used to form
stable metal complexes. The polyesterification of metal complexes is reached using a polyhydroxy
alcohol and finally a rigid organic polymer is produced. Immobilization of metal complexes in this
rigid polymeric network ensures the compositional homogeneity. Thereafter, the polymeric resin is
calcinated and a pure phase of multi-component metal oxides is attained [28].
Xu et al. (2007) demonstrated that using citric acid-assisted sol–gel process, it is possible to obtain
well crystallized glass-ceramics of Li1.4Al0.4Ti1.6(PO4)3 at a much lower temperature in a shorter
synthesis time compared to the conventional solid-state method. They reported that the optimized
conditions for citrate-based manufacturing process are: the molar ratio of [citric acid + ethylene
glycol]/[Li++Al3++Ti4+] = 4 and pH = 7 [19]. Additionally, Mariappan et al. (2006) successfully
prepared NASICOnN-type nanostructured material by a Pechini like polymerizable complex
method. The optimum conditions of the synthesis process were [ethylene glycol]/[citric acid] = 1
with calcination of the powder precursor in the temperature range of 650 to 1050°C [26]. However,
a review of the literature shows that there are few reports on the effect of important parameters of
Pechini synthesis on the electrical property of NASICON materials.
Moreover, the investigation of relevant factors in synthesis processes has traditionally been carried
out by taking into account the factors in isolation and the ‘one factor at a time’ methodology which
is not considered efficient design strategy. An appropriate approach is to apply one of the proposed
experimental design methods such as factorial, response surface methodology, Taguchi and etc.
[29-32]. These techniques are able to simultaneously view on a number of factors at different levels;
however, such approach is hardly observed for the synthesis purposes. While in a synthesis process,
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such as sol-gel, there is a complex chemistry and there are several series of efficient parameters.
Therefore, to achieve the desired properties as a result of optimization in synthesis conditions, the
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use of experimental design is critical.
The aim of this study is investigating the effect of some important parameters including citric acid
to metallic ions ratio, pH, citric acid to ethylene glycol ratio, calcination and sintering temperatures
on the Pechini synthesis of NASICON type ceramic employing design of experiments. In addition,
the optimum synthesis conditions and a mathematical model for the conductivity value as a function
of synthesis parameters are provided. Electrochemical impedance spectroscopy and X-ray
diffraction analysis are used to characterize the properties of the final product obtained.

2. Experimental
Li2CO3 (Sigma-Aldrich), Ti powder, Al(NO3)3.9H2O and NH4H2PO4 (Merck) were used in the
synthesis of Li1.4Al0.4Ti1.6(PO4)3 powder (LATP). In the early stage, peroxotitanium solution was
prepared by dissolving Ti metal powder (Sigma-Aldrich, 99.98%) in hydrogen peroxide (Merck,
30%) and ammonia (Merck, 25%). To prevent the precipitation of Titanium hydroxide and
achieving a stable, transparent sol, citric acid is added. [33]. Further, a solution of lithium
carbonate, ammonium dihydrogen phosphate and ethylene glycol (EG) (Sigma-Aldrich, >99%) was
added to make the final solution. The esterification reaction at 80 °C after 3 hours transfers the sol
into a solid, rigid gel. The final product will be prepared by two steps of heat treatment on the
formed gel. Both calcination and sintering procedures were carried out using an aluminum crucible
in a Carbolite tube furnace (air atmosphere) with a heating rate of 2 °C min -1 up to the final
temperatures, the samples were 2 h. The synthesis procedure is illustrated in Figure 1 .
Phase analysis was performed by X-ray diffraction, XRD, (Bruker D8) using Cu-Kα radiation
(λ=1.5419Å) over the 2θ range of 10°-70° in 0.02° steps. To measure the ion conductivity,
cylindrical disks with 13mm diameter and 2mm thickness were prepared and silver ink was used to
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make the blocking electrodes at both sides of the pellets. The complex impedance measurements
were performed using Autolab impedance analyzer over the frequency range of 1–106 Hz at 50
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points.
According to previous studies pH, CA/M and CA/EG ratios of the prepared sol, as well as calcining
and sintering temperatures were selected as the most effective parameters in our selected synthesis
method [19, 26, 34]. Where M is the total moles of metallic ions present in the solution .
The L16 orthogonal array of Taguchi method [35] was used in order to optimize the results and find
out the most important parameters. Then ANOVA was used to determine the effectiveness of each
parameter on the conduction through grains and grain boundaries. Regression analysis is carried out
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to find the optimum synthesis conditions by using stepwise backward elimination in order to obtain

maximum ionic conductivity .
Figure 1- The Pechini synthesis of NASICON type structure. (1) The filtering step is to remove unreacted titanium powders
from the solution. Afterward the citric acid has to be added immediately to stop titanium to react with water. (2) No
additional binder was used for the disk preparation.

To define each factor the L16 array must be evaluated in four levels (Table 1) in a range that is
selected based on the earlier literature [19, 26]. L16 proposes 16 different runs with different
combinations of each selected factors (Table 2).
Table 1- The defined values for each level of studied parameters. M is the total moles of metallic ions present in the solution .

pH CA/M CA/EG Tcal..(°C) Tsin..(°C)
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5
6
7
8

0.75
1
1.5
2

0.5
1
2
2.5

550
600
650
700

1100
950
1000
1050

Table 2- The proposed runs based on the L16 orthogonal design

Run pH CA/M CA/EG Tcal..(°C) Tsin..(°C)
1
5
0.75
1
550
1100
2
5
1
1.5
600
950
3
5
0.5
2
650
1000
4
5
2
2.5
700
1050
5
6
0.75
1.5
650
1050
6
6
1
1
700
1000
7
6
0.5
2.5
550
950
8
6
2
2
600
1100
9
7
0.75
2
700
950
10
7
1
2.5
650
1100
11
7
0.5
1
600
1050
12
7
2
1.5
550
1000
13
8
0.75
2.5
600
1000
14
8
1
2
550
1050
15
8
0.5
1.5
700
1100
16
8
2
1
650
950

3. Results and Discussion
3.1. Electrochemical Impedance Spectroscopy Studies
A typical recorded Nyquist diagram for the 16 samples is illustrated in Figure 2. The Ri values of
each tested sample, were determined from the simulated Nyquist plots as shown in Figure 2. The
equivalent circuit for the assembly consists of pure resistance (R0 and R1) and a constant phase
element (CPEe and CPE1). There is no doubt that R0 + R1 is the total resistance (Rtotal) of the
sample. However, there are some arguments about the determination of grain and grain-boundary
resistance (Rb and Rgb). Several reports directly attributed R0 to the resistance of ion migration in
the mass of LATP; while, R1 was attributed to the grain boundary of the LATP plate [36-39].

6

Downloaded from ijmse.iust.ac.ir at 14:17 IRDT on Thursday August 16th 2018

Figure 2- A typical recorded Nyquist plot along with the simulated curve using the presented equivalent circuit. R0 and R1
represents the resistance of grain and the grain boundary respectively. A handmade setup was used to measure the
impedance in solid state m mode. Silver ink was applied on both sides of the prepared disk to have electrodes with a good
contact. Two cupper plates were delivered the electricity from the instrument connections to the coated electrodes while a
same amount of pressure was applied to tighten the cell. 50 logarithmically spaced points were recorded for each sample in
the frequency range of 1–106 Hz at room temperature.

To compare the data from different samples, the conductivity value of each sample was calculated
using the following equation. As a result, the final value was corrected with regards to the
dimensional differences of the samples.

where

and

are the conductivity and the resistance of component i, and t and D are thickness

and diameter of the analyzed disk, respectively. The values of the total conductivity (
conductivity of the grains (

) and the conductivity of the grain boundaries (

) are listed in Table

3.
Run
1
2
3
4
5
6

σtotal (S.cm-1)
2.5×10-5
3.5×10-5
7.0×10-5
9.6×10-6
4.3×10-5
5.5×10-5

σb (S.cm-1)
8.3×10-3
3.9×10-3
4.4×10-2
4.0×10-3
5.5×10-3
1.9×10-3

7

), the

σgb (S.cm-1)
2.6×10-5
3.6×10-5
7.0×10-5
9.6×10-6
4.3×10-5
5.6×10-5
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7
8
9
10
11
12
13
14
15
16

4.7×10-5
3.9×10-5
1.3×10-5
1.5×10-4
1.1×10-4
1.6×10-5
1.0×10-4
3.5×10-5
4.2×10-5
2.4×10-6

2.7×10-2
8.0×10-3
4.2×10-2
1.8×10-2
3.3×10-2
1.6×10-2
6.7×10-2
2.0×10-2
1.2×10-3
3.4×10-4

4.9×10-5
3.9×10-5
1.3×10-5
1.5×10-4
1.1×10-4
1.6×10-5
1.0×10-4
3.5×10-5
4.3×10-5
2.5×10-6

Table 3- Calculated conductivity values base on the recorded electrochemical impedance spectra of each samples. σ total = total
conductivity, σg = grain conductivity and σgb = grain boundary conductivity. All the values are normalized concerning the
electrode area and the thickness of the disk.

Based on the fact that the resistance of grains and grain boundaries behave like a serial circuit (R total
= Rb +Rgb), and taking into account the conductivity values (Table 2), it can be concluded that the
rate limiting step of ion migration in this conductive system is the conduction through the grain
boundaries.
The results of Table 3 reveal that samples 10 and 11 are evaluated as the two most conductive
samples. Although the grain conductivity for sample 11 is higher, the ions migrate faster through
grain boundaries of sample 10. Consequently, sample no. 10 is performed as the most conductive
sample among all others in this study. Figure 3 shows a schematic comparison of three possible
conductivity classes between these two samples .

Figure 3- Schematic comparison between two most conductive samples of this study (sample no 10 and 11). Higher grain
conductivity for sample no. 11 is due to the presence of larger fraction of conductive phase in the structure, however its lower
grain boundary conductivity is due to the fact that this sample has lower crystallinity in compare with sample no 10 .
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Looking through the results of grain conductivity (σg) demonstrates that sample 13 is the most
conductive sample. However, due to its low σgb, the final value of the overall conductivity is
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inconsiderable .
It can be assumed that the low grain boundary conductivity (σgb) of this sample results from the
small size of the grains in this structure. To evaluate this hypothesis, the duration of the sintering
process was increased from 2 to 6 h. A longer dwelling time at high temperature leads to a better
diffusion and larger grains in the structure. Therefore, the proportion of grain boundaries as
resistance barrier drops. This phenomenon can be observed in Figure 4, where the curvature
corresponding to the sample sintered for 2 h, is almost eliminated for the sample sintered for 6 h.
Overall conductivity of the samples sintered for 2 and 6 h is 1.02×10-4 and 1.18×10-3 S cm-1,
respectively.

Figure 4- The effect of sintering time on the impedance behavior of Sample 13. Longer dwelling time at high temperature
caused an increase in grain boundary conductivity which is a sign of courser grains of the structure .

3.2. X-Ray Diffraction Study
To have a better understanding of the difference between sample 10 and 11, the XRD patterns of
these two structures were recorded (Figure 5). In order to identify the phases present in each
sample these were compared with the corresponding patterns presented in previous studies 19 40 .

9

he result of this comparison shows the successful synthesis of pure L

P. he pattern was easily

indexed to rhombohedral unit cell ( 3 C space group), using Le-bail refinement with GSAS
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software. The lattice constant of the corresponding hexagonal cell (a, c) are determined as 8.5000(7)
and 20.817(4) Å; while the reported parameters for LiTi2(PO4)3 structure is 8.51 and 20.88 Å [41].
Small shrinkages in A and C axes are the result of Ti/Al substitution [42, 43]. While this doping
leads to a decrease of the cell parameters, increasing the population of Lithium ions maintains the
stability of the electrical charge balance of the system. This impregnation will enhance the
conductivity of the system.

Figure 5- XRD recorded patterns (Cu-Kα) of two most conductive samples (no 10 and 11). (⁕) belongs to a secondary phase.
Sample no.10, shows sharper peaks with larger signal to noise value. However, the recorded pattern of sample no. 11
represents broader peaks which is due to smaller size of crystallite. Shown extra peak (□) in sample no. 10 is owed to the
presence of secondary phase in the structure .

Talking about the previous comparison, the full width at half maximum (FWHM) of the samples 10
and 11 were measured as 0.08 and 0.12, respectively. With respect to the inverse relationship
between the grain size and FWHM, sample 10 has larger grain size as compared to sample 11. This
observation is in accordance with the calculated grain boundary conductivities of EIS data.
On the other hand, a small fraction of secondary phase (□) can be seen in sample 10 (Figure 5). As a
result the conductivity of the crystalline part (σb) will be less than the sample 11, which contains
pure NASICON structure.
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3.3. The statistical analysis of the responses
The purpose of the statistical analysis of the responses (the conductivity values obtained from
Electrochemical Impedance Spectroscopy) is: justifying the trend of response variation by changing
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the level of the factors, the importance of factors influencing the response and finally suggesting a
correlation between the factors and the responses.
ANOVA and ANOM studies on the experimental data were carried out to determine the significant
synthesis parameters and the optimum combination of synthesis parameters associated with σ b σgb
and σtotal.
3.3.1. ANOM analysis:

The analysis of means (ANOM) is used to define the optimum combination of parameters, and
estimating the main effects of the individual parameter [44]. The average values for the logarithm of
σg σgb and σtotal at levels 1, 2, 3 and 4 of the five input synthesis parameters have been considered as
the main effect of the individual parameters. The main effect of the different synthesis parameters
on different responses can be seen in Figure 6. The strong correlation between the total conductivity
and conduction through grain boundaries can be observed in this figure for each synthesis
parameter .

11
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Figure 6- The main effect of each synthesis parameters on σg, σgb and σtotal. a) There is an upward trend in the case of grain
conductivity while for the grain-boundary conduction the maximum value can be achieved pH=6. b) High values of citric acid
increases the possibility of second phase formation and a structure with fine grains. c) Smaller amount of EG enhances the
quality of the Pechini gel with final structure with courser grains. d) The best temperature for the calcination propose would
be at 600ºC, where larger grains LATP ceramic will forms. e) Although High sintering temperature will increase the grain
growth rate, some secondary phased may forms due to the decomposition of NASICON structure .

In fact, it is not possible to infer the observed oscillation of the plotted curves, due to the complex
chemistry of this system. There are some standard facts which can be used as evidence of such
behavior. Further investigation requires more analysis, which is not the aim of this study. The
possible hypothesizes can be listed as follows:


The dissociation of citric acid and ethylene glycol is highly dependent on pH [45].



An increase in the nucleation sites under high ethylene glycol concentrations [46].



In high concentrations of citric acid, more numbers of CA molecules can chelate the metal ion.
Larger complex requires diffusion in a long way in the chemical reaction to take part. It means a
high probability of the formation of by-phase [46].
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The prevention of crystal growth as a result of an increase in the calcination temperature.
Therefore, the higher temperature of calcination, produces smaller particle size [47].
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The decomposition of NASICON structure at high sintering temperature [48].

Here the optimum conditions for the synthesis of a structure with a maximum total conductivity can
be obtained. In some cases, the mean of two different levels are almost the same, therefore, the level
which causes the highest grain conductivity is selected as the optimum synthesis condition.
The optimum values for the synthesis parameters are pH: 7, CA/M: 1, CA/EG: 2.5, Tcal: 600ºC and
Tsin: 1000ºC, (Figure 6).
3.3.2. ANOVA analysis:

Although ANOM (where only simple arithmetic operations are included) generates answers to
major problems, the questions concerning the influence of factors on the variation of results can
only be answered by analysis of variance (ANOVA). For this reason, the variance of all three
responses was analyzed by this method. The contribution of each parameter can be summarized as
the result of SSfactor to SStotal ratio (Figure 7).

Figure 7- Contribution percentage of each selected parameter for different responses. The concentration of citric acid has
been presented as the most important parameter for all the types of conductivity. While change in sintering temperature will
impose larger fluctuation in case of grain conduction in compare with conductivity through grain boundaries .
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3.3.3. Stepwise Regression:

he mathematical models for σg σgb and σtotal were established by stepwise regression method.
The backward elimination approach (one-sided p< 0.05) begins with the first and second order of
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the parameters in addition to any interaction terms .
The ability of the stepwise model to represent the experimental data is evaluated by ANOVA. The
results of NOV for stepwise model of σtotal are shown in Table 4 .
Table 4- The degree of freedom value represents the number of terms in the proposed mathematical model. The small
difference between the values of adjusted R square and predictable R square can confirm the goodness of the fit [49,50].
Source
DF F-Value P-Value R2 (adj) R2 (prd)
Grain conductivity
Regression
5
597.69
0.000
99.47
99.2
Error
11
Grain boundary conductivity
Regression
3
901.95
0.000
99.41
99.2
Error
13
Total conductivity
Regression
3
1011.24
0.000
99.47
99.3
Error
13

Since in these cases, P values of the regression are less than 0.05, the mathematical relationship
between σi (I = g, gb and total) and the synthesis parameter is appropriate and the following
equations are obtained as follows:

3.3.4. Interaction terms

Figure 8 presents three proposed interaction terms in the mathematical models. Although the first
two terms do not show any significant interaction, the CA/EG behaves differently in altered
concentrations of citric acid. The above mentioned direct correlation between lower EG
concentration and grain size is effective while a sufficient amount of citric acid in the solution is
available. However, lowering the amount of EG (high values of CA/EG) limits the esterification
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reaction due to the lack of reactant; because there is small amount of functional groups of the citric
acid to bond with ethylene glycol. Weak gelation reaction is followed by inhomogeneity in the
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distribution of the metal ions and less crystalized structure after sintering is obtained. This disorder
has a direct influence on the conduction through grain boundaries .

Figure 8- Interaction terms in mathematical model. a,b) pH has little impact on the function of the CA/M and CA/EG. c)
Ethylene glycol behaves contrary in different concentration of citric acid in the production of LATP structure .

4. Conclusions
LATP structure Li1.4Al0.4Ti1.6(PO4)3 was successfully synthesized by wet chemical method. In this
study, peroxo-titanium precursor was used as the titanium source. Phase structure study proves the
achievement of high purity NASICON phase. The electrochemical impedance spectroscopy results
for some tryouts show a remarkable value of conductivity (in the order of 10-3 S.cm-1). The values
given for the total lithium conductions ranged from 10-4 S.cm-1 [25, 51-53]. Xu et al. (2008) [40]
have previously reported that the total conduction is in the same range for the same structure using
SPS technique (Spark Plasma Sintering); which has its own specific complexities and intricacies.
However, by using easy and convenient Pechini method the LATP structure with the maximum
total conduction of 1.18×10-3 S.cm-1 can be attained.
The statistics show the amount of the contribution for grain and grain boundary conductivity. In
both cases, CA/M is the most influential parameter which is followed by sintering temperature as
the second significant factor. The proposed mathematical formulas contain three interaction terms
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in which CA/M×CA/EG has the higher coefficient than other two terms. This fact is due to the very
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different trend for the impact of CA/EG on the grain conductivity .
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