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Abstract

A novel green nonaqueous sol-gel process was developed to prepare 3 mol% Y2O3-doped ZrO2 nanopow-
der from zirconium oxychloride and without need for washing of the obtained particles. It was shown that
highly dispersive nanometer-scale zirconia powder with the particle size of 15–25 nm and BET surface area
of 41.2 m2/g can be prepared. The sintering behaviour was also investigated. Density of the translucent body
sintered at 1400 °C is 98.7 ± 0.3% of its theoretical density and the surface and cross section areas are dense
without holes or other defects. The bending strength of the sintered sample is 928 ± 64 MPa.
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I. Introduction

Zirconia is one of the most important ceramic materi-

als. It has excellent combination of mechanical, optical,

electrical and thermal properties, which makes it a good

choice for applications such as structural, semiconduc-

tor, SOFC electrolyte and bio-material [1,2]. Zirconia

powder can be prepared via various methods, such as

emulsion [3], hydrothermal [4], combustion [5], thermal

decomposition [6], sol-gel [7] and precipitation method

[8]. Sol-gel method is one of the best methods for

preparation of zirconia, titania and alumina nanopow-

der [9–11]. However, traditional sol-gel method takes

water as medium, but its large surface tension inevitably

leads to agglomeration during the drying process. In ad-

dition, widely used precursor, zirconium oxychloride,

which is cheap and easy accessible, often needs repeated

washing in order to avoid “salt bridge” effect of chlo-

ride ions [12]. Green synthesis route is environmen-

tally friendly route known as “zero pollution, zero in-

fection, zero emission” and “high utilization” [13,14].

Lydia et al. [14] developed a green route for synthesis of
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ZrO2 nanoparticles, however, they used Zr(NO)
3
·4 H2O

which is expensive and can involve ammonia pollution

in environment.

In this work we develop a novel simple green non-

aqueous sol-gel process to prepare highly dispersive

yttria-stabilized zirconia nanopowder. Zirconium oxy-

chloride was used as zirconium source since it does

not need washing dechlorination because chloride can

be expelled in the form of crystalline precipitate or

molecule of ammonium chloride.

II. Materials and methods

Zirconium oxychloride (ZrOCl2·8 H2O) and yttria

(Y2O3) were supplied by Jiangxi Kingan Hi-Tech Co.,

Ltd. (China) and Fanmeiya (Jiujiang) High-tech Materi-

als Co., Ltd. (China), respectively. Anhydrous ethanol,

anhydrous acetic acid, glycerol and oleic acid were

obtained from Sinopharm Chemical Reagent Co., Ltd.

(China). Deionized water was used from a direct ultra-

pure water system. All chemicals were used without fur-

ther purification.

The used synthesis procedure for preparation of

3 mol% Y2O3-doped ZrO2 (C) powder is schematically

presented in Fig. 1. Initially, zirconium oxychloride and

yttria were dissolved in anhydrous ethanol by stirring
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Figure 1. Process schematic diagram for zirconia nanopowder preparation via nonaqueous sol-gel method: a) precursors,
b) precursor alcohol solution, c) jelly hydroxide, d) hydroxide solution with ammonium chloride precipitation, e) hydroxide

solution, f) sol [stabilization of colloidal particles (f1) and particle functionalization (f1)], g) gel and h) zirconia powder

and refluxing at 80 °C for 0.5 h producing 0.5 M trans-

parent precursor solution. Then, ammonia with molar

ratio NH4OH : ZrOCl2 = 2 : 1 was introduced into the

resulting solution, which can ensure that the chloride

ion can completely precipitate in the form of ammo-

nium chloride. After that jelly zirconium and yttrium

hydroxides were formed. The whole process can be di-

vided into the following three stages: i) the hydrolysis

of ZrOCl2·8 H2O (equations 1,2); ii) the dissolution of

yttria (equation 3); iii) further reaction and formation

of hydroxides after the introduction of ammonia (equa-

tions 4,5) [15–17].

ZrOCl2 · 8 H2O −−−→ ZrOCl2 + 8 H2O (1)

ZrOCl2 + 2 H2O −−−→ ZrO(OH)2 + 2 HCl (2)

Y2O3 + 6 HCl −−−→ 2 YCl3 + 3 H2O (3)

ZrO(OH)2 + 2 NH4OH + 2 HCl −−−→ Zr(OH)4 ↓+

+ 2 NH4Cl ↓ +H2O (4)

YCl3 + 2 NH4OH −−−→ Y(OH)3 ↓ + 3 NH4Cl ↓ (5)

In the next step, anhydrous acetic acid was added to

dissolve zirconium and yttrium hydroxides by reflux-

ing at 110 °C for 1 h, and to form crystalline ammo-

nium chloride precipitate in hydroxide-acetic acid so-

lution. The final concentration of precursors was main-

tained at 0.2 M. The refining by-product was filtered and

washed with anhydrous acetic acid and cooled down to

room temperature. Stable hydroxide sol was formed af-

ter adding 1.5 mol% of glycerol and oleic acid to the

filtered hydroxides and ageing at 110 °C for 24 h. Fi-

nally, the obtained zirconia gel, mixed solvents and a

small amount of residual ammonium chloride were sep-

arated by distilling at 130 °C and condensed. The mixed

solvents of ethanol and acetic acid can be re-utilized

through further fractionation, and the residual ammo-

nium chloride was precipitated in the form of crys-

talline molecules. The zirconia gel was finally calcined

at 900 °C for 2 h and ground to get 3-YSZ nanopowder.

The translucent zirconia ceramic body was obtained

by granulation by agate mortar grinding for 15 min,

pressing into pellets under pressure of 8 MPa and sinter-

ing at 1400 °C [18] for 2 h in box-type high temperature

muffle furnace (KBF1600). The temperature rise rates

from 20 to 400 °C, 400 to 1050 °C, 1050 to 1400 °C

and 1400 to 800 °C were 3.5, 5, 2 and −5 °C/min, re-

spectively, and holding time at 1050 °C was 2 h and at

1400 °C it was 3 h.

The phase composition of the 3-YSZ powder was

analysed by X-ray diffraction (XRD, D8 Advance,

Bruker AXS Co. Ltd.) with Cu Kα radiation (λ =

0.154 nm) and 2θ scanning range of 5–70°. The powder

morphology was studied by transmission electron mi-

croscopy (TEM, JEM-2010, JEOL) and the specific sur-

face area (SA) was measured using Brunauer-Emmett-

Teller method (N2 gas adsorption) (BET, ASAP 2020M,

AMIC). The mean zirconia particle size DB was cal-

culated from the specific surface area and density (ρ =

6.1 g/cm3 [19]) using the following equation [20]:

DB =
6 · 103

ρ · SA
(6)

221



G. Feng et al. / Processing and Application of Ceramics 11 [3] (2017) 220–224

Figure 2. XRD pattern of zirconia nano powder

Figure 3. TEM micrograph and SAED pattern of zirconia
particles prepared via nonaqueous sol-gel process

The density of the sintered zirconia bodies was cal-

culated according to dimensional measurement and

Archimedes’ principle. The surface and cross section

of the sintered 3-YSZ ceramics were observed by

field emission scanning electron microscopy (FE-SEM,

JSM-6700F, JEOL). Three-point bending strength was

measured by desktop mechanical tester (AG-IS, Shi-

madzu, Japan) at a cross-head speed of 1 mm/min. The

dimensions of the test samples were 5×5×40 mm, and

five samples were tested to obtain the average strength

values.

III. Results and discussion

X-ray diffraction pattern of the powder obtained by

calcination at 900 °C is shown in Fig. 2. The slight

broadening of diffraction peaks in the XRD pattern in-

dicates nanocrystalline nature of the product. The XRD

pattern is quite similar to that of the standard tetrago-

nal zirconia phase (PDF#42-1164). A very weak peak

at 28.36°, which belongs to monoclinic phase, was de-

tected. Generally, tetragonal (T) zirconia phase is not

thermodynamically stable at room temperature. How-

ever, it can be stabilized in the presence of Y3+ ion [21],

while some monoclinic (M) zirconia phase is presented

along with its tetragonal modification, which suggests

that the meta-stable tetragonal phase can be retained

during processing and may contribute to the increase

in fracture toughness [22]. Also, as it can be seen from

the XRD pattern, there is a slight shift of the tetragonal

peaks, which could indicate changes of the lattice pa-

rameter. The crystallite size DC of the sample was cal-

culated using Scherrer formula [23]:

DC =
k · λ

β · cos θ
(7)

where k is the shape factor (assumed to be 0.94), λ is

the X-ray wavelength (0.154 nm), β is the full width at

half maximum of m-ZrO2 1̄11 and t-ZrO2 101 diffrac-

tion peaks and θ is the Bragg angle of the corresponding

plane. The obtained crystallite size values are 26 nm for

m-ZrO2 and 18 nm for t-ZrO2.

Figure 3 shows the TEM micrograph and selected

area electron diffraction (SAED) of the prepared zir-

conia particles by nonaqueous sol-gel process. As it

can be seen, the sizes of zirconia crystallites are in the

range of 15–25 nm, which is consistent with the crys-

tallite size calculated from XRD data. Diffraction rings

(SAED pattern) are indexed to M (1̄11), T (101), T (200)

and T (211) crystal planes and coincide well with the

Figure 4. Surface (a) and cross section (b) morphology of
sintered zirconia 3-YSZ ceramics
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XRD results. BET surface area of the prepared zirconia

sample is 41.2 m2/g and the corresponding mean parti-

cle size DB is 23.9 nm. These sizes are relatively small

in comparison to the literature data [24–26].

Density of the zirconia green body is relatively high,

i.e. 53.5 ± 0.6% of theoretical density (TD). It is well

known that the high green body density determines the

excellent sintering performance. Thus, the zirconia sam-

ple sintered at 1400 °C for 2 h in air has density of

98.7 ± 0.3% TD. In addition, FE-SEM micrographs

of the typical surface and cross sections (Fig. 4) con-

firm an almost fully dense structure. It is clearly ob-

served that both the surface and cross sections of the

as-prepared zirconia sintered body are crack-free with

small equiaxed grains of approximately 100–250 nm in

diameter. A high tendency of zirconia grains for trans-

granular fracture shown in Fig. 4b increases the fracture

strength of the sintered body and indicates an excellent

toughening property. The bending strength of the sin-

tered body is 928 ± 64 MPa, which is comparable with

the results of Sun et al., who reported excellent result of

932 ± 63 MPa [27].

IV. Conclusions

Highly dispersive 3 mol% yttria-stabilized zirconia

powder, with particle sizes of 15–25 nm and BET sur-

face area of 41.2 m2/g, was successfully synthesized

by a novel green nonaqueous sol-gel process. The 3-

YSZ ceramics obtained by sintering of pressed pellet at

1400 °C have dense structure without pores or other de-

fects, density of 98.7 ± 0.3% TD and bending strength

of 928 ± 64 MPa. The synthesis process is a green syn-

thesis route, as it is not only simple, but also avoids the

ammonia emission and water pollution caused by wash-

ing.
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