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ABSTRACT Ruthenium oxide is a model pseudocapacitive materials exhibiting good electronic and protonic conduction and has
been shown to achieve very high gravimetric capacitances. However, the capacitance of thermally prepared ruthenium oxide is
generally low because of low protonic conductivity resulting from dehydration of the oxide upon annealing. High-temperature
processing, however also produces the electrically conducting ruthenium oxide rutile phase, which is of great interest for electrochemical
capacitors. Here, unusual electrochemical characteristics were obtained for thermally prepared ruthenium oxide when fabricated in
the presence of alkyl-thiols at high temperature. The performance characteristics have been attributed to enhanced multifunctional
properties of the material resulting from the novel processing. The processing method relies on a simple, solution-based strategy that
utilizes a sacrificial organic template to sterically direct hierarchical architecture formation in electro-active ruthenium oxide. Thin
films of the templated RuO, exhibit energy storage characteristics comparable to hydrous ruthenium oxide materials formed under
dramatically different conditions. Extensive materials characterization has revealed that these property enhancements are associated
with the retention of molecular-sized metal oxide clusters, high hydroxyl concentrations, and formation of hierarchical porosity in
the ruthenium oxide thin films.
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INTRODUCTION Alternatively, redox active electrochemical capacitors, i.e.,

T lectrochemical capacitors (i.e., supercapacitors, double pseudocapacitors, are exemplified by the charge storage
—{ layer capacitors, or ultracapacitors) are defined by properties of ruthenium oxide where ruthenium oxidation/

A their ability to achieve a combination of power and reduction is accompanied by proton adsorption/desorption.

energy density not available to either dielectric capacitors

or batteries. Batteries can achieve high energy densities, RuO, + *HT + xe~ < RuO,_(OH), (1)

whereas capacitors, with very low energy densities, are able
to deliver high power (1, 2). High energy densities in bat-

teries are a result of efficient utilization of the electrode We consider RuO, a model oxide for interrogation of our
material for charge storage; however, charge storage mech- templated synthesis strategy because of the wealth of infor-
anisms are limited by several processes including slow mation available for this oxide system. Hydrous ruthenium
reaction kinetics and electron and ion transport in the bulk, oxide has been extensively studied as a material for ultra-
resulting in lower overall power delivery. Ultracapacitors can capacitors and exhibits exceptional performance. The oxide
potentially achieve high energy and power densities simul- has access to multiple redox states and is a good electronic
taneously by incorporating electroactive materials, similar and/or protonic conductor. Notably, RuO, also has practical
to those found in batteries, into high surface area configura- shortcomings, including the rarity and expense of ruthenium
tions. Consequently, all sites in the active electrode (both that limits its utilization in commercial applications.

surface and bulk) can be used for charge storage (boosting
energy densities), whereas electroactive sites would be
sufficiently close to electrolyte interfaces to allow for facile
electron and ion transport (boosting power densities).
Electrochemical capacitors can store charge via two
mechanisms, physical and chemical, where one is typically
predominant (3, 4). High surface area carbon supercapaci-
tors store charge in the electrical double layer at the charged
interface of the carbon electrode and the electrolyte solution.

Studies on solution-deposited thin films have shown that
both the electronic (5) and protonic conductivity of hydrous
RuO, are highly sensitive to both the crystallinity and
hydroxyl content of the material (see Figure 1 which has
been developed from literature reports) (5—13). As-depos-
ited films tend to be amorphous, exhibit poor electron
conductivity, and have both a high hydroxyl content and
high proton conductivity. Heat treatments drive condensa-
tion reactions between hydroxyl groups, resulting in loss of
water from the hydrous oxide, nucleation and growth of
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FIGURE 1. Gravimetric capacitance (dark circles) is plotted as a
function of processing temperature for hydrous ruthenium oxide
using data averaged from estimated literature values (5—13). A
maximum capacitance is obtained at ca. 150 °C, where the water
content is approximately RuO, - 0.5H,0. At low temperatures, the
increase in capacitance correlates with the increase in electronic
conductivity (open squares) estimated from data shown in ref 5.
Capacitance decreases with increasing temperature above 150 °C,
corresponding to grain growth of rutile RuO, and water loss. The
decrease in water content (open triangles) is illustrated by weighting
the theoretical value of capacitance for RuO,, 1360 F/g, by the water
content reported in refs 5—13 and normalized to the value obtained
at 150 °C (i.e., 0.5). Lines are included as guides to the eye.

ways along hydroxyl groups at grain boundaries (6, 7).
Empirically, it has been determined that the optimal perfor-
mance for RuO, ultracapacitors occurs at a heat treatment
of roughly 150 °C, corresponding to an approximate ratio
of 1:2 H,O:RuOs, also referred to as hydrous RuO,, Figure 1
(7). Under this processing condition, neither electronic nor
protonic conduction is necessarily maximized, but both are
cooperatively optimized to support pseudocapacitive behavior.
Only a fraction of the RuO, is typically utilized giving a
maximum capacitance, typically 700 to 800 F/g, only slightly
greater than half the theoretical value, 1360 F/g (14, 15).
Alternatively, a relatively routine fabrication process for
preparing RuO, is through the thermal decomposition of
RuCls. Anhydrous RuO, films are often prepared in this
manner for use as the anodes in the electrolytic production
of chlorine (3, 16—19). At the temperatures of the decom-
position, between 300 and 500 °C, a highly electrically
conducting crystalline RuO, is formed, whereas protonic
conduction, which is low, is not as great a concern for this
application.

The primary challenges associated with making ultraca-
pacitors involve developing materials that are relatively easy
and inexpensive to fabricate, yet provide suitable architec-
tures to: (1) maximize electrolyte access, (2) minimize
transport distances for both ions and electrons between the
bulk and electrolyte surfaces, and (3) stabilize the material
over numerous charge/discharge cycles and normal han-
dling. Connectivity to the electrolyte is critically important
and a high-surface-area, hierarchically porous nanostructure
is desirable. Many attempts have been made to enhance the
performance of RuO, electrodes including dilution of RuO,
with other additives such as carbon (20—24), silica (14), and
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polymers (25—27), use of pre-existing templates such as
anodized aluminum to make “nano-arrays” (28—35), and
modification of the structures of layered clay-like ruthenates
(36—39). These efforts clearly demonstrate that moving
toward nanoarchitectures can push materials utilization and
capacitance towards theoretical limits.

Despite the many demonstrations of nanostructured
RuO; electrodes, few attempts to design RuO, with nano-
scopic architecture through a surfactant templated approach
are known to the authors (40). Here, we have attempted to
exploit the formation of a ruthenium thiolate complex as a
strategy for templated assembly of RuO,. Ruthenium-thi-
olato complexes have been well-established, and the Ru—S
linkage is known to be quite strong (41—47). Simple surfac-
tant molecules represent an important class of templates,
as these molecules can self-assemble to produce a wide
range of mesophases in solution including micelles, inverse
micelles, as well as extended lamellar, cubic, or hexagonal
phases (48—50). For the classical case of silica, these ex-
tended phases have been shown to persist during the
condensation reactions required to convert soluble silica
precursors, such as alkoxides, into a condensed oxide phase
replicating the template. Templating is effective for silica
since the tetrahedral coordination geometry of silicon leads
to the formation of random, amorphous structures amend-
able towards template replication (51, 52). However, most
metal oxides contain octahedral metal centers that tend to
crystallize during processing, where the crystallizing oxide
imposes order on the relatively compliant surfactant phase.
To circumvent this problem, metal—surfactant complexes
have been prepared that can self-assemble into mesophases
that persist through subsequent hydrolysis and condensation,
thereby stabilizing the oxide architecture prior to removal of
the surfactant (53, 54). The idea of “locking-in” an RuO,
structure has been demonstrated in a related example where
nanoscale porosity was introduced into RuO, using lantha-
num in the preparation of the oxide (55). Lanthanum was
then dissolved out of the RuO,, leaving voids, and a high
voltammetric charge was obtained with a peak in capaci-
tance observed when 30% lanthanum was used in the
precursor solution. A few other reports have also discussed
the inhibition of RuO, densification and resulting capacitive
increases (56, 57). In this work, RuO, particle coalescence
is sterically inhibited via the complexed molecular template,
leading to a hierarchical nanostructured oxide film.

For initial studies, we selected 1-hexanethiol as the
specific surfactant molecule for complexation and templat-
ing functions. The template is sacrificial, and appears to be
removed pyrollytically, leaving behind the desirable nano-
structured RuO, in a one-step process. The electrochemical
performance of the templated materials was significantly
enhanced relative to untemplated RuO,, and estimated
gravimetric capacitances (see the Supporting Information)
were very high considering the processing temperature.
Extensive materials characterization reveals that the pro-
cessing method appears to produce unique structures with
nanoscale interconnectivity of small-scale ruthenium oxide
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clusters formed via an initial steric inhibition of grain growth.
The retention of such fine grained ruthenium oxide particles
gives the highly electrically conducting oxide, which can be
prepared only at high temperature, while maintaining a
structure with a large internal surface area and a high degree
of hydroxylation.

EXPERIMENTAL METHODS

Anhydrous 1-butanol and RuCls - xH,O were obtained from
Acros. HCI, H,SO,4, and deionized ultrafiltered water were
obtained from Fisher. 1-Hexanethiol was obtained from Aldrich.
All chemicals were used as received. Titanium (1.6 mm thick,
99.2 %) was obtained from Alfa Aesar and was cut into square
I cm? coupons to be used as substrates. Substrates were
roughened with sand paper followed by brief exposure to KOH
and subsequent sonication and rinsing in water followed by
ethanol. Substrates were ozone plasma etched (UVOCS Inc.) for
5 min prior to RuCls; film deposition. Standard ruthenium
chloride solutions consisted of 3 g of RuCls - xH,O, 6.2 mL of
1-butanol, and 0.2 mL of concentrated HCI, following a modified
procedure from the literature (3). 1-Hexanethiol additions were
made on a relative molar basis to the Ru content in solution
and are referred to according to those ratios, i.e., a 1:1 thiol:Ru
sample had equivalent moles of 1-hexanethiol and RuCls in the
precursor solution, whereas 1:2 thiol:Ru had half as much thiol.
For the sample shown in Figure 4A,B, RuCls; concentrations
were 1/3 of that described above, because this more dilute
condition most clearly illustrated the formation of circular nano-
features. Film deposition was performed using a Laurell WS-
400B-6NPP/LITE spin coater at 2000 rpm for 45 seconds.
Samples were immediately removed from the spin coater and
placed on a hot plate at 350 °C for 7 min in ambient atmo-
sphere. Samples were cooled on a steel plate at room temper-
ature under ambient conditions. The overall film thickness could
be linearly increased by repeating the above process. Films
discussed in this work comprise three layers, corresponding to
approximately 1 um total thickness. All procedures were per-
formed in a fume hood. Caution: Ruthenium chloride is ex-
tremely destructive to the respiratory system, butanol is flam-
mable, and thiols are pungent and harmful.

Powders were prepared via spallation of thick films of the
ruthenium chloride solution upon heating in a glass petri dish
at 350°C under ambient conditions in a fume hood. Caution:
Care must be taken to prevent spattering of chemicals during initial
stages of solvent evolution. After several seconds of heating,
when most of the solvent had evaporated, the powders were
gently crushed with a steel spatula to maintain good thermal
contact with the petri dish. Characterization results from the
powders were assumed to be transferable to the characteristics
of the deposited thin films since the preparation conditions were
nearly identical.

X-ray photoelectron spectroscopy (XPS) was performed with
a Kratos Axis Ultra DLD with monochromatic Al Ko excitation
(1486.6 €V). The analyzed spot size was 300 x 700 microns,
and base pressures were <5 x 1077 Torr. FIB-SEM cross-sections
were performed using a FEI Helios NanoLab 600. TEM samples
were prepared using a dual-beam focused ion beam/scanning
electron microscope system as described above. TEM samples
were characterized with a FEI Company Tecnai F30-ST scan-
ning/transmission electron microscope (STEM) operated at 300
kV and equipped with an energy-dispersive x-ray spectrometer.
Scanning electron microscopy work was completed on a Zeiss
Supra 55 VP Field Emitter Gun (FEG) SEM. Images were col-
lected using Zeiss SmartSEM software interface. The 'H MAS
NMR spectra were obtained on an Avance 600 instrument at
600.1 MHz using a 2.5 mm MAS probe. Spinning speeds were
between 20 and 30 kHz utilizing a rotor synchronized Hahn

780 IEJAPPLIED mATERIALS

XINTERFACES

VOL. 2 « NO. 3« 778-787 « 2010

echo. Chemical shifts were referenced to the secondary stan-
dard adamantane 1.38 ppm with respect to trimethylsilane
(TMS). Deconvolutions and integration were performed using
DMEFIT software (58). Thermal analyses were performed using
a Netzsch STA 409PC Luxx thermobalance for simultaneous TG-
DTA.

Samples were heavily rinsed with water and ethanol and
dried with nitrogen prior to use. The electrochemical perfor-
mance of all films was evaluated in 1 M H,SOy,. Electrochemistry
was performed using a Princeton Applied Research PARSTAT
2273 potentiostat. A Pt mesh was used as the counter electrode
for all measurements. Reference electrodes were either Hg/
HgSO, (saturated K,SO4) or Ag/AgCl (3M KCl) as indicated in
the figures. The working electrode was exposed to solution
through a circular 0.1 cm? opening at the bottom of a Teflon
well sealed with a Teflon-coated silicone o-ring.

Further details on experimental methods are given in the
Supporting Information.

RESULTS

Electrochemical Characteristics. The cyclic volta-
mmetry data for the untemplated RuO, film are shown in
Figure 2A, with a low overall capacitance and redox peaks
as have been previously observed (3, 59—62). However, the
data from the templated RuO, materials are unusual for
thermally prepared RuO,. Typical voltammograms show
that the templated RuO; films generated currents 4 times
greater than untemplated-RuO; films, Figure 2B,C relative
to Figure 2A. In addition, the voltammetric shapes changed
from that of untemplated-RuO,, which exhibited resolvable
redox peaks, to broad “squarish” voltammograms without
any resolvable peaks, similar to that obtained for hydrous
ruthenium oxide and mixed oxide systems (2, 5—7, 12). The
higher currents for the templated materials imply greater
utilization and access of the electrolyte to the RuO, material.
For all cases, the capacitance decreased with increasing
sweep rate as has been previously observed and dis-
cussed for ruthenium and other oxide systems, Figure 3
(14, 23, 29, 63). However, the rate of capacitance decay
with sweep rate was slower, up to 100 mV/s, for the
templated materials, suggesting mitigation of loss processes
in the templated films (3, 62—64).

Normalization of the currents to sample mass has not
been performed in this work since the sample masses were
estimated to be approximately the same for each material
analyzed. The mass of deposited material could be estimated
using the density (6.97 glcm? for RuO,) and electrochemi-
cally analyzed volume, determined from the exposed area
(a circular ca. 0.1 cm?) and the film thickness. Film thick-
nesses were found to be very consistent between samples
and among the various layers of a given sample (approxi-
mately 300 nm per layer, see the Supporting Information).
A correction for porosity was not made, and consequently,
estimated gravimetric capacitances are likely to be under-
estimations. The underestimation may be more significant
for films derived from thiol-containing solutions where
greater porosity was evident via SEM and TEM. Direct
gravimetric weighing of the deposited films was determined
to be inadequate for reliably measuring the deposited film
mass and was susceptible to many sources of error. Using
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FIGURE 2. Cyclic voltammetry of ruthenium oxide thin films on
titanium are shown for (A) thermally prepared RuO,, and RuO,
formed with (B) 1:1 and (C) 1:2 molar additions of thiol relative to
Ru in the precursor solution. The electrolyte solution was 1 M H,SO4
and potentials are referenced to Hg/HgSO,. Three voltammograms
are shown for each scan rate. Scan rates were 5 (black), 10 (red), 20
(blue), and 50 (green) mV/s.

the estimations, the gravimetric capacitance for untemplated
RuO, would be ca. 200 F/g, comparable to values reported
in literature for other anhydrous-type RuO, materials. For
the templated materials, the gravimetric capacitances would
be estimated near 400—500 F/g. Such values are exception-
ally high for thermally processed ruthenium oxide, where
the RuO, would be expected to be anhydrous, and are
approaching benchmark values reported for hydrous ruthe-
nium oxide, ca. 760 F/g (2). This unusual observation of
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FIGURE 3. (A) Voltammetric charge from the cathodic scan (cyclic
voltammetry in Figure 2) is shown as a function of scan rate for the
untemplated and templated RuO, films. (B) The charge is normalized
to the maximum value obtained for each respective film, showing
that the decay in coulometric charge with scan rate is much faster
for the untemplated RuO, relative to templated RuO,.

achievable high gravimetric capacitances with RuO,, pre-
pared under conditions where it ought to be anhydrous, was
further investigated by characterization of the templated and
untemplated materials.

Microscopy. RuO, prepared via thermal decomposition
of RuCls is known to be somewhat porous (3), although most
of the porosity was found here to reside near the film-
substrate interface (see Figure SI1 in the Supporting Infor-
mation). The porosity appears to be a result of inefficient
compaction of RuO, rutile crystallites. X-ray diffraction
(XRD) confirms rutile RuO, for the untemplated films (see
Figure SI2 in the Supporting Information). Higher processing
temperatures or continued annealing lead to larger RuO,
crystallites and densification of the film. Alternatively, the
porosity in the templated RuO, samples appears to be
hierarchical. SEM images of the templated films show a
regular array of circular features, 300 &= 50 nm in diameter,
at the surface of the templated RuO,, Figure 4A—C. Lower
concentrations of RuCls in the precursor solution cause a
higher density of the circular features as shown in Figure
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FIGURE 4. (A—C) Topographical SEM images of templated ruthenium oxide. A regular array of circular features is evident. Subsurface porosity
from the gas bubble evolution can be observed in the cross-sectional fragment in B as well as in the TEM cross-section D of the RuO, film on
titanium. (D) Cross-sectional TEM of the templated ruthenium oxide shows lenticular pores that at (E) higher magnification are composed of
an interwoven, fine grained material and nanoscopic porosity. (F, G) TEM cross-sections of untemplated RuO, are shown for comparison.

4A,B. The circular features appear to exist subsurface as
pores, as illustrated in Figure 4B, where part of the film has
pealed back from the titanium surface. These features were
not observed for untemplated-RuO, and are likely a result
of bubble generation and gas evolution from pyrolysis of the
templating material. In addition to the 300 nm pores ob-
served via SEM, there is an open network of extremely small,
ill-defined pores (on the order of 4 nm in diameter), defined
by primary RuO; particles ca. 0.5 nm in diameter observed
via TEM (Figure 4D and Figure 4E). XRD does not show a
rutile diffraction pattern for the templated materials (see
Figure SI2 in the Supporting Information), possibly because
of the very fine grained RuO, in the templated films. At no
length scale was there evidence for the formation of an
ordered mesophase, indicating the template did not self-
assemble into micelles or other features such as those
reported for the Nb,Os system (54); however, the hierarchi-
cal porosity is advantageous for electrolyte percolation
through the film and is desirable for optimizing electrochemi-
cal capacitance. We suspect the chain length of hexane thiol
is too short to support formation of a mesophase; however,
it is clearly impacting the growth of rutile RuO, grains and
leads to a hierarchically porous, nanostructured film.
Materials Characterization. As discussed above, the
hydroxyl content of hydrous ruthenium oxide is critical to
its pseudocapacitive behavior. We have determined the
hydroxyl content of our materials using a combination of
thermogravimetric analyses (TGA, see the Supporting Infor-
mation) (65—69), infrared spectroscopy (IR), and solid-state
proton (‘H) magic angle spinning (MAS) NMR spectroscopy.
There have been a limited number of solid state NMR studies
of hydrous RuO, ( 70—72). These studies include both static
'H and °H investigations that show a correlation between
the water dynamics and the observed conductivity in the
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hydrous RuO,. Here, the proton intensity is assumed to be
predominantly associated with hydroxyl-type species in the
RuO, material. The hydroxyl content of the baseline material
is low, approximately 1:10 OH:Ru, and is consistent with
literature values for materials heated to 350°C (see Figure
1). The XRD analysis of untemplated RuO,, confirming rutile
RuO,, is consistent with particle diameters of approximately
9 nm (based on estimations from the peak widths,see Figure
SIZA in the Supporting Information). The hydroxyl content
of bulk rutile RuO, is negligible, with nearly all of the
hydroxyl groups residing on particle surfaces (73—76). On
the basis of the density of rutile RuO, (6.97 g/lcm®) and
assuming non-contacting 9 nm spherical particles, the net
calculated OH:Ru ratio would be approximately 1:5. The
discrepancy between the experimental and theoretical ratios
is likely due to condensation reactions between particles in
a real material, which would eliminate a significant fraction
of surface hydroxyl groups. Nevertheless, the hydroxyl
contents for the templated RuO, materials are significantly
higher than for the baseline RuO,, i.e., proton intensities in
NMR are nearly 30 times greater than that of the baseline
material. The NMR results, Figure 5, and XPS results, Figure
6, are described in detail below characterizing both the
concentration and local molecular geometry of hydroxyl
groups in the structure.

The NMR spectra reveal that there are two distinct types
of hydroxyl groups. Identification of the hydroxyl groups is
estimated by considering the formal charge on the ruthe-
nium, the expected 6-fold coordination on the ruthenium,
the subsequent partial charge on the surrounding oxygens,
and the corresponding effective charge on the hydrogen. In
general, the NMR spectra can be interpreted where environ-
ments of greater acidity are observed at more positive
chemical shifts, similar to that observed in niobium oxide

Brumbach et al. www.acsami.org
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FIGURE 5. 'H MAS NMR of ruthenium oxide powders illustrate large
differences in the hydroxyl content and distribution in the (A)
untemplated ruthenium oxide material versus ruthenium oxide
prepared with thiol additives at (B) 1:1 thiol:Ru and (C) 1:2 thiol:
Ru.

(77). In addition, the present hydroxyl assignment is based
on chemical shift assignments for NbOH (0 ~ 1—2 ppm)
(77,78), ZrOH (60 &~ 2.4—4.8 ppm) (79), and TiOH (0 ~ 1.3
ppm) (80). We therefore associate the peak at chemical shift
near 2.5 ppm with terminal (nonbridging) hydroxyls, whereas
the peak near 6.5 ppm is associated with hydroxyl groups
bridging two Ru centers (see Figure 7). In the baseline
material (Figure 5A), the ratio of peak areas for bridging to
terminal (nonbridging) hydroxyls is 4:3. The experimental
bridging:nonbridging ratio is slightly higher than the 1:1 ratio
that would be expected from the surface stoichiometry of
the crystalline rutile structure, probably because of some
residual hydrogen bonded water species (75, 76). Conver-
sion of some terminal hydroxyls to bridging hydroxyls at
particle contacts may also lead to some discrepancy between
the experimental value and the theoretical value.

In addition to the high hydroxyl content observed for the
templated materials, particularly in comparison to other
RuO, materials heated to 350 °C (Figure 1), the templated
materials also exhibit an excess of non-bridging groups
relative to bridging hydroxyl groups (Figure 5). From Figure
5B,C, the ratios of bridging:nonbridging hydroxyls were 1:2
and 2:3 for the 1:1 thiol:Ru and 1:2 thiol:Ru materials,
respectively. The unusually high OH:Ru content, and the
larger-than-expected bridging:nonbridging hydroxyl ratios
for the template materials, suggest a metal oxide architec-
ture with small grain sizes such that there is high internal
surface area available for hydroxylation.

XPS data are shown (Figure 6) for the O (1s) core levels
of the untemplated-RuO, and templated-RuO, materials
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FIGURE 6. XPS spectra showing the O (1s) core level for (A)
untemplated-RuO,, (B) 1:1 thiol:Ru templated-RuO,, and (C) 1:2
thiol:Ru templated-RuO,. Identical synthetic components can be
used to fit each spectrum with only minor shifts in the peak
positions. The spectra indicate a much higher percentage of hydrox-
ide species in the templated materials relative to untemplated-RuO;.

confirming the NMR results and higher hydroxyl content in
the templated materials. A Shirley background was used and
O (1s) components (Gaussian/Lorentzian GL(30)) were re-
stricted to FWHM of 0.93, 2.2, and 2.2 for the first, second,
and third components, respectively, for all samples. Table
1 summarizes the peak positions and relative area of the
fitted components. Kim et. al. have determined the binding
energies for various ruthenium oxide species showing that
the first component, at ca. 529.5 eV, is oxygen in the RuO,
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FIGURE 7. Relative ratios of bridging (red) to nonbridging (blue) hydroxyls is illustrated as a function of ruthenium cluster size. For a fully
hydroxylated single ruthenium (i.e., “monomer”) there are effectively six terminal hydroxyl environments and no bridging hydroxyls, and
the ratio of hydroxyls to ruthenium is at its maximum, 6:1 OH,:Ru. However, as cluster size increases, the ratio of bridging:nonbridging

approaches unity and the ratio of hydroxyls:Ru rapidly decreases.

Table 1. XPS Fitting Components of the O (1s) core
level for Untemplated RuO, and Templated RuO,

Ist component 2nd component 3rd component

peak positions

untemplated-RuO, 529.47 530.58 532.91

1:1 thiol:Ru 529.55 531.00 533.32

1:2 thiol:Ru 529.53 530.87 533.15
peak areas

untemplated-RuO, 341 51.6 143

1:1 thiol:Ru 9.7 77.8 12.4

1:2 thiol:Ru 8.7 77.1 14.1

oxide (81). Components at higher binding energies are
associated with hydroxides. It is clearly evident from XPS
that hydroxides are present at significantly higher concen-
trations in the templated RuO, materials, as was observed
via NMR. Additionally, data from depth profile time of flight
secondary ion mass spectrometry (TOF-SIMS) (see Table SII
in the Supporting Information) corroborates the observations
discussed above where intensities from RuO and O frag-
ments were quite similar between samples, but higher
hydroxyl intensities were observed for the templated ma-
terial. The NMR and XPS data clearly show that the tem-
plated RuO, films retain a hydrous-like character despite the
high-temperature processing that would otherwise be ex-
pected to produce anhydrous RuO,.

DISCUSSION
The culmination of NMR, XPS, and XRD data indicating

high hydroxyl concentrations, high bridging-to-nonbridg-
ing hydroxyl ratios, and nanoscale particle sizes suggest
an oxide structure dissimilar from that of typical rutile
RuO,. As observed via SEM and TEM, the characterization
results illustrate that the templated RuO, consists of an
interconnected network of molecular clusters where the
area available for hydroxylation is significantly enhanced.
Our speculation is that crystallization of rutile RuO, is
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prevented via an induced steric hindrance of the thiol
template. For the baseline case of untemplated ruthenium
oxide, heating leads to conversion and condensation of
the complex mixture of Ru,Cl,OH,(H,0), monomers,
dimers, etc., resulting in RuO, grains with evolution of Cl,.
Figures 7 and 8 are schematics illustrating possible ruthe-
nium species where Cl and OH could be replaced inter-
changeably depending on whether the cluster is the precur-
sor material or the thermally oxidized material that has
subsequently hydroxylated/hydrated from ambient expo-
sure. Following conversion to RuO,, subsequent crystalline
grain growth of RuO, would be dependent on time and
temperature for the baseline case. However, for the tem-
plated RuO, materials, the initial solution precursors are
appended by hexanethiol groups via Ru—S bonds. As with
the baseline case, initial heating results in condensation
reactions to produce RuO,; however, the hexyl groups
sterically hinder further condensation, Figure 8. The resulting
structure is a locked-in, interconnected network of RuO,OH,,
clusters that apparently do not further densify upon eventual
pyrolysis of the template. Such a structure, and mechanism,
is consistent with the NMR results where hydroxyl content
and nonbridging hydroxyls would be expected to be higher
than for large-grain RuO,.

The above results can be used to infer limits on the
characteristics of cluster networks in the templated ruthe-
nium oxide materials. In the discussion of such models, it
is assumed that each Ru"V is octahedrally coordinated to
six oxygens, whereas each oxygen can be bound to either
one (a non-bridging hydroxyl or water molecule), two (a
bridging hydroxyl or oxo-bridge), or three ruthenium
atoms (a tri-bridging oxygen). Proton content is adjusted
to maintain charge neutrality, and coordinated water is
regarded as a terminal hydroxyl. Within these constraints,
models were developed to determine the OH:Ru and
bridging-OH:nonbridging-OH hydroxyl ratios. As shown
in Figure 7, the progression from the monomeric hydroxide
(Ru(OH)4 - 2H,0) to the edge-shared dimer (Ru(OH), - H,0),,

Brumbach et al. www.acsami.org
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FIGURE 8. Use of a thiol templating agent, which coordinates directly to Ru through a Ru—S bond, sterically hinders condensation and formation
of large grained rutile RuO,. Small clusters of RuO,OH, are able to condense as shown in (1); however, the alkyl groups prevent the clusters
from coming into proximity with one another, leading to condensation at only a limited number of contact points. The resulting structure is
an interweaving network of very fine grained, hydroxylated ruthenium oxide as illustrated in (2).

to infinite chains of edge shared octahedral (Ru(OH)), is
shown. In this progression, the OH:Ru ratio changes from
6:1 to 5:1 to 4:1. The bridging-OH:nonbridging-OH ratio
changes from 0:6 to 1:4 to 1:1. This example illustrates that
as the “degree of condensation” increases, i.e., as grain size
increases, there is a corresponding decrease in OH:Ru and
an increase in the bridging-OH:nonbridging-OH ratio. Lower
hydroxyl content and lower nonbridging-OH concentrations
both detrimentally affect proton conductivity in RuO,; how-
ever, increased rutile grain size positively impacts electrical
conductivity.

We propose that the best model to explain the observed
characterization data is an oxide structure of an extended
network of basic building blocks of double-chain tetramers.
The isolated tetrameric unit (RusO,(OH);, - 2H,O) would
have OH:Ru = 14:4 and bridging—OH:nonbridging—OH =
2:5. A continuous network of these tetrameric units would
have similar OH:Ru ratios; however, the bridging—OH:
nonbridging—OH ratios could be altered depending on
whether tetrameric units were linked via corner-sharing
Ru—O—Ru or edge sharing Ru-20—Ru bonds (as illustrated
for the “chain” species). Regardless, these ratios are com-
parable to those observed via NMR for the templated RuO,
materials (OH:Ru = 3:1 and bridging-OH:nonbridging-OH
from 1:2 to 2:3). The tetrameric cluster size inferred from
the NMR results is comparable to the “primary particle size”
observed via TEM measurements, around 0.5 nm. This type
of network structure explains the electrochemical perfor-
mance observed in Figures 2 and 3, where greater utilization
of ruthenium for charge storage was observed because the
cluster size is small enough for most ruthenium to be
electroactive, and utilization of material was obtained at
higher scan rates because of good electrolyte access and
continuous electrical and proton conducting networks.

www.acsami.org

CONCLUSIONS
Stabilization of the RuO, as a network of nano-ruthen-

ate clusters has been explored as an advantageous strat-
egy for producing pseudocapacitve electrodes since nearly
every Ru site is in near-surface proximity and is poten-
tially available for redox activity. Hierarchical porosity
formed from the sacrificial template leads to facile elec-
trolyte access, while protonic and electronic conduction
are preserved through the network of hydroxylated RuO,
nanograins. We are in the process of modeling electro-
chemical data to extract quantitative values for param-
eters such as proton diffusion to further rationalize per-
formance. In addition, these models are being used to
predict the behavior of molecular cluster architectures and
establish the potential rate limiting steps including elec-
tron, proton, and electrolyte transport as related to cluster
size and connectivity. Studies on ion exchange in zeolites
and recent work on nanoporous carbons have shown
unexpected behavior as pore sizes have been reduced to
near that of the solvated ions (82—85). We believe that the
use of templates to stabilize molecular cluster architectures
represents a significant advance in the development of
materials for ultracapacitors and future work is exploring the
extent to which this strategy can be applied to less expensive
electrochemically active oxides.
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