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Abstract

High-surface-area ruthenium oxide aerogels with pronounced mesoporosity are prepared by carbon dioxide supercritical drying of alcogels
by a non-alkoxide sol-gel process with ruthenium chloride as a precursor and epoxide as a proton scavenger. The influence of various sol-gel
preparation parameters both on gel formation and the textural properties and voltammetric response of the resulting ruthenium oxide aerogels
are investigated systematically. The un-calcined ruthenium oxide aerogel in the amorphous phase possesses a surface area in excess of

350 m? g~ has a specific capacitance as high as 595 F g~
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Ruthenium oxide is presently of great interest in a wide
range of electrocatalytic applications including electrolytic
production of chlorine gas from brine [1,2]. It is also a major
component of the Pt-Ru anode catalysts used for direct
methanol fuel cells [3]. In particular, ruthenium oxide and
its hydrates have been studied as high energy-storage elec-
trode materials because of their high capacitance and low
resistance. Conway [4] has reported that ruthenium oxides
with a high surface-area are promising electrode materials
for electrochemical capacitors. Zheng and Jow [5] have also
demonstrated the high-energy storage characteristics of the
amorphous form of hydrous ruthenium oxides prepared by a
sol-gel process at low temperatures.

For electrocatalytic as well as capacitive applications, it is
desirable to maximize the specific surface-area of ruthenium
oxide. Ruthenium oxide samples prepared by the conventional
thermal decomposition of chloride precursor materials have
very low surface-areas and a crystalline phase [6]. Although
several liquid-phase preparation procedures have been applied
to obtain high-surface-area ruthenium oxides, the highest
reported specific surface-area is about 120 m? g~ [7].
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The sol-gel to aerogel route can be an efficient method to
prepare high-surface-area metal oxide forms. Aerogels are a
class of nanostructured materials with high porosity, low
density, and high surface-area. Aerogels are prepared by sol—
gel synthesis and subsequent supercritical drying to avoid
collapse of the original gel structure due to surface tension.
Generally, the sol-gel method uses metal alkoxides as
precursors because of their high sol-gel reactivity. Most
of the metal alkoxides, however, are very expensive and
sometimes not commercially available. In addition, it is not
easy to handle them due to their high sensitivity to heat,
moisture, and light. Meanwhile, Itoh et al. [8] have reported
the use of propylene oxide in the sol-gel preparation of
silicate—aluminate gels using hydrated aluminum chloride as
the aluminum oxide source. Tillotson et al. [9] also used
propylene oxide as a gelation promoter in the sol-gel
synthesis of lanthanide and lanthanide-silicate gels using
hydrated lanthanide nitrate salts [9]. More recently, a new
sol-gel method using simple inorganic salt precursors has
been developed by researchers at Lawrence Livermore
National Laboratory [10,11]. Iron oxide and chromia aero-
gels have been prepared by this method. The success of this
synthetic route may be due to the use of epoxides as gelation
agents for the sol—gel synthesis.

In this work, an attempt is made to find the optimum
conditions to synthesize high-surface-area ruthenium oxide
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aerogels through the non-alkoxide sol-gel route. A systema-
tic investigation is under taken of the influence of various
preparation parameters on the textural properties and vol-
tammetric response of the ruthenium oxide aerogels.

2. Experimental

Ruthenium chloride hydrate, RuCl;-xH,0 (99.9%), as a
metal precursor and propylene oxide (99%) and 1,2-epox-
ybutane (99%) as gelation agents were obtained from
Aldrich and used as received. Methanol and ethanol (Merck)
were used as solvents for liquid chromatography and were
reagent grade. All syntheses were performed under ambient
conditions. RuCl;-xH,O was first dissolved in methanol or
ethanol and distilled water was added to the solution. The
desired amount of epoxide, propylene oxide or 1,2-epox-
ybutane, was quickly added to the solution under vigorous
stirring. Stirring was continued until the vortex created by
the stirring disappeared. The time required for this to happen
was defined as the gel time. The wet gel was then covered
with plastic film and allowed to age for a few days at room
temperature. The alcohol solvent was removed from the wet
gels by contact with flowing supercritical carbon dioxide at
333 K and 11 MPa. The resulting aerogels were ground to
pass a 100 mesh screen and finally calcined in flowing
helium at different temperatures. Cryogel and xerogel sam-
ples were prepared for comparison and came from the same
gel and differed only in the drying methods, i.e. freeze and
conventional drying.

After supercritical drying and calcination, textural char-
acterization of the aerogel samples was performed on a
Micromeritics ASAP 2010 surface-area analyzer. The BET
surface-area, pore volume, and pore-size distribution were
obtained by nitrogen adsorption—desorption at 77 K. The
mesopore size distributions were calculated by applying the
Barrett—Joyner—Halenda method to the desorption branch of
the isotherm [12]. Prior to the measurements, all samples
were outgassed at 393 K overnight. Crystalline structures
were determined by X-ray diffraction (XRD) experiments
performed on a Rigaku D/MAX-II A diffractometer using
Cu Ko radiation.

Specific capacitances of selected aerogel samples were
determined by cyclic voltammetry (CV) measurements in
0.5M H,SO,. Electrochemical measurements were per-
formed using a EG&G Model 273 A potentiostat/galvanostat
connected to a conventional three-compartment cell which
comprised a ruthenium oxide aerogel working electrode, a
platinum foil counter electrode, and a saturated calomel
reference electrode (SCE). The electrolyte was thoroughly
purged with nitrogen prior to and during measurements. The
preparation of thin-film electrodes followed the method
described by Schmidt et al. [13]. Ruthenium oxide aerogel
(20 mg) was dispersed ultrasonically in 2 ml distilled water
for 2 h. Then a 20 pl aliquot was transferred on to a polished
carbon substrate (5.4 mm diameter, 0.229 sz) to yield an

electrocatalyst loading of 870 ugcm 2. After drying at
60 °C, 20 ul of a 5 wt.% Nafion alcoholic solution (Aldrich)
was further dropped on the resulting thin-film electrode
surface in order to fix the electrocatalyst to the carbon
substrate rod.

3. Results and discussion
3.1. Gel formation

The effects of the water and epoxide contents on gel time
are illustrated in Figs. 1 and 2, respectively. The notations
represent the solvents and epoxides that were used, namely: E,
ethanol; M, methanol; P, propylene oxide; B, 1,2-epoxybu-
tane. In Fig. 1, the contents of solvents and epoxides are fixed
at 30 and 10 mol mol " of ruthenium precursor, respectively.
The gel time was observed to increase as the water content
increased. The gel obtained was hard when the water content
was in the range of 30—120 mol mol ' Ru, but became soft
with a higher water content of 120-200 mol mol ' Ru. When
the water content was over 200 mol mol ™ Ru, the gel was not
formed probably because the precursor concentration was too
low. On the other hand, a gelatinous precipitate was obtained
with a water content of lower than 30 mol mol Ru, probably
because the hydrolysis reaction could not proceed well.

Gels were made by adding a sufficient amount of water
to complete the hydrolysis reaction under not quite dilute
conditions. The gel time for ruthenium oxide wet gel
appeared to be dependent on the type of the solvent. The
gel time was shorter when ethanol as opposed to methanol
was used as a solvent. This may be due to the difference
in solubility of the ruthenium oxide sol particles in each
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Fig. 1. Effect of water content on gel time: E, ethanol; M, methanol; P,
propylene oxide; B, 1,2-epoxybutane.
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Fig. 2. Effect of epoxide content on gel time: E, ethanol; M, methanol; P,
propylene oxide; B, 1,2-epoxybutane.

solvent [10]. The gel time was also dependent on the type of
epoxide. The gel time was longer with 1,2-epoxybutane than
with propylene oxide, probably because the former with a
bulkier molecular structure has a lower protonation rate.
As shown in Fig. 2, an optimum range of epoxide/Ru ratio
for the rate of gel formation was observed regardless of the
types of epoxide and solvent. The gels produced with an
epoxide content of 10—15 mol mol " precursor appeared to
be hard, while those with the higher content of 15-25 were
soft. Gels were not produced with an epoxide content of
<5 mol mol ! precursor because the amount of epoxide,
which served as a proton scavenger, was not sufficient for the
gelation to proceed. The nucleophiles present in the solution
were C1™ and H,O. The better nucleophile, C1™ preferen-
tially attacked a ring carbon of the protonated epoxide to

Table 1

given rise to the formation of chloropropanol by ring open-
ing. This caused the gradual consumption of protons from
solution and, consequently, the formation of an aquo-
hydroxy species of Ru®". The latter, in turn, underwent
further hydrolysis and condensation to form a polymeric gel.
On the other hand, H,O could be competitive with C1~ for
ring opening of the protonated epoxide, which induced an
undesirable deprotonation reaction to give 1,2-propanediol.
Therefore, the required amounts of water and epoxide are
higher than the stoichiometric values [11].

3.2. Textural properties

The textural properties of ruthenium oxide aerogels pre-
pared under different conditions are listed in Tables 1 and 2.
The aerogels have specific surface-areas that range from 20
to 378 m* g~ ', and average pore diameters in the mesopore
range of 2-30 nm. As shown in Table 1, the specific surface-
area is higher with ethanol and propylene oxide than with
methanol and 1,2-epoxybutane. The maximum surface-area
of 378 m? g~ is obtained with 60 mol of water per mol of
precursor for the ethanol-propylehe oxide combination.
As shown in Fig. 3, the aerogel has pronounced mesopor-
osity in the range 10-100 nm with a narrow pore-size
distribution. Gelatinous precipitates prepared at lower
water content of <30 mol mol ' Ru lead to relatively lower
specific surface-areas and pore volumes with broader
pore-size distributions. Similar behavior is encountered
for soft gels prepared at a high water content of more than
120 mol mol ', possibly due to some collapse of the initial
gel framework during the supercritical drying step. In fact,
collapse and shrinkage are likely to occur with sol—gel
products that contain high water content because the water
existing inside the porous structure of the gel cannot reach
the supercritical state.

The textural properties of the aerogels are also dependent
on the epoxide content, as shown in Table 2. The specific
surface-area is higher than 250 m”* g~' with an epoxide

Effect of water content on textural properties of resulting ruthenium oxide aerogels after supercritical drying: E, ethanol; M, methanol; P, propylene oxide; B,

1,2-epoxybutane

Water EP EB MP MB
content®
Ser’ Vp© Dy’ Sger” Vp° Dp! Sger” Vp© Dy’ Ser’ Ve Dp!
5 322 0.58 7.1 143 0.37 10.4 20 0.02 4.0 98 0.06 2.4
10 321 0.62 7.8 145 0.39 10.7 95 0.06 2.6 106 0.12 4.4
20 209 0.46 8.8 279 0.54 7.7 210 0.39 7.6 104 0.28 10.8
30 343 0.73 8.5 237 0.52 8.9 274 0.50 7.3 119 0.45 15.1
60 378 2.04 21.5 359 2.23 24.8 297 1.59 21.3 273 1.14 16.7
90 291 1.64 22.5 290 1.06 14.6 105 0.45 17.3 85 0.21 10.0
120 227 0.73 12.9 135 0.18 5.3 57 0.03 2.0
150 143 0.09 2.5 47 0.14 11.8

 Water content (mol mol~' Ru) used in sol-gel process.

° BET surface-area (m” g~ ).

¢ Total pore volume (cm® gfl).
d Average pore diameter (nm) calculated from 4 X Sggr/Vp



Table 2
Effect of epoxide content on textural properties of resulting ruthenium oxide aerogels after supercritical drying: E, ethanol; M, methanol; P, propylene oxide;
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B, 1,2-epoxybutane
Epoxide EP EB MP MB
content® - - - -

Sper” Ve Dy’ Sper” Ve Dy’ Sper” Ve Dy’ Sper” Vi Dy’
10 378 2.04 21.5 359 2.23 24.8 283 1.54 21.8 273 1.14 16.7
15 345 0.73 8.4 287 1.90 26.4 275 1.03 14.9 308 1.73 22.5
20 327 0.59 7.2 246 0.79 12.9 236 1.25 21.1
25 182 0.24 5.4 38 0.06 6.7 213 0.50 9.4

2 Epoxide content (mol mol ' Ru) used in sol-gel process.
® BET surface-area (m? gfl).

¢ Total pore volume (cm? g").

d Average pore diameter (nm) calculated from 4 x Sggr/Vp

12
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1 —e— 60 mol
104 | —*— 90mol
—v— 120 mol
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10 100
Pore Diameter (nm)

Fig. 3. Pore-size distribution of resulting ruthenium oxide aerogels as a
function of water content used in sol-gel synthesis.

content of 1015 mol mol ™! precursor, and decreases on
increasing the amount of epoxide to produce weakly-
branched soft gels. As a result, clear and hard gels, which
are obtained with shorter gel time, exhibit higher specific
surface-areas and pore volumes with the narrow pore-size
distribution of the corresponding aerogels. This is probably
due to the inherent rigid porous network structure of the
polymeric gels.

3.3. Calcination

The textural properties of the aerogel, cryogel, and xer-
ogel samples calcined at a range of temperatures are given in
Table 3. As regards texture, the aerogel possesses a high
surface-area of 378 m”> g~ ' and is mesoporous, whereas the
corresponding cryogel and xerogel, which come from the
same wet gel and differ only in the drying method, have
lower surface areas of 213 and 14 m* g~ ', respectively, with
a prominent contribution of microporosity. For all the
sample, both the surface-area and the pore volume decrease
as the calcination temperature is increased. As shown in
Fig. 4, the pore-size distribution of the aerogel sample

Table 3
Textural properties of ruthenium oxide aerogel, cryogel, and xerogel calcined at different temperatures under helium flow
Temperature® Aerogel Cryogel Xerogel

Sger” Vp© Dy’ Sper Vp© Dy’ Sper” Vp© Dy’
After drying 378 2.04 21.5 213 0.10 2.0 14 0.008 1.8
423 307 1.42 18.5 1.8 0.002 6.0 0.05 - -
443 302 1.49 19.7 1.0 0.001 0.1 0.05 - -
473 251 1.30 20.7
523 153 0.70 18.3
573 146 0.75 20.7
673 110 0.65 23.6
773 50 0.26 21.1

# Calcination temperature (K).
° BET surface area (m? g~ ").
© Total pore volume (cm® g™ ).

d Average pore diameter (nm) calculated from 4 x Sggr/Vp.
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Fig. 4. Pore-size distribution of the ruthenium oxide aerogels calcined at
different temperatures under helium flow.

broadens and its maximum shifts to smaller pore diameters
on increasing the calcination temperature. Heat treatment up
to 473 K do not radically change the textural characteristics
of the calcined ruthenium oxide aerogel. By contrast, the
surface-area and the pore volume decrease significantly after
calcination at 523 K without apparent change in average
pore diameter. On the other hand, since the cryogel and
xerogel have relatively poor thermal stability, the corre-
sponding surface-area and pore volume decrease dramati-
cally to 1.8 and 0.05 m* g~ ', respectively, after calcination
at 423 K.

I (mA)
V2o v ow

0 200 400 600 800
(a) E (mV)

I (mA)
2o amw
I (mA)
D oo o

0 200 400 600 800
(c) E (mV)

Intensity (a.u.)

1T r-r°1r -1 717
10 20 30 40 50 60 70 80 90
2 Theta (deg.)

Fig. 5. X-ray diffraction patterns for ruthenium oxide aerogels calcined
at different temperatures under helium flow: (a) after supercritical drying;
(b) 473 K; (¢) 573 K; (d) 773 K.

The crystalline structure of the aerogel has been studied as
a function of the calcination temperature. From the X-ray
diffraction results shown in Fig. 5, it is found that the
aerogels remain X-ray amorphous up to 473 K. Calcination
at 573 K results in crystallite formation into the rutile phase
of anhydrous RuO,, despite the fact that broad and weak X-
ray diffraction peaks indicate poor crystallinity. This crystal-
line transition, an exothermic phenomenon which is detected
by TG-DTA (thermogravimetric and differential thermal
analysis) techniques, may cause a considerable loss in the
surface-area of the aerogel sample after calcination at 523 K.

1 (mA)
L s o s oW

-2
3 . . .
0 200 400 600 800
(b) E (mV)
3

0 200 400 600 800
(d) E (mV)

Fig. 6. Cyclic voltammograms (0.5 M H,SOy; at 20 mV s~ ') of ruthenium oxide aerogels calcined at different temperatures: (a) after supercritical drying;

(b) 423 K; (c) 443 K; (d) 473 K.
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Table 4
Specific capacitance of ruthenium oxide aerogels calcined at different
temperatures under helium flow

Temperature (K) Specific

capacitance (F g™ ")

Capacitance/BET
area (Fm™2)

- 595 1.57
423 525 1.71
443 443 1.47
473 394 1.57
523 179 1.16
573 106 0.73
773 21 0.42

@ After supercritical drying.

Further calcination at higher temperatures leads to the
growth of the rutile phase RuO, crystalline particles.

3.4. Specific capacitance

Cyclic voltammetric (CV) curves of ruthenium oxide
aerogel electrodes calcined at different temperatures are
shown in Fig. 6. The curves were obtained in 0.5 M
H,SO, at a potential sweep rate of 20 mV s~ '. The CV
curves are similar to those of ruthenium oxide electrodes
presented elsewhere [6], and indicate capacitive behavior.
Capacitance measurements are derived from the respective
voltammograms: C = i/s, where i and s are the current
response and the potential sweep rate (dV/dr), respectively.
The specific capacitances are averaged by measuring the
current from 0.2 to 0.7 V in the voltammetric sweep [14],
and are listed in Table 4.

Amorphous ruthenium oxide aerogels calcined at rela-
tively low temperatures are found to have high specific
capacitances. When the crystalline phase is formed after
calcination at 523 K, the specific capacitance drops signifi-
cantly. The highest specific capacitance of 595F g
obtained for the uncalcined aerogel. The capacitance is
almost proportional to the surface-area of the ruthenium
oxide electrode material provided the material exists in the
amorphous state. The specific capacitances of ruthenium
oxides are known to depend on the degree of hydration and
crystallinity [5,6]. High surface-area ruthenium oxide aero-
gels, if prepared in the form of amorphous hydrous oxides by
further controlling the heat-treatment conditions, may exhi-
bit much higher specific capacitances. In practice, the real
surface-area estimated by gas adsorption may differ signifi-
cantly from the electrochemically active surface available
for charged species. As discussed earlier, however, since
ruthenium oxide aerogels are not microporous but mostly
mesoporous, their porous network structure is likely to be
voltammetrically accessible in liquid electrolyte.

4. Conclusions

High-surface-area ruthenium oxide aerogels are prepared
by the sol—gel process with propylene oxide and ruthenium
chloride and subsequent carbon dioxide supercritical drying.
Epoxide may act as an irreversible proton scavenger to
induce polymeric ruthenium oxide gels. The maximum
surface area of 378 m> g_lis obtained with 60, 30, and
10 mol of water, ethanol, and propylene oxide per unit
mol of ruthenium, respectively. Clear and hard gels, which
are obtained with shorter gel times, exhibit higher surface-
areas and pore volumes with the narrow pore-size distribu-
tions of the corresponding aerogels. This is probably due to
the inherent rigid porous network structure of the polymeric
gels. The surface area and pore volume decrease as the
calcination temperature is increase and decrease signifi-
cantly after calcination at 523 K. This is probably due to
crystallite formation into the rutile phase of anhydrous
RuO,. Amorphous ruthenium oxide aerogels calcined at
lower temperatures are found to have high specific capaci-
tances. When the crystalline phase is formed after calcina-
tion at 523 K, the specific capacitance drops significantly.
The highest specific capacitance of 595 F s~ is obtained for
the uncalcined aerogel.
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