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Effect of maltose for the crystallization of tetragonal zirconia
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Abstract

A new method was used to prepare the tetragonal zirconia and high temperature X-ray powder diffraction (XRD) and thermo gravimetry

and differential scanning calorimetry (TG–DSC) were employed to study the process of the formation and variation of crystal zirconia. The

high temperature XRD results showed that [Nature 258 (1975) 703] during the formation of zirconia from zirconium hydroxide, the addition

of maltose favored the phase transformation of zirconia from amorphous to tetragonal as the calcination temperature rises (from about 400 to

550 jC), and then monoclinic zirconia gradually formed as the temperature increases (from about 550 to 846 jC), [Appl. Catal. 71 (1991)

363] tetragonal zirconia would partly transform into monoclinic one during the annealing, and which implies that the suitable calcinations

temperature for the preparation of tetragonal zirconia should be controlled lower than 550 jC. In addition, it is suggested that the combination

of high temperature XRD and TG–DSC is a powerful tool to approach the process of the formation of solid materials.

D 2004 Elsevier B.V. All rights reserved.
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1. Introduction

As known to all, zirconia has three stable crystal struc-

tures depending on temperature (T): monoclinic at T < 1170

jC, tetragonal at 1170 < T < 2370 jC and cubic at T >2370

jC. The mechanical properties of zirconia-based ceramic

materials are known to be a function of phase structure and

composition [1].

In recent years, a great many interests have been paid on

the study of the zirconia as a support in catalysis, and this is

because of the fact that zirconia has several useful properties

of favoring its application in this field [2]. Among the

physical properties that make it a useful support under harsh

conditions are its high melting point of 2370 jC, low

thermal conductivity, and high corrosion resistance. Chem-

ically, zirconia is an amphoteric support that is similar to

alumina with oxidizing as well as reducing capabilities [3].

It can be made into a very strong acid by sulphating
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zirconium hydroxide followed by calcinations [4]. Sulph-

ated zirconia is active in the isomerization of linear to

branched hydrocarbons. Various reactions such as hydro-

desulphurization [5], methanol synthesis [6,7], and the

Fischer-Tropsch reaction to give higher hydrocarbons [8,9]

were reported to show higher activity and selectivity with

zirconia than with conventional supports. However, zirconia

exhibits polymorphic forms in the general purchased pro-

duction (a mixture of monoclinic, tetragonal, and cubic

phases), such as the zirconia produced by Toray Ltd and

Tosoh Co., Japan. Generally, the monoclinic phase is

thermodynamically more stable at room temperature. And

it was well established that, due to the difference of the

surface acid site on monoclinic zirconia and tetragonal

zirconia, the activity and the selectivity of those catalysts

supported on monoclinic zirconia clearly inferior to that of

those catalysts on tetragonal and amorphous zirconia [10–

14]. Therefore, more attention has been paid to the prepa-

ration of pure tetragonal zirconia in recent years, and it has

been reported that tetragonal zirconia can be stabilized by

introducing some metal cations, e.g. V5 + [15], Mo6 + [16],

Y3 + [17, 18] and Na+ [19]. As known to all, the properties

of tetragonal zirconia modified by other metal ions should

be different in the selectivity of the catalysts from those of



H.-Y. Zhu et al. / Materials Letters 58 (2004) 3107–31103108
tetragonal zirconia without any dopants. Chuah et al. [20]

studied the influence of the preparation conditions on the

surface area of zirconia and provided a method of prepara-

tion of pure tetragonal zirconia. According to their report,

the preparation procedure is complex and the experimental

conditions were quite strict, which includes the controlling

of pH value of the solution, the aging time and the

temperature-programmed calcination, etc. Otherwise, a mix-

ture of monoclinic and tetragonal zirconia will be formed.

In this work, the attention has been mainly focused on

monitoring the influence of maltose on the crystallization of

tetragonal zirconia. In order to compare the new method

used in this work with the general preparation ones (normal

precipitation), the zirconia products prepared in three meth-

ods (corresponding to the three samples: I, II and III) have

been presented.
Fig. 1. XRD patterns of three ZrO2 samples prepared by different methods.

Sample I, by calcining the maltose-modified zirconium nitrate hydroxide

hydrate; Sample II and Sample III, by calcining the product of the

hydrolysis of zirconium oxychloride with dropping zirconium oxychloride

solution into ammonia and dropping ammonia into zirconium oxychloride

solution, respectively.
2. Experimental

Sample I was prepared by dissolving zirconium nitrate

(10.45 g) and maltose (0.30 g, e.g. f 3 wt.% into water.

Considering the decomposition of maltose during the calci-

nation and the formation of pure tetragonal zirconia simul-

taneously, the addition of f 3 wt.% maltose was a suitable

condition) in 150 ml distilled water and stirred for 1 h to get

a clear solution. The solvent was removed at 90 jC in the

ventilation installation for about 5 h. The resulting material

was dried at 100 jC overnight and followed by calcination

at 500 jC in the flow air for 8 h.

Sample II was prepared in the following procedure. 0.5 L

zirconium oxychloride solution (0.4 mmol/l) was dropped

into the stirring ammonia with 4.8 mg sodium hydroxide; the

precipitate was washed with distilled water to pH= 7, and no

Cl� could be detected in AgNO3 solution (1.0 mol/l) and

then dried at 100 jC for 10 h. The resulting material was

calcined at 500 jC in air for 4 h.

Sample III was prepared as follows: Ammonia (about

25%) was dropped into the stirring zirconium oxychloride

solution (0.5 l, 0.4 mmol/l) with 4.8 mg sodium hydroxide;

the precipitate was washed with distilled water to pH = 7

with no detectable Cl�, and then dried at 100 jC for 10 h.

The resulting material was calcined at 500 jC in air for 4 h.

Thermo gravimetry and differential scanning calorimetry

(TG–DSC) experiment was carried out on Setaram Lab-

sysk TG-DSC16 apparatus, and 5.66 mg sample was

placed in a ceramic crucible and heated from room temper-

ature to 850 jC at 10 jC/min in a stream of N2.

High temperature X-ray powder diffraction (XRD) pat-

terns were collected with a Philips X’pert Pro diffractometer

with high temperature attachment using Ni-filtered CuKa

radiation (0.15418 nm). The X-ray tube was operated at 40

kV and 40 mA. The sample was placed on the high

temperature sample stage, which was heated at 10 jC/min

in air and measured. It takes 2 min to measure a pattern at

every chosen temperature.
3. Results and discussion

Fig. 1 shows the XRD patterns of samples I, II and III.

As displayed in Fig. 1, the typical characteristic diffraction

peak of tetragonal zirconia (centered at 2h = 30.1j) appears
in the pattern of sample I, but the characteristic diffraction

peaks of monoclinic zirconia (centered at 28.4j and 31.4j)
can be observed in the pattern of sample III. For the sample

II, the diffraction pattern indicates that a mixture of mono-

clinic and tetragonal zirconia was formed. The results show

that different phase(s) could be formed through different

preparation methods. In sample I, zirconia was almost pure

tetragonal zirconia phase, and sample III was mainly com-

posed of monoclinic zirconia. However, sample II was the

mixture of monoclinic and tetragonal zirconia.

Fig. 2 shows the TG and DSC results of the sample with

the maltose-loading amount of f 3 wt.% without being

dried at 100 jC and calcinations. When the temperature is

lower than 500 jC, the weight-loss of sample with the

temperature increasing is evident, which should be resulted

from the desorption of physico-absorbed water on the

surface of the sample and the decomposition of maltose

and zirconium nitrate hydroxide hydrate. And at about 200

jC, a strong endothermic peak can be observed in DSC

curve, which should be corresponding to the heat effect of

the decomposition of the zirconium nitrate hydroxide hy-

drate and the formation of amorphous zirconia. Two exo-

thermic peaks centered at 304 and 465 jC should be

attributed to the heat effect of the phase transformation

from amorphous zirconia to tetragonal zirconia and from

tetragonal zirconia to monoclinic zirconia, respectively. The



Fig. 2. TG–DSC curves of the sample with 3 wt.% maltose without being

dried at 100 jC and calcination. (a) TG curve; (b) DSC curve.
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above discussions can be, at least partially, supported by

high temperature XRD later.

High temperature X-ray diffraction (XRD) technology

has been used to study the transformation of amorphous to

crystalline in hydrogenated amorphous zirconia with tem-

perature increasing. High temperature XRD results of the

same sample were shown in Fig. 3a. When the temperature

was lower than 181 jC, the patterns show the characteristic
Fig. 3. High temperature XRD patterns of the sample with 3 wt.% maltose with

temperatures; (b) Enlarged XRD patterns for the characteristic ones at 398 and 8
peak of zirconium nitrate hydroxide hydrate; when the

temperature was higher than 181 jC and lower than 320

jC, only a weak broad peak centered at about 30.0j can be

observed, which should be attributed to the diffraction of

amorphous zirconia; when the temperature was higher than

398 jC and lower than 538 jC, the characteristic diffraction
peak of tetragonal zirconia centered at 30.1j appeared;

when the temperature beyond 549 jC, the diffraction peaks

centered at 28.1j, 31.4j and 34.2j of monoclinic zirconia

can be detected. The results indicate that, with the temper-

ature increasing, the amorphous zirconia would preferen-

tially transform into tetragonal zirocnia during the

calcination. It is noticeable that when the sample was

cooled from 850 to 25 jC slowly, the intensity of charac-

teristic diffraction peak of monoclinic zirconia increases

and that of characteristic diffraction peak of tetragonal

zirconia decreases, as shown in Fig. 3b. The results suggest

that tetragonal zirconia would partly transform into mono-

clinic one during the annealing, and a similar result has

been reported by Piconi et al. [21]. Consequently, it seems

to imply that an appropriate temperature for the preparation

of pure tetragonal zirconia should be controlled lower than

550 jC.
It is claimed that amorphous hydrous zirconia contains

quite regions in the form of platelets, and its structure is very

similar to that of the (111) plane of tetragonal zirconia [22].
out being dried at 100 jC and calcinations: (a) XRD patterns at different

46 jC and cooled to 25 jC.
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It has been mentioned that if held at high temperature for a

long period time, t-ZrO2 phase will always undergo phase

transformation to m-ZrO2, and this process will start at the

particle surface and continue toward the center of the crystal

[22]. Therefore, it seems to suggest that the exist of maltose

on the surface of amorphous hydrous zirconia has the

stabilization of the surface structure of the hydrous zirconia

through the interaction between hydroxyl groups of maltose

and hydroxyl groups on the surface hydrous zirconia before

dehydrolysis. During the calcination, maltose would decom-

pose in air. If so, only a few amount of maltoses added

should be enough for the preparation of tetragonal zirconia,

and this suggestion has been supported by the high temper-

ature XRD results and TG results.

A further research of the surface properties of the

tetragonal zirconia and the application in catalyst prepara-

tion is being carried out.
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