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ABSTRACT 

Ruthenium(III) hydrate has been precipitated in aqueous solution from the soluble hydrated RuCl,. 
The thermal behavior of +benium(III) hydrate has been investigated by DTA and TG in air and in 

nitrogen. The -compound undergoes a dispropkionation reaction between 100 and 150°C yielding 

Ru(metaI)+ RuO, - xHa0. In nitrogen. the metal crystallizes beyond 450°C whereas it is fully oxidized in 

air in the temperature range 150-300°C. RuOa crystallizes on a sharp exothermic peak. the tempemture 

of which depends on the residual water content. An estimate of the enthalpy of crystallization is given. 

and the oxidation mechanism is discussed. 

INTRODUCTION 

RuO, coatings (electrodes or catalysts) are usually prepared by decomposing 
RuCl, on heated substrates. On the other hand, hydrated RuCl, is water soluble so 
that rutheuium hydrates can be (co)-precipitated from aqueous solutions. This is a 
convenient way to prepare conductive ruthenates phases or solid solutions with other 

rutile-type oxides, i.e. SnO, or TiO,. However, the stability and thermal behavior of 
the ruthenium hydrates is not very well known. For many years, some German 
authors have investigated the nature of the hydroxides and oxides only by chemical 
methods [l-4]. The lack of thermal da@ led us to an extended investig&ion~of the 

oxidation and dehydration of Ru(III) hydrate based upon difftirential thermal 
analysis;. themiogravimetric anaIysiS, X-r&y di%raetion and IR spectroscopy. 

. 

PREVI?USWOI& . . .‘... 
.. 

Tlje’important oxidation states in -ac&sohition are R$III) and Ru(IV). AccMd-- 

‘ing to-Latimer[5], in-chloride solution t&estates are in the.forrn of Ru@- and 
RuCIjOH2’ ~complex& .The- RuCl:- /RuCl&H-f’ --potenti.+is about - I;2 V so 
th&t..the Ru(III) state & more stable; .On ihe other-hand;. the,only stible solid phases 

VT.. Ru,. ‘Ru(OH), and Ru(OH),+ -me: potentir I-pH equilibrium diagram [6] shows 
‘. 
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that Ru(OH), is only stable in aqueous solutions free from oxidizing agents and can 
be easily oxidized to Ru(OH), or reduced to elementary ruthenium. 

In a previous paper [71 we have shown that 3 mequiv. NH,OH are needed to 
precipitate 1 mequiv. RuC1, in aerated water. This result ecmfirms the stability &f 
Ru(III) in chloride solution. However, the brownish-black precipitate dried at 60°C 
in air was rather a mixture of Ru(IV) and Ru(II1) hydrates. According to Hanke [S], 
Ru(OH), can be obtained as a yellow-green precipitate in the absence of oxygen. 
The IR spectrum of this compound shows an -OH band at 3560 cm-’ whereas the 
hydrated dioxide (Ruq-2 H,O) does not. Both hydrates are amorphous and cannot 
be differentiated by X-ray diffraction. The question of whether Ru(OH), can give 
rise to a Ru(IIl) oxide (Ru,O,) prior to oxidation remains. The existence of Ru,O, 
is doubtful. Earlier, WBhler [2] assumed that Ru,O, undergoes the disproportiona- 
tion 

2 au 20, -3RuO,+Ru 

as soon as it is formed in a flow of carbon dioxide. 
W&ler [2] could not properly isolate a pure metal fraction from the oxide since 

the oxygen content ot the former was about 17%. Nevertheless, such a mechanism, in 
a more complex form, is thought to occur since crystalline Ru was observed at 
500°C by us and by Hanke [8]. According to Chattexij and West [9], a! this 
temperature the pressure of dissociation of RuO, should be about 10 -it atm, so that 
in any available inert gas the metal formation results from the reduction of the 
Ru(II1) oxide or hydroxide rather than from the Ru(IV) oxide. In addition, TG 
measurements [ 10,l l] show that Ru-black is completely oxidized to RuO, at 500°C 
under p02 = 100 Torr. 

EXPERIhXENTAL 

Two batches of RuCl, - 3 H,O, one from Alpha-Ventron (36.5 wt.% Ru), and the 
other from Johnson, Matthey and Pauwels (39 wt.% Ru), were used. Both were 
dissolved in distilled water and hydrates were precipitated with 1 N ammonia up .to 
pH 8.5. In a previous procedure [7], referred to here as procedure. A, the water was 
not deaerated and the precipitate was dried at 60°C m air. The present procedure 
(procedure B) consists of working in water deaerated by nitrogen (C S ppm 0,) and 
drying under vacuum at ambient temperature. This latter procedure does not change 
to a significant extent the weight of dry precipitate recovered; e.g. 0.92Og of 
precipitate was recovered from 1.523 g of starting material. 

Taking into account the losses during filtration,. the precipitate composition was 
assumed to be close to Ru(OHX - H,O. The amount of chlorine was less that .lW. In 
addition, the color of the precipitate was never yellow but brownish-black, as in 
procedure A. No specific -OH band was detected by IR spectroscopy. The surface 
areamestiredbyaBRTmethodwas70&g-I.. 

The DTA and TG measurements were determined in air and in nitrogen flow at a 
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heating rate of 8OC mini I. The DTA detector was a Met&r ME93629 system with 
an alumina &u&ble holder. The TG apparatus was an MTB IO-8 Setaram microbal-- 
ante. X-Ray powder diagrams were recorded with a u 2080. CGR diffractometer 
using Culy,, radiation. 

.: 

RESULTS AND DISCUSSION 

Figure 1 &par- the DTA curves in a flow of air samples (Alpha-Ventron) 
prepared by procedures A and B. A first endothermic effect is observed in both cases 
at 90- 100°C. This is followed by an exothermic effect up to 300°C which is much 
stronger in sample B than in sample A. In addition, a shoulder is quite visible in 
samp1e.B Ieft of the maximum, i.e. at. 15OOC. Beyond 3OOOC a sharp exothermic 
effect is observed in any case. Sam& removed from the DTA furnace at 370°C, i.e. 
at peak top, become crystalline and exhibit the X-ray powder pattern of rutile-type 
RuO,. The surface area is kept nearly constant during the overall process and 
reaches 79.4 m* g-r at 400°C: 

-From this comparison it is assumed that: 
(i) the first exothermic peak corresponds to an oxidation me&an.ism. In fact, the 

samples prepared by procedure A may have been substantially oxidized during the 
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Fig. I. DTA CIJIV~S of Ru(III) hydrate preparwj by I, $+& .A; ad 2~ PA- B- 

. . 
Fig. 2. DTA curves .of -Rum.-hyd.r&s: 1, from .JMp in ti 2, from alpha in air; (3) from alpha in 

-nitfoge&4,fromJI@~~nitrogen.. :. ._- ..: 
: 
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precipitation and the drying in air whereas samples B have been kept at least in the 
bulk in the iorm of a Ru(II1) hydrate; 

(ii) the second exothcrmic peak is ascribed to the cristallization of RUG from the 
Ru(IV) hydrated oxide formed in either case at lower temperature_ 

Evidence for these hypotheses will be supported by DTA and TG experiments 
carried out on samples B. 

The DTA curves of samples B heated in air and in nitrogen are shown in Fig. 2. 
First, JMP and Alpha compounds give very similar results so that only one behavior 
will be assumed in what follows. Fig. 2 also shows large differences for the same 
batch heated in nitrogen and in air. In nitrogen the first exothermic effect in the 
temperature range 90-350°C is reduced to rather weak peaks separated by a 
consistent endothermal one. The first exothennic peak occurs at the same tempera- 
ture as that of the left shoulder of the strong exothermic peak in air. Finally, the last 
exothermic effect is shifted to 450°C in nitrogen. X-Ray diffraction shows that 
beyond this temperatl;re RuO, and Ru(metal) crystallize (Fig. 3). The peak areas 
correspond to a Ru/RuO, ratio = 0.3 + 0.05. In this oxygen pressure range ( pOZ’ = 
10 - ’ atm) Ru(metal) is not in equilibrium, as mentioned above, so that Ru(metal) 
cannot issue from a Ru(IV) hydrate or oxide but from the disproportionation of 
Ru(II1) hydrate. 

The TG and DTA curves in air and in nitrogen are plotted in Fig. 4. The different 
behavior in air and in nitrogen is confirmed: 

(i) the weight loss is greater in air than in nitrogen at any temperature. The total 
weight loss taken at 900°C is 25.8% in air and 24.2% in nitrogen; 

(ii) in air the differential curves (Fig.4) show three separated phenomena, the 
maxima of which are 175.300 and 37OOC. In nitrogen, the separation of the two first 
maxima, at 175 and 28OOC. is less obvious. The third maximum occurs at 420°C. 

Fig. 3. X-Ray diffraction of Ru(IIf) hydrate hated at 500°C in I. nitrogen: and Zdr. 
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Fig. 4. (a) , TG curve of Ru(II1) hydrate; - - - - - -. differential curve. In air. (b) 
curve of Ru(III) hydrate; - - - - - -, differential curve. In nitrogen. 

.TG 

Point (i) will be discussed first: let us assume, according to-the X-ray analysis for 
the overall reactions 

(1) in air 

4[Ru(OH), ; H,O] + 0, -, 4 RuO, + 10 H,O 

the calculated weight loss is 21.75%, and 
(2) in nitrogen 

4[Ru(OH), - H,O] - 3 RuO, + Ru rt 10 H,O 

the calculated wei&t lo- is-26.45% 
In nitroge&the ekperimental weight loss is less than that calculated (2.25%). This 

difference can be acco+&i ‘for by. the surface oxidation of the metal- particles 
resulting from the &spropo&i&A&. In fact, it isknowix [JO,1 1 j that the metal can 
be ,p&tected from ‘further. oxidation by -a.:thjn oxide film. This iuteqjretation is 

:_ 
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consistent with the two exothermic peaks-.in the temperature range 90-300OC. The 
first, which corresponds to the shoulder at about 14OOC of the strong exothermic 
phenomenon in air, is ascribed to the disproportionation reaction. The second, 
which is seen at 250°C when the endothermic dehydration is slowing down (Fig 2) 
is ascribed to surface oxidation of Ru(metal). 

In air. the experimental weight loss is somewhat greater than that calculated 
(+4.05%). As discussed below, the strong exothermic effect in the.temperature range 

80-300°C includes (i) the disproportionation reaction giving a Ru(IV) oxide hydrate 
+ Ru(meta1); and (ii) the oxidation of Ru(metal) into Ru(IV) oxide or hydrate. It is 
believed that a fraction of Ru(metal) (no more than 20%) may also be oxidized into 
volatile RuO, 

Ru + 2 0, - RuO*,, AGO,,, = -79.8 kcal 

In fact. the beginning temperature of the strong exothermic effect (15OOC) 
corresponds to that of a “sparking” effect observed when the Ru(II1) hydrate 
powder is quickly introduced into a furnace. The sparks are related to the discrete 
oxidation of Ru particles resulting from the disproportionation. Owing to the 
important local temperature increase, volatile oxides RuO, and RuO, may be 
evolved. These oxides become stable with respect to RuO, towards 1000°C [12]. 

The partial weight losses will now be discussed in relation to the DTA curves. 
(1) In air the first important weight loss (Fig. 4a) is achieved at about 250°C and 

reaches 12.6%. Tbis loss includes: (i) the disproportionation; (ii) the nearly complete 
oxidation into Ru(IV); and (iii) the partial dehydration. If the following sequence is 
assumed 

4[Ru(OH), - H,O] + 3(RuO,-2 H,O) + Ru + 4 H,O (1) 
3(RuO,-2 H,O) -_, 3(RuO,-H,O) + 3 H,O (2) 

(3) Ru+O, +H,O+RuO,-H,O 

the net reaction 

4( Ru( OH), l H,O) + 0, -_, 4(RuO,.H,O) + 6 H,O 

gives a weight loss of 11.17%. 
An alternate path for (3) would be 

Ru + 0, + RuO, 

with the net reaction 

4[Ru(OH), - H,O] + 0, +3Ru02.H,0+Ru0,+7H,0 

and a weight loss of 13.8%. 
The experimental results (weight loss of 12.6%; RuO, not detected by X-ray at 

this temperature) are rather consistent with the first net reaction. The difference may 
be explained by a ruthenium loss as RuO,.- 

The second weight loss, giving 19.9% at 360°C, corresponds to a ljartial dehydra-’ 
tion of the Ru(IV) monohydrate (RuO,-H,O). It is probable that at this stage a 
critical water content is reached on the solid surface below which RuO,.is. able to 
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crystalliie:This transformation (sharp DTA peak.at 360°C in Fig. 2) acceleratesthe 
water ape. as shown by the third loss at 360°C (Fig. 4a). 

(2) In nitrogen (Fig. 4b). the-maximimr rate of weight-lo& cxzcurs at about 175OC 
and corresponds to..the. endothermic peak Which follows the exothermic peak of the 
disproportionation. Beyond ,tb.iS temperature, the weight is decreasing at nearly 
constant rate exce$t towards 270°C When the surface of the metal particles should 
be oxidized as shown by the second exothermic peak. At 35O”C, when the rate is 

slowing down, the weight. loss reaches 17%. 
The formation.of the Ru(IV) monohydrate + Ru(metal) according to 

4[Ru(OH),.H,O+ 3(RuOz.H,0) + Ru + 7 H,O 

yields a weight loss of 18.5%, which is in agreement with the experimental one, 
keeping in mind that Ru may be slightly oxidized. 

As in air, the last exothermic peak corresponds to a sharp decrease in weight. The 
crystallization of RuO, (and Ru) begins when a critical water content has been 
reached. The water loss (19%) is similar to that observed in air but is obtained at a 
higher temperature (450°C) instead of 360°C in air. This comparison suggests that 
the temperature of the RuO, crystallization is controlled by the water content of the 

solid surface. 
Finally, additional evidence for Ru oxidation on the strong exothermic peak at 

175OC and crystallization of RuO, on the sharp exothermic peak at 360°C in air is 
supported by an estimate of enthalpy of both phenomena. A sample containing 10% 

KClO, in Al,O,, and another containing 10% Ru(OH),-H,O in Al,O, have been 
subjected to DTA in air (Fig. 5). From the AH value of the endothermic peak of 
KClO, at 299OC (24 cal g-‘) [13], a AH vatue of -8.5 kcal mole-’ RuO, has been 
found for the exothermic peak assigned to the RuOl crystallization. This value is 
consistent with the order of magnitude of a crystallization from an amorphous 

Pl==- 

AT. 
I KCIO, (la In A1203) 

2.Ru”‘HYDRAlE (la in Al,O,) 

I 
1oG 150 : 200 250 .300 2so 400 C- 

. .-. 

Fig_ 5. Comparison & DTA oi .l KCIO,. (10% in.alumina); and 2. Ru(III) hydrate preheated .at 25OOC 
-(lmi in aiumiila):: 

: . . 
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On the other hand, an estimate of 59 kcal mole- 1 RtiO, is fomid for. the net 
exothermk peak in the range SO-300°C, if one assumes that O-25 mole Ru is formed 
from 1 mole Ru(OH),. H,O by the disproportionation re&tion. w -to the 
opposite effect of the endothermic dehydration, the order of magnitude is consist+ 
with the enthalpy of RuO, formation which is -68 kcal mole-’ at 600 K. 

CONCLUSIONS 

Ru(IIL) hydrate [Ru(OH), - H,O] c8n be obtained from RuC13 if the precipitation 
and the filtration are carried out in a deaerated medium. The black-brownish color. 
of the precipitate is likely to be related to a surface oxidation to Ru(Iv) hydrate. 

Beyond lW°C, the Ru(III) hydrate undergoes a disproportionation reaction 
during dehydration which leads to Ru(metal) + Ru(m hydrate. Amorphous or 
crystalline Ru,O, has not been detected. 

The amorphous metal is protected by a thin oxide film in nitrogen. Beyond 4SOOC 
it crystallizes at the same time as RuO,. In air, the metal is oxidized in the 
temperature range 150-300°C to au amorphous Ru(IV) oxide hydrate. 

The monohydrate RuO, - H,O resulting from the disproportionation crystallizes 
into RuO, before complete dehydration. The temperature of the RuO, crystallization 
is likely to be controlled by the water content of the solid surface. The enthalpy of 
crystallization is estimated as 8.5 kcal mole-’ RuO,. 
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