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Nanocrystallinity in RuO2 coatings—Influence of precursor and
preparation temperature
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The effects of precursor and calcination temperature on the nano morphology of ruthenium dioxide on titanium,
prepared from thermal decomposition of aqueous salt solutions were investigated. Transmission electron mi-
croscopy, X-ray diffraction, gas porosimetry and cyclic voltammetry showed that lower calcination temperature
yielded smaller crystallites. The crystallites were between 6 and 22 nm in diameter.When using ruthenium nitrosyl
nitrate thefiring temperaturehada large impacton thegrain size, but for chloride therewasonlyaminoreffect in the
temperature range 350–550 °C.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Ruthenium dioxide (RuO2) is of both scientific and technological
importance because of a combination of unique characteristics such as
high thermal and chemical stability, low resistivity, and remarkable redox
properties [1]. It has for example been used as the primary catalyst in
productionof chlorineandchlorate forover40 years in the formof coating
on titanium electrodes, so called Dimensionally Stable Anodes (DSA®). As
shown in a previous study [2], RuO2 synthesized by thermal decompo-
sition of aqueous salt solutions crystallizes in rather uniform nanoscopic,
monocrystalline grains. The superior electrocatalytical properties of so-
prepared material were shown to be partly explained by the surface
enlargement (in agreement with earlier estimates between 10 and 1000
times [3]) resulting from the spontaneous nanostructure. Away to control
electrochemical properties is thus to learn how to control the nanoscopic
grain structure, in the long run providing a route to lower energy con-
sumption. RuO2 has also been used in supercapacitors because of its high
electrochemical reversibility [4]. Thenanostructuredarchitecture found in
binary (Ru–Ti) O2·nH2O compositions favors the physical adsorption of
water and maintains high water content [5].

The economical and simple method of thermal decomposition of
an aqueous salt solution creates a film that is stable during gas evolu-
tion reactions in aggressive environments. Ruthenium nitrosyl nitrate

(RuNO(NO3)3) is sometimes used as a precursor [6,7,9] instead of the
more commonly used chloride salt (RuCl3) for ruthenium oxide elec-
trodes to avoid residual chlorine. Many studies of varying the pre-
paration temperature [6–9] of ruthenium oxide electrodes and DSA®

have been performed over the years. The voltammetric charge (q*)
decreases with increasing calcination temperature but the dependence
curves have a complex shape [8,9].

Here we investigated the effect of two parameters, precursor and
calcination temperature, on the grain sizes of RuO2 coatings on titanium.
The scopewas to investigate the connection between thenano structure
and the active area, combining different measurement techniques. We
used transmission electron microscopy (TEM), X-ray diffraction (XRD)
and gas porosimetry to measure the coating grains and the total area
of the electrodes. The electrochemically active surface area was de-
termined by cyclic voltammetry. We found that ruthenium dioxide
coatings made from ruthenium nitrosyl nitrate, prepared at low
temperature (350–400 °C) have small grains, large total area, and
large voltammetric charge. Ruthenium dioxide prepared from ruthe-
nium chloride calcinated in the temperature range 350–550 °C showed
almost constant grain size, total area and voltammetric charge.

2. Experimental details

Commercially pure titanium plates, 0.5 mm thick, were degreased
and etched in 1% hydrofluoric acid for 1 min. RuCl3 and RuNO(NO3)3
were separately dissolved in water to a concentration of 38 g Ru/L
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solution. From these two stock solutions, threemixtureswere prepared:
25% of chloride solution with 75% of nitrate solution, 50–50, and 75–25
(percentage per volume). Samples were prepared by applying the five
solutions (stock andmixtures) to the titanium plates using a brush. The
samples were dried in 90 °C for 10 min and fired in air for 10 min in
temperatures from 350 °C to 550 °C, creating 25 different samples
of RuO2 electrodes. The samples were cut for characterization with
different techniques. The film thickness was calculated from weight
increase after calcination, assuming that all increase comes from
pure RuO2, and was approximately 0.5 μm on samples for TEM, XRD
and cyclic voltammetry and between 2 and 2.5 μm on samples for
porosimetry.

Imaging was done by a transmission electron microscope (JEOL
2000FX). The TEM samples were prepared by scraping off the coating
using a sharp knife and collecting the powder on TEM grids (Carbon
grid 200 mesh). X-ray diffraction was donewith the grazing incidence
technique on a Siemens D5000 diffractometer (Cu Kα, λ=1.5406 Å).
A Sol-X detector scanned between 24 and 60° in 2θ with an angle of
incidence of 0.5°. The crystal size was calculated from the diffraction
profile by the Scherrer equation [10].

Gas porosimetry and Bruanauer Emmet Teller (BET) measurements
[11] were made using a Micromeritics, ASAP 2010 porosimeter. Ni-
trogen adsorption data was analyzed using the Barrett, Joyner and
Halendamodel [12]. Prior tomeasurements the samples were degassed
at 100 °C.

The voltammetric chargewas evaluated from cyclic voltammograms
measured in deaerated 1 M NaOH at 25 °C. Circular electrode samples,
1 cm2, were used. A platinum mesh served as the counter electrode
and the reference electrode was a saturated calomel electrode (SCE)
from Radiometer Copenhagen. The voltammograms were measured
between−0.8 and +0.2 V vs. SCE with a sweep rate of 20 mV/s.

3. Results and discussion

TEM showed that our RuO2 coating consisted of grains with a
rather uniform size distribution. The grain size depends on, both,
choice of precursor and calcination temperature. We found that RuO2

prepared at low temperature had small coating grains (5–10 nm)
and that RuO2 prepared at high temperature had larger grains (20–
30 nm). Some support of this can be found in the result of Roginskaya
and Morozova [7] who observe 15–18 nm crystallites in mixed oxide
specimens using TEM. They show that the crystallite size increases
with preparation temperature but only for temperatures higher than
650 °C. It is difficult to get a representative quantitative estimate of
the crystallite size using TEM, due to the limited sampling volume
and therefore only images of typically large and typically small grains
are presented (Fig. 1). XRD, being a volume-averaging technique,
could provide more statistically accurate estimates.

From the X-ray diffractograms (Fig. 2a) the crystallite size in the
sample can be estimated by the Scherrer equation: L=Kλ/(β cos θ)
where L is the mean dimension of the crystallites in the sample, β is the
width of the peak (at half maximum intensity) in the diffraction profile
(measured in radians) and K a constant approximately equal to unity
[10]. The estimation is valid under the assumption that all line broad-
ening is due to finite crystallite sizes. As shown in Fig. 2b the crystallite
size increases with increasing firing temperature. The trendwas clearer
for the RuO2 samples prepared from ruthenium nitrosyl nitrate, with a
fourfold increase of crystallite size while for the RuO2 samples prepared
from ruthenium chloride the trend was less profound. Roginskaya
and Morozova [7] studied only mixed oxide electrodes prepared from
chloride and so far our result is in good agreement. Nitrosyl nitrate
decomposes at a lower temperature than chloride [6] and could be the
reason why the temperature dependence on crystallite size is effective
at a lower temperature.

Using XRD, a growth of titanium oxide was found in all samples
calcinated at 550 °C and in samples prepared from chloride calcinated

at 450 °C and above. The titanium dioxide (TiO2) signal was generally
very weak compared to the RuO2 signal, with the exception of the
“chloride 550 °C” sample (Fig. 2c). It showed clearly a double peak at
approximately 2θ=27 °, representing the rutile phase of titanium and
ruthenium dioxide, respectively, and a small titanium dioxide anatase
peak at 2θ=25 °. Since in this case the coating consists of pure RuO2

the only available source of titanium is the substrate. When instead
using mixed oxides of ruthenium and titanium the same double rutile
peak sometimes occur in the X-ray diffractograms, as a result of phase
separation during firing. This has been observed by Chang and Hu [5]
and suggests that ruthenium not always replaces the titanium atoms
in the rutile structure as is earlier reported [3].

The voltammetric charge decreased with increasing calcination tem-
perature (Fig. 3), consistentwith earlier reports [6,7]. It was also lower for
electrodes prepared from chloride than for electrodes prepared from
nitrosyl nitrate, which agrees with the findings of Fachinotti et al. [8], but
the precursor dependence decreasedwith increasing temperature. At low
temperatures the precursor had a large impact on the voltammetric
charge; more nitrosyl nitrate gave a higher voltammetric charge. At high
temperatures there was almost no precursor dependence at all. Since the
voltammetric charge is proportional to the active area of the electrode
[13], and the grain size has a direct influence on the total area, a sample
with small grains and large total area would have a larger active area and
therefore higher voltammetric charge. In contrast to the simple tem-
perature dependence we see with all our experimental techniques, it
should be noted that Fachinotti et al. [8] and Ardizzone et al. [9] report on
complex temperature dependence.

The pore volume and the pore area were measured using gas
porosimetry. From the porosimetry, the BET surface area can be ob-
tained. The BET surface area measurement gave an approximate value
of the total surface area of the sample; measured per gram of coating,
see Table 1. In contrast to voltammetric charge measurements, gas

Fig. 1. TEM images of rutheniumdioxide grains. The grain size depends on both precursor
and calcination temperature but a quantitative measurement is hard to do from these
images. a) Large grains (100% nitrosyl nitrate fired at 550 °C) and b) small grains (100%
nitrosyl nitrate fired at 350 °C).
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porosimetry estimates the entire area, which is not necessarily cat-
alytically active. The catalytic active area, on the other hand, is not the
whole answer to the catalysis efficiency; the grain shape for example
determines the selectivity of the catalysis [14]. This means that the
oxide with the largest catalytic surface area not necessarily makes the
most efficient electrode. From BET surface area measurement the
mean diameter of the grains can be estimated under the assumption
that the coating consists of loosely packed spherical grains with uni-
form size distribution, the diameter of a grain can be expressed
as dgrain = 6

ρRuO2ABET
were ρRuO2

is the density of ruthenium dioxide

(7050 kg/m3) and ABET is the BET surface area (total area per unit
mass). The so-estimated grain sizes are shown in Fig. 4, together with
the crystallite sizes estimated from XRD measurements. As can be
seen, the XRD and BET agree qualitatively in the sense that samples
prepared from RuCl3 display grain sizes almost independent of pre-
paration temperature, while RuNO(NO3)3 yields highly temperature
dependent grain diameters. (This is further in qualitative agreement
with the voltammetric charge in Fig. 3a). However, quantitatively,
there is about a one order-of-magnitude discrepancy between the
sizes estimated from porosimetry and diffraction data. The explana-
tion is most likely that the crystallite grains are not loosely packed.
They are rather sintered or clustered together in such a way that only
a fraction of the boundary surface of the crystallites is accessible
for the gaseous probe of the porosimetry. An additional, interesting
discrepancy is that the temperature trends of the grain sizes deter-
mined from XRD or porosimetry have a crossing somewhere between
the highest and the lowest temperature (i.e. at low T, chloride results
in larger diameters than nitrosyl nitrate, but at high T this is reversed).
This cannot be observed in the voltammetry data in Fig. 3, where the
high temperature yields the smallest active surface independent of
precursor. Thismeans that gas porosimetry and cyclic voltammetry do
not probe exactly the same surface.

Fig. 2. a) Measured diffraction patterns, illustrating the varying peak width. Curves are
offset and normalized on first peak height for clarity. b) The crystallite size in the sample
calculated from the breadth of the diffraction peak, using the Scherrer equation. c) The
growth of titanium oxide during firing is visible in the ruthenium dioxide prepared from
chloride and calcinated at 550 °C, as a double peak at 2θ=27°, representing the rutile
phase of titaniumand rutheniumdioxide, respectively, and at the titaniumdioxide anatase
phase peak at 2θ=25 °.

Fig. 3. Voltammetric charge for a) different calcination temperatures and b) different
precursor mixtures. Curves are offset as indicated for clarity.

Table 1
BET surface area results.

Nitrosyl nitrate Chloride

350 °C 8.7 m2/g 3.5 m2/g
550 °C 1.9 m2/g 3.3 m2/g
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4. Conclusions

We have studied the effect of precursor and calcination temperature
on ruthenium dioxide electrodes prepared from thermal decomposition
of aqueous ruthenium salt solutions. All four measurement techniques,
(TEM, XRD, q* and BET surface area) gave qualitatively consistent results.
Rutheniumnitrosyl nitrate, calcinated at a low temperature (350–400 °C)
resulted in rutheniumdioxide particles thatwere rather small (5–10 nm).
Because of the small particles in the coating, such an electrode had a large
total area andhigh voltammetric charge. The sameprecursor calcinated at
a high temperature (500–550 °C) showed instead an opposite trendwith
largeparticles (20–30 nm), small total area, and lowvoltammetric charge.
Ruthenium chloride calcinated at any temperature in the range of 350–
550 °C showed ruthenium dioxide particles of about 12 nm, which is

similar to thatof rutheniumnitrosylnitrate calcinatedat450 °C. Somesort
of clustering of the crystallites occur in the preparation process, giving
BET surface areas that are unexpectedly low compared to the grain sizes.
The active area is for both precursors lowest for the highest calcination
temperature while the grain size only grows with the temperature for
oxide prepared from nitrosyl nitrate and does not grow at all for oxide
prepared from chloride.

Acknowledgements

We thank the Swedish Knowledge Foundation for the financial
support of this work, and Susanne Holmin for her valuable insight and
discussion.

References

[1] M.L. Green, M.E. Gross, L.E. Papa, K.J. Schnoes, D. Brasen, J. Electrochem. Soc. 132
(1985) 2677.

[2] C. Malmgren, M. Hummelgård, J. Bäckström, A. Cornell, H. Olin, J. Phys.: Conf. Ser.
100 (2008) 052026.

[3] S. Trasatti, Electrochim. Acta 45 (2000) 2377.
[4] S. Hadzi-Jordanov, H. Angerstein-Kozlowska, M. Vulkoic, B.E. Conway, J. Electro-

chem. Soc. 125 (1978) 1471.
[5] K.-H. Chang, C.-C. Hu, Electrochim. Acta 52 (2006) 1749.
[6] O.R Camara, S. Trasatti, Electrochim. Acta 41 (1996) 419.
[7] Y.E. Roginskaya, O.V. Morozova, Electrochim. Acta 40 (1995) 817.
[8] E. Fachinotti, E.Guerrini, A.C. Tavares, S. Trasatti, J. Electroanal. Chem. 600 (2007)103.
[9] S. Ardizzone, M. Falciola, S. Trasatti, J. Electrochem. Soc. 136 (1989) 1545.
[10] H.P. Klug, L.E. Alexander,X-rayDiffractionProcedures, 2nded.Wiley,NewYork, 1974.
[11] S. Brunauer, P.H. Emmett, E. Teller, J. Am. Chem. Soc. 60 (1938) 309.
[12] F. Rouquerol, J. Rouquerol, K. Sing, Adsorption by Powders and Porous Solids, Academic

Press, London, 1999.
[13] L.D. Burke, O.J. Murphy, J. Electroanal. Chem. 96 (1979) 19.
[14] J. Jirkovsky, H. Hoffmannová, M. Klementová, P. Krtil, J. Electrochem. Soc. 153

(2006) E111.

Fig. 4. Crystallite size estimated from XRD measurement and grain size calculated from
BET surface area measurement.
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