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Abstract

Ruthenium/carbon composite materials are prepared by impregnating ruthenium(lll) acetylacetonate into a mesoporous carbon (average
pore diametee= 12 mn, pore volume= 3.6 cn® g—1) and then heat treatment at 3ZDfor 2 h under an argon atmosphere. The metallic
ruthenium nanoparticles are converted to pseudo-capacitive hydrous ruthenium oxide by electrochemical oxidation at 0.75V (versus
SCE) for 2h in 2.0 M HSOy. The specific capacitance of the composite electrodes, which is the sum of the double-layer capacitance
of mesoporous carbon and the pseudo-capacitance of hydrous ruthenium oxide, reaches 24 Frgavy loading. As the loading is
increased, however, the degree of ruthenium utilization for a pseudo-capacitor becomes poorer, presumably due to a limited conversion to
the hydrous oxide form. The rate capability of composite electrodes also decreases with increase in ruthenium loading, due to an increase
in both the equivalent series resistance (ESR) and the overall capacitance value.

The ESR enlargement is caused mainly an increase in the electrolyte resistance within pores which, in turn, results from a pore narrowing
with ruthenium loading Hindered ionic motion in narrowed pores can explain this feature. An increadGrithe constant with ruthenium
loading is further verified by ac impedance measurements.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction age. Moreover, even in a situation where the micropores are
_ _ _ wetted by electrolytes, ionic motion in such small pores is
E'QCFYOChE}m'Cé“ capacitors have k_)e_en consuder_ed as &not facilitated, such that the high-rate capability, which is
promising high-power sources for digital communication one of the inherent advantages of EDLCs, may not be real-
devices and electric vehicles. The advantageous features szed [2] Carbon aeroge|s or Xeroge|s that carry |arger pores
electrochemical capacitors are superior rate capability andhave become popular as an alternative EDLC matfSid].
longer cycle-life compared with modern secondary batter-  One of the drawbacks of carbon-based EDLCs is their
ies. Electrochemical ca_pacnors may be class_lfled into two |ow specific energy density compared with that of modern
groups, namely, electric double-layer capacitors (EDLC) secondary batteries. One approach to enhance the specific
and pseudo-capacitors (P{Z)]. The former stores electric  energy is the addition of a pseudo-capacitor component into
charges at the double-layer formed at electrode|electrolyteEDLC electrodeg7—11]. For this purpose, hydrous ruthe-
interface. In the latter, electric charges are stored mainly in njum oxide is most commonly employ§i2].
the electrode surface region by faradaic reactions. The preparation of hydrous ruthenium oxide/carbon
At present, activated carbons are the favored choice of composites has been reported by other workers. Miller
EDLC electrode materials. Even if these carbons have a SUf-and Co-Worker5[13_15] prepared the ruthenium/carbon
ficiently large surface area, their application in EDLC capac- aerogel by chemical vapor impregnation of ruthenium(lil)
itors is rather limited because they contain pores that rangeacetylacetonate into carbon aerogels. In a different ap-
in size from micropores<€2nm diameter) to macropores. proach, Lin et al.[16] synthesized a similar composite
The micropores are less easily wetted by electrolytes, suchmaterial by adding Ru@H,O powder in the sol-gel re-
that the surface exposed may not be utilized for charge stor-sorcinol formaldehyde resin formation reaction and sub-
sequent carbonization at 750 in a nitrogen atmosphere.
* Corresponding author. Tekt82-2-880-7074; fax:82-2-872-5755. In both syntheses, the ruthenium nanoparticles were acti-
E-mail address: seungoh@plaza.snu.ac.kr (S.M. Oh). vated to the pseudo-capacitive hydrous oxide form by an
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electrochemical oxidation. In the present work, hydrous figuration in a beaker-type cell. To prepare the working
ruthenium oxide/carbon composite electrode materials areelectrode, the mixture of composite powder, polytetrafluo-
prepared according to the method adopted by Miller et al. roethylene (PTFE) binder and conducting aid (Ketjenblack
A mesoporous carbon, instead of carbon aerogels, is usedeCP-600JD) was dispersed in isopropyl alcohol and coated
and has a uniform pore-size of 12nm, a surface area ofon a stainless-steel mesh (apparent atea2 cn?). The
570t g1, and a pore volume of 3.6 chg~ L. resulting electrode was pressed and dried under vacuum.
The previous studieg13-16] demonstrated capaci- The amount of conducting agent was controlled for all the
tance enhancement by adding a hydrous ruthenium oxideelectrodes to have the same electrode resistance. A plat-
component into the carbon electrode. An important issue inum flag and a saturated calomel electrode (SCE) were
here is, however, the extent of ruthenium utilization as a used as the counter and reference electrodes, respectively.
pseudo-capacitor according to the loading. Practically, a The electrolyte was 2.0 M 50, aqueous solution. Prior
maximum utilization rather than heavy loading is desirable to electrochemical characterization, metallic ruthenium in
because ruthenium is an expensive material. This, thereforethe composite electrodes was converted to the hydrous ox-
is the prime objective of the present study. The capacitanceide form by electrochemical oxidation at 0.75V (versus
increase with ruthenium loading is also likely counterbal- SCE) for 2h[18-20] The specific capacitance of each
anced by a loss of rate capability because ionic motions composite electrode steadily increased according to the
may be less facilitated due to a pore narrowing with loading. electrochemical oxidation time, indicative of a gradual con-
This issue is also addressed. version from metallic ruthenium to a hydrous oxide form,
but reached a maximum steady value within 2h. There-
fore, the electrochemical oxidation time was fixed for 2h

2. Experimental for all the samples. Cyclic voltammetry and galvanostatic
charge—discharge cycling were performed with a EG&G
2.1. Materials PARC 362 potentiostat in the potential rang8.1 to 0.8V

(versus SCE). Electrochemical impedance measurements
The synthesis of mesoporous carbon has been reportedvere made over the frequency rangeé 16 5 x 10 3 Hz

earlier [17]. The ruthenium nanoparticles were loaded on (Zahner, im6e).
to the mesoporous carbon by a chemical vapor impregna-
tion method[13]. For the preparation, a mixture of meso-
porous carbon and ruthenium(lll) acetylacetonate (Aldrich) 3. Results and discussion
was placed in a round-bottom flask. Under static vacuum
conditions, the ruthenium compound was sublimated by 3.1. Material characterizations
heating at 190C. Then, the mixture was cooled down to
room temperature to maximize the infiltration of ruthenium  The loading of ruthenium was estimated from the residue
compound into the carbon pores. The impregnated ruthe-content after charring the composite materials in air. The
nium(lll) acetylacetonate was thermally decomposed into TGA results are presented Fig. 1 The mesoporous car-
metallic Ru by heating at 32@C for 2 h under an argon at-  bon and ruthenium/mesoporous carbon composite materials
mosphere. The ruthenium loading was controlled either by were designated RVO to RV4 according to their residue con-
adjusting the ruthenium(lll) acetylacetonate/carbon weight tent. RVO represents the unloaded mesoporous carbon. As
ratio or by repeating the impregnation/decomposition pro-

cedure several times. 120 ¢

The surface area and pore-size distribution were calcu- :

. C , . 100 |-
lated from nitrogen adsorption isotherms (Micrometrics _
ASAP 2010) using the Brunauer, Emmett, and Teller (BET), a2 ggfcooovvciiiiirne
and Barrett, Joyner, and Halenda (BJH) methods, respec- ; E
tiVG'y. The content of ruthenium in the composites was :_' 60} ............................................................................
estimated by means of thermogravimetric analysis (TGA, '5, i
Perkin-Elmer TGA7). X-ray diffraction (XRD) patterns @ *0f — Ex?
were obtained with a MacScience M18XHF diffractome- > 20 [l —— RV2
ter with Cu Ko radiation ¢ = 0.15418 nm). Transmission | —— RV3
electron microscopic (TEM) images were obtained with a 0f —— Rv4
Phillips CM-20 instrument. e e e e
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2.2. Electrochemical characterizations Temperature / °C

. . Fig. 1. Thermogravimetric analysis (TGA) data of mesoporous carbon
The electrochemical capacitor performance of the com- ang ruthenium/mesoporous carbon composites. For the unloaded carbon

posite electrodes was analyzed with a three-electrode con<RV0), the residue content was 2.6 wt.% after charring up to°@00
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Table 1
Characteristics of mesoporous carbon and ruthenium/mesoporous carbon composite electrodes

Residue Wt.9%)  Surface area (fig~!)  Total specific capacitanceC,, Fg™?)  Specific capacitance of Ru componedff, Fg-t)

RVO 2.6 570 100 -

RV1 14.0 535 177 738
Rv2 235 521 174 448
RV3 35.6 406 184 346
RV4 54.3 286 243 363

aThe major component of residue appears to be ruthenium but a minor amount of inorganic impurity cannot be ignored.

0.08 listed inTable 1 this mesoporous carbon has a residue con-

I tent of 2.6 wt.%, which comes from inorganic impurities.
The ruthenium loading is highest in the RV4 sample, viz.
54.3wt.%. In the TGA profiles, the weight loss (carbon ox-
idation) of ruthenium-loaded samples occurs at lower tem-
peratures than that for the pure mesoporous carbon because
of the catalytic effects of ruthenium species for carbon gasi-
fication[21,22]

The mesoporous carbon has a narrow pore-size distribu-
tion with a peak value of 10 nn(g. 2). The BET surface
area is 570rhg~1, and the BJH cumulative pore volume
(corresponding to pores >2nm) is as high as 3.8gm.

The BET surface-area decreases as the ruthenium loading
increases Table ) because this parameter is normalized
per unit weight. The pore structure of mesoporous carbon
does not change substantially with ruthenium loading, but
the peak around 10 nm is shifted to the smaller size direc-
tion, indicative of a slight pore narrowing with ruthenium
loading Fig. 2b.

The TEM photographsHig. 3) reveal that ruthenium
nanoparticles are deposited on the surface of mesoporous
carbon. For samples with higher loadings, the number of
ruthenium particles increases with a slight size enlargement.

In the XRD patterns Kig. 4), the mesoporous carbon
(RVO0) shows broad diffraction peaks af 2 24 and 43
that are related to the (00 2) and (1 0 0) reflections of micro-
crystalline carbon, respective[23]. With ruthenium load-
ing, the diffraction peaks of metallic ruthenium (JCPDS No.
Fig. 2. (a) Pore-size distribution of the mesoporous carbon (RV0) and 06—-0663) develop as marked with bars, a feature which is
ruthenium/mesoporous carbon composites (RV2 and RV4). (b) normalized gy e to thermal decomposition of ruthenium acetylacetonate

pore-size distribution e_mphagzmg thg mesopo_re region. Note a slight, but [24,25]. Even if the diffraction peaks of metallic ruthenium
apparent, pore narrowing with ruthenium loading.
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Fig. 3. TEM photographs of mesoporous carbon and ruthenium-loaded mesoporous carbon composites: (a) RVO; (b) RV2; (c) RV4. Ruthenium nanoparticles
(particle size<10nm) are evenly distributed. For the sample with a higher loading (RV4), a slight size increment with agglomeration is observed.
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L \ | \ The total specific capacitanc€d,) with respect to ruthe-
nium loading is listed infable 1 The specific capacitance

RV4
M (EC oxidation) was calculated from the equatiofisp = /(v x m), where

§ | is the current in the cyclic voltammogranmthe scan rate,
-~ M - _ Rv4 andmthe mass of the composite materials. The current val-
2 M ues at 0.6V in the positive-going scan were taken for the
2 ’ RV2 calculation. The unloaded mesoporous carbon delivers a spe-
% v RV cific capacitance of 100 Fg, but increases with ruthenium
= loading, to reach 243 Fg at 54.3wt.% loading (RV4).

v RVO Utilization of the ruthenium component in the composite

L TR oy electrodes is an important aspect for practical applications.
20 30 40 50 60 70 80 To evaluate the degree of ruthenium utilization, a new pa-
20 / degree rameter Cst”) is introduced. This is calculated by dividing
the capacitance delivered from hydrous ruthenium oxide by
Fig. 4. XRD patterns of ruthenium/mesoporous carbon composites. The jts weight. For the calculation, the following assumptions are
fiIIe_d triangle and vertica_l bar Iocgte the diffra_ction peaks of migroprys— made: (I) the total Capacitance of Composite electrodes is the
talline carbon and metallic ruthenium, respectively. The top profile is the . P . .
XRD profile taken after electrochemical oxidation of RV4 at 0.75V (vs. Sum_Of tW_O capacitances; (i) the Spe(?lflc capa_mtance of car-
SCE) for 2h. bon itself is not affected by the ruthenium loading. The latter
assumption is valid since only a small fraction of the carbon
surface is covered by ruthenium particl&€sy; 3). In Fig. 6,
?he C§p“ along with the specific capacitance delivered by the
carbon and ruthenium components are plotted according to
the ruthenium loading; the data are listedTable 1 The
capacitance contributed by the mesoporous carbon steadily
decreases with increasing ‘ruthenium content’ because the
numbers are normalized by the total weight of the composite
materials. That is, the absolute amount of the carbon com-
ponent in the composites becomes smaller with ruthenium
loading. TheCE}' of RV1 electrode is 738 F¢f, which is
comparable with that of amorphous hydrous ruthenium ox-
ide (760Fg?Y). [12]. As the ruthenium loading increases,
however; theC!! decreases down to 346 Fy The smaller
Cg‘; in the heavily-loaded electrodes indicates that the ruthe-
nium component is not fully utilized for charge storage. This
feature likely originates from an incomplete conversion of
metallic ruthenium to hydrous Ru oxide in the electrochem-
ical oxidation step, which is ascertained from the XRD data
shown inFig. 4 The top profile inFig. 4 was taken after
electrochemical oxidation of the RvV4 sample at 0.75V (ver-
sus SCE) for 2h. As seen, the diffraction peaks associated
400 with metallic ruthenium still remain even after the electro-
I chemical treatment. It should be pointed out that, even if
the electrochemical oxidation time is extended for >2 h, the
conversion yield is not improved. It is likely that the elec-
trochemical oxidation starts from the surface of the ruthe-
nium particle and the oxidation rate becomes slower as the
reaction proceeds. As a consequence, smaller particles may
be fully oxidized and thus utilized as a pseudo-capacitor.
The CE; of RV1 electrode, which approaches the theoreti-
cal value of hydrous ruthenium oxide, may explain this fea-
ture. In the case of larger ruthenium particles, however, only
e ST the surface region is oxidized. Actually, the heavily loaded

0.4 0.6 0.8 electrode (RV4) exhibits a significantly reduced utilization
Potential / V (vs. SCE) of ruthenium.

Fig. 5. Cyclic voltammograms for RVO, RV2 and RV4 electrodes. The Th_e SpeCIfIC capacitance vers_us potentlal proflles as a
scan rate is 1mvs. function of scan rate are shownliig. 7. The profiles were

are broad and weak, they become more intense with increas
in ruthenium loading. In particular, note the steady intensity
growth of the peak appearing at“4that is related to the
(101) diffraction of metallic Ru.

3.2. Electrochemical capacitor performance

The cyclic voltammograms for RVO, RV2 and RV4
electrodes are shown iRig. 5. All the electrodes display
a capacitive charging current in both scanning directions
across the potential range0.1 to 0.8V (versus SCE).
In the case of the pristine carbon electrode (RV0), how-
ever, a redox current peak near 0.3V is present, which
comes from the charge-transfer reaction at the surface
quinone/hydroquinone groupf26,27] In concept with
the ruthenium loading, the capacitive current becomes
larger, which is the result of a contribution from the
pseudo-capacitive hydrous ruthenium oxide component
[13-16]
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Fig. 6. Specific capacitance delivered by carbon and ruthenium components, and specific capacitance of ruthenium cﬂf@paerm function of

ruthenium loading.

obtained by dividing the current in cyclic voltammograms pression can be correlated with the rate capability of the

by the scan rate. At a slow scan (1 mW3, the profiles

electrode system which, in turn, is deeply related toRGe

of the three electrodes have rectangular-like shapes. As thdime constant. That is, if any capacitor system has a large
scan rate increases, however, the profiles become graduallyRC time constant, the rate capability is poor. This feature
depressed. It is also noted that the depression is more prodis ascertained by the profiles shownRig. 7, whereby the
nounced in the highly-loaded electrode. The degree of de-exponential transient appearing before the plateau becomes

200
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Fig. 7. Specific capacitanc€{y) vs. potential plots of three electrodes as

longer because more time is required to charge the capacitor
[28]. Here,R and C denote the equivalent series resistance
(ESR) and capacitance, respectively. The ESR is the summa-
tion of electrode resistance, bulk electrolyte resistance and
electrolyte resistance within pores. The poorer rate capabil-
ity observed with highly-loaded electrodes is caused by a
larger value of either capacitance or ESR. The cause is clear
in the case of the larger capacitance with heavier Ru load-
ing. An increase in ESR with ruthenium loading is visually
seen in the galvanostatic charge—discharge profiles shown in
Fig. 8 where the voltage drop at the very earlier period of
charge—discharge switching is noticed. A careful inspection

1.0

RV4

Potential / V (vs. SCE)

Capacity / mAh cm

Fig. 8. Galvanostatic charge—discharge voltage profiles observed at

a function of scan rate. Note a pronounced deviation from a rectangular 5mAcm 2. Note ohmic voltage drop at very early period of charge—

shape in highly-loaded electrodes.

discharge switching.
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on Fig. 8 reveals that the ohmic voltage drop, which must tion depth’, i=1/,/7fRC’, is useful to understand the
be proportional to the ESR, becomes larger with increaseimpedance behavior of porous electrodes, wh&randC’

in ruthenium loading. Given that the electrode resistance of represent the pore resistance and pore capacitance per unit
the three electrodes is controlled to be the same and thatpore length, respectively. This equation reads that, when
the bulk electrolyte resistance is largely the same becausethe ac frequency is sufficiently high for the penetration
an identical cell configuration was used, only the electrolyte depth () to be smaller than the pore length)(of porous
resistance within pores differs for the three. Thus, the larger electrodes, only the outer surface (near pore opening) is
voltage drop (ESR) in the highly—loaded composite elec- influenced by the ac voltage signgd4,35] As a result,
trodes can be ascribed to a higher pore resistance. A relevana small capacitance is observed because only a limited
observation was made by Yoon et f], whereby, it was part of electrode surface is utilized as a capacitor. In the
found that the pore resistance is dominant compared with low-frequency extreme, where the conditibn- /,, holds,

the electrode resistance or bulk electrolyte resistance. It wasmost of the pore surface is utilized as a capacitor and results
also found that carbons with smaller pores exhibit a larger in a maximum capacitance. Based on this discussion, the

ESR due to hindered ionic motions in such pores. frequency-dependent capacitance showifrign 9b can be
explained. The transmission line model appears to be valid
3.3. AC impedance analysis in the present electrode systems because the used carbon

is mesoporous. As expected, the capacitance is minimal at

The increase in théC time constant with ruthenium  the high frequency limit, whereas a maximum capacitance
loading is further confirmed by ac impedance studies. is observed at the low-frequency limit. A monotonous ca-
The Nyquist plot for the RV4 electrode is presented in pacitance change is observed in the intermediate-frequency
Fig. 9a When the spectrum is traced from the low-to the region.
high-frequency range, the capacitive characteristic is ob- The RC time constant can be compared for the three
served as a vertical line below 50 mHz, followed by a sloped electrodes by analyzing the capacitance profiles in the
line (~60°) from 50 to 100 Hz. Over 100Hz, a depressed intermediate-frequency region. To this end, it is first as-
semicircle appears, which represents a parallel combinationsumed that utilization of the pore surface, where the EDLC
of resistive and capacitive components. component of the carbon surface and the pseudo-capacitive

In order to compare th&C time constant for the com-  hydrous ruthenium oxide are developed, is 100% at the
posite electrodes, the frequency-dependent capacitance wabw-frequency limit (5 mHz) but zero at the high-frequency
obtained by taking the real part of complex capacitance, limit. This assumption is made based on the relation between
C*(f) = 1/G 2=fZ*(f)), wherei, f and Z*(f) are the the penetration depti)(and the pore lengtHd) of porous
imaginary unit, ac frequency and complex impedance at a electrodes. Then, a dotted line is drawrig. 9k which cor-
frequency, respectivelj29-31] The frequency-dependent responds to 50% utilization of pore surface, to determine the
capacitances of the three electrodes, normalized to the low-ac frequencies at the crossing points between the capacitance
est frequency (5mHz) values, are plottedFig. 9h The profiles and the dotted line. Finally, the relatiReC’ values
frequency-dependent capacitance of porous electrodes cafmre extracted using the above equation with the penetration
be analyzed using the transmission line model, which was depth () being assumed to be the same for the three elec-
proposed by de Levie with an assumption that pores aretrodes. The latter assumption is based on the fact that the pen-
uniform and cylindrical[32,33] The parameter ‘penetra- etration depthlj has a certain identical value to deliver 50%

~—5mHz L 1 100 (2
30 2
- 180 =
—
G 20 F {1 60 Q
~ L A
- TR N T N PP °_
N - {4 9
10 | [ i
r F 120 N
g I —e— RVO N
FS—50mHz I —v— RV2 ~
0 | e 100H2 - —#— Rv4 0 X
0 10 0.01 0.1 1 10
(a) Z'1Q (b) Frequency / Hz

Fig. 9. (a) Typical Nyquist plot for RV4 electrode. Frequency range fth05 x 10~ Hz. (b) Frequency-dependent capacitance profiles normalized to
lowest frequency (5 mHz). Dotted line corresponds to 50% utilization of pore surface.
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