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ABSTRACT

In this study, the electrical characteristics of spark plasma sintered Li;«MZr,(POy); solid
electrolytes, underlining the impacts of gadolinium (Gd) substitution on lithium-ion battery
performance in comparison to conventionally sintered samples. The samples with different
amounts of Gd (x= 0.1, 0.2, and 0.3) were sintered by both SPS and conventional methods and
characterized using advanced techniques, including field emission scanning electron
microscopy (FESEM) for microstructural analysis, X-ray diffraction (XRD) for phase
detection, and energy-dispersive X-ray spectroscopy (EDS) for elemental analysis. A
significant improvement in densification and a subsequent reduction in porosity are observed in
the SPSed samples, which is the main reason for their enhanced structural integrity. However,
this increase in densification is accompanied by a complex relationship in which the presence
of Gd may hinder ionic transport compared to conventionally sintered samples. Optimizing the
Gd content to balance ionic conductivity and structural stability, which supports the
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development of solid electrolytes for lithium-ion battery applications, was emphasized.

© 2025 The Authors. Published by Synsint Research Group.

1. Introduction

In recent decades, lithium-ion batteries have gained significant
commercial and scientific attention among the different metal-ion
batteries. Lithium-ion batteries possess several industrial devices and
portable electronic applications, including laptops, mobiles, electric
vehicles, and energy grids [I, 2]. Much effort has been made to
improve the performance of the new generation of lithium-ion batteries
(LIBs), like improvement of their power and energy densities,
enhancing their cost-effectiveness, and, more importantly, enhancing
their safety for large-scale applications [3, 4].

Different safety challenges like leakage, restricted operational
temperature range, and flammability can be minimized by developing
the all-solid-state batteries in which the liquid electrolyte used in

* Corresponding author. E-mail address: z.khakpour@merc.ac.ir (Z. Khakpour)

conventional batteries is replaced with a solid electrolyte. Additionally,
using a solid electrolyte in the battery can contribute to higher energy
density and a longer cycle life [2, 5, 6].

Recently, several studies have focused on the transport and structural
behavior of a broad variety of inorganic solid electrolytes.
Nevertheless, researchers still try to attain an optimal and affordable
solid electrolyte that offers ionic conductivity comparable to that of
liquid electrolytes, along with good electrochemical, mechanical, and
thermal stability, and low resistance at the electrode interface for
commercial applications [7, 8].

NASICON-type solid electrolytes (Li-ion conducting Na;Zr,Si,PO,)
are known for their decent ionic conductivity, strong chemical stability,
and relatively low interfacial resistance compared to other inorganic
solid electrolytes, such as sulfides, oxides, and hydrides [9, 10].
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Table 1. Representation of the coding system of the prepared system
based on their compositions.

Sample code X Composition
LZP 0.0 LiZry(POs)s
LZPG1 0.1 Li; ;Gdg 1 Zr; o(PO4)s
LZPG2 0.2 Li; ,Gdg»Zr 5(PO4)3
LZPG3 0.3 Li; 3Gdo3Zr; 7(PO4)3

LiZr,(PO,); (LZP) is a NASICON-type solid electrolyte, fitting the
general formula LiX,(PO,);, where X can be Ge, Ti, or Zr. The LZP
structure features a robust framework composed of corner-sharing POy
tetrahedra and ZrOg octahedra, creating a 3D network of interstitial
tunnels that facilitate the easy diffusion of Li-ions [11]. Both
LiGey(POs); and LiTi,(PO,); present greater ionic conductivity values
compared to LZP [12]. In contrast, LZP demonstrates excellent
chemical stability when in contact with Li metal, which can be
attributed to the stability provided by the Zr*" ion [13].

LZP has complicated polymorphism according to the starting
compounds and synthesis conditions utilized for the fabrication of the
material [14, 15]. The formation of LZP during synthesis is enhanced
by using a higher annealing temperature (>1100 °C), resulting in its
crystallization in the triclinic phase at room temperature and a
transition to the thombohedral structure at 60 °C [15]. LZP crystallized
in the thombohedral phase demonstrates the highest ionic conductivity
owing to its advantageous crystal arrangement, which facilitates the
rapid diffusion of Li-ions. The phase formation could be influenced by
the selection of initial precursors, especially the one used for the Zr
source [16]. Recent research indicates that by optimizing the sintering
parameters, Zr precursor, and doping methods, LZP can be synthesized
to crystallize in the rhombohedral phase at room temperature [17-19].
In the present study, Li;+«MZr, «(PO4); solid electrolytes with different
amounts of gadolinium (Gd) (x= 0.1, 0.2, and 0.3) are sintered by both
SPS and conventional methods to study the effect of Gd on the
densification and conductivity of this material.

2. Experimental

2.1. Materials and processing

To prepare the formula Lijx MyZr,«(PO4); with M=Gd, stoichiometric
ratios were set for x=0.1, 0.2, and 0.3, with an additive-free sample
prepared as a reference. To achieve this, the raw materials —ZrO,,
Li,CO;, (NH4),HPO,4, and Gd,O;— were weighed according to their
respective weight percentages, as detailed in Table 1, and then
thoroughly mixed.

The additive-free sample was prepared according to the weight
percentage of the initial materials listed in Table 2. It should be
mentioned that due to the high volatility of Li,CO; at elevated
temperatures, an additional 10 wt% was added to compensate for
potential loss during processing.

Table 2. Weight percentage of the initial materials.

Raw materials 71O, Li,COs (NH,4),HPO,

wt% 36.27 5.44 58.29
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Fig. 1. Synthesis heating program of powder mixtures.

After weighing, Gd,O; based on the compositions was added to powder
mixtures. Then, the powders for each sample composition were mixed
for 20 min using a tubular mixer. Then, to dehydrate the mixed powder
from the absorbed water, the mixtures were poured into 100 cc alumina
crucibles and placed in an oven at 110 °C for 4 h. In the next step, the
obtained powder mixtures were dry milled using zirconia cups and
balls in a planetary ball mill for 1 h at 220 rpm speed. Then, the four
obtained powder mixtures were poured into four alumina crucibles and
placed inside a box furnace with an air atmosphere to carry out the
synthesis process, as outlined in Fig. 1.

After completion of the heating program, the furnace was turned off
and allowed to gradually decrease the internal temperature and slowly
anneal to ambient conditions. Then, the synthesized powders were
removed from the oven. Due to the phosphate nature of the compounds,
the powders formed as puffs during the process, likely due to the
release of gases. Fig. 2 displays one of the ceramic crucibles removed
from the furnace. After the synthesized powders were separated from
the ceramic crucibles, they were milled in a planetary ball mill for 1 h
at a speed of 300 rpm and then passed through a 400-mesh sieve. The
obtained powders, with particle sizes less than 37 pum, were prepared
for shaping and further analysis.

Fig. 2. One of the ceramic crucibles including synthesized powder

removed from the furnace.
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Fig. 3. Heating program of furnace after pressing.

After synthesizing the powders, coin-shaped samples were prepared
from each composition by applying an initial pressure of 10 MPa and a
final pressure of 80-100 MPa using a uniaxial hydraulic press. The
samples had a diameter of 13 mm and a thickness of 89 mm. The
prepared coin-shaped samples were placed in alumina crucibles and
sintered in a box furnace (Amalgam model, Iran) according to the
temperature program illustrated in Fig. 3. The sintering of the samples
was carried out using the muffle method in a powder bed to minimize
contamination and the release of volatile substances.

To manufacture the samples using the spark plasma sintering method, it
was anticipated, based on references, that LZPG3 would yield the best
results. Therefore, due to economic constraints, only LZP and LZPG3
were selected for spark plasma sintering. LZP and LZPG3 powders
were loaded into a graphite mold lined with thin, flexible graphite foil
to prevent sticking and chemical reactions between the mold and the
powders. The sintering process was performed at the temperature
1200 °C for a dwell time of 20 min under a mechanical pressure of 30
MPa in a vacuum.

2.2. Characterization

The densities of the synthesized powders were measured by glass
pycnometer based on the EN 1097-6. The bulk densities of the sintered
samples were measured using the Archimedes method. The relative
densities were then calculated by dividing the measured bulk densities
by the theoretical densities. The crystalline phases of both the
synthesized powders and the as-sintered samples were identified using
X-ray diffraction (XRD, Philips PW3710) analysis. The morphology of

specimens were examined using field emission scanning electron
microscopy (FESEM, Tescan S8000). Elemental composition analysis
was conducted using energy-dispersive X-ray spectroscopy (EDS). In
addition,
impedance analyzer (Autolab-PGstate30) on the polished samples,

conductivity measurements were conducted using an

which were coated with gold by magnetron sputtering for their high
electrical conductivity.

3. Results and discussion

3.1. Synthesized powder samples

The results of XRD analysis of synthesized powders are illustrated in
Fig. 4. As seen in Fig. 4, the sharp peaks with strong intensity indicate
that the synthesized powders are fully crystalline, with no presence of
amorphous phases. Since the synthesis procedure was carried out at a
temperature of 1200 °C, it appears that the resulting compositions
exhibit both rhombohedral (R 3 ¢) and monoclinic (C2/c) crystal
structures [20]. It should be noted that due to the high ionic
conductivity of the rhombohedral structure (NASiCON), this structure
is the preferred one for the synthesized powders. Based on the XRD
pattern of the LZP sample, the peaks of the synthesized LiZr,(PO,);
show good alignment with the peaks in JCPDS card no. 00-33-777.
However, the peaks are slightly shifted to the right, likely due to the
diffusion of elements from the raw materials into the microstructure,

leading to an increase in the lattice spacing d according to Hooke's Law

(Eq. 1.
A=2d sind )

As shown in Fig. 4, peaks corresponding to gadolinium phosphate have
appeared in the XRD patterns of the synthesized samples. As the Gd
content increases in the compositions, the intensity of the peaks related
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Fig. 4. XRD patterns of synthesized powders.
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Fig. 5. FESEM images of the synthesized a) LZP and b) LZPG3 powders.

to the rhombohedral structure also increases. However, since the
number of additives is relatively small, the increase in intensity is not
significant and can only be observed in the main peaks. A small
amount of ZrO, has also been detected in the synthesized powders.

Fig. 5 presents FESEM images of the synthesized LZP and LZPG3
powders. It is evident that the particle sizes are in the micron range and
lack any specific shape.

The densities of the synthesized samples, measured using a
pycnometer, are listed in Table 3. As can be observed, the densities of
the powder samples decrease as the content of additive increases. On
one hand, adding metallic elements and substituting them for zirconium
increases the atomic weight of the unit cell. On the other hand, due to
the high atomic radius of these elements (see Table 4), the volume of
the unit cell also increases. However, the increase in unit cell volume is
more significant compared to the increase in atomic weight due to the
incorporation of Gd elements. Therefore, the densities of the powders
decrease as the additive content increases.

3.2. Sintered samples

The sintering behavior of the samples can be explained by plotting a
diagram of displacement (sample thickness) versus sintering time.
Fig. 6 shows the diagram of sample thickness versus sintering time for
the LZP sample, which was sintered at a temperature of 1200 °C for a
soaking time of 20 min. As can be seen in Fig. 6, there is a reduction in
the sample thickness within the first 2 minutes of the process. Since the
heating process has just started during this period, this displacement is
attributed to the application of mechanical pressure. Afterward, the
thickness of the sample remains constant up to the 12" minute. Then,

as the electric current increases, the Joule heating mechanism is

Table 4. Atomic characteristics of zirconium and gadolinium.

Element Atomic weight (g/mol)  Atomic radius (nm)
Zr 91.24 [21] 158 [22]
Gd 157.25 23] 180 [24]

activated in the powder particles, which leads to the rearrangement of
the particles. This rearrangement helps to fill the pores and reduce the
porosities, which in turn reduces the thickness of the sample. In
addition, according to the ohmic heating mechanism, creating heat
through the resistance of the material, the sparks generated between
particles and the creation of plasma contribute to neck formation,
further promoting the sintering process. At this stage, the plasma
formation causes the temperature at the grain interface to rise suddenly
to about 10,000 °C, which leads to the melting of the particle surfaces
and subsequent necking [25]. After necking, the ohmic mechanism
(responsible for spark generation) is disabled, leaving only the Joule
heating mechanism to continue densification. This stage plays a critical
role in increasing the density. The final step of densification is related
to grain growth, which begins around the 35th minute, but it is
negligible [26, 27].

Table 5 lists the bulk density, relative density, and total porosity of
pressed and SPSed samples measured based on the Archimedes
method. As observed, the SPSed samples possess higher relative
densities compared to those of the pressed samples. On the other hand,
the relative density of samples increases as the amount of additive
increases. The improvement in densification can be attributed to the
formation of a glassy phase that enhances the sinterability of the
powders, as well as the higher atomic weight of the additive elements
compared to zirconium, which leads to an increase in the specific
weight.

Fig. 7 presents the results of the XRD analysis, which were used to
identify the phase composition of the SPSed samples. As expected, the
intensity of the XRD peaks increased, indicating greater order and
alignment of the grains. In the additive-free sample, the LiZry(PO,);
phase with a rhombohedral structure (R3c) is identified, as referenced
in JCPDS card no. 96-400-0263. As observed, not only did the
intensity of the rhombohedral structure increase, but the additional
peaks corresponding to the gadolinium phosphate phase formed during
the SPS method appeared.

The FESEM images of fractured surfaces of SPSed samples are shown
in Fig. 8. As can be seen in Fig. 8a, the porosity of the LZP sample is
consistent with the calculated relative density of 86.47%. However,
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Fig. 6. The displacement-time diagram of SPSed LZP.

good connection and necking between the particles can be observed,
indicating that sintering progressed, but the porosity was not eliminated
due to insufficient temperature. It can be seen in Fig. 8b that the
addition of Gd has led to the elimination of porosity and consequently
increased the relative density to 94.62%. A more integrated
microstructure is observed where the grains are in full contact with
each other and the porosity is reduced, indicating improved
sinterability and a positive effect of the additive. However, grain
growth appears to have occurred due to the addition of the additive.

The backscattered FESEM image and the EDS spectrum of the SPSed
LZPG3 sample are shown in Fig. 9. In the image, the distinct color
contrast between regions A and B indicates a phase difference at these
points. As can be seen, the accumulation of the Gd element is more
significant at this point compared to point A. In contrast, this point
appears to be either free of Zr or contain only a very small amount. It
can be inferred that point A, which has a lighter color, corresponds to
the gadolinium phosphate phase, while phase B is related to
LiZry(POy)s.

Fig. 10 presents the FESEM images of the fracture surface of the
pressed and conventionally sintered samples. As observed, the sintering
process has advanced, and the necks between the grains are visible.
Additionally, as shown in Table 5, these samples exhibit relatively high
porosity, which is also evident in the FESEM images. Although both
series of samples were sintered at the same temperature, the absence of
applied pressure during the sintering process resulted in a higher
residual porosity in these samples compared to the SPSed samples.
Comparing Figs. 8a & 10a, it is evident that sintering the LZP sample
using the SPS method prevented excessive grain growth, resulting in a

finer microstructure compared to conventional sintering. Additionally,
the formation of plasma and the distinct sintering mechanism in the
SPS furnace further
densification.

The backscattered FESEM image from the polished surface of the LZP
sample sintered by the conventional method, along with the EDS

contributed to improved sintering and

energy dispersive spectrum, is shown in Fig. 11. The color contrast
between points A and B in Fig.11 indicates a phase difference, with the
constituent elements identified through EDS analysis. Point A has a
higher zirconium content than point B, indicating a concentration of
zirconium oxide particles. The dark region at point B can be attributed
to LiZry(POy);.

To identify the elements constituting the various phases present in the
cold-pressed and conventionally sintered LZPG3 sample, EDS analysis
was performed, as shown in Fig. 12. As expected, point A, which
appears as the lighter phase, has a higher Gd content and lower Zr
content compared to the darker phase (point B), indicating the presence
of a gadolinium phosphate phase in this region. Based on the elemental
distribution in phase B and previous discussions, this phase is likely
related to LiZry(POy)s.

All samples were tested using a potentiostat to determine their
electrical conductivity through Nyquist plot analysis. The curves were
processed using ZView software, and the ionic resistances were
calculated. Fig. 13 presents the Nyquist plots for the SPSed samples.
The first semicircle typically corresponds to the intrinsic response of
the grain. For the LZP sample shown in Fig. 13a, this is likely
associated with ionic conductivity within the grains. The second
semicircle with an additional arc may indicate the grain boundary

Table 5. Bulk density, relative density, and total porosity of pressed and SPSed samples.

Sample Bulk density (g/cm®) Relative density (%) Total porosity (%)
LZP (Pressed) 2.0271 76.11 23.89
LZPG1 (Pressed) 2.0478 78.42 21.58
LZPG2 (Pressed) 2.0496 78.63 21.37
LZPG3 (Pressed) 2.1076 81.03 18.9
LZP (SPSed) 2.3030 86.47 13.53
LZPG3 (SPSed) 2.4663 94.62 5.38
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Fig. 14 shows the Nyquist curves for the conventionally sintered
samples. The semicircular shape of the curves indicates similar
frequency-dependent behavior among the samples. The LZPGl
sample exhibits a larger semicircle, suggesting higher resistance.
With increasing Gd content (LZPG2 and LZPG3), the size of the
semicircles decreases, indicating a reduction in resistance. As
previously discussed, higher Gd content leads to increased sample
density and reduced porosity, which may contribute to the observed
decrease in resistance. These structural changes directly influence
the impedance behavior of the samples. As Gd content increases,
improved grain-to-grain contact due to higher density creates more
efficient ionic conduction paths, thereby reducing internal resistance.
This is reflected in the Nyquist plots as a decrease in the size of the
semicircles. Porosity reduction also minimizes barriers to ion
movement within the material. With fewer and smaller pores, ions can
traverse the structure more easily, resulting in lower electrical
resistance and enhanced ionic conductivity.

4. Conclusions

This study provides valuable insights into the synthesis and
electrical properties of Li;+,GdyZr,(PO,); solid electrolytes, which
are critical for the development of high-performance lithium-ion
batteries. The comparative analysis of SPS and conventional sintering
techniques revealed that SPS significantly enhances densification
and reduces porosity, leading to improved ionic conductivity. However,
the incorporation of gadolinium (Gd) into the structure,
while beneficial in some aspects, was found to affect ionic transport.
This highlights the importance of optimizing Gd content to achieve
an ideal balance between enhancing ionic conductivity and
maintaining structural stability. Overall, the findings underscore
the potential of tailored solid electrolytes in advancing lithium-ion
battery technology, paving the way for more efficient and
reliable energy storage solutions.
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