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Abstract 

Yttria-stabilised zirconia (YSZ) materials are of great interest due to their mechanical properties, chemical 
inertness, low thermal conductivity and high ionic conductivity. However, a high temperature is required to 
consolidate the YSZ, while homogeneity problems may arise. This study proposes a modified wet chemical 
method for commercial YSZ sintering started from a scalable colloidal solution containing yttrium and lithium 
in an aqueous medium. This homogeneous mixture, adjusted by pH and Li/Y content, transforms into 
intermediate phases that play a key role as "cement" linking YSZ particles at low sintering temperatures. The 
originality consists of the use of the citric acid enabling the formation of either porous or dense microstructure 
depending on processing conditions. A complete follow-up of the transformation of compounds throughout 
the process, from liquid phase to cement, is proposed and enables us to propose the consolidation mechanism 
that will be useful for further optimization. 
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I. Introduction 

Yttria-stabilized zirconia (YSZ) has been wildly used in different industrial fields for its high mechanical 
performance and chemical inertia even at relatively high temperatures.[1][2] Specifically, for low yttria 
content (< 8mol%), the YSZ stays generally in the monoclinic-tetragonal phase region which is interesting for 
applications in biological domains or as structural components due to its good biocompatibility and high 
strength.[3] With high yttria content (> 8mol%), the YSZ is more stable in the tetragonal-cubic phase which is 
considered a good candidate for thermal barrier coatings (TBCs) and solid electrolytes in solid oxide fuel cells 
(SOFCs) thanks to its low heat conductivity and high ion conductivity via oxygen ions permeation.[4][5] These 
applications require good phase stability and suitable microstructures of YSZ components to meet their 
specifications. The cubic phase YSZ solid electrolyte should be fully dense to avoid the fuel/ oxygen contact 
that is prone to burring risk.[6] In contrast, the TBCs need a relatively high porosity for good heat insulation.[7] 
The orientation of the pores is another important parameter that limits the TBCs performance, for instance, a 
columnar structure can display a thermal conductivity twice as higher as a lamellar structure.[8]  

Many synthesis methods have been explored or are under study to pursue these high-performance YSZ-
based ceramics. The straightforward one involves the sintering of YSZ powder. However, this method is 
delicate to prepare mechanically stable materials with high porosity; it is also difficult to obtain YSZ with high 
density at temperatures below 1400 °C.[9] To overcome these issues, pore forming agents [10][11] and 
sintering aids have been used appropriately.[12][13] Other dry processes for preparing YSZ materials are 
Atmospheric Plasma Spraying (APS) [14] and the Electron Beam Physical Vapour Deposition (EBPVD).[15] They 
have been widely applied on the industry scale because of its low manufacturing cost and simplicity. Besides, 
various wet-chemical routes have emerged which are characterized by the nanoscale or even atomic scale 
homogeneity in the mixing of raw materials. Among these methods, combustion synthesis,[16] co-
precipitation, [17] polymeric complexing, [18][19] and the sol-gel process [20] have been extensively 
investigated due to their versatility and relatively straightforward scalability. However, studies using wet 
chemical methods with commercial YSZ sintering aids are lacking, which would provide a more cost-effective 
approach. The performance optimization of so-prepared material is often accomplished with careful precursor 
molecule selection, composition control, and the pH adjustment in a suitable solvent. In most cases, all these 
experimental parameters are independently studied, which makes the control of microstructure more tedious 
and challenging because of the complicated parameter-parameter interactions.[21].  

To solve these problems, this study proposes a modified wet chemical method to produce porous or 
dense YSZ materials at a relatively low temperature by adjusting simple synthesis parameters. Nitrate salt 
precursor was chosen due to its relatively low decomposition temperatures and highly volatile decomposition 
products, which minimizes residual contaminants in the final product.[22] Depending on the addition of 
organic groups, the thermal decomposition process can be either a brutal combustion using nitrate as an 
oxidant, or a gradual decomposition. To trigger these different degradation mechanisms, citric acid was used 
to simultaneously regulate the pH of the solution and the stoichiometry of the nitrate/organic groups. It should 
be emphasized that the formation of insoluble yttrium citrate causes in aqueous media distinct chemical 
environment. This blend transforms to solid state that plays a key role as "cement" to interconnect the YSZ 
particles together at lower temperature than common sintering routes. The diffusion of the cement 
composition into the nanoparticle or vice versa further enhances the mechanical properties in ceramic. In 
addition, with a sintering aid, the formation of the interphase between cement and nanoparticles must be 
understood to obtain the desired mechanical properties. The main advantage of this method is that cement 
composition can be easily adjusted by manipulating a single operational parameter: citric acid content, instead 
of considering pH, concentration and chelating agent separately. 

The microstructure of the final composite depends strongly on the cement’s physicochemical properties 
and the thermal process. It is also expected that the cement phase to interact with the particle enhancing the 
interparticle cohesion at high temperature. Therefore, Lithium dopant have been added which is widely 
acknowledged for the effect on the densification and grain growth in various oxide systems including 
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zirconia.[9][23] The mechanism is often attributed to the formation of a low temperature liquid phase that 
lowers the sintering’s temperature and could allow the partial dissolution of the zirconia. 
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 2. Materials and methods 

2.1 Raw materials 

The commercial YSZ with 3mol% of Yttrium powder, denoted 3YSZ, was supplied by Baikowski (Poisy, 
France), it consists of soft spray-dried granules with an average diameter of 26.4 µm. After ultrasonic 
treatment, the particles diameter of the deagglomerated granules was measured in deionized water at natural 
pH using a laser diffractometer (Malvern Instruments, Mastersizer HYDRO 2000). The specific surface area and 
the main particles diameter are 14 m2/g and 150 nm respectively, according to the powder supplier. The 
precursor molecules were the lithium acetate dihydrate (LiOOCCH3∙2H2O) and yttrium nitrate hemihydrate 
(Y(NO3)3∙6H2O), which were directly used as purchased from Sigma-Aldrich to prepare the solutions. Among 
them, yttrium nitrate hemihydrate was classically applied in combustion synthesis as nitrate resource.[22] 

 

2.2 The molecule-level configuration in the mixture 

Given that the Li-based and Y-based mixture will interact with 3YSZ through the surfaces of the 
nanoparticles during sintering, it is thus wanted that the YSZ nanoparticles would be fully covered by Li+ and 
Y3+ cations. Moreover, the intermediate compounds are expected to have a sufficient quantity to be 
detectable that allows to study the chemical changes of the system. 

By adding 3.46g of 3YSZ into 15mL solution, the total 3YSZ particles surface area was estimated to be 
48.4 m2. The cation radius is 76 pm for single Li+ cation and 90 pm for Y3+ cation which are fairly close. The 
maximum number of connecting lithium ions on all the 3YSZ surface is then 2.08E21 which correspond to a 
concentration of 0.23mol/L for the precursors. In the same way, the maximum number of touching yttrium 
ions on all the 3YSZ surface is then 1.48E21 which correspond to 0.16mol/L in the 15ml solution.  

Accordingly, we chose the concentration of the lithium acetate at 0.15, 0.3, and 0.6 mol/L and fixed the 
yttrium nitrate concentration to 0.3 mol/L to ensure the good surface coverage of the 3YSZ particles. The 
corresponding Li/ Y ratios were equal to 1:2, 1:1, and 2:1, respectively. For all the samples, the overall molar 
ratio of Y/ Zr (considering yttrium from both the sol-gel and 3YSZ particles) remained to be 1: 2. 

It is important to notice that this composition was chosen to sufficiently cover the YSZ nanoparticles by 
Li+ and Y3+ cations. The real situation in the reactive media can be much more complicated where the presence 
of the solvent molecule and the other species, such as the hydrate, acetate, nitrate, and citric groups, may 
prevent the cation from approaching the nanoparticles. 

 

2.3 The preparation of the solution 

The salts of Li and Y were dissolved in deionized water with the ratio mentioned above. These solutions 
were stirred for 30 minutes at room temperature. Citric acid was used to regulate the solution’s pH while it 
played also a chelating agent role to slow down hydrolysis reaction rate.[24] Firstly, the impact of solution pH 
was investigated by varying its values at 1.4, 2, 3, 4, and 5. Subsequently, the influence of Li-dopant 
concentration on the ceramic microstructure after sintering was examined while maintaining a constant pH 
value of 2. The pH of 1.4 was the lowest pH attained in this study, to avoid excessive dilution by adding too 
much citric acid. 
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Fig. 1: the mixture preparation of the wet-chemical process. 

 The deagglomerated 3YSZ with a weight of 3.46g was introduced into 15ml of the previously prepared 
solutions. Hereafter, the samples were named depending of the different solutions’ characteristics (pH and 
Li/Y ratio) see Table 1. The water was evaporated at 85 °C in an oil bath while the solution was carefully stirred. 
After 24h, a homogenous and viscous slurry could be obtained. To remove maximumly the solvent molecules, 
the mixtures were further dried at 85 °C in air for another 72h to form dry powder. This wet chemical route is 
schematically shown in Fig. 1. 

Table 1: the nomenclature of the samples and the corresponding preparation conditions 

Nomenclature pH Lithium : yttrium ratio 

Li1/2Y-pH2 2 1:2 

Li1Y-pH2 2 1:1 

Li2Y-pH1 1.4 2:1 

 Li2Y-pH2 2 2:1 

Li2Y-pH3 3 2:1 

Li2Y-pH4 4 2:1 

Li2Y-pH5 5 2:1 

 

2.4. The thermal treatment 

The prepared mixtures were directly heated up to 1400 °C with a ramp of 5°C/min, maintained for 1h 
and then naturally cooled down to room temperature. The sample Li2Y-pH2 that showed the most promising 
microstructure was furthermore heated step by step as follow to study the temperature effect on the its 
phases change. The calcinated powder Li2Y-pH2 was first heated to 400 °C. Then the grey powder was 
grounded and compressed in a mold of 20mm diameter under 200 MPa. The prepared pellets were heated to 
600 °C, 800 °C, 1000 °C, 1200 °C, and 1400 °C with a ramp of 5 °C/min. 

2.5 Characterizations 

All scanning electronic microscopy (SEM) images were performed with a ZEISS Supra55 equipment to 
study the morphology and the microstructure of the ceramics using SE detector. A low tension of 2kV was 
applied to prevent the charging issue on these isolated materials. Average grain diameter was determined 
from SEM images, considering spherical shape with the same surface area of the grains. This average diameter 
was measured using ImageJ software. Fourier transform infrared spectroscopy (FTIR) measurements were 
taken in transmission mode for the liquids and ATR mode for the powder on Thermo Scientific equipment. 
These results allow to probe the different chemical environment in the solutions and to track the chemical 
variation during calcination process. TGA-DSC analysis was carried out using Setaram's LABSYS equipment to 
understand the thermal degradation mechanism of the systems.This analysis was carried out under synthetic 
air flow and began with a stabilization step at 20 °C, then the samples were heated up to 1400 °C with a ramp 
of 5 °C/min in alumina crucible. The density and its uncertainty for each pellet after heat treatment was 
estimated by weighing and measuring their volume via the volume displacement method, using precision 
glassware and performing an immediate measurement to disregard water penetration into open pores. X-ray 
Diffraction (XRD) is a powerful nondestructive technique for characterizing material’s crystallinity, which 
provides information about microstructure change. All XRD patterns were performed with a Bruker D8 

advance instrument using a Lynx Eye high speed detector and a Cu-K as radiation source. The applied tension 
was 40 V and the current density was 20 mA while the step size was 0.05° and the scan speed was 1 sec/step. 
Quantification of the yttrium content in the cubic phase of zirconia was performed using the equation %YO1.5 
= (acubic - 5.11742)/ 0.001559 proposed by Krogstad.[25] The cubic unit cell parameter acubic was deduced from 

the fitted X-ray diffractogram using a pseudo-Voigt function to accurately determine the 2 of hkl planes which 
are related to acubic according to Bragg's law. 



6 

6 
 

3. Results and discussion 

3.1 The state of the solutions as a function of the pH value 

The pH value of the solutions, which was controlled by the amount of citric acid, played a crucial role in 
adjusting the equilibrium of the solutions with pre-determined cation concentrations. As a result, the solutions 
exhibited different states depending on their pH levels. 

Without adding citric acid, the yttrium cation released from the nitrate salt attracts electrostatically the 
lone electron pairs from oxygen of the water molecule inducing the formation of an ordered hydration shell 
around the cation. This hydration product is noted [𝑌(𝐻2𝑂)𝑛]3+  and is often called an aqua cation. In 
[𝑌(𝐻2𝑂)𝑛]3+, the electronic attractive force is strong enough to allow formation of a steady Y-O interaction 
as in many cases of transition metals. Meanwhile, the electron cloud of the involved O-H bonding shifts to the 
oxygen atom side resulting in the dissociation of a proton into the solution. The reaction can be written as the 
following equation with the formation of hydroxo ions.[26] 

[𝑌(𝐻2𝑂)𝑛]3+ + ℎ𝐻2𝑂 ⇆ [𝑌(𝑂𝐻)ℎ(𝐻2𝑂)𝑛−ℎ](3−ℎ)+ + ℎ𝐻3𝑂+ eq. 1 

This reaction conducts an acidic behavior (pH = 5.7) of the precursors’ solution without adding citric acid. 

 

 

Fig. 2: the solutions variation and the illustration of the mixture system on YSZ nanoparticle surface as 
a function the pH value. 

 It can be observed that the solutions were not completely transparent but shows a little turbidity for a 
pH value higher than 4, see Fig. 2. Continuedly adding citric acid, a sedimentation was observed at pH = 3 while 
the solution suddenly became milky white. The sediment disappeared when the pH decreased to 2. The 
solutions with pH lower than 2 were transparent and had a relatively low viscosity which can remained stable 
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after 96h of storage under room temperature. During this pH variation, the molar ratio between Li-precursor 
and Y-precursor (1:2, 1:1, and 2:1) of different samples did not exhibit a significant effect on the solution state. 
The effect of citric acid on the complex’s production will be carefully discussed in the section 3.2. 

 

3.2 The chemical change of the solution characterized by FTIR 

 Based on the aforementioned solution observation, the phenomenon can be categorized into three 
distinct pH ranges. To analyze the chemical compositions at different pH values, FTIR was used and the 
characteristic bands of the involved groups are summarized in table 2 as reference. Fig. 3 displays the FTIR 
spectra obtained from solutions with various pH, while maintaining a fixed Li/Y ratio of 2:1.  

Table 2: the ATR-FTIR signals of chemical groups involved 

Groups ATR-FTIR signals wavelength (cm-1) ref 

Acetate 

1579 (antisymmetric stretching of the COO 
group) 1412 (symmetric stretching of the 
COO group), 1312 C-O stretch), 1043 
(bending of theCH3 group) 

[27][28] 

Nitrate 
1343 (NO3 asymmetric stretching), 825 (NO3 
symmetric stretching), 741 

[29][30] 

Citric acid 1710, 1250, 1075 [31][32] 

Complex Citrate/ Y3+ 1633 [31][32] 

Y-O bondings < 700  [33] 

When pH > 4, the solution is named as “sol-gel” stage. The yttrium hydroxo et aqua predominate in the 
solution according to the speciation graph of yttrium cation.[34] The turbidity in samples Li2Y-pH4 and Li2Y-
pH5 was caused by the agglomeration of the nanosized colloids formed via rapid condensation (Olation and 
Oxolation) reactions. It should be noted that a homogeneous colloidal solution can be obtained by optimizing 
the parameters of the sol-gel process. However, since it is not the focus of this study, it will not be discussed 
in detail. At this stage, the infrared spectra exhibit well-defined Y-OH and Y-O bonding stretch bands at 
wavelengths below 700 cm-1, as indicated in Figure 3 for the samples Li2Y-pH4 and Li2Y-pH5. 
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Fig. 3: FT-IR spectra recorded with the samples of different pH values while maintaining a fixed Li/Y 
ratio of 2:1. (•) indicate the Y-OH and Y-O bonding stretch; (*) indicate the hydrated yttrium cation; the 

arrow indicates the shift of the citrate to free citric acid transformation. 

 When pH varied from 4 to 2, the solution corresponded to a “sedimentation” stage. The transformation 
of the yttrium hydroxide to the yttrium citrate, denoted YCit, is favored under these thermodynamic 
conditions according the following equations:  

𝑌(𝑂𝐻)𝑛
(3−𝑛)+

→ 𝑌3+ +  𝑛𝑂𝐻− eq. 2 

𝑌3+ +  𝐶𝑖𝑡3− → 𝑌𝐶𝑖𝑡 eq. 3 

This transformation as well as the solubility of YCit in water are strongly influenced by the pH of the solution 
and the concentration of citrate. W. Janusz et al. [33]explored the logarithm of the total concentration of 
yttrium species as a function of pH for both the Y (OH)3/water and yttrium citrate/water systems. In general, 
increasing citrate ion concentration shifts the boundary between the stability region of yttrium citrate and 
that of yttrium hydroxide towards higher pH values [35,36] Furthermore, a higher concentration of citrate ions 
results in increased solubility of yttrium citrate in aqueous solution. With our specific conditions, a significant 
amount of precipitation can be observed in sample Li2Y-pH3 indicating the formation of insoluble YCit. The 
bonding of the Y3+ cation and citrate is characterized by C=O stretching vibration band at 1658 - 1604 cm–1 
region which can be observed in the curve obtained with the sample Li2Y-pH3, see Fig. 3.[31,32]  

 When pH < 2, the solution attained a “monodisperse” stage, the yttrium cation is chelated with the 
citrate groups forming a soluble complex due to the increasing citrate quantity. Their FTIR curves show the 
characteristic band of the metal aqua cation placed in the 1238 – 1176 cm-1 region (marked by * in Fig. 3) that 
can not be observed for in the FT-IR curves of the other solutions. Besides, the C=O stretching vibration band 
shift from 1658 - 1604 cm–1 to 1750 - 1710 cm–1 region (indicated by the arrow in Fig. 3) indicating to the 
transformation of the citrate anion (Cit3-) combined with the Y3+ to a free citrate acid.[31] As a result, the 
solution of Li2Y-pH1 and Li2Y-pH2 became totally transparent. 

 By adjusting the citric acid content, it is possible to shift the “cursor” between the different chemical 
stages. On the sol-gel stage, the 3YSZ particle was mainly surrounded by yttrium hydroxide nano-colloids, 
while for the sedimentation stage, it is surrounded by yttrium citrate precipitates. In the monodisperse stage, 
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a soluble complex is formed. Besides, the nitrate and acetate anion also react with the [𝑌(𝐻2𝑂)𝑛]3+ cation 
by forming the metal-anion complexes in the aqueous solution:[37] 

[𝑌(𝐻2𝑂)𝑛]3+ + 𝑁𝑂3
− → [𝑌(𝑁𝑂3)(𝐻2𝑂)𝑛−1]2+ +  𝐻2𝑂 eq. 4 

[𝑌(𝐻2𝑂)𝑛]3+ + 𝐶2𝐻3𝑂2
− → [𝑌(𝐶2𝐻3𝑂2)(𝐻2𝑂)𝑛−1]2+ +  𝐻2𝑂 eq. 5 

These reactions slow down the hydrolysis and condensation velocity. 

 

3.3 The thermogravimetric analysis 

The different composition effect furtherly the compounds degradation mechanism. Fig. 4 shows the 
TGA/DSC curves of the Li2Y-pH2, Li2Y-pH3, and Li2Y-pH4 samples. The results obtained from Li2Y-pH1 and Li2Y-
pH5, which are not presented here, are quite similar to the results of Li2Y-pH2 and Li2Y-pH4, respectively. 
Hereafter, this study will focus on these more representative samples Li2Y-pH2, Li2Y-pH3, and Li2Y-pH4. At the 
end of the thermal treatment at 1400 °C, all samples lost ~20% - 22% of the overall weight. The first weight 
loss for all samples from 100 °C to 150 °C is attributed to the evaporation of the residual free water molecules. 
This process induced an endothermic peak centered at around 130°C.  
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Fig. 4: the TGA-DSC curves recorded with a): Li2Y-pH2, b): Li2Y-pH3 and c): Li2Y-pH4. The solid lines 
indicate the variation of the weight (%) and the dash lines represent the trend of the heat flow (µV). 
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Between 250 °C and 700 °C, main exothermic reactions took place which corresponds to the thermal 
degradation of the citrate, acetate, and nitrate groups.[38] [39] For Li2Y-pH3, see Fig. 4b, there is one main 
narrow peak from the DSC curve accompanied by a sharp weight loss at 310 °C. This phenomenon is typically 
associated with a rapid redox reaction (combustion) that uses nitrate as oxidant and other organic groups 
(citrate and acetate) as fuel releasing different gas molecules.[40,41] A mild ignite temperature (200-300 °C), 
depending on the metal counterion and additives, is required to trigger this reaction. In the case of Li2Y-pH3, 
the combustion was almost completed since no other significant peaks at higher temperatures were observed. 

In the case of Li2Y-pH4, Fig. 4c shows a noticeable broadening of the exothermic peak accompanied with 

a gradual weight loss around 333 °C compared to Li2Y-pH3. These differences suggest that the combustion 

process took place with a slower velocity in Li2Y-pH4. Indeed, the velocity of the combustion depends strongly 

on the nitrate/fuel ratio and the geometry of the carrier. It has been reported that the combustion (eq. 6) 

occurs in a bulk system while the slow decomposition (eq. 7) takes place mainly in a thin film, as shown as 

below: [26]  

aM(NO3)2z + organic fuel → aMOz + bCO2 + cN2 + dH2O  eq. 6 

4M(NO3)2z → 4MOz + 8zxNOx +(10z-4zx)O2 eq. 7 

The slow progression of combustion was most likely attributed to the presence of the Yttrium hydroxide 

agglomeration, which leads to a discontinuity in the distribution of nitrate and fuels. As a result, a higher 

ignition temperature and a faster ramp are necessary for the combustion to propagate effectively.  

Unlikely, the Li2Y-pH2 curve (see Fig. 4a) displays some other exothermic peaks placed at 360 °C and 

440 °C apart from the one at 310 °C. These peaks correspond to the degradation of the residual citrate and/ 

or acetate because an excess of citrate had been added into the solution comparing with Li2Y-pH3.[42][43] 

When the temperature became higher than 700 °C, no more evident endothermic or exothermic peaks 
can be observed indicating that the degradation of all the organic parts was completed. The heat flow 
decreases at temperatures above 800 °C generating changes in the slope of the curves. This behavior is most 
likely caused by phase transitions that will be discussed below.[44] 

 

3.4 The microstructure in the calcinated powders 

The SEM was used to probe the morphology and the microstructure of the raw and treated materials 
through calcination. Fig. 5a and b shows the SEM image of the as received raw 3YSZ powder before and after 
deagglomeration as reference. The granulometry analysis of the deagglomerated powder, see Fig. 5b, reveals 
a main peak placed at 150 - 220 nm, with some residual clusters remaining, leading to a weaker secondary 
peak at 1 µm. In Fig. 5c the pure 3YSZ nanoparticles heated at 1400 °C displays almost unchanged shape and 
size compared to the raw powder. 
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Fig. 5: the SEM image of: a) the raw 3YSZ granules powder, b) the deagglomerated powder and inset 
the size distribution of deagglomerated 3YSZ powder, c) the pure 3YSZ, d) Li2Y-pH2 powder, e) Li2Y-pH3 

powder, f) Li2Y-pH4 powder. From c) to f), the samples were sintered at 1400 °C. 

 

3.4.1 The influence of the pH 

The SEM images shown in Fig. 5d-f illustrate the powder morphology obtained with Li2Y-pH2, Li2Y-pH3, 
and Li2Y-pH4 samples sintered at 1400 °C which have significantly bigger grain size compared with pure 3YSZ. 
In the case of Li2Y-pH2, the average grain diameter and its standard deviation value are estimated, from the 

image analysis, of 1.1  0.6 µm while the size distribution is rather broadening since submicron grain can be 

observed. The Li2Y-pH3, and Li2Y-pH4 samples average grain diameters reach 1.5  0.3 µm and 1.2  0.4 µm, 
respectively. Among these images, Li2Y-pH2 exhibits a dense structure, while Li2Y-pH3 displays a porous 
structure. This variation can be attributed to the changes in the surrounded cement phase, as discussed above. 
In Li2Y-pH2, the homogenous solution and gradual degradation process contribute to the formation of a dense 
structure. Conversely, sedimentation and rapid combustion underwent by Li2Y-pH3 lead to the formation of 
pores within the ceramic material. For pH values above 4, both Li2Y-pH4 and Li2Y-pH5 exhibit a duplex 
microstructure. This lack of homogeneity is attributed to the agglomeration of yttrium oxide, making it more 
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difficult to integrate into the YSZ nanoparticles cluster in aqueous media. The sol-gel stage derived product 
requires a further optimization to gain homogeneity which will not be discussed in this study. 

The Li2Y-pH2 and Li2Y-pH3 samples exhibit promising potential for different applications, whether as 
highly dense materials or porous materials. For applications such as SOFC that require a dense structure, 
maintaining a pH of up to 2 is reasonable. On the other hand, if a porous structure is desired (thermal barrier 
material), Li2Y-pH3 appears to be a suitable candidate. In this study, the discussion will be limited to the pH of 
2 in order to investigate the effects of Li dopant on the final product. Moreover, the microstructure from dense 
to pores can also be tuned by the sintering conditions to meet specific applications.  

 

3.4.2 The influence of the Li dopant quantity  

With a low Li dopant quantity, some bare 3YSZ particles, as indicated by red arrows in Fig .6a, are still 
visible in Li1/2Y-pH2. Fig.6a and b shows both rather porous structure for Li1/2Y-pH2 and Li1Y-pH2, whereas a 
higher Li dopant quantity in Li2Y-pH2 leads to a significantly enhanced densification (see Fig. 6c). This 
microstructure variation trend emphasizes the effect of Li dopant on densification of 3YSZ. Fig. 6d shows a 
low-magnitude image illustrating the good homogeneity over a large observation area of Li2Y-pH2. 

The addition of lithium affects the overall system microstructure in two ways. Firstly, it increases the 
number of acetate groups in the mixture which reduce the thermal degradation velocity due to its higher 
decomposition temperature compared the nitrate. Secondly, the densification effect of lithium is dependent 
on its quantity. A critical amount of lithium is required to form the intermediate Li-Y-O and Li-Zr-O related 
eutectic liquid phases according to elsewhere report.[45] In the case of Li2Y-pH2, the molar ratio of Li : Y : Zr 
reached 2 : 1 : 2, which is enough for the formation of the stoichiometric compound LiYO2. Additionally, the 
remaining lithium seems sufficiently interact the YSZ nanoparticle surface. 
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Fig. 6 the SEM image obtained with a) the Li1/2Y-pH2 powder (red arrows indicate bare 3YSZ particles); 
b) the Li1Y-pH2 powder; c) and d) Li2Y-pH2 powder with different magnification; e) the fracture 
microstructure of a pure cement with a Li/Y ratio equaling to 2; f) Fracture surface of Li2Y-pH2 

microstructure.  

Fig. 6f shows a fracture surface microstructure obtained with Li2Y-pH2 which is different compared with 
pure cement phase (Fig.6e). The bigger grain size compared with the initial nanoparticle is due to the grain 
coarsening during sintering between 3YSZ and the cement phase. However, submicrometric grains remained 
in this polycrystalline microstructure. Furthermore, the former 3YSZ may in fact not have been coated but 
have disappeared, because of their transformation and growth from tetragonal to cubic phase with the yttrium 
brings by the cement. 

 

3.5 The high-temperature behavior 

For the following part, the sample Li2Y-pH2 was selected to probe the high-temperature reaction and 
the phase transitions mechanism. The samples were first heated to 400 °C to remove maximally the organic 
groups according to the TGA curves, after that a grey powder was obtained. The degradation of the organics 
had not been fully completed yet according to the thermogravimetric plot (Fig. 4), around 92% of total weight 
loss underwent during this pretreatment. Moreover, the physicochemical analyses in section 3.6, specifically 
XRD and FTIR characterizations, exhibit similar results for the samples synthesized at both 400 °C and 600 °C. 
Noticeable changes only appeared at higher temperatures, thus it is reasonable to expect that no significant 
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chemical reactions or element diffusion took place between the cement and the Yttria-Stabilized Zirconia (YSZ) 
nanoparticles at 400 °C during the powder preparation process. 

The pretreated powder was introduced into a mold to elaborate the pellets of 20mm diameter under 
200MPa uniaxial pressure. Then during higher temperature calcination, the pellet became white at 800 °C for 
1h meaning that the decarburization process was completed which is in good consistency with the 
thermogravimetric analysis. Then, significant shrinkage was observed from 1000 °C to 1200 °C where the 
sample shrunk by 30% of its volume while the density of the pellet increased from 3.6 to 4.9 g/cm3. The trend 
was slightly slowed down from 1200 °C to 1400 °C where a density of 5.9 g/cm3 at 1400 °C can be observed, 
as shown in Fig. 7. 

 

Fig. 7: the density of the pellets as function of calcination temperature 

Fig. 8 show the fracture microstructure of the pellets heated for one hour at different temperature from 
400 °C to 1400 °C. At low temperatures (400 – 600 °C), the 3YSZ nanoparticles were recovered by the “fungus-
like” product that can no more be observed at a temperature of 800 °C. The particles are rounded and merged 
with the adjacent particles at 1000 °C. Meanwhile no obvious grain coarsening can be observed until this 
temperature. However, an important grain coarsening accompanied by a densification was observed for the 

sample heated at 1200 °C while the grain diameter attains 1.9  0.3 µm. This dramatic variation explains the 
pellet volume shrinkage from 1000 °C to 1200 °C. The microstructure variation from 1200 °C to 1400 °C is not 
significant. 

1200 °C 1000 °C

400 600 800 1000 1200 1400

3,0

3,5

4,0

4,5

5,0

5,5

6,0

6,5

7,0

D
e
n

s
it

y
 (

g
/c

m
3
)

Temperature (°C)



16 

16 
 

 

Fig. 8: SEM (2kV) images of the fracture microstructure as a function of the sintering temperature (a) 400 °C, 
(b) 600 °C, (c) 800 °C, (d) 1000 °C, (e) 1200 °C, (f) 1400 °C. 

 

3.6 Densification mechanism followed by phases evolution 

Fig. 9 displays the XRD patterns obtained with the pellets as a function of the sintering temperature. 
The diffractograms obtained with the pellets heated at 400 °C, 600 °C, and 800 °C correspond to a mixture of 
the tetragonal (the most intensive peak at 30°, JPCDS: 01-078-1808) and monoclinic (the most intensive peak 
at 28.2° and the second intensive peak at 31.5°, JPCDS: 01-083-0940) phases of 3YSZ nanoparticles. It is worth 
noting that the X-ray diffraction (XRD) pattern obtained from the pure 3YSZ powder exhibits identical features 
to those observed in the pellet heated at 400 °C and 600 °C. This similarity arises from the amorphous nature 
of the cement phase, and the phase transition of zirconia has not occurred under these conditions yet. 

As the temperature increases, the monoclinic phase experiences a decrease in signal intensity, 
indicating its transition to the more stable tetragonal phase. Additionally, the tetragonal to cubic transition 
takes place between 800 °C and 1000 °C, which is evident by the gradual merging of the tetragonal doublet to 
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form a singular peak at approximately 2 = 60°. Though residual monoclinic and tetragonal phases remain 
observable up to 1200 °C, only the cubic phase is present at 1400 °C. The yttrium content quantified in the 
cubic phase (for 1200 °C and 1400 °C) is between 10 and 12mol% Y2O3, calculated using the equation proposed 
by Krogstad [25] and the cubic unit cell parameter deduced from the X-ray diffractograms. 

Regarding the cement phase, the peak labelled and located at 29.2° (JPCDS: 00-043-1036) belongs to 
cubic yttria indicating a local crystallization of this phase. The intensity of this peak slightly increased from 

400 °C to 600 °C and became a shoulder of the tetragonal + cubic signal (2 = 30.3°) at 1000 °C which is a result 
of the diffusion of yttria into the zirconia lattice. The influence of the yttria diffusion infers the zirconia lattice 

leading to a peak shift to a lower 2 value (see Fig. 9b) 

 

Fig. 9: a) XRD pattern of the pellets as a function of the sintering temperature; b) the peak at 30.3° shifts to a 
lower value from 800 °C to 1400 °C. ◊ indicates the most intensive peak of cubic yttria. 

 

Several reactions can occur on the 3YSZ nanoparticle surface. Fig.10 shows the zoomed XRD pattern of 
Fig. 9 from where two additional peaks at 21.9° and 42.6° can be observed at 800 °C, which could be ascribed 
to the formation of a metastable tetragonal Li2ZrO3 compound (JCPDS:00-20-0647) via a reaction between 
lithium oxide from the cement phase and 3YSZ phase. At 1000 °C, this tetragonal Li2ZrO3 phase began to 
convert to monoclinic crystalline Li2ZrO3 (JCPDS: 01-076-1150) which is consistent elsewhere reported 
result.[46] At a sintering temperature of 1400 °C, the Li2ZrO3 peaks disappeared entirely due to its thermal 
degradation. 
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Fig. 10: XRD patterns in which the (•) represents Y2O3, (○) represents tetragonal Li2ZrO3, (*) represents 
monoclinic Li2ZrO3  

 

Other stoichiometric compounds, Li6Zr2O7 and Li8ZrO6, can also be formed, as shown by the following 
equations: 

3Li2O + 2ZrO2 -> Li6Zr2O7 eq.8 

4Li2O + ZrO2 -> Li8ZrO6 eq.9 

Limited by their small quantity and low thermal stability, these products were difficult to be directly observed 
after a relatively long heating process.[9] Furthermore, the most intensive diffraction peak of Li8ZrO6 (JCPDS: 
00-026-0867) is located at 19.6° that is mainly overlapped with the signal of Li2ZrO3, making it difficult to verify 
its presence. However, it is important to notice that these stoichiometric compounds (Li6Zr2O7, Li8ZrO6) allow 
the formation of a liquid phase due to an eutectic degradation as low as 1025 °C.[47] The observed increase 
in grain size between 1000 °C and 1200 °C is likely caused by the presence of this liquid phase. 

Besides, within the cement phase, the Lithium oxide and the yttria can also react. Using a similar sol-gel 
method to prepare LiYO2, Loembe et al reported that the crystallization of LiYO2 occurs at 950 °C with an 
excess of Li (Li:Y=3:1).[48] Even higher temperature was reported to be necessary for a lower Li/Y molar ratio 
which explains why no crystallized LiYO2 phase can be observed above 1000 °C in the XRD pattern. However, 
the formation of the LiYO2 can be confirmed by the FTIR, see Fig. 11 The first absorption at 865 cm-1 is 
consistent with Y–O octahedron vibration modes. The peaks located at 1437-1500 cm-1 are assigned to Y–O/Li 
bending mode. It can be observed that the LiYO2 was formed at 400 °C. Between 600 °C and 800 °C, the peak 
intensity reduced significantly. For a temperature higher than 1000 °C, the peaks disappeared. 
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Fig. 11: the FTIR of the pellets as a function of the sintering temperature. 

 

It is now possible to trace the evolution of the microstructure and the phases transition in the ternary 
(Li,Y,Zr) oxide system as a function of the sintering temperature, see Fig. 12. At 400 °C and 600 °C, the mixture 
was composed of monoclinic and tetragonal 3YSZ and the oxide derived from solution. Then the Li2ZrO3 was 
formed at a temperature between 600 °C and 800 °C while the LiYO2 was formed at around 700 °C. For a 
temperature between 800 and 1000 °C, the transition consisted mainly of a monoclinic to tetragonal transition 
of YSZ. For a temperature higher than 1000 °C (1045 °C) the formation of the cubic phase predominated with 
the yttria diffusion into zirconia. From 1000 °C to 1200 °C, a liquid phase can be formed according to the Li2O-
ZrO2 phase diagram.[47] As consequence, a grain coarsening is observed of the pellet which is accompanied 
by a densification. Thus, obtaining a dense fine final miscrostructure avoiding grain coarsening needs an 
accurate controle of temperature just above 1000 °C. 

  

Fig. 12: the phase evolution during sintering process of Li2Y-pH2 
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4. Conclusion 

 This study highlights the significant potential of a modified wet-chemical methods for the preparation 
of YSZ materials. The strength of the technique lies mainly in its high homogeneity and versatility enabling the 
control over ceramic microstructure. Additionally, it exhibits substantial scalability potential, addressing 
longstanding challenges in industry, particularly related to the optimization complexity and the energy 
efficiency of conventional ways. By simply adjusting the citric acid content (pH of solution), this method 
streamlines the optimization process by effectively controlling the cement's composition. Notably, two pH 
ranges have been identified as potentially interesting: a low pH stage (pH ≤ 2) where a dense structure can 

be achieved, and a slightly higher pH stage (pH ≈ 3) where a porous structure is formed through a combustion 

mechanism, offering versatility in tailoring YSZ properties to diverse application requirements. Reducing 
sintering temperatures through lithium doping holds special importance amid today's energy crises. The effect 
of Lithium dopant has also been evidenced. The sample with a molar ratio Li/ Y equaling to 2 allows a significant 
enhanced densification compared with the sample have lower Lithium content. Nevertheless, further 
investigation of the process is necessary, including the exploration of the influence of yttria content and the 
sintering process on the final product density and phases composition. Our ongoing research aims, at first, to 
strike the ideal equilibrium between solution composition and homogeneity, enabling the attainment of a 
suitable physicochemical and mechanical properties in ceramic products. Subsequently, the perspective study 
will explore the impact of Li dopant in the electronic domain, particularly for high-temperature applications. 
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