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Abstract 

Phase stability and degradation of zirconia-based ceramics, which represents a very important industrial 

material, highly depend on the dispersity and structure of the raw powder materials. The aim of this research 

was to study the influence of the concentration of the precipitating agent (ammonia) on the agglomeration, 

morphology and crystallisation of zirconia particles during precipitation from zirconyl nitrate salt. By 

potentiometric titration, it was shown that precipitation with 1 M ammonia solution balances the processes 

of hydrolysis and precipitation. According to STA, XRD and PSD data crystallisation temperature decreases 

by 77 °C when ammonia concentration is reduced from 0.5 to 0.2 M resulting in the kinetic stabilisation of 

the tetragonal zirconia at 550 °C. BET data showed that the highest specific surface area of the powders was 

obtained in the case of precipitation from 0.5 and 1 M ammonium hydroxide solutions. 
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I. Introduction 

The unique set of characteristics makes stabilised 

zirconia ceramics one of the most sought-after oxide 

materials in the modern industry [1,2]. Indeed, 

tetragonal zirconia possessing biocompatibility, 

outstanding bending strength (900–1200 MPa), and 

fracture toughness of 5–10 MPa∙m1/2 [2–5] provides 

the wide use of zirconia-based ceramics as one of the 

basic materials in dentistry, joint surgery and 

orthopaedy. The combination of high temperature 

stability with the oxygen conductivity of cubic 

zirconia promotes the wide use of such ceramics as an 

electrolyte in the solid oxide fuel cells [6–8], gas 

controlling sensors in metallurgy, glass-making and 

other high temperature technologies [9–11]. High 

mechanical characteristics coupled with chemical 

resistivity at high temperatures stipulate the use of 

zirconia ceramics in aviation and space technologies as 

a promising construction material where ZrO2-based 

materials are used as thermal barriers coatings [12,13].  

The industrial need for prolonging the lifetime and 

increasing performance of the stabilised zirconia 

ceramics for each of the applications sets the general 
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requirements on the raw materials and precursor 

powders. Independently of the applications, these 

powders should be chemically pure and possess a 

desired dispersity [8,14]. In addition, phase stability of 

the powders is a key point here since the degradation 

of partially and fully stabilised zirconia is well known 

phenomena limiting the lifetime of ceramics [15,16]. 

Elimination of the monoclinic phase formation in such 

ceramics is possible when wet chemistry synthesis 

approaches are used for the precursor powders 

preparation [17–19]. Indeed, many industrial 

manufacturers of zirconia powders are using the 

precipitation techniques providing a set of variable 

parameters for better control of the precursor powder 

dispersity [20,21]. 

The state-of-the-art results devoted to the 

chemical wet processing of zirconia can be found in 

numerous papers [22–24]. Precipitation parameters 

such as pH, temperature, reagents concentration, 

nature of salts and precipitator affect the final 

precursor powders properties [22,25]. Most of them 

were addressed for the case of precipitation using 

zirconyl chloride [20,21,23]. It was already shown 

[20] that powders dispersity and phase formation of 

zirconia precipitated by ammonia from zirconyl 

chloride solutions of different concentrations and pH 

varied significantly. The sample produced at pH=12 
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and a concentration of zirconyl nitrate of 0.81 M 

resulted in approximately 49 nm particles, being 

significantly smaller than those produced under the 

other studied conditions [20]. Further calcination 

resulted in the larger amount of tetragonal zirconia in 

the obtained powder. Similar results were obtained by 

Lomakina et al. [26] when the effect of the zirconia 

salt nature (zirconyl nitrate and chloride) on the final 

precursor powders properties (powders dispersity and 

phase composition) was investigated. The differences 

in the hydrolysis and precipitation behaviour of two 

zirconyl salts were discussed as well as their effect on 

the crystallisation temperatures and enthalpies. Keenan 

[27] reported the increase in the specific surface area 

of the zirconia precursor powders calcined at 500 °C 

with the increase in the ammonia precipitator contents. 

The decrease in the median crystallite size from 105 to 

10 nm was observed.  

Huang et al. [28] used different precipitants 

(ammonium hydroxide, ammonium bicarbonate, 

oxalic acid and urea) to study the effect of precipitants 

on the phase composition, stoichiometry and particle 

sizes of yttria-stabilised zirconia powders. The 

crystallisation temperature of the cubic zirconia solid 

solution was the lowest (about 400 °C) when ammonia 

was used as a precipitant, while it was about 500 °C in 

the case of other three types of precipitants 

(ammonium bicarbonate, oxalic acid and urea) that 

were used. Ammonium bicarbonate was shown to be 

unable to precipitate ZrO2+ effectively in the solution, 

resulting in the formation of the cubic Y0.18Zr0.82O1.91 

compound at 1000 °C. Urea was suggested as an 

optimal precipitating agent despite the challenges 

associated with the co-precipitation process.  

Vörös-Horváth et al. [29] considered the use of 

ammonia to be a key parameter for monodispersed 

SiO2 spherical particles production. The ammonia 

effect on the sol particles can be compared to the alkali 

effect [30]. Indeed, alkalis are rather strong 

electrolytes; their effect on the sol particles could be 

explained using the double layer theory (DLVO). 

According to this theory, the electrolyte ions affect the 

colloidal characteristics of the suspension, i.e. the 

width of the electrical double layer diffuse part 

determining the possibility of their effective collision 

with following agglomeration. The higher the ionic 

strength of the solution, the lower the energetic barrier; 

hence, the possibility of particles agglomeration in sol 

is high. The use of ammonia as a weak and low 

dissociating base (α < 30%) gives an opportunity to 

provide the enough amounts of OH- ions at a low ionic 

strength of the solution. In addition, the use of 

ammonia results in the absence of the contaminating 

precipitator residuals in the following synthesis steps – 

washing, drying and annealing. Kim et al. [31] 

compared the effect of 0.6 M ammonia contents on the 

SiO2, TiO2 and ZrO2 nanoparticles synthesis using the 

sol-gel approach: the size of silica particles gradually 

increased to about 150 nm, while the final sizes (92 

and 42 nm) of ZrO2 and TiO2 particles became 

significantly smaller than that of SiO2; more intensive 

hydrolysis of the initial metal salts was pointed out for 

TiO2 and ZrO2 fabrication.  

To sum up, it has been observed that the literature 

data on the precipitation is rather contradictory. Thus, 

the task of the present work was the systematic study 

of the ammonia contents effect on the hydrolysis and 

precipitation processes of the zirconyl nitrate salts, 

resulted precursor powders dispersity and 

determination of the optimal precipitator contents for 

the process. As shown in our recent work [26], the use 

of nitrate is beneficial compared to the chloride as 

zirconyl nitrate precipitation is accompanied by the 

stepwise and intensive hydrolysis, whereas the 

simultaneous hydrolysis and precipitation take place in 

the zirconyl chloride case in all titration range. The 

present study contributes to a better understanding of 

the relationship between synthesis conditions and the 

resulting precursor powder characteristics, paving the 

way for improved zirconia production methods at the 

laboratory and industrial scale. 

 

II. Experimental 

2.1. Sample preparation 

Undoped ZrO2 and tetragonal 4 mol% ytrria-

stabilised zirconia (4YSZ) samples were synthesized 

using the following reagents: ZrO(NO3)2·6H2O (CAS 

14985-18-3, Acros Organics, Belgium, 99.5%), 

Y(NO3)3·6H2O (CAS 13494-98-9, Acros Organics, 

Belgium, 99.9%), aqueous ammonia solution (CAS 

1336-21-6, Vecton, Russia) and distilled water. The 

reverse co-precipitation approach followed by freezing 

of the resulting gel in the liquid nitrogen was used 

[23,26] to produce the precursor powders. In the first 

step, 0.1 M aqueous salt solutions were prepared by 

dissolving the nitrate hydrates in water and thoroughly 

mixing. Then, the solutions were added drop-wise at a 

rate of ~1–2 ml/min into the ammonia aqueous 

solution of the varied concentration (0.2–5.0 M). Co-

precipitation was performed in an ice bath in the 

temperature range 0–5 °C with a permanent mixing, 

which resulted in the formation of hydroxide mixtures. 

The produced gels were aged for 48 h, filtered through 

the Büchner funnel with an ashless paper filter (Grade 

589/3 blue ribbon filter, an average pore size of ~ 2 

μm) to remove the residual mother solution, and 

washed by the distilled water to the neutral pH level. 

Then the gels were subjected to freeze-drying in liquid 

nitrogen (the details are given in Ref. [32]) and finally 

the obtained powders were annealed at 550 and 800 °C 

for 2 h in air. 

The following samples were produced: i) undoped 

zirconia samples T0.2, T0.5, T1, T3 and T5 synthesised 
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using 0.2, 0.5, 1.0, 3.0 and 5.0 M ammonia solutions, 

respectively, and ii) T-YSZ41 (the reference 4YSZ 

sample) synthesised using 1.0 M ammonia solution. 

 

2.2. Characterisation methods 

Potentiometric titration (Ion-meter IS-120, Russia, 

with a glass electrode as an indication electrode and 

saturated silver chloride electrode (Ag/AgCl, Cl-) as a 

reference electrode) was used to study the precipitation 

processes and 20 ml aliquot was taken for each 

titration. Simultaneous thermal analysis (STA, 

NETZSCH-STA 449F1 Jupiter, Germany) was used to 

characterize the thermal effects during the synthesis 

(heating rate 10 °C/min, 40 to 1100 °C, N2 flow). 

Particle size distribution (PSD) analysis was carried 

our using Horiba Partica LA-950, Japan. The specific 

surface area was investigated by the nitrogen 

sorption/desorption using Nova 1200e (Quantachrome 

Instruments, USA) surface area and micropore size 

analyser. The phase identification was performed by 

X-ray diffraction analysis (XRD, Shimadzu XRD-

6000, Japan) using Cu-Kα radiation at λ = 1.5406 Å, 

accelerating voltage of 40 kV at 30 mA current from 5 

to 80° with 0.02° resolution and 1 °C/min scanning 

speed. Phase identification was carried our using PDF-

2 database (released 2021). Crystallite sizes were 

estimated using Sherrer’s formula: 





cos




k
DXRD

   (1) 

where DXRD is a mean crystallite/particle size, k is 

Scherrer constant being the shape factor (typically 

taken as k = 1), λ is X-ray wavelength (λ = 1.5406 Å), 

β is full width at half maximum (FWHM) of the 

diffraction peak and 𝜃 is Bragg diffraction angle. 

Crystallinity, K, was calculated using the software of 

the diffractometer as the ratio of crystalline to 

amorphous phases. Scanning electron microscopy 

(SEM, Zeiss Auriga Crossbeam, Germany; 

accelerating voltage 30 kV) was used to analyse the 

morphology of the powders. The samples were fixed 

onto the carbon scotch tape and no conducting coating 

was applied. Materials, synthesis procedure and 

characterisation of the samples were described in more 

detail in our previous work [26]. 

 

III. Results and discussion 

3.1. The effect of ammonia concentration  

Potentiometric titration provides information on 

the processes of hydrolysis and precipitation in the 

zirconia solution upon ammonia addition. Since the 

change in the ammonia concentration may change the 

sequence of hydrolysis and precipitation steps, 

titrations of zirconyl nitrate with 0.2–5 M ammonia 

solutions were performed. The results are presented in 

Fig. 1. 

 

 

Figure 1. NH4OH titration curves of initial 0.1M ZrO(NO3)2 aqueous solutions (a) and the first derivatives of the obtained 

titration curves (b). Insert in Fig. 1a is the magnified region of the inflection points corresponding to the hydrolysis process 

 

Titration curves obtained for all investigated 

NH4OH concentrations are similar (Fig. 1). The initial 

zirconyl nitrate solution has an acidic media reaction 

(pH ~1.2). It is due to almost full hydrolysis of ZrO2+ 

to ZrO(OH)+ in the first hydrolysis stage. The initial 

region of the titration curves (pH from 1.2 to 1.6) is 

characterized by neutralisation of the ZrO(OH)+ ions 

of basic zirconyl by 60.2% and simultaneous 

hydrolysis at the first stage. The neutralisation degree 

was estimated based on the concentration of protons in 

the initial solution and the solution after the titration. 

The depth of hydrolysis was calculated to be 25%. It is 

based on the initial pH value and the amount of 

ammonium hydroxide needed for the neutralisation of 

the protons neutralised in the equivalence point and 

those that elaborated during the hydrolysis step. 

Nearly 25% of the final ZrO(OH)2 amount is formed 

here. The value obtained indicates that the tetramers of 
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basic zirconyl in the solutions are ready for the 

polymerisation process [26]. Since the precipitation 

rate significantly depends on the ammonia 

concentration, the titration curves are expected to be 

different from each other with the further pH increase.  

The region of the titration curves corresponding to 

pH from 1.6 to ~4 is the most important as it is 

referred to the competition between the hydrolysis and 

precipitation [26]. As seen from Fig. 1, the inflection 

points on the titration curves obtained using 0.2 and 

0.5 M ammonia are located at pH 1.66 and 2.00. In 

these two cases, the values of the inflection points are 

below 2.25 giving the evidence of the ammonia 

deficiency when low concentrations of ammonia are 

used. It results in the domination of hydrolysis over 

the precipitation. Latter limits the dendritic polymeric 

chains formation in zirconia hydroxide and results in 

their lamellar growth. Such variation of the 

precipitation favours fine nanoparticles formation; 

however, it hinders the formation of a three-

dimensional special network of [Zr(OH)4]n gel. In 

addition, it often results in the lower surface area of 

the powder. An increase in the ammonia concentration 

to 1 M results in the shifting of the inflection point to 

pH 2.24. Here the precipitation starts prevailing over 

the hydrolysis. At pH of 2.24 the depth of hydrolysis 

in the second stage is 50%. The obtained value shows 

that the clusters of the basic zirconyl are turned to 

oligomers and start precipitation into the polymeric gel 

[26]. Note that tetramer clusters are absent in the 

reaction media.  

Further increase in the precipitator concentration 

results in the inflection point shift to 2.3 and 2.72 for 

titration curves obtained using 3 and 5 M ammonia, 

respectively. The precipitation rate here is too high and 

the process is uncontrolled. The agglomeration of the 

precursor powder can be expected. It may likely result 

in decreased specific surface area and spongy powder 

structure having large interparticle pores. Overall 

comparison of the inflection points positions on the 

titration curves shows that when the titration is 

performed using ammonia with the concentration of 1 

M or higher, precipitation prevails over the hydrolysis, 

whereas the use of low ammonia concentrations results 

in the hydrolysis being the primary process in the 

solution. 

The region of the curve from pH 4 to 7 refers to 

the amount of ammonia needed to neutralise all the 

protons in the solution, i.e. the equivalence point. 

From the positions of the equivalence points, i.e. 0.20, 

0.21, 0.16, 0.21 and 0.20 for 0.2, 0.5, 1, 3 and 5 M 

ammonia, it is seen that in the case of 1 M ammonia 

concentration the obtained value is the closest to the 

initial concentration of zirconyl nitrate in the solution. 

The determined deviation in the concentration 

obtained for both diluted ammonia and the 

concentrated one is the same. This leads to the 

conclusion that the reason for over-titration is the 

ageing of the gel and the acidification of the solution 

due to the oxolation process. This process accounts for 

the association of ZrO(OH)+ particles into Zr–O–Zr 

and free protons. Thus, synthesising the gel by 

precipitation with a 1 M ammonia solution balances 

the processes of hydrolysis and precipitation. In this 

case 0.1 M ZrO(NO3)2 solution is evenly distributed in 

a sufficient amount of precipitant, and excess of any 

reagent is avoided. 

 

3.2. Structure and thermal effects upon heating 

Thermal analysis was used to clarify the effect of 

ammonia concentration on the processes of 

dehydration and crystallization in the xerogels of the 

undoped zirconia (Fig. 2). Figure 2a demonstrates the 

differential scanning calorimetry (DSC) curves and 

information on temperatures and thermal effects 

corresponding to these processes in ZrO2 powders, 

while Fig. 2b shows thermogravimetry data (TG 

curve), that gives an opportunity to evaluate the mass 

losses in the xerogel matrices during the heating. 

 

 

Figure 2. Differential scanning calorimetry (DSC) curves (a) and thermogravimetry curves (b) of T0.2–T5 precursor powders. 

Insert in Fig. 2a is the magnified region of the peaks corresponding to the crystallization process 
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All DSC curves in Fig. 2a demonstrate the 

prolonged endothermic effect with the maxima in the 

temperature range of 105–140 °C. According to Fig. 

2b, they are characterized by significant weight losses 

and could be attributed to the dehydration process. 

Considering the extended shape of the peaks typical 

for all samples studied, one can conclude that the 

processes of the adsorbed and structural water removal 

proceeded simultaneously up to 300 °C (the rate of 

this removal was rather low). More detailed results on 

the thermal effects, temperatures and calculated values 

for the dehydration/crystallization enthalpies and 

weight losses are listed in Table 1 together with the 

data for the reference sample of tetragonal zirconia T-

YSZ41. 

As it can be seen from the calculated data in Table 

1, the overall weight losses increase with the ammonia 

contents increase. Generally, the values of dehydration 

enthalpy show the same trend except for the value for 

the T1 sample. Generally, the losses of the structurally 

bonded water could be evaluated within the 

assumption that all such water is present in the form of 

OH– (i.e. hydroxides Zr(OH)4 and Y(OH)3). The 

weight loss values of 22.1 and 21.9 wt.% for the 

undoped ZrO2 and 4YSZ samples, respectively, were 

obtained as a result of such evaluation. Comparing 

these results with the data from Table 1, one can 

conclude that the weight losses registered for the T0.5, 

T1, T3 and T5 samples could be attributed to the 

structural-bonded water losses. Similar to the 

behaviour of the silicon hydroxide reported in the 

literature [33], the relatively small weight losses 

registered for the T0.2 sample might be due to 

hydroxide particles not being completely hydrated at 

low precipitator concentration. However, these 

particles are also included in the precipitation process. 

It results in accelerated gel ageing (oxolation) and the 

bonded water is lost already at the synthesis step. 

Thus, the significant part of the bonded water is not 

retained in the T0.2 powder. The discussed results are 

consistent with the titration data above. However, 

weight losses registered for the stabilised zirconia 

exceeded the above estimates. Possibly, it is due to a 

relatively high amount of the physically adsorbed 

water. 

 
Table 1. Dehydration/crystallization temperatures and enthalpies as well as weight losses of the prepared samples 

Specimen 
Dehydration 

temperature [°C] 

Dehydration 

enthalpy [kJ/mol] 

Crystallization 

temperature [°C] 

Crystallization 

enthalpy [kJ/mol] 

Overall weight 

loss [%] 

T0.2 127±1 14±1 375±1 -8±1 13.7±0.1 

T0.5 107±1 31±3 452±1 -14±1 19.0±0.1 

T1 117±1 48±5 472±1 -14±1 22.1±0.1 

T3 107±1 33±3 464±1 -15±1 20.9±0.1 

T5 125±1 44±4 463±1 -11±1 22.5±0.1 

T-YSZ41 138±1 90±9 517±1 -15±1 25.9±0.1 
 

The exothermal processes typical for all studied 

samples were registered in the undoped zirconia in the 

temperature range from 375 to 472 °C. They can be 

attributed to the amorphous-to-crystal phase transition. 

As it can be seen from Fig. 3 and Table 1, the 

crystallisation temperature of the T0.2 sample obtained 

using 0.2 M ammonia as a precipitating agent is 77 °C 

lower compared to the T5 sample, i.e. 375±1 °C vs. 

452±1 °C. Further increase in the ammonia 

concentration does not induce the significant change in 

the crystallisation temperature.  

As it was discussed earlier [26], the deposition 

rate during the ammonia-catalysed condensation 

increases with the ammonia contents. Hence one can 

assume that the close values of the crystallization 

temperatures typical for the T0.5, T1, T3 and T5 samples 

are due to the fact that the median particle sizes here 

overreached some critical value stimulating the 

accelerated formation of the tetragonal zirconia, as 

discussed in the literature [34,35]. Such a decrease of 

the crystallization temperature can be due to the higher 

dispersity or different morphology of the xerogel. To 

confirm this hypothesis, the morphologies of the 

powders were analysed by SEM under different 

resolution. The results are presented in Fig. 4. 
 

 

Figure 3. The dependence of the crystallization temperature 

on the concentration of ammonium hydroxide 
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Figure 4. SEM images of: a) T0.2, b) T1 c) T3 and d) T5 samples 

 

 

 
Figure 5. The comparison of the PSD analysis results, left column shows distribution by numbers and right column by volume 
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As it can be seen from Fig. 4, all samples are 

composed of the dendrite agglomerates having 

irregular shapes. Such a shape is typical for zirconia-

based samples [26]. The sample T5 is characterized by 

the highest degree of agglomeration whereas the 

samples T1 has the lowest, being in accordance with 

the potentiometric titration analysis. The increase of 

ammonia concentration up to 3–5 M results in the 

formation of large aggregates with the shape close to 

spherical. The sample T0.2 contains a mixture dendrites 

and lamellar particles (Fig. 4a). The formation of the 

particles with lamellar morphology most likely is a 

result of the hydrolysed zirconia in the precipitate. 

Indeed, according to the titration data, the domination 

of the hydrolysis processes over the precipitation 

limits the growth of the dendrite polymeric chains and 

favours the formation of the lamellar structure [33]. 

Under higher magnification (insets in Fig. 4) it is seen 

that the agglomerates in the samples T0.2–T5 are rather 

dense and composed of submicron particles. Overall, 

their morphologies are similar, however a sharp edge 

of the lamellar particle is seen in the sample T0.2.  

As for the stabilised zirconia sample T-YSZ41, 

the crystallization temperature of 517±1 °C is higher 

than that for the undoped samples. This effect is the 

consequence of the material characteristics change due 

to the zirconia solid solution formation. The 

precipitator concentration also affects the 

crystallization enthalpy values. As seen from Fig. 2a 

and Table 1, the amorphous-to-crystal phase transition 

enthalpies for the T0.5, T1, T3 and T-YSZ41 samples 

agree well with the reference value of -15±1 kJ/mol 

[36] while the results obtained for both minimal (T0.2) 

and maximal (T5) ammonia concentrations are 

significantly lower. 

 

Table 2. Median particle size, specific surface area and the residual weight (%) of the powders 

Specimen 
Median particle size, 

[μm] 

Specific surface area, 

[m2/g] 

Residual weight 

[%] 

T0.2 1.13±0.01 171±2 86.3±0.1 

T0.5 1.38±0.01 199±2 81.0±0.1 

T1 1.72±0.01 197±2 77.9±0.1 

T3 6.69±0.01 147±1 79.1±0.1 

T5 9.44±0.01 152±2 77.5±0.1 

T-YSZ41 0.92±0.01 207±2 74.1±0.1 

 

 
Figure 6. Sorption/desorption curves for the samples: a) adsorption isotherms and b) the magnified region of the isotherm 

corresponding to the hysteresis loop 

 

Figure 5 compares particle size distributions 

obtained for the samples T0.2–T5. Median particle sizes 

for these powders are listed in Table 2. Note that the 

ultrasound was applied to all studied samples to break 

the agglomerates. As seen from the presented data, 

synthesis with lower ammonia contents (T0.2, T0.5 and 

T1 samples) provides rather similar particle 

distributions with close median sizes and bimodal 

shapes of volume distributions. However, some slight 

increase in the median particle size is evident: the 

lower precipitator contents give an opportunity to 

obtain particles with dimensions below 1 µm, while 

the increase in the ammonia contents provides 

particles with the typical dimensions higher than 1 μm. 

As for the distribution by volume, an increase in the 

ammonia contents provides almost complete decrease 

in the second peak intensity. The T0.2 sample has a 

significant volume fraction of large agglomerates of 

300–500 μm, originating from admixture of flakes 

seen in Fig. 4a. The maximum of the second peak 
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moves to 70–100 μm region in the case of the T0.5 

sample, while no bimodal distribution could be 

observed for the T1 sample. This leads to the 

conclusion that morphology of the agglomerates is 

fully dendritic for the T1 sample. Further increase in 

the precipitator contents gives rise to the significant 

increase in the median particle sizes from 1.1–1.7 to 

6.7 and even 9.4 μm being in accordance with SEM 

results (see Fig. 4). In the same time, the number of 

large agglomerates with the dimensions close to 100 

μm seems to be negligible, as seen in distributions by 

volume (Fig. 5). Hence, one can conclude that 

precipitation at low ammonia contents produces the 

major fraction of powder with rather small 

agglomerate sizes (median sizes ~1–1.5 μm) coupled 

with some amount of fairly large ones. The increase in 

the precipitator contents leads to an increase in the 

median particle size; the number of large agglomerates 

related to flakes formation is negligible here. 

The specific surface area is one of the 

characteristics, also dependent on the synthesis 

conditions, in our case, on the precipitator (ammonia) 

contents. The results of BET analysis are shown in 

Fig. 6. As presented, adsorption/desorption curves for 

all samples correspond to the IV type of the adsorption 

isotherm indicating the presence of capillaries in the 

xerogel structure. Generally, such type of curve is 

typical for hydrated zirconia due to the presence of 

rather small pores in the powder particles [37]. The 

conclusion is consistent with the morphologies of 

samples presented in Fig. 4. The porosity likely 

originates from the space left between closely packed 

particles. 

 

 
Figure 7. The effect of the precipitator contents on the 

specific surface area, median particle size and residual 

weight of the samples according to TG data 

 

Let us discuss the ammonia content effect on the 

shape of the hysteresis of the adsorption isotherms. As 

seen from Fig. 6, the area of the hysteresis loop 

slightly increases as the precipitator content increases 

from 0.2 to 3 M (the samples T0.2-T3), and then it 

decreases when the concentration of the precipitator 

reaches 5 M (Fig. 6b). This fact supports the 

assumption that the lower packing density of the 

particles is due to the fast and non-controlled 

precipitation. In turn, it provides an increase in the 

agglomeration rate. As seen in Fig. 7, the dependence 

of specific surface area on the ammonia concentration 

has a maximum of 199±2 m2/g in the range 0.5–1 M 

ammonia (Table 2). Overall, the obtained values are 

consistent with the literature data [26,37,38]. 

Remarkably, when the diluted ammonia solution of 0.2 

M is used for zirconia precipitation, the specific 

surface area of the T0.2 sample remains lower than the 

value for the T0.5 sample (171±2 m2/g). It is likely due 

to the bimodal distribution of the particles in the T0.2 

powder (Fig. 5) and a presence of the agglomerated 

particles. Lower surface area of the T0.2 sample could 

be also due to the observed deviations from the typical 

xerogel structure resulting from the preferential 

formation of the spherical particles and lamellar 

particles [39]. Latter results in the additional 

compaction of the structure. The increase in the 

precipitator contents provides an increase in the 

particle sizes. Their agglomeration gives rise to the 

significant decrease in the specific surface area (the 

red curve in Fig. 7 and the data on the particle size in 

Table 2). Probably, the formation of large-sized pores 

or even a spongy-like structure is possible here [37]. 

In addition, the samples were annealed at the 

temperatures higher than phase transition temperature, 

i.e. at 550 and 800 °C for 2 h to obtain the information 

on the effect of ammonia concentration on the 

tetragonal phase stabilisation. The results are presented 

in Fig. 8 and Table 3 summarises quantitative data on 

the phase composition, crystallinity of the samples and 

compares crystallite sizes to median particle sizes. 

As it can be seen from Fig. 8a, annealing at 550 

°C for 2 h results in the formation of metastable 

tetragonal zirconia modification, being in accordance 

with the crystallization enthalpy data (Table 1). The 

precipitation by 0.2 M ammonia results in a pure 

tetragonal phase with the crystallinity, K of 49% and 

Dxrd of 79 nm. The increase in ammonia concentration 

to 0.5 and 1 M induces the small admixture of 

monoclinic phase, 8 and 9 wt.% for the T0.5 and T1 

samples, respectively, followed by the slight increase 

of crystallinity for the sample T0.5 to 52%. Further 

increase in the ammonia concentration results in the 

increased amount of monoclinic phase in the T3 

samples (13 wt.%, see Table 1), whereas the sample T5 

contains only 5 wt.% of monoclinic phase. Both 

samples are characterized by the lowest crystallinity, 

i.e. 45 and 44% for the T3 and T5 samples, 

respectively. Lower monoclinic content in the T5 

sample coupled with lower crystallinity and the largest 

agglomerate sizes indicates that 2 h of annealing at 

550 °C is not enough to finish the crystallization 

process in the bulk of the agglomerate. The increase in 

the annealing temperature to 800 °C confirms this 

assumption and the amount of monoclinic phase in the 
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T5 sample increases to nearly 53 % (Table 3). The 

sample T0.2 shows remarkable stability of metastable 

tetragonal phase. The amount of monoclinic phase 

induced in the sample is only 9 wt.%. The sample T1 

stands out from the trend, resulting in the decreased 

amount of tetragonal phase. Table 3 reflects the 

relation between the crystallization process and 

changes in crystallite sizes. Crystallite sizes decrease 

for the samples characterized by a significant increase 

in the monoclinic phase content, indicating 

recrystallization. For the samples having low 

monoclinic phase content, the size of crystallites 

increases indicating the kinetic stabilisation of the 

tetragonal please. For all calcined samples (Table 3), 

the average particle size decreases significantly at 550 

°C and becomes submicron, due to simultaneous 

crystallization and dehydration processes. As the 

temperature increases, the average particle size 

decreases or remains unchanged. 

 

 
Figure 8. XRD patterns obtained for samples annealed at 550 °C (a) and at 800 °C (b) for 2 h; ■ denotes the monoclinic phase 

and ● – to the tetragonal one 

 

Table 3. Phase composition, crystallinity, crystallite sizes based on XRD data and median particle sizes based on PSD data. P1 

– monoclinic phase, P2 – tetragonal phase, 2θ = 30.20°, λ = 1.5406 Å 

Sample, annealing 

temperature [°C] 

Phase composition  
FWHM 

Crystallite size, 

dxrd, [nm] 

Median particle 

size [µm] 

Crystallinity, K  

[%] P1 [wt.%] P2 [wt.%] 

T0.2, 550 - 100 0.43 79 0.52 49 

T0.2, 800 9.0 91.0 0.39 87 0.49 54 

T0.5, 550 9.0 91.0 0.40 85 0.42 52 

T0.5, 800 20.7 79.3 0.37 91 0.44 52 

T1, 550 8.0 92.0 0.45 75 0.50 47 

T1, 800 48.5 51.5 0.54 63 0.48 48 

T3, 550 13.8 86.2 0.44 77 0.46 45 

T3, 800 21.6 78.4 0.40 85 0.47 51 

T5, 550 5.2 94.8 0.39 87 0.60 51 

 

As seen from the data obtained, the use of 

different concentrations of ammonium hydroxide gives 

rather wide concentration range for hydrous zirconia 

synthesis resulting in the stepwise nature of hydrolysis 

and precipitation processes that remain independent of 

the chosen concentration. The increase in precipitator 

concentration results in the differences in precipitation 

rates. Latter leads to the observed changes in the 

structure of the gel and the properties of the resulting 

powders. Coupling the data on potentiometric titration, 

STA, SEM, BET and PSD, one can see that these 

changes occur consistently, demonstrating that 

ammonia is a suitable precipitant. While hydrolysis of 

zirconia is an inevitable process, the precipitation can 

be thoroughly controlled by ammonium hydroxide 

concentration. The increase in the concentration of 

ammonium hydroxide merely accelerates precipitation, 

the precipitator does not occlude in the gel and allows 

rather simple control of powder properties.  

The use of the lowest concentration of ammonium 

hydroxide results in the finest size of particles 

(1.13±0.01 µm, Table 2), and the lowest temperature 

of phase transition from amorphous to crystalline 

zirconia (375±1 °C, Table 1 and Fig. 3), while the 

specific surface area of the T0.2 sample remains lower 

than the value for the T0.5 and T1 powders. The 

dominant hydrolysis process results in the slight 

agglomeration of particles and the presence of the 

lamellar particles in the dendrite agglomerates (Fig. 4). 
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Annealing of the T0.2 up to 800 °C results in the 

remarkable stability of the metastable tetragonal phase.  

The use of 1 M ammonia solution for the reaction 

of hydrous zirconia formation results in the 

stoichiometric ratio of the reagents (Fig. 1). In case of 

more diluted and more concentrated ammonium 

hydroxide, the equivalence point is shifted due to the 

ageing of the gel and oxolation process. The obtained 

T1 powder possesses the symmetric particle size 

distribution and rather large specific surface area. 

Synthesis by reverse co-precipitation with 1 M 

ammonia solution balances hydrolysis and 

precipitation processes, as a small amount of 0.1 M 

ZrO(NO3)2 solution is uniformly distributed in a 

sufficient amount of precipitant eliminating the need 

for excess of the reagents. Further calcination of the T1 

powder results in the tetragonal ZrO2 with the 

admixture of monoclinic phase. 

Comparison of the results obtained in the present 

work with the literature data [20,21,27,35] shows good 

data correlation between the crystallization 

temperature and precipitator concentration in zirconia 

powders. Indeed, similar increase of the crystallization 

temperature on the ammonia concentration was 

observed by Ushakov et al. [37] for yttria-stabilized 

zirconia ceramics. The increase of the ammonia 

content from 0.002 to 0.4 M resulted in the quasilinear 

increase in the crystallization temperature from 420 to 

625 °C [37]. The obtained change was due to the 

nanoscaled particles effect. The use of ammonia 

provided the possibility to obtain nanoscaled particles 

of doped zirconia with the mean sizes lower than 100 

nm. The specific surface area was also decreasing with 

the ammonia content increase. In the present work, the 

micron-scale agglomerated particles were obtained 

when 0.2 M ammonia solution was used to precipitate 

undoped zirconia. However, the observed stabilisation 

of the pure tetragonal phase can be also related to the 

stabilisation by the size-effect.  

According to Keenan [27], the addition of dopants 

to zirconia stabilises the surface area of zirconia 

against sintering, i.e. generally increases the powder 

dispersity. The observed differences are also strongly 

related to the initial degree of hydration of zirconia, 

i.e. the structure of the precipitated hydrous zirconia 

[20]. These values differed significantly when zirconyl 

chloride and nitrate were used as initial salts for 

undoped zirconia precipitation [20,21,26], as well as 

when co-doped powders were synthesised [27,35]. 

Thus, the literature data on the effect of synthesis 

conditions on the dispersity, surface area and 

crystallization temperature should be analysed 

critically considering the dopant and zirconyl salt 

nature. In summary, in case of undoped zirconia 

synthesis the decrease of ammonia concentration to 

0.2 M can be recommended as optimal to reach kinetic 

tetragonal phase stabilization. When it comes to doped 

zirconia powders, 1 M ammonia would be a preferable 

choice due to the better control of morphology and 

agglomeration of the resulting powders. 

 

IV. Conclusions 

The potentiometric titration revealed that the use 

of 1 M ammonia results in the stoichiometric reaction 

of zirconia precipitation. In case of 0.2, 0.5, 3 and 5 M 

ammonia precipitators the deviations from the reaction 

stoichiometry are due to the ageing of the gel and 

pronounced hydrolysis. By using DSC, it was shown 

that the temperature of the amorphous-to-crystal phase 

transition increases sharply by 77 °C when ammonia 

concentration increases from 0.2 to 0.5 M. By SEM 

and PSD analyses it was shown that the bimodal 

agglomerate distributions in the powders obtained 

using 0.2 M ammonia are due to the presence of 

lamellar particles in the dendrite agglomerates. 

Coupled results of BET, SEM and PSD showed that 

the specific surface area depends non-linearly on the 

ammonia content due to the varied nature of the 

agglomeration processes and lamellar particles present 

in the powders obtained in the diluted ammonia 

solution. It was shown by STA and XRD that the use 

of 0.2 M ammonia results in the kinetic stabilisation of 

pure tetragonal phase at 550 °C whereas small 

admixtures of monoclinic phase are present in the 

samples obtained using 0.5–5 M ammonia. 
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