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Electrolytic TiO,-RuO, deposits
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Cathodic electrodeposition of RuO,-TiO, coatings on Pt and Ti substrates was performed
via hydrolysis by electrogenerated base of TiCl, and RuCl; salts dissolved in mixed methyl
alcohol-water solvent in presence of hydrogen peroxide. The deposits were characterized
by X-ray diffraction, electron microscopy, thermogravimetric and differential thermal
analyses. The effect of thermal treatment on the phase content and morphology of the
obtained deposits has been studied. A possible mechanism of electrodeposition is
discussed. © 1999 Kluwer Academic Publishers

1. Introduction the exact mechanism of RudiO, electrodeposition
Materials in the Ru@TiO, system are of considerable is not fully understood. The purpose of this work is to
interest for electrochemical, catalytic and electronic apperform electrosynthesis of RycIiO, films on Pt and
plications [1-13]. The importance of RuiO, thin  Ti substrates and to get a better understanding of the
films, coatings, powders and aerogels for various apmechanism of deposition. The results presented involve
plications has motivated the further development ofthe examination of the microstructure, composition and
processing technologies [2—4, 6, 7, 9, 10]. A cathodiccrystallization behavior of Ru&TiO, deposits.
electrodeposition has recently enabled the formation of
different ceramic materials in the form of thin films or
powders [14-18]. Electrodeposition offers advantage®. Experimental procedures
such as rigid control of film thickness, uniformity and As starting materials commercially guaranteed salts of
deposition rate. This method is especially attractive ow-TiCl4(Merck), RuC§-nH,O (Fluka Chemie AG) and
ing to low cost of equipment and starting materials andhydrogen peroxide 0, (30 wt % in water, Carlo Erba
possibility of deposition on substrates of complex shapdReagenti) were used. The following stock solutions
[15, 18]. were prepared: (A) 0.005M Tigland 0.01M HO,
Formation of oxide materials via corresponding hy-in methyl alcohol solvent; (B) 0.005M RughH»0 in
droxides or peroxides constitute two different chemi-water; (C) Aand B mixedinavolumeratioA:B9:1;
cal routes in cathodic electrodeposition [18—20]. In the(D) A and B mixed in a volume ratio A:B-3: 1. So-
cathodic electrodeposition process, metal ions can bkitions A, C and D were prepared atC.
hydrolyzed by an electrogenerated base to form hy- Rectangular Pt (4& 20x 0.1 mm) and Ti (30x
droxide films on the cathodic substrate [14,16,18].20x 1 mm) specimens were used as cathodic sub-
Oxide films were obtained by thermal dehydration ofstrates. The electrochemical cell for deposition in a
hydroxides [18, 19]. The possibility of electrodeposi- galvanostatic regime included the cathodic substrate
tion of ruthenium oxide via the cathodic process wascentered between two parallel platinum counterelec-
demonstrated [20,21] on various substrates startintrodes. Electrodeposition experiments were performed
from agueous RuGlsolutions. It was supposed that at 1°C. Cathodic deposits were obtained at a constant
ruthenium species precipitate as ruthenic hydroxide ocurrent density of 20 mA/cf Deposition times were
hydrated ruthenic oxide [20]. Peroxoprecursor routein the range of up to 10 min. Multilayer deposition was
was designed [22] in order to solve problems associperformed in order to decrease cracking attributed to
ated with the electrodeposition of titania from aqueousdrying shrinkage. The obtained deposits were washed
and mixed solutions. Deposition of titania was achievedwith water in order to prevent Cl impurity from the so-
via hydrolysis of the peroxocomplex by electrogener-lution and dried in air. Thermal analysis was carried out
ated base and thermal decomposition of the obtaineth air between room temperature and 8@at a heat-
deposit [15, 22, 23]. This approach has been furthemg rate of 10C/min using a thermoanalyzer (Setaram,
expanded to formation of other individual oxides [19] TGA92). X-ray diffraction patterns were recorded us-
and complex compounds [17, 24]. Recent studies having a diffractometer (Phillips, PW-1820, By radia-
demonstrated the feasibility of co-deposition of RuO tion). For the X-ray studies the deposits were annealed
and TiG, [20]. RuG,-TiO, deposits of various compo- in air for 1 h at \arious temperatures. The microstruc-
sitions were obtained. It is apparent [20] that electrodeture and composition of the deposits were studied us-
position is a very promising method for the fabricationing a scanning electron microscope (Jeol, JSM-840)
of these composites for various applications. Howeverequipped with Energy Dispersive Spectroscopy (EDS).

0022-2461 © 1999 Kluwer Academic Publishers 2441



3. Experimental results

Electrodeposition experiments were performed from
solutions C and D and cathodic deposits (coatings C anc
D, respectively) were obtained. The deposits of various
thickness (up to severalm) were obtained as monola-
yers or multilayers. Thick deposits were removed from
the Pt substrates for preparation of powder samples
(powders C and D, respectively). X-ray diffractograms
of fresh powders and those thermally treated at 200 anc:
300°C for 1 h &hibit their amorphous nature (Figs 1
and 2). Crystallization was observed at higher tempera-€

tures. XRD spectra taken from powders C (Fig. 1) after \E 2

thermal treatment at 40C displayed reflexes of rutile - 02 A
and anatase. X-ray diffraction patterns for powders D 2 . e
exhibit only peaks of rutile (Fig. 2). The reflexes of ru- F °

tile are relatively broad at 40@ and exhibit split at E o ° A

600 and 700C (Figs 1 and 2). Note that in this work as d
well as in previous experiments [20] no peaks of metal-
lic ruthenium were observed. Fig. 3 shows XRD data |[——vr—""" 0w ——¢

for coatings C and D on Ti substrates. X-ray diffraction
patterns at 450C show peaks of rutile and anatase in =~ |-——" ——————"""""" )

addition to those of Ti.

Fig. 4 shows an assemblage of TG/DTA curves for a
powders C and D. For powders C the total weight loss L l L |
in temperature region up to 80€ was about 25.1% 30 40 50 60
of the initial sample weight, however essentially most 26 (degrees)

of the weight loss occurred below 200. The TGA
curve exhibits a broad endotherm around 4@Gand Figure 2 X-ray diffraction patterns of powders D: as prepared (a) and

: : . after thermal treatment at different temperatures for 1 h: 200 (b), 300
an exothermic peak at 44C. A faint exothermic (€). 400 (d). 500 (&), 600 (f), and 76C (g) (. rutile).
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Figure 1 X-ray diffraction patterns of powders C: as prepared (a) and Figure 3 X-ray diffraction patterns of coatings C (a) and D (b) on Ti
after thermal treatment at different temperatures for 1 h: 200 (b), 300 (c)substrates after thermal treatment at 460or 1 h @, anatase), rutile;
400 (d), 500 (e), 600 (f), and 70C (g) (A, anatase), rutile). A, Ti).
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of 10.44 0.4 for powders C and a Ti/Ru ratio of 17
f 0.2 for powders D. Obtained Ti/Ru ratios in the pow-
Jioo EXO ders differ from corresponding values in solutions due
to different deposition rates of individual components.
Obtained coatings and powders were submitted to
SEM examination. SEM observations of the green de-
posits indicated the existence of a smooth surface and
very fine particle size. A continuous increase in the
1-200 coating thickness with deposition time was observed.
Thin deposits were crack free and adhered well to the
substrates. However, deposited films were invariably
cracked when their thickness exceede@.2—0.3m.
This type of microcracking was related to drying
shrinkage. Film sintering resulted in additional crack-
ing. Thick deposits were obtained by multiple depo-
sition with expectation that problems attributed to de-
posit cracking can be diminished. Electron microscopy
shows that powders C and D (Fig. 6) thermally treated at
700°C contain platelets of various sizes (up to 108).
These platelets were of uniform thickness in the range
of up to 10 um. The thickness of the platelets can
55— a0 &0 800 be cpntrolled_ b_y variation of deposition time. Sintered
TEMPERATURE (°C) coatings exhibited a “cracked-mud” morphology when
their thickness exceededl um. Fig. 7 shows coatings
Figure 4 TG and DTA data for powders C (a) and powders D (b) obtained C and D on Pt substrates obtained by multiple deposi-
ata 10°C/min heating rate. tion (deposition time of 20 s for each layer) and ther-
mally treated at 600C. The ultrafine size of the deposit
effect was also recorded at320°C. A sharp reduc- particles is noteworthy, and far below the micrometer
tion of sample weight was observed for powders Dscale. According to SEM evaluations the thickness of
up to~200°C, then the weight fell gradually. The to- the deposits is about Am. Currently, studies are un-
tal weight loss in the temperature region up to 860 derway to improve the deposit morphology.
was 26.6%. An endothermic effect arourd30°C is
seen in the DTA curve for powders D. When the spe-,
cimen was heated to higher temperatures a very bro

DTA(LLV)

L 1 1
200 400 600 800
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TG (%)
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Discussion

h d400°C b q aﬂ‘n important point to be discussed is the electrochemi-

exotherm aroun was opserved. ._cal mechanism of deposit formation. It is believed that
EDS spectra for powders C and D are shown iNe peroxocomplex of titanium [Ti(E(OH),_o]“ "+

Fig. 5. Numerous EDS analyses showed a Ti/Ru ratic[25] forms in solution A. Notice that ruthenium is cat-

alytic in the decomposition reaction of,8,. There-
fore, after mixing of solutions A and C Ru species bring
about decomposition of #D, excess. The following
cathodic reactions can be considered [24]:

O, + 2H,0 + 4™ < 40H" 1)
2H,0 + 26 ¢ Hy + 20H" )

Both reactions raise pH at the cathode surface.

It was suggested [20] that ruthenium and titanium
Ru Ti species precipitate from mixed solutions as indepen-
dent compounds. The high pH of the cathodic region
brings about formation of a peroxotitanium hydrate
TiO3(H20)x [15, 22], which precipitates on the elec-
trode. According to [4] hydrated ruthenium chloride is
a heterogeneous ionic material with an average ruthe-
nium oxidation state between 3 and 4, closer to 4. For
this reason the mechanism underlying the formation
of RuG, from the RuC}-nH,O precursor is complex
[21]. The ruthenium species are most likely to precipi-
, tate as hydrated ruthenic oxide Ru@SH,O or ruthenic

6 hydroxide Ru(OH) [20, 26]. This process consumes
Energy (keV) electrochemically generated OH
However, the mechanism of cathodic electrodepo-
Figure 5 EDS data for powders C (a) and powders D (b). sition is not fully understood. The results described

Intensity (arb.units)
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(b)

Figure 6 SEM pictures of powders C (a) and powders D (b) thermally treated &t@@dr 1 h.

in [27] indicate that cathodic deposition of WO decomposition of HO,, therefore, the possibility of
was achieved starting from anionic tungsten-peroxideslectrodeposition of Rufvia the peroxy-based route
species. According to [27] a pH increase is detrimentals doubtful. Moreover, in contrast to titania, electrode-
to WO; deposition, as addition of NHo peroxy-tung-  position of Ru@ can be achieved without hydrogen
state solution did not induce precipitation. It was sug-peroxide [20, 21]. Itis also noteworthy that the hydrous
gested [27] that the peroxy-based route is completelyuthenium oxide can be obtained by mixing aqueous so-
different from deposition by a local pH increase. Thislutions of RuCi-xH,O and alkalis [28]. The addition of
concept was extended [28] to provide an explanatiorihe NaOH was used [28] for increasing the pHto avalue
of the experimental data obtained in experiments on tiof ~7, thus allowing precipitation of RuOAn elec-
tania deposition [22]. However, proposed mechanisnirogenerated base has been utilized in previous works
of deposition via the peroxy-based route [27] is not[20, 21] instead of alkali for the preparation of RuO
suitable to explain the results of this work. Indeed, thefrom an aqueous solution of Ru2tH,O. Note that the
above experimental data show that electrodeposition gbossibility of electrodeposition of ruthenium species by
Tiand Ru species occurs simultaneously, thus allowing local pH increase can be expected on the basis of the
formation of RuQ-TiO, deposits. From the preced- analysis of the Pourbaix equilibrium potential-pH dia-
ing discussion it is seen that Ru species bring abougram for Ru [26]. According to [25], below pH 1 the
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(b)

Figure 7 SEM pictures of coatings C (a) and D (b) on Pt substrates after thermal treatment & ®0Q h.

peroxocomplex of titanium [Ti(@(OH),_o]* ™+ is  that the mechanism of Ry&XiO, deposition is asso-
mononuclear, increase of the pH value causes transfogiated with a local pH increase.

mation to a dinuclear and then to a polynuclear com- Obtained Ti/Ru ratios in powders C and D differ from
plex. Further pH increase results in precipitation of thecorresponding values in solutions C and D. The reason
peroxotitanium hydrate TigiH,O)x. Turning to the for the observed differences can be attributed to differ-
experiments on powder formation formation via wetent deposition rates of individual components. Accord-
chemical methods it is seen that complex titanates catilg to the X-ray data, crystallization of powders C and
be prepared via a coprecipitation method by hydro|y_D was observed after thermal treatment at4D0Turn-

sis of corresponding salts with aqueous ammonia sog to the experiments on electrodeposition of indivi-
lutions [29-33]. In a series of papers [15, 17, 18, 20,dual components it should be mentioned that crystal-
2224, 34] it was shown that thin films and powders oflization of RuG and TiG, was observed attemperatures
titania and complex titanates can be obtained via elecexceeding 200 and 30C, respectively [15, 20, 21].
trosynthesis. It was pointed out that the electrosynthesi§iO2 powders and films obtained via electrodeposition
is similar to the wet chemical method of powder pro- POSSess an anatase structure up to“mfL5, 22, 23].
cessing making use of electrogenerated base instead bErther increase of the annealing temperature resulted
alkali [17, 18, 34]. Therefore, results of this work cou- in an anatase-rutile transformation. The reported results

pled with previous results [15, 18, 20-24, 34] indicateindicate, that powders C displayed XRD reflexes of
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rutile and anatase at 40Q, whereas powders D exhibit drying and annealing of previous layers. However, sin-
only peaks of rutile. It should be noted that Ru35]  tered coatings exhibited a “cracked-mud” morphology.
is isostructural with rutile titania [36]. Rutile is the only According to [2, 12] these cracks are due to the differ-
stable titania phase, whereas anatase [37] is metastabénce in the thermal coefficient of expansion between
It is expected that Rufcrystallites act as nucleation the substrate and the coating.

sites promoting the formation of the rutile titania phase Obtained results shows that electrolytic deposition is
in obtained deposits. The obtained results exhibited difa candidate method for the preparation of RtKD,
ferences in X-ray data for powders D and coatings Dcoatings for dimensionally stable anodes in the chlo-
Indeed, X-ray diffraction patterns of coatings D exhibit ralkali industry and other applications [1, 2, 4, 8-11].
faint peaks of the anatase phase in addition to thos&his technique represents an alternative to dipping [2],
of rutile. It should be mentioned that peaks of anatasgainting [3, 10] and sol-gel [4] methods.

were also observed in Ry€XiO, coatings deposited

on Ti [3], glass [3] and Pt [20] substrates. However, nog. conclusions

fo_rmatio_n of an anatase phgse was observeq inoRuO RuO,-TiO, coatings and powders have been prepared
TiOz solid solutions studied in [2, 4, 5, 7]. Turning back sjng an electrodeposition process in solutions contain-
to Figs 1-3 it should be noted that the reflexes of rutllemg TiCl, and RuC} salts dissolved in mixed methyl
exhibit split. This observation is in line with experimen- 51cohol-water solvent in presence of hydrogen perox-
tal data presented in [3, 7, 9]. It was suggested [7] thajge RuQ-TiO, coatings were obtained as monola-
individual oxides were not completely mixed for Ti-rich yers or multilayers on Pt and Ti substrates. By vari-
compositions. It is also noteworthy that surface segreation of the concentration of Ru and Ti species in the
gation phenomena were observed in [2, 5]. Observedarting solutions the composition of the deposited ma-
split peaks were attributed to Rg@nd Ti® [7,9].  terial could be controlled. The crystallization behavior
The results of Hrovagt al. [1] indicated the existence  and morphology of obtained deposits were studied. The
of solubility in the RuQ-TiO, system. Therefore, split - geposits as-obtained were amorphous, their crystalliza-
peaks can also be attributed to Ru-rich and Ti-rich solidijgn was observed after annealing at 4@ The pro-

solutions. At this point it is important to mention that posed method has important advantages which make it
one single _rutlle _phage was obser\_/ed in [4, 10]. Theattractive for practical applications.
observed diffraction lines were attributed to the solid
solution of both oxides. Following to the above consi-
derations, it becomes evident that more detailed stud References
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