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Abstract: This study investigates the dissociation behavior of water-soluble salts of Li and La and the unique 

behavior of Zr sources, resulting in the generation of Li+, La3+, and Zr4+ ions in aqueous solutions. The specific 

conductivity of calcined SG1 and SG2 displays temperature-dependent variations, with SG1 consistently exhibiting 

higher conductivity (2.08 x 10-4 S/cm) across the temperature range. The closed-packed structure facilitates the 

controllable mass transfer of lithium, enhancing ionic conductivity. The constructed LiFePO4/LLZO/AC device using 

these electrolytes demonstrates an impressive energy density of 1.95 Wh/kg and a power density of 144.92 W/kg, 

showcasing an excellent solid electrode-electrolyte interphase. Over 10,000 cycles, cyclic stability, with an average 

performance of 86%, underscores the potential of LLZO as a solid electrolyte for advanced energy storage devices. 

The sol-gel synthesis and densification strategy is a simple and effective method for obtaining lithium-rich LLZO 

electrolytes. The enhanced ionic conductivity and electrochemical performance of the solid-state device emphasize 

the practical viability of this approach, contributing to the sustainable development of advanced energy storage 

technologies. 
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1. Introduction 

Renewable energy sources, such as wind or 

solar photovoltaic, are poised to revolutionize the energy 

industry and usher in a sustainable future. The shift from 

conventional carbon-based fossil fuels to electricity 

derived from sustainable sources necessitates an 

effective form of energy storage characterized by high 

energy and power capacities. In this context, Lithium-

based systems have garnered significant attention, 

particularly for their application in portable electronic 

devices due to their impressive power and energy 

density [1]. Li-ion batteries (LIBs) play a pivotal role in 

advancing emerging applications such as electric 

vehicles and large-scale energy storage. Despite their 

widespread use and established reliability, the current 

electrolytes utilized in LIBs, whether organic solvents or 

polymers with dissolved Li-salt, impose limitations on 

their applications. Due to their flammability and volatility, 

traditional organic liquid electrolytes raise safety 

concerns for battery systems. The achievable energy 

density of LIBs is constrained by the inadequate 

electrochemical stability of these organic components, 

limiting the selection of electrode materials. 

To address these challenges, there is a growing 

interest in replacing organic liquid electrolytes with more 

stable inorganic solid ion conductors [2]. The 

development of solid-state electrolytes (SSEs) is gaining 

momentum, driven by the potential advantages of being 

non-flammable and stable when in contact with the 

lithium metal anode [3]. A key characteristic sought in 

these materials is a combination of high ionic 

conductivity, low electronic conductivity, and robust 

stability against both anode and cathode reactions, 

particularly when operating at room temperature. 

Furthermore, electrolyte materials employed in Li-ion 

batteries (LIBs) can be polymeric or ceramic. Polymer 

solid electrolytes consist of a polymer host with a 

dissolved salt, offering improved interfaces through 

specific processing. However, their application at room 

temperature is constrained by their relatively low ionic 

conductivity. 

In contrast, despite exhibiting lower ionic 

conductivity compared to polymers, ceramics have 

garnered significant attention for their high-temperature 

reliability among electrolyte materials. Various ceramic 

electrolytes with ionic conductivity comparable to liquid 

electrolytes have been explored for Solid-State Lithium-

Ion Batteries (SSLIBs). These ceramics include sulfide-

type glasses [4, 5], NASICON-type phosphates [6, 7], 

perovskite-type titanates [8, 9], and garnet-type oxides, 

encompassing both sulfides and oxides. 
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Among oxides, NASICON-type electrolytes 

stand out for their stability in air and water and high 

lithium-ion conductivity, enabling charge carrier 

migration in all three dimensions. A representative 

NASICON-type electrolyte, Li1.3Al0.3Ti1.7(PO4)3, 

possesses a skeleton conducive to ionic migration, 

displaying notable ionic conductivity at 25°C, reaching 7 

× 10-4 S/cm. Despite these advantages, NASICON-type 

electrolytes face challenges such as poor interfacial 

contact and instability with Li metal, attributed to the 

facile reduction of Ti4+. Similarly, perovskite-type 

electrolytes share drawbacks with NASICON-type, 

achieving grain conductivity close to 10-3 S/cm but facing 

relatively low total conductivity due to high boundary 

resistance [10]. Conversely, sulfide materials exhibit 

high ionic conductivity, potentially attributed to the 

polarizable sulfide ion. However, sulfide materials 

present challenges as they are hygroscopic and can 

produce toxic H2S gas when moistened, reacting 

adversely with O2 and impacting research applications. 

On the other hand, oxides are generally chemically 

stable and easy to handle. Nevertheless, they present 

critical issues related to toughness, brittleness, and 

significant grain boundary resistance due to unstable 

contact between solids and electrodes [10]. 

The garnet-type material Li7La3Zr2O12, 

renowned for its Li-ion conductivity, is considered a 

highly promising Solid-State Electrolyte (SSE). It stands 

out due to its elevated ionic conductivity, favorable 

electrochemical window, chemical stability against 

lithium metal, and low hygroscopic properties. The 

garnet-type La3Li5M2O12 (M = Nb, Ta) was initially 

described by Mazza [11] and Hyooma [12] in 1988, with 

the ionic mobility in La3Li5M2O12 crystalline first reported 

by Thangadurai et al. in 2003 [13]. 

Another variant, the Li7La3Zr2O12-type material, 

introduced by Murugan et al. in 2007 [14], is a promising 

SSE achieved through aliovalent substitution at room 

temperature. Through the substitution of Zr on Nb and 

Ta, the ceramic material Li7La3Zr2O12 (LLZO) exhibited 

remarkable Li+ conductivity (3×10-4 Scm-1 at 25°C), 

making it a compelling candidate as a solid-state Li-ion 

conductor. Subsequently, Awaka et al. in 2009 [15] 

discovered a distorted version of the tetragonal phase (t-

LLZO, I41/acd) with lower conductivity than the cubic 

phase (c-LLZO, Ia3̅d), and this distortion appears to be 

thermally stable. 

All garnets reported thus far with 7 Li per formula 

unit (Li7Ln3M2O12, where Ln=La, Nd; M=Sn, Hf, Zr) 

exhibit tetragonal symmetry. The Li7La3Zr2O12 material 

adopts a tetragonal cell due to its high Li content, 

favouring long Li+ - Li+ interactions. Generally, the 

tetragonal phase tends to have lower conductivity than 

the cubic phase. However, the cubic phase is unstable 

and easily transforms into a tetragonal structure during 

sintering [16]. When a tetragonal to cubic transition 

occurs, there is a shift from sites 8a to 16e, both subsets 

of 24d. 

In this context, LLZO powders were synthesized 

using two sol-gel methods, employing citric acid as a 

chelating agent and ethylene glycol as an organic 

solvent. These methods are known as the Citric-Nitrates 

route and the Citric-Oxide route. In the Citric-Nitrates 

and Citric-Oxide routes, water-soluble salts of Li and La 

undergo dissociation, providing single valence Li+ and 

La3+ ions within the solution. However, the dissociation 

behavior differs for water-soluble Zr sources, where 

ZrOCl2 produces Zr4+ ions in aqueous solutions. The 

effect of annealing on Li-ion mobility was examined 

systematically using X-ray diffraction and Raman 

spectroscopy. The structural morphology of the LLZO 

pellet was studied using atomic force and scanning 

electron microscopy. The compositional dependency of 

electrical conductivities and relaxation properties was 

investigated using a symmetrical cell of pelletized LLZO. 

The relaxation property of composite materials was 

investigated using the dielectric module formalism, 

yielding new insights into electrical conductivity and 

material relaxation. The ionic conductivity ranged from 

10-5 to 10-3 S/cm, depending on the synthesis and 

sintering conditions, with sintering improving 

electrochemical characteristics throughout a wide range. 

Additionally, the electrochemical performance of the 

LiFePO4/LLZO/AC device with liquid electrolyte 

encapsulation was assessed, taking into account the 

rate capacity and cycle performance.  

 

2. Experimental 

LLZO (Lithium Lanthanum Zirconium Oxide) 

ceramic powders were produced via two sol-gel 

methods, namely SG1 and SG2. The chemicals used in 

the synthesis were obtained from Alfa Aesar and used 

directly without further treatments. The molecular ratio of 

Li: La: Zr is 7:3:4, while the molar ratios of organic and 

complexing agents were 20:30, respectively. 

 

2.1 Preparation 

The first sol-gel method, SG1, was synthesized 

using the citrate-nitrate route. The precursor materials 

used for the nitrate-sol preparation were Lithium Nitrate 

(LiNO3), Lanthanum Nitrate (La (NO3)3·6H2O), and 

Zirconyl Chloride (ZrOCl2·8H2O). The stoichiometric 

amounts of these precursor powders were dissolved in 

20 ml of deionized water under moderate stirring for 24 

hrs, as depicted in Figure 1(a). Highly concentrated citric 

acid (C6H8O7) and ethylene glycol (C2H6O2) were added 

as organic and complexing agents. The added solutions 

were stirred continuously for 3 hrs at 333 K to form a 

homogeneous sol [17]. Subsequently, the precursor was 

decomposed at 373 K for 6 hrs to dry. The dried gel was 

then pulverized and pyrolyzed at 873 K for 6 hrs to 

produce the LLZO polycrystalline phase. The obtained 
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powders were crushed and pelletized using an 8mm 

axial press with 5 tons of pressure. Calcination was 

carried out in an alumina crucible at 1323 K for 12 hrs to 

obtain the final LLZO powder. 

The second sol-gel method, SG2, was 

synthesized using the oxide-nitrate route. The oxide sols 

were prepared using the powders of Lithium Carbonate 

(Li2CO3), Lanthanum Oxide (La2O3), Zirconyl Chloride 

(ZrOCl2·8H2O), and Nitric acid (HNO3). Dilute HNO3 was 

used to dissolve Li2CO3 and La2O3, which were 

continuously stirred at 333 K for 1 hr, as dissipated in 

Figure 1(b). Simultaneously, ZrOCl2·8H2O was 

dissolved in deionized water. The two solutions were 

subsequently combined and mixed until a homogeneous 

solution was achieved [18]. For the synthesis of the sol, 

high concentrations of C6H8O7 and C2H6O2 were used as 

organic and complexing agents. The solutions were 

continuously stirred for 3 hrs at 333 K to form a 

homogeneous sol. The resulting precursor was dried 

and decomposed at 373 K for 6 hrs. The dried gel was 

pulverized and pyrolyzed for 6 hrs at 873 K to obtain the 

LLZO polycrystalline phase. The resulting powders were 

crushed and pelletized using an 8mm axial press under 

a 5-ton pressure. The calcination was carried out in an 

alumina crucible at 1323 K for 12 hours to produce the 

final LLZO powder. During the calcination process, the 

pellet was covered with mother powder bed to minimize 

the risk of unexpected Li+ loss. This protective measure 

was taken to ensure the integrity and stability of the final 

product. 

 

2.2 Characterization 

The crystal structure of Li7La3Zr2O12 was 

examined by X-ray diffraction (XRD) research on a 

PANalytical instrument X' Pert Pro Diffractometer, with 

Cu Kα1 radiation in the 2θ range of 10°–80°. The phase 

identification was carried out by comparing the resulting 

diffraction pattern to the joint committee on powder 

diffraction standards (JCPDS) database. In addition, 

confocal Raman imaging was performed with the WITec 

alpha-300R instrument, which used a 632 nm laser. The 

microstructure of Li7La3Zr2O12 was examined using 

scanning electron microscopy (SEM) on the Carl ZEISS 

- EVO 10 instrument. Furthermore, the surface 

morphology was examined with an atomic force 

microscope (AFM) from Oxford Instruments, specifically 

the MFD-3D Origin. 

Electrochemical impedance spectroscopy (EIS) 

measurements were performed using Bio-Logic Science 

Instruments (VSP-300) at temperatures ranging from 

323K to 723K. The frequency range for the EIS 

experiments was 7MHz to 100mHz, with an amplitude of 

25mV. The pelletized LLZO, shown in Figure 1, was 

polished to a uniform thickness of 1mm and sputtered 

with Ag as Li-blocking electrodes (Ag || LLZO || Ag) for 

EIS measurements. Following characterization, the 

pelletized LLZO was used to fabricate the device. 

 

2.3 Fabrication of LiFePO4/LLZO/AC device 

The LiFePO4/LLZO/AC device was built utilizing 

the CR2032 configuration at 303 K. In this configuration, 

the cathode and anode were lithium iron phosphate 

(LFP) and activated carbon (AC). The composed solid-

state electrochemical device was prepared using the 

method described by Agnes et al [19]. 

 

 

 

 

Figure 1. Process flow chart describing the sol-gel synthesis of Li7La3Zr2O12 
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Figure 2. X-ray Diffraction patterns of LLZO powder prepared by Sol-Gel process calcined at 1323K for 12h. 

 

3. Results and Discussion 

3.1 XRD analysis 

Figure 2 displays the X-ray diffraction patterns 

of LLZO samples SG1 and SG2, which were synthesized 

using the Sol-gel process. The diffraction patterns of 

SG1 and SG2, after being calcined at 1323K, reveal the 

presence of tetragonal distortion within the cubic lattice, 

along with some additional phases. The diffraction peaks 

were identified using the Joint Committee of Powder 

Diffraction Standard (JCPDS) card no. 73-0444, which 

corresponds to La2Zr2O7, along with several other 

phases, such as LaOH3 (PDF # 83-2034), Cubic LLZO 

(PDF # 45-0109, represented by symbol ♦), Li2CO3 (PDF 

# 83-1454, represented by symbol ●), La2O2(CO3) (PDF 

# 84-1963, represented by symbol ∆), Li2ZrO3 (PDF # 

33-0843, represented by symbol o), Li (OH) (H2O) (PDF 

# 82-0545, represented by symbol #), and Zr (OH)3(NO3) 

(PDF # 83-0956, represented by symbol *). [20] 

The presence of secondary phases can be 

attributed to significant lithium loss in the material. 

Among these, JCPDS card no. 73-0444 (La2Zr2O7) is 

recognized as a standard byproduct of LLZO and is 

observed in higher abundance compared to the cubic 

LLZO phase. The loss of lithium due to evaporation at 

elevated temperatures can contribute to this 

transformation. When lithium evaporates from the 

structure, it can disrupt the LLZO lattice and favor the 

formation of La2Zr2O7 [21]. It's important to note that pure 

precursor powders alone cannot form cubic phases 

when exposed to air conditions. Additionally, the 

diffraction peak of SG2 displays a splitting of peaks, 

which corresponds to the tetragonal phase of LLZO. 

Notably, the prepared samples were synthesized at 

stoichiometric ratios of elements without the addition of 

excess Li+. However, lithium concentration in the 

samples decreases due to reactions with CO2 and H2O 

present in the air. 

In Figure 2, it's evident that SG-1 produces more 

favourable results when compared to SG-2. SG-1 not 

only indicates the formation of standard LLZO but also 

reveals the presence of faint secondary phases, which 

indicate significant lithium loss. These secondary 

phases include LaOH3, La2O2(CO3), Li (OH) (H2O), 

Li2ZrO3, and Zr (OH)3(NO3). This observation suggests 

that including (NO3)- ions hampers the formation and 

transformation of the cubic phase from the tetragonal 

phase. The presence of nitrate ions appears to hinder 

the stabilization of the cubic LLZO phase in SG-1 [17]. 

Conversely, the diffraction patterns in SG-2 appear 

relatively weak, with the most prominent peaks 

associated with La2Zr2O7. This may be attributed to the 

inadequate mixing of the precursor solution, which 

results in side reactions leading to the formation of 

La2Zr2O7. The diffraction patterns in SG-2 also show 

some major secondary reflections, which could be 

attributed to residual lithium carbonate. In certain high-

angle reflections, bifurcations (peak doublets) suggests 

a tetragonal distortion of the cubic lattice in LLZO [22, 

23]. 

It's crucial to emphasize that the peak splitting 

observed in SG-2 is not present in SG-1, indicating a 

mixture of cubic and tetragonal phases in SG-2. In 

contrast, the diffraction peaks in SG-1 are narrow and 

sharp and lack characteristic peaks of the tetragonal 

phase. This strongly suggests that LLZO primarily exists 

in a pure cubic phase in SG-1. Additionally, the grain size 

of the particles was determined using the Debye-
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Scherrer formula. Based on the highest intensity peak (2 

2 2), the average grain sizes of SG1 and SG2 were 

calculated to be 7 nm and 13 nm, respectively. 

Consequently, further analyses were conducted on the 

SG-1 sample due to its superior performance and larger 

calculated grain size than SG-2. 

 

3.2 Raman Analysis 

Figure 3 shows the Raman spectra of LLZO 

samples SG1 and SG2, which exhibit vibrational modes 

associated with the phase transition from cubic LLZO (c-

LLZO) to tetragonal LLZO (t-LLZO), which is consistent 

with XRD findings. Raman spectra can be divided into 

three categories: low-energy below 300 cm-1, 

intermediate-energy between 300 and 550 cm-1, and 

high-energy over 550 cm-1. The high-frequency spectra 

show vibrational stretching modes of ZrO6 octahedral 

units. The intermediate region is predominantly made up 

of vibrational bending modes of both octahedral (LiO6) 

and tetrahedral units (LiO4). Finally, the low-frequency 

zone corresponds to translational modes associated 

with the movement of mobile cations, which is related to 

the vibration of heavy La cations in the structure. This 

categorization of Raman spectra aids in the detailed 

analysis of the material’s vibrational characteristics [24]. 

 The Raman spectra of SG1 exhibit distinct 

peaks at 141, 177, 240, 263, 343, 782, 893, 981, and 

1026 cm-1, which are attributed to specific vibrational 

modes: Eg for La, A1g for Zr, T2g and Eg for Li, and T2g 

and A1g for O. These findings strongly support the 

presence of the pure cubic LLZO phase in SG1. The high 

intense peaks observed in the 900 - 1100 cm-1 range are 

associated with forming Li2CO3 and LiOH. Indeed, it's 

noteworthy that the Raman bands observed in the cubic 

LLZO structure, especially in the low-wavenumber 

region, may result from the presence of static or dynamic 

disorder related to the highly mobile Li+ ions. These ions 

move along isotropic pathways that connect different 

allowed sites within the cubic LLZO structure. This 

behavior highlights the complex dynamics of lithium ions 

within the material, indicating that their motion and 

arrangement play a crucial role in the material properties 

and behavior [25].  

In contrast, SG2 displays characteristic peaks at 

140, 178, 198, 241, 264, 293, 320, 367, 379, 343, 400, 

445, 781, 894, 983, 1018, and 1026 cm-1. These peaks 

strongly suggest the coexistence of both tetragonal and 

cubic phases of LLZO in this sample. The presence of 

these vibrational modes reflects the structural 

complexity of SG2. The Raman spectrum of SG2 

exhibits more spectral characteristics, such as peaks 

and bands, than the cubic phase. This could be due to 

the more twisted arrangement of Li+ ions or the weaker 

symmetry of the tetragonal garnet-related structure in 

SG2. In comparison to SG2, the Raman spectra of SG1 

show more favorable vibrational modes for cubic LLZO. 

This shows that when LLZO is exposed to air, a 

contamination layer emerges, consisting mostly of LiOH 

and Li2CO3. The intense Raman shift observed in the 

range of 900 - 1100 cm-1 enables the reliable 

identification of Li2CO3 [24]. 

 

3.3 Morphology analysis 

Figure 4 shows Scanning Electron Microscopic 

(SEM) images of two samples, SG1 and SG2, which 

were prepared using a sol-gel process. The SEM 

micrographs in Figure 4 (a-c) and 5 (e-g) reveal that the 

microstructure of the calcinated powder (at 1323 K for 12 

hours) is heterogeneous. It confirms that both LLZO 

particles have residual pores present both between 

particles and within clusters. The SEM images of the 

SG2 sample, which underwent calcination at 1323 K for 

12 hours in a room atmosphere, are depicted in Figure 4 

(a-c). The analysis reveals the non-uniform formation of 

a contamination layer, a combination of La2Zr2O7 and 

Li2CO3. The presence of clusters can be attributed to 

early melting, possibly of a carbonitic nature, during the 

heat treatment process, which led to the adhesion of 

particles. 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Raman spectra of SG1 and SG2 
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Figure 4. Fig. 4 shows Scanning Electron Microscopic (SEM) images of two samples, SG1 and SG2, which were 

prepared using a sol-gel process 

 

The particles in Figure 4 (a-c) exhibit irregularly 

spherical shapes with sizes ranging from 5 to 1 μm. 

These particles form fine agglomerates. The change of 

LLZO from the cubic to the tetragonal phase may result 

in the development of micron-sized agglomerated 

particles. This transition is anticipated to reduce the ionic 

conductivity of the bulk material. [21]. Figure 4 (d) 

depicts the particle size distribution derived from the 

SEM image in Figure 4 (c). The distribution clarifies that 

the particles of SG2 have mean particle sizes of 7 nm. 

The SG2 exhibits a slightly elevated particle distribution. 

Figure 4 (e-g, i-k) depict the SEM images of the 

SG1 sample, which was calcined at 1323 K for 12 hours. 

The micrograph images in Figure 4 (e-g) depict the cubic 

LLZO sample SG1, while Figure 4 (i-k) shows the cross-

sectional images of the SG1 sample. These images 

provide insights into the microstructure and morphology 

of the SG1 sample after the calcination process. The 

cross-sectional analysis in SG1 is due to the absence of 

the pyrochlore phase, which typically has a relatively 

high density and smaller particle size. In Figure 4 (e-g), 

irregular spherical crystallites are observed, forming 

large aggregate particles with interparticle pores. At high 

magnification, uneven particles with holes are visible, 

suggesting grain breakage during calcination and 

indicating a weak grain boundary region. Figure 4 (h) 

depicts the particle size distribution derived from the 

SEM image in Figure 4 (g). The distribution clarifies that 

the particles of SG1 have mean particle sizes of 13 nm. 

The SG1 exhibits a slightly elevated particle distribution. 

Figure 4. Scanning Electron image of SG2 at (a) 

2 m scale, (b) 2 m scale, and (c)1 m scale (d) particle 

size distribution derived from SG2 sample. Scanning 

Electron image of SG1 at (e) 2 m scale (f) 2 m scale 

(g) 1 m scale (h) particle size distribution derived from 

SG1 sample (i) 100 m scale (j) 10 m scale and (k) 5 

m scale (l) particle size distribution derived from SG1 

pellet sample.  

Figure 4 (i) displays cross-sectional images of 

SG1, showing the sample's even formation of grains. 

This even grain growth results in a reduction in the 

density of grain boundaries. Decreasing the number of 

grain boundaries and enhancing contact between grains 

is advantageous for increasing the ionic conductivity of 

cubic LLZO. Figure 4 (j) and 4 (k) present high-

magnification regions of the cross-sectional images at 

10 and 5 µm, respectively. The presence of pores within 

the grains indicates abnormal grain growth. These holes 

extend into the grains but do not obstruct the path of 
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lithium diffusion, nor do they create a spatial barrier to 

lithium-ion conduction. Figure 4 (j) and 4 (k) show that 

these microstructural alterations are related to an 

increase in relative density. Furthermore, the lower grain 

boundary volume ratio and the improved connectivity 

between larger grains contribute to the reduction in grain 

boundary resistance [26]. Figure 4 (l) illustrates the 

particle size distribution derived from the SEM image in 

Figure 4 (j). The distribution indicates that the size of the 

SG1 pellet with mean particle sizes of 14 nm. SG1 pellet 

displays a marginally reduced particle size. Overall, the 

sample exhibits a consistent particle distribution, 

irrespective of variations in crystallite sizes. This 

consistency is attributed to forming the LLZO structure 

primarily governed by the dispersion mechanism. 

 

3.4 Topographic analysis 

Figure 5 (a) and 5 (b) present the two-

dimensional (2D) and three-dimensional (3D) 

topographical images of the SG1 sample pellet. In the 

2D topographical image (Figure 5 (a)), it's evident that 

the grain boundaries appear lower compared to the grain 

interiors. It shows less uniformity with a high roughness 

area. This phenomenon indicates a lower Li+ 

concentration at the grain boundaries, which can 

potentially lead to reduced conductivity, making these 

regions more susceptible to lithium extrusion [27]. Figure 

5 (b) illustrates a three-dimensional (3D) image of SG1, 

covering an area of 4 μm × 4 μm. It highlights that the 

surface of SG1 is characterized by non-uniformly sized 

particles with variations in height. 

 

 

 

3.5 Conductivity analysis 

Figure 6 (a) and 6 (b) depict the impedance 

spectra of the SG1 and SG2 samples, measured at 

calcining temperatures of 873 K and 1323 K. Figure 6 (c) 

and 6 (d) represent the spectra of the SG1 and SG2 

samples at 1323 K, measured across temperatures 

ranging from 323K to 823K. The Nyquist plot observed 

in the data reveals a distorted semicircular shape at high 

frequencies and a brief tail at lower frequencies. This 

distortion is associated with the polarization effect 

occurring between the electrolyte and the Ag-blocking 

electrodes. The inset in Figure 6 (c) and 6 (d) provide an 

enlarged view of the high-frequency spectra. 

In Figure 6 (c), SG1 shows lower ionic 

resistance as the temperature increases, resulting in a 

smaller semicircle. This reduction in resistance can be 

attributed to the increased energy gained by ions due to 

lattice vibration at higher temperatures, making them 

more conductive compared to room temperature. The 

observed plots also indicate a short arc, which is a result 

of the electrode effect. This suggests that the sample is 

a single-phase cubic material, which aligns with the 

expected characteristics of purely cubic LLZO [28]. 

In Figure 6 (d), it is evident that as the 

temperature increases, all the SG2 curves display a 

deformed semicircle at high to mid frequencies, along 

with a tail at low frequencies. This behavior is indicative 

of the total resistance attributed to LLZO and the ionic 

blocking electrode, respectively. The observed 

depression in the mid-frequency regime can be 

attributed to the presence of twinned tetragonal grains 

and grain boundaries within the microstructure. This 

suggests that the sample is not a single-phase cubic 

material but rather a mixture of cubic and tetragonal 

phases [19]. 

 

 

Figure 5. Surface topography of SG1 pellet sample. (a) & (b) Two dimensional (2D) and three dimensional (3D) 

topographical images. 
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Figure 6. Temperature dependent electrochemical impedance spectroscopy of LLZO SG1 and SG2 samples. (a) 

and (b) Impedance spectra of SG1 and SG2 at 873 K and 1323 K. (c) and (d) Impedance spectra of SG1 and SG2 

at temperatures ranging from 323 K to 823 K. (e) The equivalent circuit diagram used for fitting the impedance 

spectra. (f) and (g) Bode phase angle and Bode magnitude vs frequency SG1 and SG2 at room temperature (303 K) 

and 823 K. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The Bode plots depicted in Figure 6 (f) and 6 (g) 

play a crucial role in establishing the frequency limits 

required for extracting electrical parameters through the 

Complex Non-Linear Least Square fitting function 

(CNNLS). The semicircles observed in the Nyquist plots 

become more evident in a Bode-type plot (Figure 6 (f) 

and 6 (g)), namely as minima in the phase shift curve. 

They are characteristic of R-CPE elements. Based on 

the information from the Bode plots, an equivalent circuit 

has been constructed, incorporating RC circuits, as 

demonstrated in Figure 6 (e). The impedance data was 

subsequently fitted using the equivalent circuit [R1] 

[Q2/R2] [Q3], as depicted in Figure 6 (e). In this circuit, 

Q3 functions as a blocking double-layer capacitance in 

series with a parallel combination of grain boundary 

resistance (R2) and a constant phase element (Q2), 

while R1 represents the bulk resistance. The ionic 

conductivity (σ) is calculated using the formula 

σ = l / RS … (1) 

In this equation, R represents resistance, l is the 

thickness of the sample, and S is the area of the pellet, 

which can be directly obtained from the apparent ionic 

conductivity. The calculated values shown in Table 1. 

The specific conductivity of calcined SG1 was 

2.84×10-4 S/cm-1 and 9.90×10-5 S/cm-1 at 873 K and 

Table 1. Impedance parameters calculated from EIS data using the equivalent circuit. 

Temperature (In Kelvin) σSG1 10-4 S/Cm σSG2 10-4 S/Cm 

303 K 99.0 69.40 

323 K 597.0 - 

373 K 10.8 10724.50 

423 K 67.6 - 

473 K 1.9 1986.77 

523 K 1.89 - 

573 K 3.56 240.44 

623 K 3.78 - 

673 K 3.44 34.70 

723 K 3.98 - 

773 K 5.69 3.33 

823 K 0.0014 0.0026 
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1323 K, determined by intercepting the real axis and 

considering the sample size. Over the studied 

temperature range, the highest ionic conductivity, 

reaching 1.49×10-3 S/cm-1, was observed at 823 K. In 

contrast, the lowest conductivity, which was 1.08×10-5 

S/cm-1, occurred at 373 K. Similarly, for SG2, the 

conductivity at 873 K and 1323 K was calculated as 

4.55×10-7 S/cm-1 and 6.94×10-8 S/cm-1. Across the 

temperature range, the highest ionic conductivity 

recorded was 2.63×10-3 S/cm-1 at 823 K, with the lowest 

conductivity being 1.07×10-5 S/cm-1 at 373 K. This 

indicates that there are variations in conductivity for the 

samples at different temperatures, with SG1 consistently 

displaying higher conductivity than SG2 across the 

entire temperature range. 

The Bode graphs in Figure 6(f) and 6(g) show 

the connection between frequency, phase, and 

magnitude of impedance modulus (Z) for SG1 and SG2 

samples at 303 and 823 K, respectively. The Bode 

phase plot of the 303 K spectra for SG1 shows a high-

frequency region in which ions in the space charge layer 

contribute to changes in grain and grain border 

resistance. In contrast, behaviours found in the 

intermediate to low-frequency domain are controlled by 

ion dynamics, particularly at grain boundaries. At 823 K, 

the Bode phase plot is associated with the response of 

the interfacial region between the Solid Electrolyte (SE) 

and the blocking electrode on the SE, indicating different 

ion dynamics compared to the lower temperature. 

Meanwhile, the SG2 sample exhibits two superimposed 

semicircles, which are also observed in the Nyquist 

plots, representing ion movement in the grain and grain 

boundary regions in the presence of a blocking 

electrode. This suggests more complex ion dynamics in 

SG2. 

On the other hand, the Bode magnitude plot of 

SG1 and SG2 (showing impedance modulus Z as a 

function of frequency) emphasizes a significant impact 

from grain boundary resistance in the mid to lower-

frequency range. However, at higher frequencies, the 

grain's contribution to the total impedance surpasses 

that of the grain boundary. Therefore, the intricate 

behavior of the Solid Electrolyte (SE) stems from the 

interplay of various processes occurring in both the grain 

and grain boundary regions. 

 

Arrhenius relation 

Figure 7 (a) and 7 (b) depict the Arrhenius plots 

of bulk conductivity (σ) based on the data from Figure 6 

(c) and 6 (d). The activation energy (Ea) was calculated 

using the slope of the log(σT) versus the 1000/T plot. 

The Arrhenius equation (Equation 2) was employed to 

linearly fit and determine the activation energy (Ea) for 

the overall ionic conductivity. The Arrhenius equation is 

expressed as 

σT = A exp (Ea / kBT)  ... (2)  

where A represents the pre-exponential 

parameter, kB is Boltzmann's constant, and T is the 

absolute temperature. The activation energy (Ea) values 

for SG1 and SG2 were determined to be around 0.37 eV 

and 0.68 eV, respectively, over a temperature range 

spanning from 373K to 823K. Notably, SG1 exhibits 

higher Li+ ion mobility at elevated temperatures. The fact 

that SG1 demonstrates a low activation energy of 0.37 

eV is a noteworthy characteristic, which renders LLZO a 

promising choice for efficient ion conduction and energy 

storage applications. 

 

 

 

Figure 7. A linear correlated plot of ionic conductivity vs temperature of SG1 and SG2. 
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Figure 8. Dielectric loss tangent (tan δ) of SG-1 pellet was measured over a temperature range from 303K to 823K. 

 

3.6 Dielectric analysis 

The loss (δ) tangent is studied to understand the 

relaxation process during conduction. It is defined as the 

ratio of the real and imaginary parts of permittivity. 

tan δ = ε″/ε′      (3) 

The values of ε’ and ε’’ were calculated using the 

below equation.  

ε’ = 
𝑍′′

𝜔𝐶0(𝑍
′2+𝑍′′2)

  and ε’’ = 
𝑍′

𝜔𝐶0(𝑍
′2+𝑍′′2)

   (4) 

where, C0 is the capacitance of electrode (C0 = 

ε0 
𝐴

𝑑
; ε0 = 8.85 × 10−12 F/m is the permittivity of free 

space), d and A are the thickness and area of electrolyte, 

Z’ and Z’’ is real and imaginary part of complex 

impedance. ω is the angular frequency (ω = 2πf), where 

f is the frequency of the applied electric field. 

The tan δ plot in Figure 8 illustrates the 

relaxation peak associated with bulk ionic transport at 

various temperatures, ranging from 303K to 823K, for 

the SG-1 pellet under investigation. The loss spectrum 

is attributed to space charge and dipolar polarization at 

both lower and higher frequencies. As the temperature 

increases, the relaxation peaks observed in the low-

frequency region consistently shift towards higher 

frequencies. This shift indicates a shorter relaxation 

time, reflecting a more rapid ionic migration between 

adjacent sites and a short segmental relaxation of 

charge carriers. Notably, temperature ranges between 

673K and 823K exhibit double distinct relaxation peaks, 

one in the low-frequency region and another in the high-

frequency region. These double relaxation peaks 

suggest ionic transport in bulk and grain boundary 

regions. The lower intensity of the peaks indicates 

smaller dielectric loss in the material, implying enhanced 

conduction properties [29]. 

 

3.7 Electric Modulus 

Complex electrical modulus formalism is an 

important tool for understanding charge-transport 

processes. Through the following equation, the complex 

electric modulus (M*) can be calculated from the 

complex impedance (Z), 

M* = M’+ i M’’ = iωC0(Z’+Z’’)  (5) 

The real and imaginary parts can be separated 

as M’ = ωC0Z’ and M’’= -ωC0Z’’. Figure 10 represents 

the complex electric modulus spectra, including both the 

real and imaginary parts, for the SG-1 pellet. The 

measurements were conducted at various temperatures, 

ranging from 303K to 823K. 

In Figure 9 (a), the real modulus (M') exhibits its 

lowest values at lower frequencies, primarily due to 

electrode effects associated with the suppressed 

modulus method. However, at higher frequencies, M' 

remains more stable, indicating a frequency-

independent behavior. This stability arises from the 

absence of interfacial polarization caused by material 

inhomogeneity. Figure 9 (b) shows the imaginary 

modulus (M''), which displays frequency-independent 

behavior in the lower frequency region. This behavior is 

linked to the long-range migration of Li+ ions, involving 

hopping from one site to another. It suggests that the 

peak observed in the modulus spectrum is a result of the 

conductivity relaxation associated with the mobility of Li+ 

ions. Notably, there is no relaxation behavior in ionic 

conductivity, but rather, a re-orientation of lithium ions 

occurs at octahedral sites (48 g to 96 h) when a 

relaxation peak appears on the higher frequency side.  
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Figure 9. Electric modulus (a) real M’ (b) imaginary M’’ of SG-1 were measured over a temperature range from 

303K to 823K. 

Table 2. Calculated power density (P) and energy density (E) of the fabricated device from the charge-discharge 
analysis 

Current (mA) Energy density (Wh/kg) Power density (W/kg) 

0.5 1.95 144.92 

0.6 1.20 173.91 

0.7 0.69 201.89 

0.8 0.40 245.88 

0.9 0.22 301.86 

1 0.14 351.85 

1.5 0.07 434.78 

2 0.02 579.71 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10 shows the electrochemical performance of the LiFePO4/LLZO/AC device. (a) Charge/discharge profiles 

at various rates (0.5-2 mA). (b) Rangone plot labeled for current density. (c) Coulombic efficiency and cycling 

retention at 0.8 mA (cycling performance is displayed in the inset of the figure). (d) A charge/discharge arc with 1mA 

voltages varying from 0.5 to 3 V. (e) A Nyquist plot showing before and after 10,000 cycles. 
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Table 3. Performance evaluation of LLZO ceramic solid electrolyte with other related works. 

Electrolyte 

Composition 

Li7La3Zr2O12 (LLZO) 

Materials 
SSD 

Configuration 

Electrolyte 

Preparation for 

SSD 

σ (SCm-1) 

at (303 K) 

Cyclic 

Retention/ 

Number 

Cell Voltage/ 

Assembled 
Ref. 

Method 
Anode/ 

Cathode 

LLZO Nanoparticle Sol-Gel 
Li/LiFePO4 

(LFP) 
Li/PLL/LFP 

Polymer 

Electrolyte 
3.02 × 10−5 

93.5% / 

200 Cycles 

3.0 -6.0 V/ 

Glove box 
[21] 

Li7La3Zr2O12 
Solid- State 

Reaction 

Li/LiFePO4 

(LFP) 
Li/LLZO/LFPO 

solid state 

battery 
2.4 × 10-3 

99%/ 100 

Cycles 

-0.3 -5.0 V/ 

Glove box 
[23] 

LLZO Nano fiber Tape 

casting 

process 

Li/ (S/NC) Li/LLZO/(S/NC) Polymer 

composites 

- 100 Cycles 2.6 - 4.3 V/ 

Glove box [27] 

Li6.61La3Zr2Al0.13O11.98 

Nanoparticles 

Solid- State 

Route 

Li/LiCoO2 

(LCO) 

Li/ (1 M LiPF6 + 

LLZO)/LCO 
Hybrid cell 

1.95 × 10−11  

 

92.7% / 

50 Cycles 
3.0 - 4.2 V / RT [31] 

LixLa3Zr2O12 Sol-gel 
Li/LiCoO2 

(LCO) 
Li/ LLZO/LCO 

solid state 

battery 
1.02×10-4 - 

3.0-3.9 V/ 

Glove box 
[32] 

Li7La3Zr2O12 Fillers - NCM622/Li NCM622/CSE/Li 
Composites 

solid electrolyte 
1.75×10-4 100 Cycles 

2.0 -4.2 V/ 

Glove box 
[33] 

Li7La3Nb2O12 
Ball-milling 

process 
Li+/Li- Li+/LLZO/Li- 

solid state 

battery 
- 45 Cycles 

2.5 -4.2 V/ 

Glove box 
[34] 

Li7La3Zr2O12 Sol-gel AC/LiFePO4 LFP/LLZO/AC Solid electrolyte 2.08 × 10-4 93%/ 10,000 

Cycles 

2.0- 4.0V/ RT This 

Work 

 

The shift in the peak position toward higher 

frequencies suggests that Li-ion re-orientation is 

thermally initiated. As temperatures increase from 323K 

to 423K, a prominent peak emerges due to the re-

orientation of Li+ ions as they transition between 

octahedra around the immobile tetrahedral site. In the 

temperature range of 473K to 823K, the shift in peak 

position towards higher frequencies tends to decrease, 

indicating the prevalence of long-range migration for Li+ 

ions instead of short-range re-orientation [30]. 

 

3.8 Electrochemical performance of 

LiFePO4/LLZO/AC device 

An SSD (solid-state device) LiFePO4/LLZO/AC 

has been developed exhibits an initial impedance of 150 

Ohms (as observed in Figure 10 (e)). This suggests that 

the developed solid-state electrolyte (SSE) device 

makes good interfacial contact with the current collector 

and electrolytes. Figure 10 (a) depicts the 

charge/discharge profile of the LiFePO4/LLZO/AC 

device at different current densities, ranging from 0.5 to 

2 mA at 303 K [19]. The values of energy density (E), 

and power density (P) was calculated using the formula 

described in Agnes et.al [19]. The calculated values 

were shown in Table 2.  

The Ragone plot in Figure 10 (b) depicts the 

LiFePO4/LLZO/AC device's performance for energy 

storage applications. The device operates at 2V, has an 

energy density of 1.95 Wh/kg, and a power density of 

144.92 W/kg at a current density of 0.5 mA. In addition, 

the LiFePO4/LLZO/AC device was charged and 

discharged 10,000 times at 100 mV/s for 2 mA. Figure 

10 (c) shows the associated cyclic retention and 

Coulombic efficiency evolution. 

An inset in Figure 10 (c) shows a part of the 

charge/discharge curve, confirming the device's stable 

and consistent performance. Throughout the 10,000 

cycles, the Coulombic efficiency remained at around 

93%. Cyclic capacitance retention showed a variable 

tendency, ranging from 85.4% to 90.7%, with an average 

of 86%. Even after 10,000 cycles, the charge/discharge 

curves remain quasi-triangular, suggesting the device's 

high specific capacitance retention. Figure 10 (d) 

illustrates the charge/discharge arc of 1 mA, ranging 

from 0.5 to 3 V. The variation in voltage has been 

analyzed to assess whether the material exhibits the 

capability to operate above 2V. Upon analysis, the 

obtained energy density value is 0.75 Wh/kg for a 0.8 

mA current. 

Figure 10 (e) shows the Nyquist plot of the 

LiFePO4/LLZO/AC device before and during cycling at 

303 K. The data recorded before cycling (at 303 K) 

shows two depressed semicircles in the high to mid-

frequency range, showing charge transfer resistance at 

the electrode-electrolyte interface, and an angled line in 

the low-frequency zone, representing Warburg 

impedance. The Warburg impedance is related to the 

passage of Li+ ions from the electrode to the electrolyte. 

Changes in resistance become evident after 5,000 

cycles. At 5,000 and 10,000 cycles, the recorded 

semicircles transform into semi-arcs in the high-

frequency region, indicating that charge transfer 

becomes more prominent in the initial cycling stages. 

The mid-frequency region represents the interface 

formed between the electrode and electrolyte, with an 

inclined slope observed in the low-frequency range. 

After completing 10,000 cycles, the resistance 

associated with charge transfer appears to be lower than 

it was at 5,000 cycles, suggesting an acceleration in 

kinetics brought about by electrochemical activation. A 

comparative analysis of the observed cell conduction 

behavior with data from Table 3 underscores the 

outstanding cyclic stability of the solid-state device at 

room temperature, rendering it highly promising for 

practical energy storage applications with high energy 

densities. 
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4. Conclusion 

The dissociation behavior of water-soluble salts 

of Li and La, along with the distinct behavior of Zr 

sources, results in the generation of Li+ and La3+ ions 

and Zr4+ ions in aqueous solutions. The specific 

conductivity of calcined SG1 and SG2 exhibits 

temperature-dependent variations, with SG1 

consistently displaying higher conductivity across the 

temperature range. The controllable mass transfer of 

lithium, facilitated by the closed-packed structure, 

enhances ionic conductivity. The LiFePO4/LLZO/AC 

device, constructed using these electrolytes, 

demonstrates an impressive energy density of 1.95 

Wh/kg and a power density of 144.92 W/kg, showcasing 

excellent solid electrode-electrolyte interphase. The 

cyclic stability over 10,000 cycles, with an average 

performance of 86%, underscores the potential of LLZO 

as a solid electrolyte for advanced energy storage 

devices. The sol-gel synthesis and densification strategy 

is a simple and effective method for obtaining lithium-rich 

LLZO electrolytes. The enhanced ionic conductivity and 

electrochemical performance of the solid-state device 

emphasize the practical viability of this approach, 

contributing to the sustainable development of advanced 

energy storage technologies. 
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