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Abstract

Nanosized zirconia was prepared by a hydrothermal method using ZrOCl2�8H2O and NaOH as raw materials. The obtained ZrO2 powders were

soaked in the phosphate solution with different concentrations. The as-prepared ZrO2 powders and the powders treated with phosphate solution

were calcined at different temperatures from 600 to 1000 8C. The samples were characterized by X-ray diffraction (XRD), Fourier transform

infrared spectroscopy (FTIR), transmission electron microscopy (TEM) and X-ray photoelectronic spectroscopy (XPS). The experimental results

show that the untreated nanosized ZrO2 grow and agglomerate to bulk when the ZrO2 powders were calcined at high temperatures, while the ZrO2

powders treated with phosphate solution grow slowly and remain nanosized crystal at the same calcination temperature. This phenomenon implied

that phosphate treatment played an important role in inhibiting the crystal grain growth of ZrO2. The possible inhibition mechanism could be

explained to that P species on the surface of ZrO2 can reduce the grain boundary mobility and prevent direct contact of ZrO2 particles.
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1. Introduction

Zirconia ceramic has been a very popular focus of research

in materials science and engineering due to its high strength and

toughness, good corrosion and abrasion resistance, high

melting point, refractory and low thermal conductivity [1–5].

In order to obtain a defect free microstructure in the final

ceramic products, the nanosized powders are widely used to

fabricate the uniform and dense green bodies. However, particle

aggregation is still a particular problem encountered during the

sintering process. Therefore, the dispersion and thermal

stability of nanosized ZrO2 particles play a key role in

controlling the shape forming behavior and optimizing the

performance of the ceramic materials.

In order to achieve full densification, excessive grain growth

has to be inhibited either by the incorporation of the second phase

particle or solid solution alloy during sintering and high-

temperature deformation [6–9]. The high temperature strongly
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affects the crystal structure, particle size and surface area [10].

Keeping the small particle size can improve the performance of

zirconia in many high temperature application fields. In order to

optimize the applications in ceramics material, it is essential to

investigate the relationship between calcination temperature and

grain size. In recent years, the effect of phosphate doping on the

nature and property of metal oxides has been widely discussed.

Kőrösi et al. indicated that the effect of phosphoric acid

treatment on SnO2�nH2O was to inhibit not only the sintering of

particles but also the crystal growth of P-SnO2 during

calcinations [11]. Yu et al. found that the incorporation of

phosphorus into the inorganic framework of mesoporous TiO2

from H3PO4 can inhibit the grain growth and stabilize the

mesoporous structure of TiO2 [12]. Parida et al. studied the

preparation, surface characteristics and acidic sites of

phosphated zirconia [13]. In our previous paper, it has been

found that phosphate can effectively inhibit the grain growth of

nanosized SnO2 and TiO2 powders when calcined at high

temperatures [14,15]. However, there have been few systematic

studies on the effect of phosphate treatment on grain growth of

nanosized ZrO2 when the powders were calcined at high

temperatures.
d.
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Fig. 1. XRD patterns of the as-prepared samples and the sample calcined at

various temperatures for 2 h: (a) as-prepared; (b) 600 8C; (c) 800 8C; (d)

900 8C; (e) 1000 8C.
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In this work, ZrO2 powders prepared by a hydrothermal

method were soaked in the phosphate solution with different

concentrations. And the treated powders were calcined at

different temperatures from 600 to 1000 8C. XRD, FTIR, TEM

and XPS technologies were used to investigate the inhibition

effect of phosphate on the microstructures and grain growth in

detail.

2. Experimental procedure

2.1. Materials

An appropriate amount of analytic grade ZrOCl2�8H2O and

NaOH were dissolved in the distilled water respectively. Then

the ZrOCl2 solution was added to the NaOH solution. The final

concentrations of ZrOCl2 and NaOH in the mixed solution were

0.5 M and 2 M, respectively. Eighty milliliters of the mixed

solution was added to a 100 mL Teflon-lined stainless steel

autoclave and heated at 200 8C for 5 h. After the autoclave was

cooled naturally, the white product obtained was filtered off,

washed with distilled water, and then dried at 80 8C for 12 h.

Then the powders were calcined at 600 8C for 4 h to obtain

zirconia powders. The as-prepared powders were dipped in the

NaH2PO4 solution with different concentrations for 24 h. Then

the powders were filtered, washed with distilled water, and then

dried at 80 8C for 12 h. The powders soaked in the phosphate

solution are denoted as P-ZrO2. Then the phosphated zirconia

was calcined in a muffle furnace at 600, 800, 900, and 1000 8C
for 2 h or 4 h respectively.

2.2. Characterization

The XRD patterns of the obtained samples were examined

by X-ray diffraction (XRD) on a Bruker D8 Advance

diffractometer with Cu Ka radiation. The crystal grain size

was estimated from Scherrer formula as follows:

D ¼ Kl

b cos q

where D is the crystallite size, l is the wavelength of the X-ray

radiation, K is a constant taken as 0.94, u is the diffraction angle,

and b is the peak width at half-maximum height for ð1̄ 1 1Þ
plane diffraction of zirconia dioxide given by b = bm � bs,

where bm is the measured half-width and bs is the half-width

of a standard sample. The value of bm was estimated by the

program of Topas P2.1, which is attached in the diffractometer.

The morphology of the samples was observed by transmission

electron microscopy (TEM) on a Hitachi 7500, using an

accelerating voltage of 25 kV. Fourier transform infrared

(FTIR) spectroscopy measurement was made with a Japan

SHIMADIU FTIR-8900 equipment from 3500 to 500 cm�1,

using KBr pellet method. X-ray photoelectron spectroscopy

(XPS) measurements were performed in a VG Scientific

ESCALAB Mark II spectroscopy to determine the binding

state of the Zr, O and P ions. The C (1s) level was used as

an internal reference at 284.6 eV.
3. Results and discussion

3.1. XRD analysis

Fig. 1 shows the XRD patterns of the as-prepared sample

and the samples calcined at 600, 800, 900, and 1000 8C for 2 h

respectively. It can be found that the as-prepared sample was

Baddeleyite ZrO2 (JCPDS, No. 37-1484). With the increase in

the calcination temperature the diffraction peaks become

sharper and narrower, indicating that the crystal grain of the

samples grow larger.

Fig. 2 gives the typical XRD patterns of the as-prepared

sample and the samples calcined at 600, 800, 900, and 1000 8C
for 4 h respectively. In accordance with the result of the as-

prepared sample calcined for 2 h, the diffraction peaks become

sharper and narrower with the increasing calcination tempera-

ture. Figs. 3 and 4 illustrate the XRD patterns of the as-

prepared sample and the samples which were soaked in 0.5 M

phosphate solution and calcined at 600, 800, 900, and 1000 8C
for 2 h and 4 h respectively. With the increase in the calcination

temperature the diffraction peaks of the samples dipped in the

phosphate solution remain wider, which indicates the crystal

grain of the samples treated by phosphate grow slowly

compared with the samples without treatment. Even if the P-

ZrO2 was calcined at high temperature for 4 h, the particle size

of samples remains smaller with the increasing calcination

temperature. The grain sizes of ZrO2 samples calculated by

Scherrer equation with the XRD data of crystal face (1 1 1) of

ZrO2 are shown in Table 1. Table 1 shows the crystal sizes of

ZrO2 and P-ZrO2 samples soaked in the phosphate solution

with the concentration of 0.1, 0.3, 0.5 and 1.0 M respectively

and calcined at different time intervals and calcination

temperatures.

For comparison, the grain sizes of ZrO2 and P-ZrO2 soaked

in phosphate solution with different concentrations, which

were calcined at different temperatures for 2 h or 4 h



Table 1

Crystal sizes of ZrO2 and P-ZrO2 soaked in the phosphate solution with

different concentrations and calcined at different time intervals and tempera-

tures.

Time Temperature Grain sizes of samples (nm)

0 M 0.1 M 0.3 M 0.5 M 1.0 M

2 h 600 8C 27.9 27.0 26.9 26.0 26.7

800 8C 47.5 34.5 28.6 27.6 27.0

900 8C 75.4 43.9 40.5 34.6 37.2

1000 8C 120.0 65.8 57.2 54.8 51.9

4 h 600 8C 29.2 28.3 27.4 26.5 28.4

800 8C 62.8 36.4 30.7 27.8 30.6

900 8C 76.0 45.2 44.5 37.4 38.2

1000 8C 126.0 69.2 61.1 59.2 60.3
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Fig. 2. XRD patterns of the as-prepared sample and the samples calcined at

various temperatures for 4 h: (a) as-prepared; (b) 600 8C; (c) 800 8C; (d)

900 8C; (e) 1000 8C.
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Fig. 3. XRD patterns of (a) as-prepared sample and (b–e) P-ZrO2 samples

soaked in phosphate solution (0.5 M) and calcined at 600, 800, 900 and 1000 8C
for 2 h, respectively.
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Fig. 4. XRD patterns of (a) as-prepared sample and (b–e) P-ZrO2 samples

soaked in phosphate solution (0.5 M) and calcined at 600, 800, 900 and 1000 8C
for 4 h, respectively.
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Fig. 5. Relationship between the calcination temperature and grain size of as-

prepared samples and the samples, which were soaked in phosphate solution

with different concentrations and calcined for 2 h.
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Fig. 6. Relationship between the calcination temperature and grain size of as-

prepared samples and the samples, which were soaked in phosphate solution

with different concentrations and calcined for 4 h.
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Fig. 7. TEM of the samples: (a) as-prepared; (b) as-prepared sample calcined at 900 8C; (c) as-prepared sample calcined at 1000 8C; (d) P-ZrO2 calcined at 800 8C;

(e) P-ZrO2 calcined at 900 8C; (f) P-ZrO2 calcined at 1000 8C.
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Fig. 8. FTIR spectra of the samples: (a) as-prepared; (b) P-ZrO2; (c,d) P-ZrO2

calcined at 900 8C and 1000 8C for 2 h.
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respectively, were illustrated in Figs. 5 and 6. It was clearly

seen that the crystal grain of the samples without phosphate

treatment grows faster than that of the phosphated samples.

When the temperature is up to 1000 8C, the average crystal

grain of the sample without phosphate treatment is 120 nm

(calcined for 2 h) and 126 nm (calcined for 4 h), while the even

crystal grain of the P-ZrO2 is 52 nm (calcined for 2 h) and

60 nm (calcined for 4 h), respectively. It can be deduced that

the treatment by the phosphate solution with different

concentrations plays an important role in inhibiting the growth

of the crystal grain of ZrO2 and the concentrations of phosphate

have no evident difference in the control of the crystal grain

growth.

3.2. Particle morphology

The morphology and particle size of the samples were

further investigated by TEM. Fig. 7(a–c) shows the

morphologies of as-prepared ZrO2 and the samples calcined

at 900 and 1000 8C for 2 h respectively. The as-prepared

ZrO2 powders are rodlike with the average diameter of 26 nm

and length of 50 nm. With the increase in calcination

temperature, the particles of as-prepared ZrO2 grow to

spherelike and agglomerate to bulk seriously. Fig. 7(d–f)

gives the morphologies of P-ZrO2 which were soaked in

0.5 M phosphate solution and calcined at 800, 900 and

1000 8C respectively. By comparison, it can be obviously

seen that the particles of P-ZrO2 calcined at the same

condition remain the original rodlike morphology and grow

much smaller than the untreated samples. The images

showed that the average diameter of the untreated ZrO2

calcined at 900 8C and 1000 8C are about 80 nm and 120 nm

respectively. While the diameter of P-ZrO2 samples are with

the diameter of 40–50 nm and the length of 100 nm, which is

in good accordance with the results calculated by XRD data.

From the TEM analysis we can conclude that phosphate

treatment plays an important role in inhibiting the grain

growth of nanocrystal ZrO2.
3.3. FTIR spectra

In order to reveal the role of phosphate in inhibiting the grain

growth of ZrO2, FTIR spectra of the as-prepared sample, P-

ZrO2 and P-ZrO2 calcined at 900 8C and 1000 8C for 2 h were

measured as shown in Fig. 8. The absorption band at

1626.3 cm�1 is attributed to the stretching mode of O–H bonds

in surface adsorption water [16]. The peaks in the region

between 1100 and 900 cm�1 ascribed to the characteristic peak

of phosphate ions, which are absent in the as-prepared sample.

The peak at 1053 cm�1 is the symmetric stretching of P–O in

PO4
3� group [17,18]. The peak at 1099 cm�1 is attributed to the

antisymmetric stretching of P–O in PO4
3� group. The

absorption peaks at 418 and 745 cm�1 are of typical monoclinic

zirconia, which are in good agreement with the literature [5].

After thermal treatment, the peak induced by physical

adsorbtion of phosphate group could be eliminated. The three

peaks corresponding to PO4
3� group still remain in the P-ZrO2

sample even if the P-ZrO2 sample was calcined at 900 8C and

1000 8C for 2 h respectively. These results imply that phosphate

ions are chemically adsorbed on the surface of ZrO2.

3.4. XPS analysis

To obtain information relative to the chemical states of the

ZrO2 nanoparticles, the typical XPS spectrum of P-ZrO2

calcined at 800 8C was performed, as shown in Fig. 9(a). The

peaks located at 181.33 and 183.73 eV are attributed to the

spin–orbit splitting of the Zr 3d components [19]. Meanwhile,

the peaks of other elements, including C 1s, O 1s and P 2p were

obtained, suggesting PO4
3� ions and ZrO2 have been

successfully assembled in the P-ZrO2 sample. The P 2p

binding energy of P-ZrO2 is observed at 133.8 eV. This value is

in very good agreement with the literature [20].

The high-resolution XPS spectrum of O 1s taken on the

surface of P-ZrO2 calcined at 800 8C for 2 h is shown in Fig.

9(b). The O 1s region of the calcined P-ZrO2 can be fitted by

four peaks, which correspond to Zr–O bonds (530.0 eV), P–O

bonds (530.6 eV), hydroxyl groups (531.6 eV), and C–O bonds

(532.8 eV), respectively [12,19]. The results further confirm

that P–O bond bonds to the surface of zirconia.

Fig. 9(c) illustrates the high-resolution XPS spectra of P 2p

taken on the surface of P-ZrO2 calcined at different

temperatures. The peak at around 133.8 eV can be assigned

to P 2p binding energy. The binding energy at 133.8 eV

indicates that physically and chemically phosphorus exists in

the state of pentavalent-oxidation (P5+) and phosphorus species

are absorbed on the surface of ZrO2 [21]. The concentrations of

P atom on the surface of ZrO2 calculated by XPS data are shown

in Fig. 9(d). It was found that the atomic ratios of P species on

the surface of ZrO2 slightly decrease with the increasing

calcination temperature. The phenomenon could be explained

that the small quantity of P atoms physically adsorbed on the

surface of ZrO2 disappear when the P-ZrO2 samples were

calcined at high temperatures.

According to the experimental results of XRD, FTIR, TEM

and XPS investigations, the possible mechanism of inhibition
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Fig. 9. (a) XPS spectrum of P-ZrO2 calcined at 800 8C for 2 h; (b) XPS spectra of O 1s for P-ZrO2 samples soaked in phosphate solution (0.5 M) and calcined at

800 8C. (c) XPS spectra of the P 2p region taken on the surface of the sample (a) P-ZrO2 and (b–e) P-ZrO2 calcined at 600, 800, 900, and 1000 8C respectively. (d) The

content of phosphorus on the surface of P-ZrO2 samples calcined at different temperatures.
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of phosphate can be represented schematically in Fig. 10. The

possible mechanism could be explained as follows. P species

can occupy the surface of ZrO2 particles by adsorption. The P

species absorbed on the surface of ZrO2 particles play a key role

in the grain growth. The P species can reduce the grain
Fig. 10. Schematic illustration of the effect of phosphorus species on the grain

growth of ZrO2.
boundary mobility and energy which are the crucial factors for

improving the thermal stability of nanosized particles [14]. On

the other hand, the P species on the surface of ZrO2 prevent direct

contact of particles due to steric effect and deactivate the defect

sites of ZrO2 which play a key role in the grain growth [15].

Hence, the grain growth of ZrO2 can be effectively hindered.

4. Conclusions

In summary, we have demonstrated a simple and facile

method for inhibiting the grain growth of nanosized ZrO2 when

the particles were calcined at high temperatures. The as-

prepared ZrO2 powders were soaked in the phosphate solution

with different concentrations for 24 h. The experimental results

show that the untreated ZrO2 grow and agglomerate to bulk

seriously with the increasing calcination temperatures, while
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the ZrO2 crystal treated with phosphate solution remains

nanosized particles when the powders were calcined at high

temperatures. It can be concluded that phosphate treatment

played an important role in inhibiting the crystal grain growth

of ZrO2. The possible mechanism could be explained that the

phosphate ions on the surface of zirconia reduce the grain

boundary mobility and energy, deactivate the defect sites and

prevent direct contact of particles due to steric effect. This

simple method could be extended to other metal oxide to

enlighten the use of nanoparticles in ceramics field. Further

investigation of the inhibition function of phosphate on the

grain growth of other nanosized metal oxides was underway.
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