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High-surface area RuO2-TiO2 is an important material for catalytic and power source
technologies. To create this mixed oxide as a nanoscale, high-surface-area material, we have
synthesized electrically conductive aerogels of RunTi1-nOx via sol-gel chemistry and
supercritical drying of the resulting gel. The structural and electrical properties of these
aerogels are characterized after annealing using X-ray diffraction, X-ray photoelectron
spectroscopy, surface-area measurements, and impedance spectroscopy. Their properties
are affected by the nature of the RuCl3 precursor and the initial sol-gel chemistry. Whereas
bulk 32 mol % RuO2‚TiO2 is an electronic conductor, a dominant ionic response is measured
in the impedance of Ru0.32Ti0.68Ox aerogels. This impedance is ascribed to a proton conduction
mechanism associated primarily with the hydrous surface of the RuOx component. The
electrical conductivity of these Ru0.32Ti0.68Ox aerogels at 25 °C increases from 10-4 S cm-1 in
ambient air to 10-2 S cm-1 under an increased partial pressure of water, which is
characteristic of a protonic conductor. The electronic conductivity of these aerogels improves
with exposure to dry oxygen, which is consistent with the oxidation of Ru3+ surface defects.
Synthesizing RuO2-TiO2 as an aerogelsi.e., as high-surface-area, networked interfaces
accentuates the surface properties of this material. The electrical (electronic + protonic)
transport properties of bulk RuO2-TiO2 are redistributed when synthesized as an aerogel.
Whereas electronic transport dominates the characteristics of the dense form, the protonic
transport of the hydrous oxide surfaces governs the electrical properties of the aerogel.
Aerogels provide a useful means to isolate, study, and control the surface of metal oxides.

Introduction

Electrically conductive transition-metal oxides are
materials of fundamental relevance to catalysis and in
power sources.1-6 These applications require high-
surface-area materials with defective or charged sur-
faces which facilitate ion- and/or electron-transfer re-
actions. In this paper, we describe the synthesis and
characterization of high-surface-area, low-density aero-
gels of ruthenium dioxide-titanium dioxide, and we
discuss the relationship between their nanoscale struc-
ture and their electrical properties.

Pure RuO2 is a metallic conductor due to a d-band
conduction mechanism.7 Single crystals of anhydrous
RuO2 exhibit conductivity on the order of 104 S cm-1,8
despite an oxygen deficiency9,10 which is charge com-
pensated by Ru3+ defects in the lattice.10 Anhydrous
RuO2 is used as a thick-film resistor,11 but the hydrous
oxide is preferred in electrocatalysis.3 Although this
electrochemically active oxide has protons on its sur-
face,3,12 it is called RuO2 by convention. RuO2 electrodes
are typically prepared by the thermal decomposition of
RuCl3‚yH2O, producing materials which are hydrous
and more correctly described as RuOx‚yH2O or RuOx-

Hy.3,12 The conductivity of a 25-40% dense pellet of
RuO2‚yH2O (y ≈ 1.3) is ∼1 S cm-1.13

RuO2 is mixed with TiO2 to make electrodes for use
in electrocatalysis, particularly as a dimensionally
stable anode for the production of chlorine gas from
brine.3 Some electronic conduction remains as long as
there is a percolation path for the d electrons in the
RuO2, so up to 85 mol % of an insulating TiO2 compo-
nent can be added to the RuO2 to reduce the cost of the
electrodes.3,14 Although the RuO2-TiO2 system does not
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form a solid solution, TiO2 affects the electrocatalytic
properties of RuO2.15 Because of the electrocatalytic
nature of RuO2-TiO2 electrodes, their surface area is
critical to their performance. High-surface-area elec-
trode materials are also important in supercapacitors
or pseudocapacitors. RuO2 acts as a pseudocapacitor,
contributing both double layer and Faradaic charge, and
can generate a specific capacitance as high as 720 F/g.16
The large specific capacitance of RuO2 makes a high-
surface-area formulation of this material a prime can-
didate for energy storage.4,16
Aerogels are composites of being and nothingness,

comprised of a network of nanoscale domains sur-
rounded by a large volume fraction of mesoporosity.17-20

These materials are of current interest in catalysis21-23

because of their high surface areas (100-1000 m2/g) and
their mesoporosity, which can enhance the mass trans-
port of reactant to and product molecules away from the
interior nanoscale catalytic domains. Aerogels are
prepared via a sol-gel process, whereby metal alkoxide
precursors undergo controlled hydration and condensa-
tion reactions in an excess of solution to form a highly
porous gel network.19,24-26 The sol-gel chemistry nec-
essary to produce aerogels differs from that used to
make dip- or spin-coated thin films, because the former
requires a gel network of metal-oxide bonds to form,
while the latter can be obtained with a viscous sol. The
gel’s porosity, defined by the free volume of solvent in
the gel, is retained by drying under supercritical condi-
tions. Aerogel structures can be made up to 99%
porous.17-23

The physicochemical properties of aerogels are altered
significantly by changes in the density and the structure
of the gel which in turn are defined by the sol-gel
chemistry. The structure of the gel is a function of the
rate of polymerization of the alkoxides, which depends
on the nature of the metal alkoxide and hydrolysis
catalyst19,24-26 and on physical and chemical processing
parameters.19,25 As a result there is enormous op-
portunity to vary the gel but also considerable difficulty

in control and reproducibility. The preparation of
aerogels is further complicated when there is more than
one metal alkoxide in the system because of the different
reactivities of each precursor.
While SiO2 is the most extensively studied form of

aerogel, many transition-metal oxides have also been
made as aerogels.21-24,27 Recent work has focused on
vanadium pentoxide aerogels28-32 in order to create a
high-surface-area electrical conductor capable of elec-
trochemically driven lithium-ion intercalation. In-
creased Li+ capacity per intercalation center is key to
improving lithium batteries. In electrodes prepared
with the V2O5-based aerogel, Li+ capacity per mole of
V2O5 has been found to be greater than that obtained
for bulk V2O5 powders or V2O5-based xerogels.28,29,32-34

We have synthesized aerogels comprised of ruthenium
dioxide-titanium dioxide [(Ru-Ti)Ox] to examine the
effect of enhanced surface area on electrical properties.
The mixed (Ru-Ti)Ox system adds a new composition
to the class of electrically conductive oxides expressed
as aerogels. Because fully substituted ruthenium alkox-
ides are not available,35 we selected anhydrous RuCl3
refluxed in ethanol as a readily accessible precursor to
prepare our gels. We examined different sol-gel chem-
istries by varying the water and acid concentrations
used in the gel preparation. These gels are supercriti-
cally dried to form aerogels and then annealed under
different atmospheres and temperatures. The electrical
(i.e., ionic + electronic) transport properties of the
resulting nanoscale mesoporous materials are correlated
to their structural and physical attributes.

Experimental Procedures

Preparation of (Ru-Ti)OxAerogels. We prepared mixed
(Ru-Ti)Ox aerogels by modification of a recipe for titanium
dioxide (TiO2) aerogels.36 Titanium(IV) isopropoxide (Ti(OiPr)4,
Aldrich) and anhydrous RuCl3 (Alfa or Aldrich) are used as
precursors. A single preparation procedure is used to make
aerogels with different molar ratios of Ru, H2O, and H+; the
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Table 1. Reactant Ratios for the Preparation of Ruthenium-Titanium Dioxide and Titanium Dioxide Gels and the
Observed Time for Gelation

(Ru+Ti):H2O:H+:EtOH/mol Ti(OiPr)4/mL EtOH/mL 9.1 wt % RuCl3 in EtOH/ga HNO3/g H2O/g gelation time/sb

gel A 1:6:0.08:20 1 1 4 0.033 0.505 70
gel B 1:6:0.12:20 1 1 4 0.050 0.500 45
gel C 1:4:0.08:20 1 1 4 0.033 0.330 600
gel D 1:4:0.12:20 1 1 4 0.050 0.325 480
TiO2 1:3:0.08:20 1 2 0 0.024c 0.174c 210
a All (Ru-Ti)Ox samples were prepared with RuCl3 [Alfa] as the Ru precursor. b The gelation time is for the specific sample listed, but

multiple samples prepared with the chemistries listed for each class of gels yielded comparable ((10%) gelation times. c HNO3 and H2O
were added to 1.57 g of 100% ethanol.
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reactant ratios used to make the (Ru-Ti)Ox aerogels for this
study are shown in Table 1.
A solution of 9.1 wt % RuCl3 in as-received37 absolute

ethanol (Warner-Graham) is refluxed in air for 2 h. The color
of the solution after refluxing varies from green to greenish-
brown, depending on the RuCl3 used, as discussed below. After
cooling, the appropriate amount of supernatant from the
refluxed RuCl3/ethanol solution is mixed with concentrated
HNO3 (Ultrex II, Baker Analyzed) and 18 MΩ cm H2O
(Barnstead Nanopure). Separately, an equivalent amount of
Ti(OiPr)4 and absolute ethanol are mixed under a dry N2

atmosphere. The Ru solution is then added rapidly to the Ti
solution in the open air with stirring. This final mixture is
divided into 5-mL polypropylene vials (Wheaton Omni-Vial)
which are sealed using Parafilm. The sol forms a gel in times
varying from less than 1 min to 3 h.
The wet gels are aged for 5 days in the vials to allow further

polycondensation reactions to strengthen the gel network.
During this time, the gels turn brown and excrete ca. 0.1 mL
of a clear liquid. The amount of this extract increases with
increasing water concentrations in the initial sol. The gels
are removed from the vials and washed four times over 4 days
in an excess of acetone to replace the alcohol-water pore liquid
with a CO2-miscible liquid. To form the aerogels, the acetone-
washed gels are flushed with liquid CO2 and dried under
supercritical CO2 in a critical point drying apparatus (Fisons
Instruments Bio-Rad E3000).
Annealing of (Ru-Ti)Ox Aerogels. The aerogels are

annealed to transform them from mixed polymers of metal
oxides, alkoxides, and chlorides to (Ru-Ti)Ox. The annealing
conditions are chosen based on the weight loss-temperature
profile of the residual alkoxides and chlorine, as determined
by thermogravimetric analysis (TGA, TA Instruments Model
951) of the aerogels. The TGA results are specific to the
aerogel composition,38 annealing atmosphere, and heating rate.
The (Ru-Ti)Ox aerogels discussed in this paper have all

been processed using the following optimized heat treatment.
On the basis of the TGA data shown in Figure 1, the gels are
heated in an alumina boat in a 1-in. diameter quartz tube to
410 °C at 2 °C/min under Ar/H2O flowing at ∼300 cm3/min.
The Ar is humidified by bubbling through H2O at room
temperature using a fritted gas dispersion tube, which yields
gas with a relative humidity of 70-80%. The sample is held
at 410 °C for 5 min and then cooled at 2 °C/min under

humidified O2 (∼300 cm3/min). Because temperature differ-
ences as small as 10-20 °C markedly affect the final electrical
properties of our aerogels, the actual furnace temperature is
measured with an independent K-type thermocouple located
within 1 cm of the sample.
Physical Characterization of (Ru-Ti)Ox Aerogels.

Several methods are employed to characterize the annealed
(Ru-Ti)Ox aerogels. X-ray diffraction (XRD) is used to deter-
mine the presence and identity of crystalline phases in the
aerogels. The Scherrer formula is used to estimate the size
of the crystalline domains. The surface properties and com-
position of the aerogels are examined using X-ray photoelec-
tron spectroscopy (XPS, Fisons 220iXL, monochromatic Al KR
X-rays). Single-point nitrogen adsorption (BET) measure-
ments (Quantachrome Monosorb) with 30% N2/He are used
to measure surface areas within (10%. Atomic absorption
spectroscopy (Corning Analytical Laboratory) of the digested
solids indicates a bulk composition of Ru0.32Ti0.68Ox. The
density of the aerogels is determined from their displacement
of mercury in a Moore-Van Slyke specific gravity bottle.
For impedance measurements, the (Ru-Ti)Ox aerogels are

ground into a fine powder using a mortar and pestle and then
hand-pressed into a 0.05-cm-thick disk using a 0.4-cm diam-
eter die. The resulting pellets are ∼20% of the theoretical
density of 32 mol % RuO2-TiO2. They appear uniform in
thickness and exhibit excellent mechanical integrity. Although
electrical measurements of porous materials are inherently
compromised,39,40 we normalize most of the variables by using
samples of approximately the same weight and thickness and
then assume a constant geometric ratio, L, of 3 cm based on
the radius and average thickness of the samples (L ) A/d,
where A is the geometric electrode area and d is the distance
between the electrodes). In this way it is possible to determine
the relative differences between the conductivities of porous
materials. Similar methodology has been successfully used
elsewhere to study metal oxide powders.41,42 The BET surface-
area measurements show that our method of grinding and
pressing the aerogel powder does not decrease the surface area
accessible to gas adsorption and, in several cases, resulted in
an effectively larger surface area.
Two-probe impedance measurements are executed using a

frequency response analyzer (Solartron 1260) at frequencies
between 10 and 107 Hz. The (Ru+Ti)oxide aerogel pellets are
spring-loaded between platinum leads in an alumina cell and
loaded into a quartz tube so that the sample can be exposed
to different gas flows and temperatures. Gold blocking
electrodes were sputtered on some aerogel pellets to ensure
even electrical contacts, but these contacts only modestly
affected the interfacial impedance and had little influence on
the bulk conductivity. Therefore, blocking electrodes are not
necessary in these electrical measurements. A commercial
impedance spectroscopy package (Scribner Associates Z60/
ZView/ZPlot) is used to collect and analyze the data. The
sample resistance, R, is determined from a least-squares
analysis of the complex impedance. The electrical conductiv-
ity, σ, is calculated using the equation σ ) 1/RL.
Preparation and Annealing of TiO2 Aerogels. For

comparison to the (Ru-Ti)Ox aerogels, TiO2 aerogels have been
prepared using the unmodified literature preparation36 and
the above procedures. The reactant ratios used in these
standards are shown in Table 1. The gels appear clear after
gelation and crack upon submersion in acetone. Over time,
the gels become brown in the acetone indicating the oligomer-
ization of acetone on their surfaces. After they are dried under
supercritical CO2, the gels are heated in ambient air at 2 °C/
min to 460 °C and annealed for 5 min before cooling at 2 °C/
min. These TiO2 aerogels are characterized as described above
for (Ru-Ti)Ox aerogels.

(37) Drying the ethanol over molecular sieves (zeolite 4A, UOP)
yields aerogels that are visibly nonuniform, presumably due to salts
introduced into the ethanol (and thereby into the sol-gel chemistry)
by zeolite-induced autoprotolysis of trace water in the ethanol.
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Figure 1. TGA of gel A while heating under Ar/H2O to 425
°C at 2 °C/min and cooling under O2/H2O.

1250 Chem. Mater., Vol. 9, No. 5, 1997 Swider et al.



Results and Discussion

Characterization Prior to Annealing. The forma-
tion and structure of the (Ru-Ti) gels are highly
dependent on the sol-gel chemistry. The gelation time
of the sol, which is a measure of the kinetics of the
gelation process, increases with increasing Ru content,
decreasing acid content, and decreasing water content
(Table 1). Once gelled, the stiffness of the gels increases
with increasing initial water concentration, but precipi-
tation occurs in the solutions when the water-to-metal
molar ratio exceeds 6. Gels made with a metal-to-acid
molar ratio of 1:0.08 (gels A and C) exhibit greater
physical integrity than those with a ratio of 1:0.12 (gels
B and D).
The gelation kinetics are also affected by the nature

of the RuCl3 precursor. The time of gelation varies by
more than an order of magnitude (e.g., 3 min to 3 h)
when a different source or batch of RuCl3 is used. XRD
shows that anhydrous RuCl3 purchased from Alfa
(RuCl3 [Alfa]) is R-RuCl3 with a RuO2 impurity phase,
while that from Aldrich (RuCl3 [Aldrich]) has a crystal-
line structure that could not be identified in sets 1-43
of the JCPDS data base (International Centre for
Diffraction Data). The phase of RuCl3 [Aldrich] varied
in different batches.
XPS analysis of the chemical state of the chlorine and

oxygen in these commercial sources of RuCl3 confirms
the difference in their structure and chemistry. RuCl3
[Alfa] has one type of chlorine species, consistent with
chloride ion, while RuCl3 [Alrich] has a second distinct
Cl 2p peak and, therefore, an additional type of chlorine.
The second chlorine state in the RuCl3 [Aldrich] re-
sembles that observed in amorphous RuCl3 hydrate
(RuCl3‚1-3H2O, Aldrich). On the basis of these XPS
and other TGA data, RuCl3 [Aldrich] consists primarily
of a partially hydrated form of RuCl3. RuCl3‚yH2O is
inherently difficult to characterize, because it undergoes
varying degrees of hydration and polymerization and
hosts several different oxidation states of Ru.43 There-
fore, RuCl3‚yH2O cannot be used reliably as a known,
chemically unique precursor for sol-gel chemistry.
The difference in the nature of the commercial RuCl3

precursors is also apparent when the sol-gels are
washed in acetone. When RuCl3 [Alfa] is used, the
acetone from the first two washes is clear but subse-
quently appears pale green, indicating the loss of some
Ru-containing species from the gel into the acetone. In
gels made from RuCl3 [Aldrich], up to 50% of the Ru
leaches out during the first two acetone washes.
Gels made from both RuCl3 precursors remain mono-

lithic after washing in acetone. These gels crack slightly
and lose ca. 25% of their original volume during super-
critical drying. The amount of cracking can be reduced
by heating and cooling the gels slowly (e.g., 2 °C/min)
during the supercritical drying process. The unan-
nealed aerogels derived from RuCl3 [Alfa] are black;
XRD reveals that particles of R-RuCl3 are present.
When RuCl3 [Aldrich] is used, the aerogels are light or
dark brown and are amorphous to X-rays.
TGA indicates that the pyrolysis of chloride and

alkoxides from RuCl3 [Alfa]-derived aerogels occurs by
410-420 °C under wet Ar (Figure 1). Little weight is

gained while cooling under O2/H2O from 410 to 50 °C,
suggesting that (Ru-Ti)Ox is not severely reduced
during the Ar/H2O thermal treatment. By increasing
the heating rate from 2 to 5 °C/min, temperatures up
to 60 °C higher are needed to evolve the alkoxide and
chloride components of the gels. In aerogels derived
from the RuCl3 [Aldrich] precursor, this weight loss
occurs at lower temperatures, i.e., 350 °C under wet Ar.
During annealing, the (Ru-Ti)Ox aerogels further

densify to about 50% of the initial volume of the wet
gels. The final aerogels retain a cracked monolithic
form and are colored gray or black. The densities of the
monolithic annealed (Ru-Ti)Ox aerogels are ∼12% of
the theoretical density of 32 mol % RuO2-TiO2. In
comparison, the pure TiO2 aerogels as made are more
extensively cracked and transform to a white powder
during annealing.
Characterization of Annealed Aerogels. Physical

Properties. After annealing, XRD indicates that the
(Ru-Ti)Ox aerogels contain crystalline portions of TiO2
and RuO2, as shown in Figure 2 for the aerogels
prepared from the chemistries in Table 1. The crystal-
line fraction of aerogels A, B, and C correspond to
anatase TiO2 and rutile RuO2, while aerogel D contains
both anatase and rutile forms of TiO2 as well as rutile
RuO2. On the basis of the Scherrer formula, the peak
widths indicate that these crystallites are ∼10 nm in
diameter. The TiO2 aerogels have an anatase structure
with 10-nm crystallites.
The relative XRD peak intensities of the anatase TiO2

and the rutile TiO2 and RuO2 vary in the (Ru-Ti)Ox
aerogels, even though they have an equal concentration
of Ru and were annealed under identical conditions. A
possible explanation of this variation is incomplete
crystallization14 of the initially amorphous aerogel.
Because of the relatively low annealing temperatures,

(43) Seddon, E. A.; Seddon, K. R. The Chemistry of Ruthenium;
Elsevier: Amsterdam, 1984.

(44) Merzbacher, C. I.; Swider, K. E.; Rolison, D. R. Abstract V5-
22, MRS 1996 Fall Meeting, 2-6 Dec 1996, Boston, MA; Materials
Research Society: Pittsburgh, PA, 1996; p 519.

Figure 2. Variations in the crystalline portion of the (Ru-
Ti)Ox aerogel series of Table 1 as measured by XRD after
heating aerogels A-D to 410 °C in Ar/H2O and cooling under
O2/H2O.
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solid-state diffusion is minimized and the initial sol-
gel chemistry primarily controls the final aerogel struc-
ture. Small-angle neutron-scattering studies are also
being pursued to characterize further the nanoscale
structure of (Ru-Ti)Ox aerogels.44

The average surface area of aerogels A-D is 85 ( 15
m2/g. For aerogels with the molecular formula of Ru0.32-
Ti0.68O2, this yields a molar surface area of 9880 ((1450)
m2/mol. Our TiO2 aerogels have an average surface
area of 110 ( 5 m2/g or ca. 8800 m2/mol of TiO2. TiO2
aerogels made from chemistries similar to those in Table
1 and annealed at 400-500 °C have surface areas of
65-128 m2/g,36 or molar surface areas of 5190-10 200
m2/mol. Therefore, the addition of Ru to this Ti sol-
gel chemistry36 does not result in a decrease in surface
area.
The surface analysis of the (Ru-Ti)Ox aerogels by

XPS consistently indicates that little residual chlorine
(e.g., <1 atom%) remains after annealing. The analysis
of the Ru 3d, Ti 2p, and O 1s regions obtained for these
aerogels is not straightforward. The aerogels from the
A-D series react in situ with the X-ray beam in UHV,
and their spectra vary as a function of time, shifting to
more anhydrous RuO2-like with increased X-ray expo-
sure. This is contrary to the typical effects of beam
damage, wherein photoelectron reduction of metal ox-
ides is usually observed.45 The (Ru-Ti)Ox aerogel
surfaces measured with XPS are therefore not neces-
sarily representative of their state in ambient atmo-
spheres.
Electrical Properties. Although RuO2 is a known

electronic conductor, proton conduction due to adsorbed
surface water must also be considered in low-temper-
ature electrical measurements of all oxides.2 Proton
conduction occurs along the surfaces of oxides usually
by a mixed-translocation mechanism, whereby the H+

or H3O+ ions conduct along a hydrous, “liquidlike”,
water structure adsorbed on the charged oxide sur-
face.2,41 This general mechanism has been used to
describe the protonic conduction observed on the hy-
drous surfaces of many transition-metal and rare-earth
oxides, including V2O5, SnO2, ZrO2, Sb2O5, In2O3, Cr2O3,
Ga2O3, Ta2O5, Nb2O5, CeO2, and ThO2.2,27,41,42,46 The
amount of adsorbed water is a function of the charging,
or acidity, of the oxide surface which in turn depends
on the cations, structure, and particle size of the
oxide.2,41

Dense polycrystalline metal oxides (contacted with
nonblocking electrodes) have four dominant proton
conduction regimes that can be measured with imped-
ance spectroscopic measurements (Figure 3a): [1] within
the lattice or bulk; [2] the surfaces in series with
crystals; [3] the surfaces in parallel with crystals; [4]
the interfacial impedance of the solid with the atmo-
sphere or a nonblocking electrode.2,39-41 This model can
be expressed using the equivalent circuit shown in
Figure 4a. In this figure, RH+(1) is a resistor represent-
ing protons conducting in the oxide lattice (e.g., inter-
stitial protons). Resistors also represent the conduction
paths along the surfaces in series, RH+(2), and in
parallel, RH+(3), with the crystals. The electrical circuit
of these three paths is in series with the interfacial

resistance of the protons, RH+(4). The movement of
protons in each region of the material has an associated
capacitance represented by C1, C2, etc.
A schematic of the conduction regions in an aerogel

is shown in Figure 3b. In this nanoscale, meso- and
microporous material, conduction also occurs in four
regions: [1] within nanoscale particles; [2] between
adjacent nanoscale particles; [3] along the surfaces of
the particles; [4] at the interface of the aerogel particles
with the electrical contacts and the atmosphere. These
regions are analogous to those used to describe proton
conduction in dense polycrystalline oxides, and so the
equivalent circuit in Figure 4a can also be used to
describe conduction in high-surface-area aerogels.
The impedance, Z, of an equivalent circuit is the sum

of its circuit elements. As with resistors, impedance
elements in series are added, whereas the inverse
impedance is added for elements in parallel. The
impedance of a resistor and capacitor in parallel is

(45) Powell, C. J.; Seah, M. P. J. Vac. Sci. Technol. A 1990, 8, 735.
(46) Barboux, P.; Baffier, N.; Morineau, R.; Livage, J. Solid State

Ionics 1983, 9/10, 1073.

Figure 3. (a) The four conduction domains in polycrystalline
materials: [1] the crystalline lattice, [2] the surfaces in series
with crystals, [3] the surfaces in parallel with the crystals,
and [4] the interface between the polycrystals and the atmo-
sphere or electrodes. (b) The four conduction domains in
aerogels: [1] within the crystalline particles, [2] the interface
of the surfaces between two particles, [3] the surface along
the particles, and [4] the interface between the particles and
the atmosphere or electrodes.
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written in complex notation as a function of frequency,
ω, in eqs 1 and 2:

When the capacitances associated with each conduction
region differ by several orders of magnitude (e.g., C1 ,
C2), the impedance of each conduction region separates
into a distinct semicircle in the complex impedance
plane (Zreal versus Zimag).
The complex impedance of a pressed pellet of TiO2

aerogel at room temperature is shown in Figure 5. One
broad semicircle is measured, which suggests one
dominant ionic conduction process. Protonic conduction
is expected only along the surface as the concentration
and room-temperature mobility of interstitial protons
in TiO2 is low.2 Because RH+(1) is very large relative to
the other three conduction paths, RH+(3) can be ap-
proximated from the intercept of the semicircle with the
real impedance axis (Zreal)39,47 to be 1.5 × 108 Ω. Using
a geometric ratio of 3 cm, this correlates to a conductiv-
ity of 2 × 10-9 S cm-1. The semicircle is distorted,
presumably due to a distribution in the grain sizes in
the TiO2 aerogel, but this fitting method is still valid.47
The interfacial response, RH+(4), is beyond the detection
limit of our frequency response analyzer.
The presence of water on the TiO2 aerogel is con-

firmed by TGA measurements which show that 6 wt %
of the sample is lost between 25 and 400 °C under dry
Ar, corresponding to a molar formula of TiO2‚0.28H2O.
Approximately half of the weight loss occurs below 50

°C, consistent with physisorbed water. The remainder
of the weight loss can be attributed to the loss of both
physisorbed and chemisorbed water. As expected for a
surface proton conductor, an increase of water vapor in
the atmosphere decreases the resistance of the TiO2
aerogel. As seen in Figure 5, the resistance decreases
after only 5 min of exposure to wet Ar gas. After 5 h of
exposure to wet Ar, the resistance of the TiO2 aerogel
drops by 2 orders of magnitude, corresponding to a
proton conductivity of 1 × 10-7 S cm-1. Under very
humid atmospheres, Warburg impedance is observed
which is expected as the concentration of physisorbed
water increases, and the proton conduction changes
from the translocation or hopping mechanism to a
diffusion-controlled mechanism.
In other (Ru-Ti)Ox aerogels prepared in our labora-

tory, we observe that the addition of less than 20 at. %
Ru for Ti has little effect on the conductivity of (Ru-
Ti)Ox aerogels relative to pure TiO2 aerogels, presum-
ably because the concentration of the ruthenium oxide
in these porous materials is below the percolation
threshold for conduction. However, the Ru0.32Ti0.68Ox
aerogels from Table 1 exhibit a marked change in the
impedance response from the pure TiO2 aerogels, as
shown in Figure 6. The frequency response of these
(Ru-Ti)Ox aerogels also has a capacitive component,
indicating that the resistivity is not purely electronic,
as would be expected for a bulk 32 mol % RuO2-TiO2
material.14 Therefore, this electrical response must be
attributed to a protonic conduction process.
Because the resistivity of the Ru0.32Ti0.68Ox aerogel is

4 orders of magnitude lower than that of the TiO2
aerogel, it is best explained by a second proton conduc-
tion process that occurs in parallel to the TiO2 or along
the RuOx surface. A model for the electrical conduction
paths in a mixed-conducting RuO2 is shown in parallel
with the TiO2 in the equivalent circuit in Figure 4b. The
electronic conduction in the RuO2 bulk is represented
by one resistance element, Re-(A); although electrons
may conduct by either the d-bands of the oxide or by
hopping between Ru3+ and Ru4+, the latter mechanism
is unlikely at room temperature. This electronic con-
duction is in series and parallel with proton conduction

(47) Armstrong, A. D.; Dickinson, T.; Willis, P. M. J. Electroanal.
Chem. 1974, 53, 389.

Figure 4. (a) Equivalent circuit representing protonic conduc-
tion in the TiO2 lattice [RH+(1)], surface layers [RH+(2) and RH+-
(3)], and the interface of the surface with the atmosphere and
electrodes [RH+(4)]. Protonic conduction in all four regions has
an associated capacitance, C1, C2, C3, C4. (b) Equivalent circuit
representing mixed electronic/protonic conduction in RuOx:
electronic conduction in the RuOx lattice [Re-(A)] and hydrous
surface layer (domains 2 and 3 in Figure 3b) [Re-(B) and
Re-(C)], and protonic conduction in the RuOx hydrous surface
layer [RH+(5) and RH+(6)]. Re-(D) and RH+(7) represent mixed
conduction at the hydrous RuOx-electrode interface. The
proton conduction at the surfaces and interfaces have associ-
ated capacitances: C5, C6, C7.

1
Z

) 1
R

+ iωC (1)
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Figure 5. Complex impedance of proton conduction in a TiO2

aerogel in air and under wet Ar.
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paths along a hydrous ruthenium oxide surface (whereby
the term hydrous designates RuOxHy, Ru(OH)x, RuO2‚
yH2O, etc.). Hydrous ruthenium oxide is an electronic
conductor13 but should conduct protons similarly to
other hydrous transition-metal oxides.2,3,6,40,41,46 There-
fore, on the hydrous ruthenium oxide surface, both
electrons [Re-(B) and Re-(C)] and protons [RH+(5) and
RH+(6)] conduct in parallel. Similarly, the ruthenium
oxide at the interface with the atmosphere and elec-
trodes should be hydrous and have both electronic,
Re-(D), and protonic, RH+(7), components.
On the basis of the above model for a series of

electronically conducting RuO2 particles in series and
in parallel with mixed-conducting hydrous ruthenium
oxide surfaces, the left semicircle (arc I) in Figure 6 can
be attributed to surface conduction and the right half-
circle (arc II) is due to the interface of the sample with
the atmosphere and the electrodes of the conductivity
cell.41,42 Electronic conduction in the RuO2 lattice
cannot be detected because it has no frequency depen-
dence and it is in series with the higher resistivity of
protons at the surface. Fitting arc I of aerogels A, B,
and C indicates that their resistance is 2000-5000 Ω
(σ ) 2 × 10-4-7 × 10-5 S cm-1). The impedance
response of aerogel D is only partially shown in Figure
6, because its resistance is 40 000 Ω.
The surface protonic contribution to the impedance

response of the (Ru-Ti)Ox aerogels is confirmed by the
water-pressure dependence of the resistance. As ob-
served with the TiO2 aerogels, the resistance becomes
higher when the sample is exposed to dry gas (e.g., O2,
Ar, H2) and decreases with an increase in the water
pressure of the atmosphere (Figure 7). Warburg imped-
ance can also be observed after extended exposure to a
humid atmosphere. The electrical resistance increases
when (Ru-Ti)Ox aerogels are heated to 100 °C, as is
expected when a protonic conductor loses surface water.
TGA shows that during heating to 400 °C under dry Ar,
the weight of aerogels A, B, C, and D decreases on
average by 4.5%, indicating that the molar formula of
the aerogel is Ru0.32Ti0.68Ox‚0.25H2O at room tempera-
ture in air. The weight-loss profiles of the (Ru-Ti)Ox

aerogels are similar to those observed for TiO2 aerogels.
The capacitive component to arc II indicates that the

interfacial conduction of the (Ru-Ti)Ox aerogels is also
governed by protons and that the metal electrodes of
the conductivity cell act as partial blocking electrodes.
This interfacial impedance is eliminated by exposing the
aerogel to dry O2 for over 2 h (Figure 8). The loss of
contact resistance at the electrode/aerogel interface is
confirmed with two-probe dc resistance measurements
with a multimeter (Keithley 179A). The dc resistance
is within 20 Ω of the ac resistance (i.e., the intercept of
arc I with Zreal). The interfacial resistance is not
eliminated when (Ru-Ti)Ox aerogels are exposed to wet
rather than dry O2.
Defect equilibria for RuO2 can be used to explain these

conductivity results. Using Kröger-Vink notation,48 the
effect of oxygen and water partial pressures on the RuO2
structure is written as follows:

(48) Kröger, F. A. The Chemistry of Imperfect Crystals; Elsevier:
New York, 1974; Vol. 2, p 14.

Figure 6. Complex impedance of proton conduction in (Ru-
Ti)Ox aerogels A-D. Semicircle I results from the impedance
of the hydrous surface layer, and II is caused by that of the
electrode interface.

Figure 7. Effect of atmospheric water pressure on the
complex impedance of (Ru-Ti)Ox aerogel A.

Figure 8. Complex impedance of (Ru-Ti)Ox aerogel C with
extended exposure to dry O2.
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In these equations, RuRu represents a Ru4+ cation on a
4+ cation site in the RuO2 lattice, and RuRu′ corresponds
to a Ru3+ cation on the same Ru site, resulting in an
effectively negative charge (′) in the lattice. Similarly,
OO is an oxygen ion in the RuO2 lattice, VO

•• is an
effectively positive oxygen vacancy, and OHO

• represents
an oxygen-proton complex on an oxygen site.
Equation 3 indicates that an increase in oxygen

pressure can shift the Ru oxidation state from Ru3+ to
Ru4+. This reaction is accompanied by the consumption
of VO

••. Because the mobility of vacancies is low at room
temperature, the reaction is limited to the ruthenium
oxide surface. On the hydrous ruthenium oxide surface,
VO

•• may become occupied by water, as expressed in eq
4. Upon a decrease in the water pressure, VO

•• forms.
The sum of these oxygen and water equilibria, written
in eq 5, can be used to explain the conductivity results
shown in Figure 8. The increase in oxygen pressure and
decrease in water pressure which occurs when the (Ru-
Ti)Ox aerogel is exposed to dry O2 results in the
formation of more Ru4+, or RuO2, on the aerogel surface,
leading to an increase in its electronic conductivity and
a decrease in the electrode contact impedance.
The protonic conduction on the surfaces of the aerogel

network persists despite extended exposure to oxygen.
The surface resistance is higher under dry O2 than wet
O2 (Figure 8), presumably due to the loss of surface
water. The electronic conduction at the oxidized surface
unfortunately cannot be resolved from the impedance
data due to the complexity of the system, as expressed
by the equivalent circuit in Figure 4. These results
suggest that high electronic conduction cannot be
achieved at the aerogel surfaces, because they are
comprised of a highly defective hydrous ruthenium oxide
or (Ru-Ti)Ox. These electronically insulating surfaces
separate the crystalline RuO2 regions in the aerogels,
so that the electronic conductivity does not short-circuit
through the material, as occurs in bulk RuO2-TiO2.

Conclusions

When RuO2-TiO2 is expressed as an aerogel, its
electrical properties are controlled by its surface con-
ductivity which arises from proton conduction in a
hydrous ruthenium oxide layer. The electronic conduc-
tivity, which dominates the electrical properties of bulk
RuO2-TiO2, is disrupted in the nanoscale material such
that its protonic conductivity can be measured despite
the presence of RuO2 and TiO2 nanoscale phases. This
finding suggests that the bulk properties which have
been reported for RuO2-TiO2 are misleading to those
researchers interested in its catalytic and capacitive
nature, because the actual surface of the material is
mixed-conducting and most likely has the formula
RunTi1-nOxHy.
Preparing transition-metal oxides in the nanoscale

mesoporous form of aerogels provides a unique op-
portunity to characterize surface properties that are
otherwise difficult to isolate in the bulk or colloidal
state. This opportunity is countered by an intriguing
dichotomy for the electrically conducting aerogels, i.e.,
the hydrous oxide surface, which controls the electrical
transport properties in the aerogel, cannot be character-
ized by many standard materials characterization tech-
niques (e.g., diffraction). Yet probing hydrous oxide
layers by surface-sensitive measurements will need to
be done without inducing artifactual information by
altering the nature of the hydrous oxide in unknown or
uncontrolled manners. This dichotomy will need to be
considered as these and other electrically conductive
transition-metal oxide aerogels are synthesized, char-
acterized, and applied as electrical and electrochemical
materials.
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