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Abstract

Results of emanation thermal analysis (ETA) and thermogravimetry (TG) of hydrous titania and titania containing 10% of

ruthenia measured during heating in argon from 208C to 10008C are presented. The ETA results are interpreted by comparison

with the results of traditional methods such as TG, DTA, XRD, TEM, and surface area measurement. A correspondence of the

results was found. The ETA made it possible to monitor microstructure changes under in-situ conditions of heat treatment of

the samples. From the ETA results measured during cooling of the heated samples to selected temperatures the values of the

activation energy of radon diffusion were determined in order to characterise surface annealing and compaction of samples

during heating. # 1999 Elsevier Science B.V. All rights reserved.

Keywords: Emanation thermal analysis; Thermogravimetry; Nanosized titania; Titania±ruthenia; Microstructure characterisation

1. Introduction

The mixed oxide TiO2±RuO2 system has been

proposed as an advanced photocatalyst for water

decomposition with enhanced ef®ciency in compar-

ison with pure TiO2 [1,2]. It was found [3] that the

presence of RuO2 has a positive electronic effect upon

the TiO2 photocatalyst. This system can also be effec-

tively used for other catalytic reactions of technolo-

gical and environmental importance [4±6]. Although

in the ®rst experimental work only a ground mixture of

the TiO2 with RuO2 was used, intimate contact of both

oxides to enhance the positive electronic effect is

recommended.

In the National Institute for Research in Inorganic

Materials, Tsukuba the TiO2±RuO2 system has been

studied, aiming to design an effective photocatalyst

where the photocatalytical reaction would continue

for an extended time period.

The mixed oxide samples were prepared by the

hydrolysis of solutions containing ruthenium chloride

and titanium chloride and subsequent drying the pre-
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cipitates. In this paper we present results of emanation

thermal analysis (ETA) of the in-situ investigation of

microstructure changes during heating of the hydrous

TiO2 and hydrous TiO2 containing 10% of RuO2. This

investigation was carried out in order to determine

optimal conditions for the preparation of catalysts.

2. Experimental

2.1. Preparation of samples

Reagent grade TiCl4 (Kanto chemicals) and

RuCl3�xH2O (Furuya metal) were used as starting

materials. For the preparation of hydrous titania by

hydrolysis the following solutions were used: TiCl4
diluted with the same volume of 1 mol lÿ1 of HCl and

consequently with distilled water so that the concen-

tration of Ti4� was about 0.7 mol lÿ1 calculated as

TiO2. To this solution a 2 mol lÿ1 ammonia was added

drop by drop. For the ruthenium component, a

1 mol lÿ1 ruthenium chloride solution was prepared

by dissolving RuCl3�xH2O in 0.l N hydrochloric acid.

The ruthenium content was determined gravimetri-

cally using RuO2 as the species determined gravime-

trically.

The mixed solution in the molar ratio Ti:Ru � 9:l

was prepared by mixing the dissolved Ti and Ru

chlorides in the respective overall ratio. To this solu-

tion the 2 mol lÿ1 ammonia was added dropwise in an

abundant amount. The precipitate obtained was sub-

sequently washed, ®ltered and dried at 1208C.

2.2. Methods used for sample characterisation

Taking into account that ETA is a less common

method, we shall describe its principles to the extent

that is necessary for the discussion and interpretation

of the results.

ETA [7,8] involves the measurement of radon

release rate from samples previously labelled. The

samples were labelled 3 weeks prior to ETA measure-

ments using the adsorption of traces of 228Th and
224Ra on the sample surface from acetone solution.

The speci®c activity of a sample was 105 Bq per ml.

Atoms of radon, 220Rn, are formed by the spontaneous

alpha-decay of 228Th and 224Ra. The 224Ra and 220Rn

atoms are incorporated into the sample to a maximum

depth of 120 nm due to the recoil energy (85 keV per

atom) which the atoms gain by the alpha spontaneous

decay.

A part of the radon atoms formed by spontaneous

alpha-decay of radium is directly released from the

sample by recoil. Another part of the radon atoms is

trapped in the lattice defects, such as vacancy clusters,

grain boundaries and pores, and can be released from

the sample by diffusion. The defects in the solids serve

both as traps and diffusion paths for radon. The radon

release rate depends on the surface area and on the

radon diffusion parameters in the solid [8].

The rate of radon release from the sample (called

the emanation release rate, E) is expressed in a sim-

pli®ed way as follows:

E � Erecoil � Ediffusion

� S�K1 � K2 � exp�ÿQ=2RT��; (1)

where Erecoil is the part of the radon release due to

recoil, Ediffusion the diffusion part of the released

radon, S the surface area, K1 a constant proportional

to the penetration depth of Rn recoiled atoms, K2 a

constant comprising the decay constant of radon, the

pre-exponential factor of the radon diffusion coeffi-

cient, Q the activation energy of radon diffusion in the

sample, R the molar gas constant, and T the tempera-

ture in absolute Kelvin scale.

Consequently, processes that can be investigated by

means of ETA are those accompanied by changes of

surface area and/or microstructure of the solid sam-

ples, affecting the inert gas diffusion release from the

solids. For titania powder a linear relationship of E

values measured at room temperature and the surface

area values determined by BET method from the

nitrogen adsorption was experimentally found [9].

For low temperatures, where no thermal diffusion

of radon in the matrix is assumed to take place, the

values of E are proportional to the surface area. For

temperatures where radon diffusion in the matrix takes

place, such a direct relationship cannot be assumed.

Anincreaseoftheradonreleaserate,E,correspondsto

an opening of the structure and/or an increase in the

surface area, whereas a decrease in E corresponds to a

densi®cation of the structure, closing pores and/or

decrease in the surface area of the sample.

The ETA±DTA measurements were carried out at

the Nuclear Research Institute RÏ ezÏ using a modi®ed
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NETZSCH DTA 404 equipment. The heating rate of

5 K minÿ1, the cooling rate 2.5 K minÿ1, and the

argon ¯ow rate of 40 ml minÿ1 were used. During

the ETA measurements, the labelled sample of 0.1 g

was situated in a corundum crucible immersed in a

constant ¯ow of argon, which carried the radon

released from the sample into the measuring chamber

of radon radioactivity [7].

The TG measurements were carried out at NIRIM

Tsukuba in the same experimental conditions as the

ETA±DTA measurements, using Rigaku TAS 300

apparatus. The XRD patterns were obtained by JEOL

equipment using CuKa Ni ®ltered radiation. For

microstructure characterisation the TEM Philips 201

equipment was used at the Institute of Inorganic

Chemistry, RÏ ezÏ. The surface area was determined

by means BET method from the nitrogen adsorption

measurement using Coulter SA 3100 apparatus.

2.3. Characterisation of feed samples

From the XRD patterns it can be seen that the

hydrous TiO2, resulting after hydrolysis and drying

at 1208C, consisted of poorly crystallised anatase. In

the co-precipitated oxides of the molar composition,

Ti:Ru � 0.9:0.1, a mixture of poorly crystalline ana-

tase and an amorphous solid solution of ruthenia and

titania was present.

According to the photomicrographs of the feed

samples obtained by TEM, the TiO2�nH2O (where

n � 0.66) sample consisted of 1±5 mm large agglom-

erates composed of nanosize grains (�5 nm). Surface

area of this sample was determined as

S � 173 m2 gÿ1. The microstructure of the mixed

hydrous oxide (TiO2)0.9±(RuO2)0.1�nH2O (where

n � 1.30) sample was similar to that of hydrous

titania: the agglomerates were composed of slightly

smaller primary grains than 5 nm. Surface area of the

mixed oxide samples was S � 213 m2 gÿ1.

3. Results and discussion

3.1. Thermal behaviour of hydrous titania

From the TG results presented as the full line in Fig. 1,

it follows that the hydrous titania (TiO2�nH2O) loses

water continuously from 608C to 4008C (the total

mass loss is 12.9%). As it follows from the TEM

photomicrographs, (Fig. 2), the primary grains of the

titania samples heated to 3008C did not change in size,

as compared with the feed sample, nevertheless the

TEM photomicrographs indicated that water adsorbed

on the surface and intergranular space was released.

The surface area of the sample heated to 3008C was

S � 148.4 m2 gÿ1. At the temperature of 4008C a

partially crystalline anatase phase was detected by

XRD. In the sample heated to 5008C the size of

primary grains increased (Fig. 2c). The surface area

of this sample decreased (S � 89.7 m2 gÿ1), as com-

pared with the sample heated to 3008C. A partially

crystalline anatase phase was present in the sample

heated to 5008C. In the titania sample heated to 8008C,

well developed crystals of anatase of the size�0.1 mm

were observed. The surface area of the sample heated

to 8008C was S � 41.6 m2 gÿ1. In the sample heated to

10008C the crystal size increased to 1 mm. The pre-

sence of rutile was detected by XRD in the sample

heated to 10008C.

The microstructure changes of the titania sample

during heating were characterised by means of ETA as

follows (see the full line in Fig. 3). The increase of Rn

release rate, E, in the temperature interval 20±3008C
re¯ected the process of the surface liberation from

water under in-situ conditions of heating. In the

temperature interval 300±4208C no signi®cant

changes of E were observed. On further heating to

8008C a decrease in E was monitored, corresponding

to the growth of the primary grains of anatase and its

subsequent crystallisation.

The ETA results are in agreement with the surface

area and TEM characteristics of the microstructure of

titania heated to selected temperatures in the range

400±8008C. The annealing of surface roughness and

crystallisation of anatase was monitored by means of

ETA under in-situ conditions of sample heating.

At 8508C, the onset of the enhanced Rn release by

thermal diffusion was observed on the ETA curve (Fig.

3). The decrease of E values starting at 9108C indi-

cated the intense growth of the primary grains, accom-

panying the phase transformation of anatase to rutile.

At further heating above 9808C the E increase due to

the diffusion of Rn in the rutile structure was mea-

sured. This ETA characterisation of titania thermal

behaviour agrees well with the results obtained earlier

by one of the authors [10].
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3.2. Thermal behaviour of hydrous titania containing

10% of ruthenia

The thermal behaviour of hydrous titania containing

ruthenia in the molar ratio Ti:Ru � 9:l differs from

that of hydrous titania, described in the previous

paragraph. As indicated by the TG results (see dotted

line in Fig. 1), the mass loss taking place in the

temperature range 60±4008C represents 20% of the

initial sample mass. From the TEM photomicrographs

of the sample heated to 4008C (Fig. 4) it follows that

the primary grain size did not practically differ from

that of the initial hydrous sample. Loss of water from

the surface and intergranular space was observed. On

further heating of the sample, signi®cant growth of the

grains takes place resulting in the fully crystalline

solid solution of ruthenia±titania with the rutile

structure.

This statement is supported by XRD patterns as

well as by an exothermic DTA effect observed in the

temperature range 430±4808C, corresponding to crys-

tallisation.

From the ETA results presented in Fig. 3 differences

in the kinetics of the microstructure changes between

hydrous titania containing 10% ruthenia and hydrous

titania were monitored under in-situ conditions of

heating. The microstructural changes of hydrous tita-

nia containing 10% ruthenia were characterised as

follows. In the temperature interval 60±2308C a more

intense initial increase of radon release rate E was

observed (see dotted line, Fig. 3) as compared to

hydrous titania. This increase of E corresponds to

the liberation of the surface initially covered by

water molecules, and to a free surface area increase

due to the dehydration of the sample (the mass loss

being more intense with the titania containing 10%

ruthenia that hydrous titania only Ð see TG results in

Fig. 1).

Consequently, the decrease of E measured during

the sample heated above 3008C corresponds to the

surface area decrease. The surface area of the sample

heated to 3808C was S � 250 m2 gÿ1. At 4008C the

onset of the crystallisation was determined as the

temperature of a change in the slope of the ETA curve.

Fig. 1. Results of thermogravimetry obtained during heating in argon of hydrous titania (full line) and hydrous titania containing 10% of

ruthenia (dotted line). Heating rate 5 K minÿ1.
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By DTA, the crystallisation interval was determined as

430±4808C, corresponding to the crystallisation in

the bulk. The intense decrease of Rn release rate

continued up to 5308C, followed by a slower

decrease in E up to 8008C. The surface area of the

intermediate product heated to 5808C was

50.9 m2 gÿ1. The ETA results characterising the inter-

mediate products heated to 3808C and 5808C, respec-

tively, were in agreement with surface area and TEM

microstructure characterisation of the samples (see

Fig. 4b and c, respectively).

The increase of radon release rate, E, observed on

further heating above 8308C indicated the temperature

of the onset of the diffusion release of Rn from the

sample. In the temperature range 830±10008C, a more

intense increase in E takes place with the (TiO2)0.9±

(RuO2)0.1 sample as compared to the titania sample

(Fig. 3). The differences in the diffusion mobility of

Rn atoms re¯ected the different dynamic properties of

the respective samples in this temperature range.

In addition, ETA was used to provide a more

detailed investigation of microstructure changes dur-

ing heating of hydrous titania containing 10% ruthe-

nia. In order to obtain information about the

microstructural changes, the intermediate products

heated to selected temperatures (namely 3808C,

5808C,and 9808C) were subjected to ETA measure-

ments during heating to these temperatures and sub-

sequent cooling (Fig. 5a±c).

The temperature dependence of the radon release

rate, E, in Fig. 5a monitored the thermal behaviour of

the sample during heating from 308C to 3808C: the

Fig. 2. TEM photomicrographs (magnification 100 000�) of titania samples heated to (a) 1208C Ð feed titania sample, (b) 3008C, (c) 5008C
and (d) 8008C.
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increase of E observed in the temperature range 30±

1708C corresponds to the increase of the free surface

area resulting after water release from the sample. The

slowing down of E indicated that parallel to the water

release from the bulk sample, surface annealing takes

place (surface layers to the maximum depth of 100 nm

were labelled with radon atoms). The loss of 19% of

the initial sample mass took place during this heating

to 3808C.

From the ETA curve measured on a sample cooled

from 3808C to room temperature it follows that the

microstructural changes are irreversible. The differ-

ences between the E values measured at room tem-

peratures before and after sample heating to 3808C are

in a good agreement with the surface area measure-

ments and TEM results (Fig. 3)

Fig. 5b represents the ETA results measured when

the sample previously heated to 3808C was reheated to

5808C. The increase in E was observed with a much

lower slope than in the ®rst heating run, corresponding

to radon diffusion in opened pores and possibly to an

increase in the surface area after the release of the

remaining water molecules. The loss of 4.4% of the

sample mass took place during heating to 5808C. The

more intense decrease in E observed during sample

heating above 4308C was ascribed to the crystallisa-

tion of the sample.

The irreversible character of these changes was

con®rmed by the ETA results measured during sample

cooling.

The ETA results measured during heating to 9808C
of the sample previously heated to 5808C are pre-

sented in Fig. 5c. The increase in E values corresponds

to the radon release from the surface and opened

pores. The decrease in E observed on heating above

7008C monitored annealing surface roughness and

structure irregularities.

The increase in E observed during heating above

8508C is due to heat stimulated radon diffusion. The

effect at 9508C was ascribed to the partial dissociation

of the sample due to the loss of oxygen (during heating

in the temperature range from 208C to 9508C, a mass

Fig. 3. Results of ETA measured during heating in argon of hydrous titania (full line) and hydrous titania containing 10% of ruthenia (dotted

line). Heating rate 5 K minÿ1.
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loss of 0.7% of the sample mass took place). The ETA

cooling curves re¯ected radon diffusion from the

sample heated to 9808C.

From the comparison of the results in Fig. 5a±c and

the dotted line in Fig. 4, good reproducibility of the

ETA results can be seen.

It was of interest to compare the transport properties

of the (TiO2)0.9±(RuO2)0.1 sample and its intermediate

products prepared after heating to the respective tem-

peratures. The values of the activation energy of radon

diffusion in the samples were determined from the

Arrhenius plot representing log(E ÿ E25) vs. (1/T).

The curves plotted using the ETA results measured

during cooling the samples previously heated to

3808C, 5808C and 9808C, respectively, are presented

in Fig. 6.

The values of the activation energy, Q, of radon

diffusion calculated from the slope of the Arrhenius

plots (Fig. 6) are summarised in Table 1.

The low values of Q correspond to the high mobility

of radon (atom size 0.4 nm) in the low temperature

range, 100±3808C, in the porous and disordered sam-

ple. The loosened structure of the sample heated to

3808C was characterised by high radon mobility. A

slightly densi®ed structure of the sample resulted after

heating to 5808C. A compacted (sintered) sample

resulted after the heating to 9808C.

The increase in Q values corresponds to the anneal-

ing of structure irregularities and ordering of the

disordered structure. The values of the activation

energy of radon diffusion of the heat treated

samples presented in Table 1 are in good agreement

Fig. 4. TEM photomicrographs (magnification 100 000�) of (TiO2)0.9±(RuO2)0.1 samples heated in argon to (a) 1208C Ð feed sample, (b)

3808C, (c) 5808C, and (d) 9808C.
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Fig. 5. Results of ETA measured during heating and subsequent cooling of hydrous titania containing 10% ruthenia to selected temperatures:

(a) 3808C, (b) 5808C, and (c) 9808C. Full lines represent heating curves, dotted lines represent cooling curves.
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Fig. 5. (Continued ).

Fig. 6. Temperature dependence of radon release rate log(E ÿ E25) vs. (1/T) due to the radon diffusion from (TiO2)0.9±(RuO2)0.1 samples

heated to the temperatures of: 3808C (curve 1), 5808C (curve 2), and 9808C (curve 3). From the slopes of the linear parts of the plots the values

of activation energy Q of radon diffusion were calculated (Table 1).



with the TEM characteristics of the microstructure

(Fig. 4).

4. Conclusions

The ETA results monitored microstructural changes

taking place during heating of hydrous titania and

titania containing 10% ruthenia. The in-situ charac-

terisation of the microstructure changes obtained from

the ETA results is in an agreement with the results of

thermogravimetry and DTA, describing their dehydra-

tion and crystallisation, respectively.

The TEM and XRD characteristics of the samples

heated to selected temperatures support the ETA

results. The activation energy of radon diffusion

was determined making it possible to characterise

annealing structural irregularities of the samples

investigated. The ETA results have been used in the

design of new effective photocatalysts, especially in

the determination of optimum conditions for their

thermal treatment.
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Values of the activation energy, Q, of radon diffusion measured in (TiO2)0.9±(RuO2)0.1 sample heated to temperatures 3808C, 5808C and 9808C

Temperature of sample heating (8C) Values of Q (kJ molÿ1) determined for the temperature range

380 15 � 4 (for the interval 100±3808C)

580 11 � 4 (for the interval 100±5008C); 46 � 2 (for the interval 500±5808C)

980 14 � 4 (for the interval 200±6008C); 398 � 1 (for the interval 800±9808C)
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