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This review focuses on Sr/Mg doped lanthanum gallate and its use as a dense electrolyte for medium-

temperature solid oxide electrochemical devices. Methods for synthesizing the material are discussed, 

including techniques that lower the temperature required to attain a single-phase crystalline structure. The 

effects of secondary phases and grain size on conductivity of ceramics are also investigated. Moreover, the 

techniques used for compacting electrolyte powder and reducing energy expenses, as well as the impacts of 

sintering aids on ceramic properties, are analyzed. The potential advantages and disadvantages of the 

proposed alterations to generate an electrolyte from doped lanthanum gallate are evaluated. 
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1. Introduction 

The worldwide need for sustainable and renewable 

energy sources has become a serious problem that many 

countries are trying to solve. In recent decades, 

researchers have focused on a new method to meet these 

requirements, which involves the development of 

sustainable solid oxide fuel cells. Subsequent 

advancements in this field have been very encouraging 

[1–4]. Several global companies are working to 

commercialize solid oxide fuel cell technology, while 

various research programs aim to improve our 

understanding of these systems and pave the way for 

future advances in the field. 

The perovskite-like material Sr/Mg doped LaGaO3 

(LSGM) is a promising candidate as an electrolyte 

material for solid oxide fuel cells due to its high oxygen 

ionic conductivity in the intermediate temperature range 

of 500−800 °C [5–7]. One of the highest oxygen-ion 

conductivities for La1−xSrxGa1−yMgyO3−δ is observed at 

x = 0.10−0.20 and y = 0.15−0.20 [8–10]. The ionic 

conductivity of La0.9Sr0.1Ga0.8Mg0.2O3−δ at 800 °C varies 

in the range of 0.05 to 0.11 S/cm depending on the 

specific synthesis method used, which affects the 

microstructural properties of the ceramic material [11, 12]. 

In addition, lanthanum gallate has the advantage of 

stability over a wide range of oxygen pressures with 

predominant ionic conductivity [13–15], and a high 

thermal expansion coefficient (TEC) compared to other 

types of electrolytes, Table 1. 

Doped lanthanum gallate is a suitable electrolyte 

material due to its high thermal expansion coefficient 

over a wide temperature range, which is advantageous 

for compatibility with electrode materials. LSGM has a 

slightly  lower  TEC  value  (11.4 · 10−6 K−1),  compared  to 

a: Institute of High–Temperature Electrochemistry, Yekaterinburg 620066, 

Russia 

* Corresponding author: e.gordeev@ihte.ru; porotnikova@ihte.ru 

 

 

 

 

https://journals.urfu.ru/index.php/elmattech/article/view/7173
http://creativecommons.org/licenses/by/4.0/
mailto:e.gordeev@ihte.ru
mailto:porotnikova@ihte.ru


Electrochem. Mater. Technol. 2 (2023) 20232022                                                                                                                                                              FOCUS REVIEW 

 

 

 

2 

 

Table 1 – Thermal expansion coefficients of different 

electrolytes. 

Electrolyte T, °C TEC, K−1 Ref 

La0.9Sr0.1Ga0.8Mg0.2O3−δ 200−1200 11.4 · 10−6 [16, 17] 

ZrO2−(3−10 mol %) 

Y2O3 

25−1000 10.3−10.8 · 10−6 [18] 

BaCe0.8Y0.2O3−δ 50−620 

620−900 

11. 6 · 10−6 

8.3 · 10−6 

[19] 

BaCe0.9Gd0.1Cu0.01O3−δ 100−575 

575−900 

10.5 · 10−6 

8.6 · 10−6 

[20] 

Ce0.8Gd0.2O2−δ 20−800 12.5 · 10−6 [21] 

cerium-gadolinium oxide (12.5 · 10−6 K−1). LSGM has an 

advantage due to the stability of its TEC value compared 

to barium cerates, such as BaCe0.9Gd0.1Cu0.01O3−δ and 

BaCe0.8Y0.2O3−δ. 

The LSGM electrolyte obtained by the solid-phase 

method exhibits an oxygen-ionic conductivity of about 

0.08 S/cm at 800 °C [11], which is two-fold higher than 

the conductivity of 9 mol % Y2O3−ZrO2 (0.047 S/cm at 

800 °C [22]) and three-fold higher than that for 

Ce0.8Sm0.2O2−δ (0.027 S/cm at 800 °C [23]). According 

to Steele B.C.H. [24], the ionic conductivity of 

Ce0.8Gd0.2O2−δ is 0.09 S/cm, which is comparable to 

LSGM electrolyte. Doped LaGaO3 has a significant 

advantage at low oxygen partial pressures compared to 

cerium-containing electrolytes, namely stability under 

these conditions. There are limitations in the use of the 

LSGM electrolyte due to the chemical instability of the 

composition in contact with some electrode materials, 

which leads to interdiffusion or chemical reaction with 

metal components at the interface. This requires a 

careful choice of compositions or the use of barrier 

layers. 

Solid oxide fuel cell components can be formed as a 

multilayer element for co-sintering to simplify the 

fabrication process and reduce production costs. 

However, there are technological features that prevent 

this process. These features relate to differences in the 

microstructure of the ceramic electrode layers and the 

electrolyte, with the former having a porous structure 

and the electrolyte having a dense microstructure. In 

addition, different types of materials have to be sintered 

at different temperatures, which can lead to shrinkage 

and chemical reactions. In the case of 

La0.9Sr0.1Ga0.8Mg0.2O3−δ perovskite, the main phase can be 

obtained at 1250 °C with a small amount of LaSrGaO4 

using a conventional solid phase reaction [11]. By 

increasing the annealing temperature to 1400 °C, a pure 

phase with a relative density of up to 98 % can be 

obtained. It is important to note that depending on the 

ratio of A/B cations in La1−xSrxGa1−yMgyO3−δ and the 

concentration of dopants x = y = 0, 0.1, and 0.2, 

secondary phases Ga2O3, (Sr,La)2Ga3O7, (Sr,La)2GaO4, 

La4Ga2O9, and La4SrO7 are identified at the final ceramic 

formation temperature up to 1500 °C [25, 26]. 

There are inconsistent data in the literature 

regarding the influence of secondary phases on the total 

conductivity of LSGM electrolytes. At a synthesis 

temperature of 1400 °C, Cristiani et al. [27] obtained 

La0.8Sr0.2Ga0.8Mg0.2O3−δ, which contains the secondary 

phases LaSrGaO4 (16 %) and LaSrGa3O7 (1 %). The value 

of the total conductivity of this composition 

(La0.8Sr0.2Ga0.8Mg0.2O3−δ with LaSrGaO4 and LaSrGa3O7) 

is 0.077 S/cm at 800 °C, which is close to the 

conductivity of the pure LSGM materials. According to 

the authors, the presence of the secondary phases 

LaSrGaO4 and LaSrGa3O7 does not strongly influence on 

the electrical properties of the electrolyte layer. 

However, this view is challenged by alternative studies. It 

is well known [28, 29] that the total conductivity of 

melilite-type ceramics La1+xSr1−xGa3O7−δ (x = 0−0.45) is 

highly dependent on the strontium concentration. Thus, 

for La1.45Sr0.55Ga3O7−δ, the value of the total conductivity 

is of about 0.045 S/cm at 800 °C in air, which is close to 

the conductivity of La0.8Sr0.2Ga0.8Mg0.2O3−δ. The 

conductivity of the La1+xSr1−xGa3O7−δ material at 800 °C 

decreases from 3 · 10−5 to 3 · 10−6 S/cm with increasing 

strontium concentration from x = 0 to x = –0.15, 

respectively [28]. The total conductivity of LaSrGaO4 

and La4Ga2O9 oxides is 10−4−10−5 S/cm at 800 °C, which 

is 3−4 times lower than that of LSGM electrolyte [30–

32]. Consequently, the materials LaSrGa3O7, La4Ga2O9, 

and LaSrGaO4 have rather low ionic conductivity; their 

presence in the composition should negatively affect the 

ion transport of lanthanum gallate. This conclusion is 

supported by the results of Li et al. [33], who found that 

the presence of LaSrGa3O7 (2.3 %) and LaSrGaO4 

(2.3 %) phases in La0.8Sr0.2Ga0.83Mg0.17O3−δ ceramics leads 

to a decrease in conductivity at 800 °C from 

8.24 · 10−2 S/cm for the pure material to 1.28 · 10−3 S/cm 

with impurities. Zhang et al. [34] demonstrate a twofold 

decrease in the conductivity of ceramics from 3.95 · 10−2 

to 1.43 · 10−2 S/cm in the presence of about 8 % of 

LaSrGaO4 and LaSrGa3O7 impurity phases. The authors 
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also note that the effect of decreased conductivity is 

more pronounced at high experimental temperatures. 

It can be concluded that it is necessary to obtain 

pure ceramics to avoid transport losses, as well as the 

desire to reduce the temperature of heat treatment of 

the electrolyte layer to reduce the cost of production. 

Researchers have successfully developed ways to mitigate 

the sintering conditions of the electrolyte by modifying 

the synthesis methods, compaction of the layer and the 

introduction of a small amount of sintering aids, which 

together make it possible to obtain high-density ceramics 

at temperatures 150−300 °C lower than the initial 

1500 °C. There are some papers that discuss the 

problems of the influence of synthesis routes on the 

reduction of the sintering temperature of LSGM 

electrolyte and microstructural and compositional effects 

related to its electrical and mechanical properties 

[35, 36]. The present review paper will be focused on 

obtaining pure ceramics using different fabrication 

techniques, different ways of densification of ceramic 

powder and the influence of sintering additives on the 

densification of the electrolyte layer. 

2. Strategies for the reduction of the sintering 

temperature 

The traditional solid state method can be used to 

prepare pure La1−xSrxGa1−yMgyO3−δ ceramics at 

temperatures as high as 1450−1500 °C [17, 37]. Li et al. [11] 

were able to reduce the synthesis temperature of pure 

ceramics to 1400 °C by the solid state method, but for 

this they had to resort to a long 24-hour grinding of 

reagents at all intermediate stages of synthesis. The 

conductivity of the La0.9Sr0.1Ga0.8Mg0.2O3−δ ceramic 

reaches 0.04−0.08 S/cm at 800 °C. From a production 

perspective, these approaches are considered expensive 

and need to be improved. In this section, various ceramic 

powder preparation methods are discussed to produce 

single phase materials with reduced heat treatment. 

The different methods of LSGM electrolyte 

synthesis with the final preparation temperature of the 

ceramics are summarized in Table 2. The glycine-nitrate 

method can be used to produce single phase powders at 

temperatures of 1350−1400 °C. Nitrate salts are used as 

precursors with the addition of glycine as a fuel. The 

solution is heated in chemical beakers on a hotplate with 

slow evaporation and the formation of precursors with 

further self-ignition and formation of fine ash [25]. 

Samples crystallize into a cubic perovskite structure 

without the formation of any secondary phases [38]. 

Under conditions of rapid heating at 80−92 °C, 

secondary phases LaSrGaO4 and LaSrGa3O7 crystallize at 

the grain boundary of LSGM, which are stable even after 

heat treatment at 1400 °C. The single phase material is 

obtained by slow heating and evaporation at 92 °C. The 

pure material is described by a cubic structure with the 

Pm-3m space group, in the presence of impurity phases 

the structure of La0.9Sr0.1Ga0.8Mg0.2O3−δ is described by 

an orthorhombic structure (the space group Imma) [34]. 

The total conductivity of the samples synthesized by the 

glycine-nitrate method varies from 0.04−0.09 S/cm at 

800 °C with different crystal structure and impurity 

concentration. 

The freeze-drying method allows obtaining single-

phase materials from oxide reagents that are dissolved in 

nitric acid [39, 51]. The mixture of reagents was pre-

synthesized at 1200 °C because gallium oxide is insoluble 

in nitric acid, whereas the intermediates are soluble in 

acidic solution at 1200 °C. Ethylenediaminetetraacetic 

acid (EDTA) is introduced as a complexing agent 

followed by the addition of ammonia. These solutions 

are frozen in liquid nitrogen and then dehydrated in a 

freeze dryer. A stepwise heat treatment is then used to 

remove the organics, synthesize the powder, and 

produce the ceramics. Using this technology, pure 

La1−xSrxGa0.8Mg0.2O3−δ can be obtained at temperatures 

of 1350−1400 °C, depending on the strontium content in 

the composition. The structure of La1−xSrxGa0.8Mg0.2O3−δ 

solid solution changes with increasing strontium 

incorporation from orthorhombic (Imma) for x = 0.1 to 

cubic (Pm-3m) for x = 0.2. The total conductivity of the 

La1−xSrxGa0.8Mg0.2O3−δ ceramics is strongly dependent on 

the final heat treatment temperature (1300−1500 °C) 

and can vary from 0.08 to 0.11 S/cm. 

Carbonate and hydroxycarbonate co-precipitation 

methods do not allow achieving high purity of 

lanthanum gallate [27, 40]. The formation of a phase 

mixture occurs with the presence of LaSrGaO4 and 

LaSrGa3O7 oxides. A density of 93 % can be obtained 

using ammonium carbonate, and the conductivity of the 

ceramics does not exceed 0.045 S/cm. 

The ethylene-glycol method produces ceramics of 

high purity and density (more than 99 %) with a particle 

size after synthesis of about 120 nm and a grain size of 

6−8 µm at a sintering temperature of 1400 °C [41, 52]. 

The total conductivity of the LSGM ceramics is 

0.056 S/cm at 800 °C. The synthesis method consists of 

sequentially dissolving the starting components in nitric 

acid, followed by the addition of ethylene glycol and 

urea. The reaction mixture is heated to 150 °C with a 

reflux condenser until precipitation is complete. 

Hydrolysis of urea (NH2CONH2) produces NH4OH, 

which acts as a precipitator of La3+, Sr2+, Ga3+, and  Mg2+ 
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Table 2 – Methods, synthesis conditions and impurities for Sr/Mg doped lanthanum gallate. 

Synthesis 

method 
Material 

Pre-synthesis 

conditions 

Additional 

phases 

Compacting 

conditions 
Impurity Density Ref 

solid state La0.9Sr0.1Ga0.8Mg0.2O3−δ 1250 °C, 20 h LaSrGaO4 1400 °C, 4 h no 98 % [11] 

solid state La0.9Sr0.1Ga0.8Mg0.2O3−δ 1250 °C, 24 h − 1500 °C, 36 h no 95 % [17] 

glycine-nitrate La0.9Sr0.1Ga0.8Mg0.2O3−δ 1000 °C, 10 h − 1350 °C, 10 h no 95 % [38] 

glycine-nitrate La0.9Sr0.1Ga0.8Mg0.2O3−δ 80 °C; 

700 °C, 1 h 

− 1400 °C, 6 h no 99 % [34] 

freeze-drying La0.9Sr0.1Ga0.8Mg0.2O3−δ 1200 °C, 4 h; 

1250 °C, 4 h 

LaSrGaO4, 

LaSrGa3O7 

1300 °C, 4 h no 99 % [39] 

freeze-drying La0.8Sr0.2Ga0.8Mg0.2O3−δ 1300 °C, 4 h; 

1350 °C, 4 h 

LaSrGaO4, 

LaSrGa3O7 

1400 °C, 

20 min 

no 100 % [39] 

carbonates co-

precipitation 

La0.9Sr0.1Ga0.8Mg0.2O3−δ 1100 °C, 6 h LaSrGaO4, 

LaSrGa3O7 

1400 °C, 6 h LaSrGaO4, 

LaSrGa3O7 

93 % [40] 

carbonates and 

hydroxyl-

carbonates co-

precipitation 

La0.8Sr0.2Ga0.8Mg0.2O3−δ 1000 °C, 10 h LaSrGa3O7, 

LaSrGaO4, 

La4Ga2O9 

1400 °C, 10 h LaSrGa3O7, 

LaSrGaO4 

93 % [27] 

ethylene glycol La0.9Sr0.1Ga0.8Mg0.2O3−δ 1100 °C, 12 h LaSrGa3O7, 

LaSrGaO4, 

La4Ga2O9 

1400 °C, 6 h no 99 % [41] 

acetate sol-gel La0.8Sr0.2Ga0.83Mg0.17O3−δ 150 °C, 8 h; 

300 °C, 2 h; 

500 °C, 2 h; 

700 °C, 2 h 

La2O3, 

LaSrGa3O7, 

La2O2CO3 

1400 °C, 4 h no 94 % [42] 

citrate sol-gel La0.9Sr0.1Ga0.8Mg0.2O3−δ 800 °C LaSrGa3O7, 

LaSrGaO4 

1400 °C, 9 h LaSrGa3O7 − [43] 

regenerative sol-

gel 

La0.8Sr0.2Ga0.85Mg0.15O3−δ 900 °C, 6 h LaSrGaO4, 

LaSrGa3O7 

1400 °C, 8 h no 89 % [44] 

polymeric-gel La0.8Sr0.2Ga0.83Mg0.17O3−δ 1000 °C, 6 h La4Ga2O9, 

LaSrGa3O7, 

LaSrGaO4 

1450 °C, 10 h no 97 % [33] 

ultrasonic spray 

pyrolysis 

La0.9Sr0.1Ga0.8Mg0.2O3−δ 1000 °C, 6 h La4Ga2O9, 

LaSrGaO4, 

Sr3Ga2O6 

1500 °C, 6 h no 96 % [45] 

acrylamide 

polymerization 

La0.85Sr0.15Ga0.85Mg0.15O3−δ 1000 °C, 6 h; 

1200 °C, 6 h; 

1300 °C, 6 h 

La4Ga2O9, 

LaSrGaO4, 

LaSrGa3O7, 

Sr3Ga2O6 

1500 °C, 15 h LaSrGa3O7 98 % [46] 

self-propagating 

high-

temperature 

La0.9Sr0.1Ga0.8Mg0.2O3−δ 1000 °C, 6 h La2O3, Ga2O3, 

LaSrGa3O7 

1400 °C, 9 h no 98 % [47] 

microwave-

induced 

La0.8Sr0.2Ga0.83Mg0.17O3−δ 900 °C, 6 h LaSrGaO4, 

LaSrGa3O7 

1400 °C, 9 h no − [48] 

hydrothermal 

urea 

precipitation 

La0.8Sr0.2Ga0.8Mg0.2O3−δ 800 °C, 12 h GaO(OH), 

La(OH)3, La2O3 

900 °C, 12 h no 98 % [49] 

laser rapid 

solidification 

La0.8Sr0.2Ga0.83Mg0.17O3−δ 100 °C, 2 h − 1100 W CO2 

laser power, 

1 mm/s scan 

speed 

no 97 % [50] 

ions to form the corresponding oxides and/or 

hydroxides. 

One of the most common methods for the synthesis 

of ceramic materials is the sol-gel method, which has 

various modifications depending on the type of 

complexing agent and initial reagents [33, 42–44, 53]. 

The general approach to synthesis is to dissolve 

initial reagents with addition of complexing agent and 

slow evaporation of the solution to obtain a gel-like mass. 

Further steps are performed stepwise for the sequential 

decomposition of complexes and the formation of the 

main fine phase of the substance, and with intermediate 
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grinding of the precursor. In most cases, this synthesis 

method leads to the formation of single-phase finely 

dispersed LSGM powder with cubic structure at synthesis 

temperatures of 1400−1450 °C. The conductivity of the 

ceramics varies in the range of 0.051−0.082 S/cm at 

800 °C and depends on the grain size. The grain size 

strongly affects the grain boundary resistivity compared 

to the bulk resistivity, but no significant difference is 

observed in the total conductivity. 

The ultrasonic spray pyrolysis technique is based on 

the thermal decomposition of nitrate salt aerosol in a 

tube furnace at 900 °C, obtained by ultra-high-

frequency spraying of an aqueous precursor solution 

[45]. The resulting powder was partially crystallized and 

is a mixture of La0.9Sr0.1Ga0.8Mg0.2O3−δ and La4Ga2O9 and 

La4SrO7, indicating that the reaction is incomplete. The 

final synthesis was carried out at 1500 °C with holding 

times ranging from 6 to 48 hours, which is comparable 

to the solid state method. 

The acrylamide polymerization method is 

ideologically similar to the sol-gel method [46]. EDTA 

[CH2N(CH2COOH)2]2 is used as a complexing agent with 

the addition of NH4OH to generate chelating cations, 

followed by the addition of acrylamide monomers 

CH2CHCONH2 to form polyacrylamide chains and the 

crosslinking agent N,N’-methylene-bis-acrylamide to 

achieve the final topology of the gel complex. The 

synthesized powders consist of micron-sized thin plates 

aggregated by a large number of ultrafine particles. 

However, it is not possible to obtain a single phase 

material even at 1500 °C for 15 hours. The composition 

identifies the presence of LaSrGa3O7 phase with a relative 

material density of 97.6 %, and the total conductivity of 

the ceramic is 0.093 S/cm at 800 °C. 

Application of self-propagating high-temperature 

synthesis allows obtaining finely dispersed powders with 

an average particle size of 1.6 µm [47]. The peculiarity of 

the synthesis is the reaction combustion of the 

compacted initial reagents in a closed graphite crucible in 

an argon atmosphere. An igniter made of disposable 

carbon foil, placed in contact with one end of the sample, 

was subjected to electrical ignition at a voltage of 50 V 

and a current of 100 A at room temperature. The 

resulting sample was poured into water and washed with 

an ultrasonic cleaner to remove salts from the final 

product. Ceramics with a density of 98 % were formed 

at a lower sintering temperature of 1400 °C compared to 

the solid state method. The electrical conductivity of 

La0.9Sr0.1Ga0.8Mg0.2O3−δ electrolyte reaches 0.11 S/cm at 

800 °C, which is attractive for practical use as an 

electrolyte for SOFCs in the mid-temperature operating 

range. 

The method of polymerization of polyvinyl alcohol 

solution for the synthesis of LSGM electrolyte induced 

by microwave irradiation is performed in a modified 

microwave oven furnace [48]. Small, homogeneous and 

high-density La0.8Sr0.2Ga0.83Mg0.17O3−δ electrolyte 

particles with an average size of 2−3 µm can be observed 

after heat treatment at 1400 °C for 9 hours. The 

homogeneous mixing method and the steric entrapment 

mechanism by the large chain molecules of the polyvinyl 

alcohol lead to a stoichiometric and homogeneous 

powder. 

The pure La0.8Sr0.2Ga0.8Mg0.2O3−δ powder can be 

obtained at 900 °C by the hydrothermal urea hydrolysis 

precipitation technique with a particle size of about 

150 nm [49]. However, a dense 98 % ceramic from the 

powder can only be obtained at 1400 °C for 3 h of 

exposure time. The conductivity of the sample obtained 

by hydrothermal urea hydrolysis is 0.056 S/cm at 

800 °C, which is comparable in value to the ceramics 

obtained by sol-gel methods. 

The rapid laser solidification method allows 

obtaining of single-phase materials without high-

temperature heat treatment [50]. Samples obtained by 

this method form unique lance-shaped or sheet-like 

microstructures that are ordered and densely packed. 

The essence of the method is the melting of a compact 

precursor under the action of a CO2 laser with a power 

of 1100 W and a scan rate of 1 mm/s. The 

La0.8Sr0.2Ga0.83Mg0.17O3−δ powder is produced as a single-

phase powder crystallized in an orthorhombic structure. 

The density of the ceramics is 97.2 % of the theoretical 

density, and the total conductivity is 0.09 S/cm at 

800 °C. 

The use of solution synthesis methods leads to the 

formation of finely dispersed powders, which improves 

sintering into a dense substrate and increases the extent 

of contacts between grains. Rambabu et al. [44] 

presented the dependencies of total conductivity, bulk 

and grain boundary resistances for 

La0.8Sr0.2Ga0.83Mg0.17O3−δ ceramics sintered at 

temperatures of 1400−1500 °C. It is shown that there is 

no significant difference in the total conductivity. The 

bulk resistivity is very close to each other, but its grain 

boundary resistivity decreases by a factor of 2.7 with 

increasing grain size from 3.5 µm to 10 µm. Similar 

trends in grain boundary resistance variation with grain 

size of LSGM ceramics have been reported in other 

papers [38, 54, 55]. Chen et al. [55] suggest an increasing 

grain boundary space charge effect with increasing 

sintering temperature/grain size, which is consistent with 

increasing compositional uniformity by TEM. 
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Figure 1 Conductivity of LSGM samples at 800 °C prepared by 

different methods: SSM – solid state [17]; GNM – glycine-

nitrate [38]; FDM – freeze-drying [39]; CM – carbonate [40]; 

EGM – ethylene glycol [41]; SGM – sol-gel [44]; APM– 

acrylamide polymerization [46]; SPHTM – self-propagating 

high-temperature [47]; HUPM – hydrothermal urea 

precipitation [49]; LRSM – laser rapid solidification [50]. 

Density of material is given in %. 

STEM−EDS mapping revealed distinct regions of cationic 

heterogeneity at grain boundaries: Sr-rich phases and 

Mg-rich nanoscale regions. Apparently, their minor 

presence does not affect the general trend of grain 

boundary conductivity enhancement. 

According to the results, it can be concluded that 

solution synthesis methods or other modified approaches 

lead to the production of single-phase powdered LSGM 

electrolyte at temperatures lower than the traditional 

solid state method. However, to obtain dense ceramics, 

high-temperature heat treatment of compact materials is 

often required, in which case the fabrication temperature 

is 1400−1500 °C. The total conductivity of materials 

fabricated by solution methods is equal or higher with 

the traditional fabrication approach, Figure 1. 

Further developments to minimize power costs of 

ceramics production involve modifying or changing the 

technological approaches to create a dense ceramic layer 

through the application/deposition of films and using 

sintering aids. The following sections describe these 

developments. 

3. Influence of formation methods and sintering 

additives on the properties of ceramics 

Isostatic pressing of a green material prior to high 

pressure sintering is considered as one of the ways to 

increase the electrolyte density [17, 56–58]. The main 

advantage of isostatic treatment is the homogeneity of 

the density distribution over the volume of the part, 

which further influences the shrinkage of the material 

during sintering. The bar formed under the pressure of 

200 MPa for 10 min results in a 50−100 °C decrease in 

heat treatment temperature, and the density of the 

material is about 96 % of the theoretical [17]. Using hot 

isostatic pressing, porous LSGM with a relative density of 

99.6 % was obtained at 1300 °C for 1 h under the 

pressure of 200 MPa, which is 200 °C lower than the 

solid state method [57]. 

Dense coatings of 20−60 µm thick LSGM can be 

obtained by atmospheric plasma spraying [54, 59–62]. In 

this coating method, the material to be sprayed is heated 

to a liquid state and transferred to the surface to be 

treated by means of a plasma steam. The temperature 

was equal to or higher than the melting point (1723 °C) 

of the LSGM material. To achieve the liquid state of the 

material, different arc powers were experimentally 

selected depending on the particle size of the dispersed 

powder. Large uniform grains within the coatings 

indicate epitaxial growth of interlayer boundaries and 

improved coating quality. With increasing particle 

temperature, the conductivity of dense LSGM coatings 

deposited by atmospheric plasma spraying is comparable 

to that of bulk material and the cell performance is 

significantly improved. LSGM material can be sintered to 

a fully dense state by current-limited flash sintering 

method at a temperature of 690 °C in an electric field of 

60−120 V/cm [63]. The exposure time does not exceed 

10 minutes, which can significantly simplify the 

production of ceramics. 

The centrifugal casting method produces high 

density multilayer electrolyte layers [64–66]. The 

thickness of the layers can be controlled by the amount 

and density of the slurry. The sintering temperature to 

obtain a dense layer varies in the range of 900−1400 °C 

depending on the microstructural characteristics of the 

LSGM powder and slurry. A cold vacuum spraying 

method with a two-layer design can be used to seal 

LSGM coatings [67]. Nano-structured LSGM coatings 

with a thickness of ~5 µm are formed after low-

temperature sintering at 1200 °C [68]. An electrolyte 

slab with a thickness of about 180 µm can be obtained by 

the tape casting method. The process uses powder slurry 

containing ethanol and toluene and organic additives, 

which is spread evenly over the surface of the substrate 

with a doctor blade. The heat treatment reaches 1460 °C 

at which the relative density of the material is 96 %. 

Another technological method to increase the 

density of the material at reduced temperatures is the 

introduction of sintering aids. Small amounts of additives 

are introduced in the form of nitrates or oxides. The 

nature of the alloying metal and the concentration of the 

additive determine the ceramic grain size, phase stability, 

material density, total conductivity, and grain boundary 
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Figure 2 Sintering aids and their influence on ceramic properties. 

resistance. Ha et al. [69] investigated a series of 1 % 

additives introduced via metal nitrates into 

La0.8Sr0.2Ga0.8Mg0.2O3−δ powder. The best results for 

ceramic densification at 1300 °C were achieved by the 

addition of V5+, Li+, and Cu2+ ions, for phase purity by 

the addition of B3+, V5+, and Si4+, and for electrical 

conductivity by the addition of V5+, Fe3+, Zn2+, and 

Cu2+. For Si4+ in ceramics, a decrease in total resistivity is 

observed due to a decrease in grain boundary resistivity. 

The introduction of V5+, Fe3+, Al3+, Co2+, Ni2+, Zn2+, 

Mn4+, and Ca2+ ions decreases the grain boundary 

resistivity and the total resistance of ceramics, which can 

be explained by the presence of sintering additives at the 

grain boundaries and partial introduction of sintering 

agents of additives into the lattice of LSGM. The addition 

of Ba2+ decreases the phase purity during sintering at 

1300 °C and increases the total resistance of the material. 

The interdiffusion between NiO and LSGM electrolyte is 

described in [70]. The concentration of nickel oxide at 

the grain boundary decreases from 2 % to 0.5 %, 

resulting in the formation of LaSrGa(Ni)O4-type phase. 

The presence of nickel leads to an increase in the 

conductivity of the ceramics in air due to the formation 

of hole conductivity, and it decreases significantly under 

conditions of reduced oxygen pressure due to the 

formation of LaSrGa(Ni)O4-type phase. 

In [71], it was observed that the addition of V2O5 

promotes the densification and purity of the phase, 

which is attributed to the improvement of sintering and 

mass transfer by liquid phase sintering. 

La0.8Sr0.2Ga0.8Mg0.2O3−δ + 1 %VO5/2 ceramics exhibit a 

high ionic conductivity of ∼0.027 S/cm at 700 °C. In 

contrast, Larregle et al. [72] showed that the addition of 

V2O5 resulted in the worst performance in terms of 

compaction and phase purity, leading to the formation 

of unknown phases, probably caused by a reactive 

process favored by the high density of grain boundaries. 

The addition of 1 % Li2O sintering aid to the 

La0.8Sr0.2Ga0.8Mg0.2O3−δ electrolyte promotes the 

preparation of 99 % dense ceramics at 1400 °C [73]. The 

additive eliminates the impurity phase of LaSrGa3O7 in 

LSGM ceramics, suppresses the formation of the 

impurity phase of MgO, and increases the ionic 

conductivity by 20 % to a value of 0.17 S/cm at 800 °C. 

The introduction of bismuth oxide in the amount of 

1.2 % to 4.8 % into La0.9Sr0.1Ga0.8Mg0.2O3−δ has a positive 

effect on the sintering process [74]. The compaction 

temperature does not exceed 1300 °C, but pores remain 

in the ceramic even when 4.8 % Bi2O3 is introduced. 

Regardless of the concentration of the bismuth oxide 

additive, its presence has a negative effect on the ionic 

conductivity. The ionic conductivity of 

La0.9Sr0.1Ga0.8Mg0.2O3−δ + 1.2 % Bi2O3 decreases from 

2 ∙ 10−3 to 3 ∙ 10−4 S/cm in the temperature range of 

500−700 °C, apparently due to the chemical interaction 

of the components. 

Larregle et al. [72] showed that the addition of 

2 % ZnO or Fe2O3 leads to its incorporation into the 

LSGM lattice, which allows to obtain dense electrolytes at 

1350 °C. In La0.8Sr0.2Ga0.8Mg0.2O3−δ + 2% Fe2O3 

ceramics, a nonlinear dependence of grain boundary 

conductivity is observed, which is probably due to two 

Sintering aids for LSGM electrolyte 

Li2O: reduces sintering 

temperature to 1400 °C; 

eliminates impurity phase 

LaSrGa3O7; increases ionic 

conductivity 

B2O3: reduces sintering temperature 

to 1200 °C; increases resistance 

ZnO: reduces sintering 

temperature to 1350 °C; increases 

conductivity; incorporates into 

LSGM 

MnO2, Fe2O3, CoO, NiO, CuO, 

Al2O3: reduces sintering 

temperature, increases phase 

purity and conductivity 

Bi2O3, CaO: reduces sintering 

temperature to 1300 °C and grain 

boundary resistance, incorporates 

into LSGM 

Ga2O3: reduces sintering 

temperature to 1350 °C, incorporates 

into LSGM, increases conductivity, 

creates additional phases 

BaO: reduces density at 1300 °C, 

decreases phase purity and 

conductivity 

SiO2: increases density and phase 

purity at 1200 °C, reduction of total 

resistance due to lower grain 

boundary resistance 

V2O5: increases density through 

liquid sintering and phase purity at 

1300 °C and ionic conductivity 
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factors with increasing time during sintering of the 

material, namely grain size increase and strontium 

segregation with phase formation at the boundary. 

By adding 0.5−1.5 % Ga2O3 into 

La0.9Sr0.1Ga0.8Mg0.2O3−δ, ceramic with 95 % relative 

density at 1350 °C can be achieved [75]. This addition 

enhances grain growth from 2.3 to 3.2 µm, confirming 

the inclusion of La4Ga2O9, LaSrGa3O7, and LaSrGaO4 in 

the electrolyte structure and the formation of new 

phases at the grain boundary. The addition of 1.0 mol % 

of Ga2O3 to the material yields favorable results, 

showing an increase in bulk conductivity of ~22 % and 

an increase in grain boundary conductivity of ~35 % at 

a temperature of 320 °C. 

Molybdenum oxide is an effective sintering aid that 

optimizes the electrical properties of LSGM electrolyte 

[76]. By introducing 1.23 % MoO3, the density and grain 

size increase, while the bulk resistivity decreases by a 

factor of 1.12 and along grain boundaries by a factor of 

1.73 at 500 °C. In the MoO3 doped LSGM, some MoO3 is 

introduced into the electrolyte structure and distributed 

along the grain boundaries [77]. The sintering aid 

partially volatilizes at 1300 °C. 

Thus, the literature suggests ways to improve the 

efficiency of obtaining a compact ceramic substrate or 

membrane by changing the deposition technology and 

introducing different sintering additives. The 

electrochemical properties of the electrolyte are not 

positively affected by all of the sintering additives. These 

characteristics are summarized in Figure 2. 

4. Conclusions 

Literature studies show that it is critical to produce 

LSGM ceramics at lower temperatures. This can be 

achieved by modifying synthesis methods, adding 

sintering additives, and compacting the powder or 

depositing it on a substrate. Lowering the sintering 

temperature has a positive impact on optimizing the 

production conditions of electrochemical cells and 

reducing energy costs, which ultimately lowers the 

overall cost. Control is necessary when selecting a 

synthesis method and sintering additive, as not all 

methods produce single-phase LSGM ceramics and some 

additives reduce the purity and ionic conductivity of the 

electrolyte. Solution synthesis methods have proven to 

be most effective in achieving a single-phase composition 

at lower temperatures. Metal oxides, such as Fe2O3, 

Al2O3, CoO, NiO, and Mn2O3, can serve as promising 

sintering aids due to their ability to increase density, 

improve ionic conductivity, and enhance phase stability 

of materials. Conducting thorough research and 

development in this area is highly conducive to the 

production of an effective electrolyte layer in 

electrochemical devices. 
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