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Synthesis and Characterization of Hydrous Ruthenium
Oxide-Carbon Supercapacitors

Manikandan Ramani,* Bala S. Haran}* Ralph E. White,***
and Branko N. Popov;™* '*

Center of Electrochemical Engineering, Department of Chemical Engineering, University of South Carolina,
Columbia, South Carolina 29208, USA

It is shown that composite Ru oxide-carbon based supercapacitors possess superior energy and power densities as compared to
bare carbon. An electroless deposition process was used to synthesize the ruthenium oxide-carbon composites. Ru is dispersed on
the carbon matrix as small particles. The effect of electrochemical oxidation and temperature treatment on the material perfor-
mance has been studied extensively. Increasing the oxidation temperature reduces the proton transport rate and also increases the
degree of crystallinity of the deposits. This adversely affects the performance of the composite. Loading a small amount of Ru
oxide (9 wt %) on carbon increases the capacitance from 98 to 190 F/g.

© 2001 The Electrochemical Society.DOI: 10.1149/1.1357172All rights reserved.

Manuscript submitted July 10, 2000; revised manuscript received January 8, 2001.

Electrochemical capacitors or supercapacitors are novel powecarbon-based materials could be combined with those of the transi-
devices, which lie between batteries and conventional dielectric cation metal oxides leading to the development of a new brand of
pacitors in terms of energy and power densities. The major focus orelectrochemical capacitors. Development of composite double-layer
developing supercapacitor materials has been on utilizing the doubléaradaic pseudocapacitors would result in utilizing both the faradaic
layer capacitance formed at the interface of the electrode and theapacitance of the metal oxide and the double layer capacitance of
electrolyte. Although this capacitance per unit area is [4@-30 the carbons. Few studies have focused on developing supercapaci-
pF/cn?), it can be enhanced significantly by the use of materialstors utilizing both these phenomena.
with high specific surface areds.The value also has significant The goal of this research is to develop composite carbon metal
range due to the presence of edge sites and use of surface function@xides using an electroless deposition technique. In this paper, we
groups to activate the carb8n/arious carbonaceous materials with focus on the development of Ru oxide-carbon composite capacitors.
their large specific surface areas and good conductivity serve aSynthesizing Ru oxide-carbon composites has been achieved either
ideal candidates for supercapacitor devitdgecent research has by sputtering Ru on carbon and electrochemically oxidizifty'ftor
also focused on the development of an alternate class of supercd Sol-gel processésAn alternate synthesis route based on electro-

pacitors based on fast reversible faradaic reactidAsCommonly, less deposition of Ru on carbons has been developed. Electrochemi-
known as “pseudocapacitors” they consist of various transition ox- cal and material characterization studies on this material are also
ides, transition metal nitrides, and conducting polymers. reported.

Of these, much progress has been achieved on the metal oxides
namely Ru@, Co;0,, and NiQ. Nickel oxide films have been Experimental
synthesized both electrochemic&lnd also by the sol-gel process. Ruthenium oxide-carbon composites were synthesized by con-

A specific capacitance of 50-64 F/g, with specific energy and powelirojled deposition of Ru onto carbon and subsequent oxidation. Ac-
of 25-40 kJ/kg and 4-17 kW/kg, respectively, has been achievedyjyated carbor{Westvaco of surface area 12003y was chosen as
Crystalline RuQ with a surface area of 120 %y has a specific  the substrate. The carbon particles were immersed in an aqueous
capacitance of 350 FRyHydrous ruthenium oxide formed by a bath of 0.014 M ruthenium chloride, 0.27 M sodium hypophosphite,
sol-gel process yields a specific capacitance of 760 F/g and @.014 M diammonium hydrogen citrate, and 0.07 M ammonium
specific energy of 27 Wh/kg™® Cobalt oxides synthesized by a oxalate. The pH of the bath was maintained~&.5 by periodic
similar sol-gel process also exhibit pseudocapacitive behavior. Theaddition of NaOH. The bath temperature was kept at 90°C. Small
capacitance of transition metal oxides depends on the mass of activgarticles of ruthenium were deposited on the carbon surface by au-
material consumed, with bulk diffusion processes controlling this tocatalytic process. Varying the time of deposition or the amount of
utilization. RuCk used, the amount of metal loaded on carbon can be con-
In contrast to pseudocapacitors, the capacitance of carbon-basegblled. The advantage of electroless deposition over other tech-
materials is directly linked to their specific surface area. However,niques is that it can be used for synthesizing large amounts of ma-
increasing this area beyond a certain point does not translate to gerial. In this study, the total loading was kept constant at 9 wt % of
similar increase in the capacitance. The increased surface area arisifal active material. The deposition time was extended until all the
due to the formation of micropores smaller than 16 Fhese pores  Ru had been exhausted from the bath. This was inferred from
remain inaccessible to the electrolyte and hence do not form ahanges in the electrolyte pH. During the autocatalytic process, pro-
double layer. Therefore, energy and power density realizable fromons (H') are produced, which result in lowering the solution pH.
any carbonaceous material is not large. Alternatively, pseudocapacionce the plating process ends, no more ibins are produced and
tors have significantly large energy densities as compared to carboithe pH remains stable. An accurate estimate of the amount of Ru
based double layer capacitors. In addition, electrical conductivity Ofdeposited was determined by potentiometric titration of a known
metal oxides (Rug) is far greater than carbon and leads to higher volume of the spent electrolyte with ceric sulfate.
inherent power densities or lower resistance-capacitdRc® time i L . .
constants. These advantages of pseudocapacitors are offset by thejr Material characterization—After deposition, the filtrate was

high cost as compared to carbon. The advantages accrued frolyried at 50°C for 10 h. The presence of ruthenium over the substrate
was confirmed by energy dispersive analysis by X-(EpDAX).

Hitachi S-2500 with iridium software was used for EDAX and scan-
. _ : ning electron microscopy(SEM) studies. Electron probe mi-
o E:e°tr°°hem!°a' Society Student Member. croanalysis(EPMA) analysis was also performed on the deposit
ectrochemical Society Active Member. . . .
**+Electrochemical Society Fellow. with a model SX-50 electron microprolf€ameca Ing The chemi-
Z E-mail: popov@engr.sc.edu cal composition of different components in the deposit was deter-
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mined. Surface area of the composites was determined by Brunaue!
Emmett-Teller(BET) analysis using Pulse Chemisorb 200@i-
cromeritrics inc. The surface area of the coated material was 1060
m?/g by BET. X-ray diffraction (XRD) was performed on the
samples to determine the degree of crystallinity of the deposits. The
XRD data were collected on a Rigaku D/Max-2200 powder X-ray
diffractometer using Bragg-Brentano geometry with Ca Kadia-
tion. Thermogravimetric analysi§STGA) was done to determine
change in sample weight with increase in temperature.

Electrochemical characterizatior-Metal-loaded carbon was
mixed with 5% polytetrafluoroethylene and ground to form a paste.
Pellets 130pm thick, 3-5 mg in weight were prepared by cold-
pressing the paste between two tantalum meshes. Tantalum we
used as the current collector because it is inert in acidic solutions
and does not contribute to faradaic reactions. Electrochemical char (a)
acterization of these materials was done using a three-electrod
setup with 1 M HSQ, as the electrolyte, saturated calomel electrode | &
(SCB as the reference and Pt as the counter electrode. The dimer
sions of the counter electrode were X12.0 cm. All measured :
potentials are referred to the SCE reference electrode. Cyclic volta:
mmetry (CV) and galvanostatic charge-discharge studies were usec
to characterize the materials using an EG&G galvanostat/
potentiostaimodel 273 A.

In all cases, the potential window of operation was determined

by CV studiequsually 0.9 V. The charge associated with CVs gave Ru
us an idea of the current to be used in galvanostatic charge-" Paz‘;rcéisnm

discharge studies.

Oxidation studies—The deposited ruthenium particles were oxi-
dized electrochemically or by heat-treatment. Electrochemical oxi- (b)
dation was performed by holding the potential constant at 0.75 V for
3 h. A similar approach was used by Millet al** fo7rlgonve(t|ng Figure 1. (8 SEM images of the electroless Ru deposits on carbon sub-
their sputtered Ru thin fims to oxides. Zhemrgal."™" obtained  strate.(b) TEM analysis of Ruthenium oxide-carbon composite.
hydrated Ru oxides by a sol-gel precipitation process. The precipi-
tate was subsequently converted to a powdered form by heating to a
temperature between 25 and 400°C. In our case, the effect of tem-

perature on Ru oxide performance was studied py heating the driedyserved that their sol-gel derived Ru@H,0 changed from amor-
samples at 100, 125, 150, 200, 300, and 400°C in an oxygen atmoshoys to crystalline form on heating to 400°C. The diffraction peaks
sphere for 3 h. XRD patterns were obtained from the different an-gptained in this study agree with the results presented by previous
nealed samples. researchers. A detailed analysis of the effect of heating on,RuO
composition has been done by McKeownal?® Crystalline RuQ
has a rutile type structure. Hydrated Ru@s a disordered rutilelike
Nature of deposits—Figure la shows the SEM image of the structure, with structural water disrupting the three dimensional
composite. The carbon surface is dark and the Ru deposits are segtile structure’ Another important point observed was that at low
as small white clusters. Because the total area of the carbon is enotemperatures, the time of heating does not alter the structure of the
mous(1200 nf/g), it is not possible to cover the entire surface of the composite. Ru@carbon composite heated at 100°C for 12 h exhib-
carbon with Ru. Figure 1b shows the TEM image of the compositeits the same structure as that heated for @own in Fig. 3. This
material. Ru oxide particles of size 100 nm are seen dispersed on thg a characteristic feature of electroless deposits and has been seen
surface of the carbon. EDAX analysis confirms the presence of Rior Ni-P coatings where heat-treatment at 200°C for 20 h does not
on the carbon surface. Figure 2 shows the EPMA imaging of theajter the XRD peaks, but heating at 400°C for only 1 min leads to
constituents in the deposit. Figure 2a shows the Regdbon com-  significant changes in structut@.
posite. Figure 2b shows the underlying carbon matrix. Figure 2c  Figure 4 presents the thermogravimetric analysis of the sample.
depicts the ruthenium phase over the surface of carbon. It can b&he TGA analysis reveals continuous removal of water from the
seen from Fig. 2b and c that the ruthenium phase covers the carbosample as it is heated. The percent change in weight on heating the
matrix in the form of small particles. Oxygen was found on the sample from 25 to 300°C is 12%. Because decomposition of,RUO
substrate along with the ruthenium phabeg. 2d. to Ru metal does not occur at temperatures less than 1000°C, McKe-

Crystalline structure—The structure of autocatalytically depos- OWN €t al? attributed the V‘ée'ght_ loss on heating to loss of bound
ited Ru coatings undergoes important changes because of hea‘f‘later' In our case, this ;2/0 weight loss corresponds to a composi-
treatment. The structure of the Ry@arbon composite annealed at tion of RuGH,O. The f|r!al powders COP"O' also be @H); or
different temperatures was characterized using an X-ray diffracto-RUOH)2H0 because their molecular weights are also the sdme.
meter and the resulting XRD patterns are shown in Fig. 3. At low Studies on activated carbeaTo obtain a measure of the double
temperatures the material is amorphous in nature and this is conlayer capacitance of activated carbon, CVs were performed in the
firmed by the broad diffuse patterns seen at 50 and 100°C. On inpotential range of 0.0 to 0.90 Vs. SCE. Figure 5A presents the
creasing the temperature above 200°C, the peak intensities increagVs of bare carbon both during anodic and cathodic sweeps at 1
and the composite becomes crystalline in nature. At 400°C, themV/s. The constant current seen with variation in potential is char-
width of the peaks decreases drastically and the XRD pattern correacteristic of a capacitive behavior. Similar studies on the tantalum
sponds to that of anhydrous RuGrhe results show that change in  current collector showed that tantalum is inert in acidic conditions in
temperature significantly alters the crystalline size. Zheng and Jowour potential range of operation. The capacitive behavior in carbons

Results and Discussion
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C-Ru oxide
composite

Carbon substrate

90um

Oxygen phase

Ruthenium phase

Figure 2. EPMA analysis on the Ru-plated carbda) Discrete ruthenium particles over carbon matti, carbon matrix(c) ruthenium phase dispersed over
the matrix,(d) oxygen present in the composite.

arises due to the charging and discharging of the double layer at thactivated carbon has an active surface area of 128@, which
carbon-electrolyte interface. The total capacitance can be calculatettanslates to a minimum specific capacitance of 240(B&ged on

from Fig. 5A by an average double layer capacitance ofi®dcnt). The CV in Fig.
N 5A shows that the specific capacitance of a single activated carbon
_ L J' idt [1] electrode is approximately 98 F/g. The lower capacitance arises due
WAV J, to the presence of a large number of micropores, which remain

inaccessible to the electrolyte and hence do not lead to the formation
of a double layet. But better carbon materials have been synthe-

current flowing for timedt. The potential windowAV is the range in ~ SiZed. Firish reports 200 F/g for a carbon electrode with only 600
which the anodidpositive or cathodic(negative current flows. A m?/g area Shi reports capacitance values upto 400 F/g for an acti-
net specific capacitance of 98 F/g was calculated from the CVs invated carbort. o

Fig. 5A. In general, the double layer capacitance at an electrode Figure 5A also shows the CVs on the Ru€arbon composite in
surface is in the range of 10-30:/cn12 as referred earlier. In con- the same electrolyte. The CV curve exhibits ideal pseudocapacitive
ventional planar electrodes, this does not amount to much becaugeehavior between hydrogen and oxygen evolution reactions. The
the surface area in these cases is very small. Much research has beigifial CV, as soon as the pellet is dipped in the electrolyte, shows
done on synthesizing various activated carbons, aerogels, activatddss capacitance than the bare carbon itself. After electroless depo-
carbon fibers, and cloths with large surface areas. In our case, thsition the nanoparticles need to be converted to pseudocapacitive

where w is the mass of active material,is the anodic/cathodic
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Figure 3. XRD patterns for Ru oxide-C composite annealed at different

temperatures.

oxide-hydroxide form. This is achieved by electrochemical oxida-
tion or by temperature treatment. The effect of heat-treatment on the
specific capacitance is more pronounced than that by electrochem

cal treatment.

Figure 5B presents the CVs of electrochemically oxidized Ru.
The oxidation was done at a potential of 0.75 V for 0, 0.5, 1, and 3
h. Electrochemical oxidation results in an increase in the specific
capacitance of the material. After 30 min of oxidation most of the
material becomes electrochemically active and increasing the oxida
tion time does not alter the capacitance significantly. However, the
charge-discharge efficiendyyatio of anodic to cathodic currents
increases from 83 to 93% on increasing the oxidation time from 30 (B)

A377

After 3hrs at 100 °C

After3 hrs at 0.75V
200

100 [

0r

Current (mA/g)

-100 Ty

- N, " N
-200 . Pyt wpy T ".‘T'"'PA"‘X

=300
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-250 [

_350 | | | . i | ! 1 1 .
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
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min to 3 h. No change in the current-potential response is seen for

oxidation times higher than 3 h. According to Zheegal”° the
electrochemical reaction of RyOxH,0 is similar to that of Ru@
Ruthenium oxide and Ru®H,O can be oxidized and reduced re-

versibly through electrochemical protonatitht®

RUO, + SH* + 8" = RUO,_5(OH);

0=s38=2 [2]

100 .4 T T T

7.03 %

Weight Percentage (%)
)
S

A
A,
= aa,
A
A
‘A

A

86 . .
0 100 200

Temperature (0 C)

Figure 4. TGA analysis showing the weight loss of the Ru oxide composite

with increase in temperature.

300

Figure 5. (A) Comparison of voltammograms of Rg@ treated at 100°C
and afte 3 h of electrochemical oxidation with bare carb@B) Comparison

of CVs of a Ru oxide-C composite electrode after electrochemical oxidation
for different times.

According to Hadzi-Jordanoet al* oxidation of pure Ru in 1 N
H,SO, results in the formation of an irreversible oxide. The forma-
tion of the irreversible oxide happens beyond 0.8/4/ NHE (ap-
proximately 0.6 Ws.SCE). Upon repeated cycling to this potential,

a new form of oxidized Ru is formed which exhibits complete
reversibility** of the |-V profile. The Ru valency changed from 2 to

4 when the potential changed from 0 to 1 V, respectively. From Fig.
4b we get a specific capacitance of 140 F/g of total active material at
a scan rate of 1 mV/s.

Temperature treatment-The effect of temperature on the per-
formance of the composites was investigated next. Figure 6 presents
the CVs of the C-Ru@composite annealed at different tempera-
tures. The composite was heated in an oxygen atmospheBehfn
all cases. As seen from Fig. 6, the specific capacitance increases
with temperature and then starts decreasing. A maximum was ob-
served at 100°C, where the specific capacitance is 190 F/g. At still
higher temperatures, the capacitance drops significantly. At 200°C
the capacitance was 170 F/g and on heating to 300°C the specific
capacitance decreased to 120 F/g. At 400°C the capacitance dropped
drastically to 87 F/g. The electrochemical oxidation of these elec-
trodes was ineffective in improving the capacitance further.

A similar effect of temg)erature on the specific capacitance was
also seen by Zhenet al”*° They observed that the specific capaci-
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Figure 6. Comparison of CVs of pellets treated at different temperatures at
1 mV/s. T T T
. . . . e 0.01 mV/sec

tance increases with heating, reaches a maximum and decreases re ) v”,,.,.r-\‘ ““.\
idly beyond 150°C. Sol-gel derived hydrous ruthenium oxide, with 100 | ‘l . "\ 0.05 mV/sec 4
two water molecules per Ry®as a specific capacitance of 527 F/g. e ""~,. 1 mV/sec

The specific capacitance reaches a maximum value of 720 F/g afte
annealing at 150°¢° According to McKeowret al® charge storage
in Ru oxide is maximized when the local structures retain facile
transport pathways for both protons and electrons. This occurs whel
annealing the sample at 150°C leading to a final composition of
RuG; - 0.5H,0. However, in our case the maximum capacitance oc- : .
curs after heating the sample at 100°C. From the T(Gly. 4 we - ‘\,A"'\.,,,‘ s, By
can see that the deposited sample loses 7 wt % water after heating Ty N ’-‘«.'l-"
100°C. At this stage the sample is Ru©@.5H,0, the composition 2100 | "‘-,,‘M,‘,,.:..‘..f.:,«-L ....,,_m..‘,,. \
at which maximum capacitance is realized. This is in agreemem ™9
with the results reported by McKeowet al® and Zhenget al .t .
In both the sol-gel process and the electroless deposits, heatin
results in increasing the degree of crystallinity of the ruthenium.
This decreases the rate of proton diffusion within the ruthenium. To(B) Potential (V)
investigate the effect of heating on the Ru oxide deposits, CVs were )
performed at different scan rates. Figure 7A presents the CVs for th&igure 7. CVs of the composite electrode annealed/t 100°C and(B)
100°C annealed composite. The ratio of anodic to cathodic chargd®0°C at different scan rates.
passed Q,/Q.) remains close to one in all cases. This indicates that
the oxidation and reduction processes at the composite electrode
interface are highly reversible. Further, the charge and discharg nd proton transport were at an optimum. In our case, the optimum
currents increase with scan rate, which is a characteristic feature qf o< 'seen at 100°C. In Fig. 7B, decreasing the scar; rate allowed
CVs. The influence of sweep rate on the performance of the coms ) S

> ! o ; sufficient time for the proton to reach the surface of the oxide de-
posite electrode annealed at 400°C is shown in Fig. 7B. In this case%[:])e P

] Y 0.1 mV/sec

ol

Current (mA/g)

0.1 03 05 0.7 0.9

the charge and discharge currents decreased with increasing sc sits and take part in the faradaic reaction given by Eg. 2. Hence,
LI . ; L currents in this case are much lar@0 mA/g at 0.01 mV/sas
rate. This is exactly opposite of the behavior seen in Fig. 7A. Fur- geo g ks

- g A d to high 1 Alg at 1 mV/g. It i that
ther, columbic efficiency also reduced to 85% indicating Somecompare 0 higher scan raté2) mA/g at 1 mv/s. It is seen tha

; L S : the capacitance increases from 87 F/g at 0.1 mV/s to 140 F/g at 0.01
amount of irreversibility between the oxidation and reduction pro- mV/s. The latter value at 0.01 mV/s is much closer to that of the
cesses.

I . . . terial heated at 150°C. Reducing th t Id yield
The reduced utilization of Ru could arise either frdim de- material heated a educing the scan rate more couid yie'd a

d surf L d " fer limitati Th larger amount of the active material to be utilized, thereby increas-
creased surface area @r) increased mass transfer limitations. The ing the capacitance further. This agrees with the results shown by

surface alreg of thehcompqsitcsh heated at 400°C Waﬁ ﬂete%miged BYickeown et al® Similar behavior(increased discharge currents at
BET analysis. No change in the area was seen with he4tiog lower scan ratéshas also been observed for metal hydride elec-

2 o o
me/g at 400°C and 1060 ffg at 100°Q. Therefore, these results o qos where the transport of hydrogen within the particle is rate
indicate that mass transfer limitations contribute to lowering thelimiting.le
e

electrode specific capacitance at high oxidation temperatures. Th
proton diffusion rate is much slower in this case. On heating the Charge-discharge studies-The capacitance obtained from CVs
composite, the degree of crystallinity increases and mass transpowas confirmed by chronopotentiometric studies at various applied
rates decrease. According to McKeovet al.’ the structure of  currents. Figure 8A presents the galvanostatic charge-discharge
RuQ, - yH,O materials correlates to their mixed conductivity and curves for the Ru@carbon composite heated at 100°C. The elec-
pseudocapacitnace. As the degree of crystallinity increased the ele¢rode was discharged from 0.9 to 0.1(Wig. 8A) at different spe-
tronic conductivity increased while the proton transport rate de-cific currents. This results in reducing the valence state of Ru oxide
creased. Maximum capacitance was observed when both electroitom 4 to 2. The electrode was subsequently chargedized at

Downloaded 28 Jul 2011 to 129.252.86.83. Redistribution subject to ECS license or copyright; see http://www.ecsdl.org/terms_use.jsp



Journal of The Electrochemical Societ48 (4) A374-A380(200) A379
! ! ! ' T 200 - T ' 900
950 .
g ————— >
= |
F 160 [ g
g i
740 4 2 675 g
£ E
2 ]
- = 120 E]
= 530 1 3 1450 =
g .~ 2 &
= '~... o | e
% ~._.. & 80 %
o320 {1 £ Z
g 1225 §
’ % 40 1
110 L5 s | S
424 mA/g ~ mA/g
212 mA/g 106 mA/g 0 . . . | 0
-100 . . . . . 0 100 200 300 400
0 1000 2000 3000 4000 Tenperature (°C)
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- 212 mA/
1000 e 1,06 mA/g 53 mA/g
-~ , These results agree with the voltammograms shown in Fig. 6. The
800 | Pt | increase in capacitance for a hydrous Rwarbon electrode as
compared to bare carbon is shown clearly in Fig. 5A. For the same
Lo scan rate of 1 mV/s, a significant increase in the current is seen after
600 loading Ru onto carbon. Further, since a small amount of Ru has
- b been incorporated into carbon, this leads to better utilization of the
) Ru oxide as compared to bulk Ry@articles.
E 400 In this study the amount of Ru depositél wt %) was insuffi-
8 T cient to cover the entire carbon substrate. Ru has been incorporated
& on carbon leading to the formation of thin clusters of Ru active sites.
200 This can be seen from the TEM and EPMA pictures in Fig. 1b and
. 2, respectively. The BET surface area of the bare carbon was 1200
m?/g. After loading this with 9 wt % Ru§) the BET surface area
or decreased to 1060%y. RuQ, has a much higher bulk densit§.97
' ' ‘ ! g/cnt) as compared to activated carbé®2 g/cn?). On loading
0 1000 2000 3000 4000 RuO, on carbon, the total weight of the composite increased for a
i given volume of material, due to the higher density of Ruhis
(B) Time (s) resulted in reduction of the BET surface area, as this was normalized

Figure 8. Chronopotentiograms for the pellet treated at 100°C at different
currents,(A) discharge andB) charge curves.

the same currer{Fig. 8B). The times for both discharge and charge

processes are very close to each other. This supports the fact that
redox transition between various oxidation stages in the Ru surface
film is completely reversible. The high discharge rate studies con-
firm that the proton transport rate is very fast in the composite elec-

trode. The specific capacitan¢€) was determined from the chro-
nopotentiograms in Fig. 6 usihg
iXAt
= AV [3]

wherei is the specific discharge current applied for a tikie to
cause a potential changeV. This also yields a specific capacitance
of 190 F/g in agreement with the value obtained from the voltam-
mograms. Figure 9 summarizes the capacitance values obtaine
from the charge-discharge studies for different composite annealing
temperatures. The total capacitance for the composite increases froi
98 F/g and a maximum of 190 F/g was observed at 100°C. Furthel

to the weight of the material. However, the volumetric surface area

600 T T

100°C B
Mix

Current {mA/g)

increase in temperature results in decreasing the overall capacitance.
The righty-axis shows the capacitance normalized to the Ru oxideFigure 10. Comparison of CVs of Ru oxide-C composite pellet treated at
content in the deposit. This was calculated after deducting the con100°C with anhydrous Rugpowder. CV of a mixture of anhydrous Ry(®

tribution due to the carbon substrate to the overall capacitancewt %) and carbon is also shown.

400 [

200

-200

-400

-600

RuO, powder

0.1 03 0.5

Potential (V)
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of the RuQ-C composite did not change significantly with increased Power densities compared to that of bare carbon. Further develop-
ruthenium loading214 nf/cm?® for bare carbon to 207 frem?® for ment work is needed before these materials can be used in superca-
carbon with 9 wt % Ru@). Hence, the higher Ru utilization ob- pacitor devices. Specifically, the high discharge-rate characteristics
served can be ascribed to the large surface area of carbon. of these materials need to be improved further by preparing thinner

Figure 10 shows the comparison of CVs of Regarbon treated
at 100°C and pure RuOpowder. Results from a pellet electrode
prepared by mixing the same percentage of ruthenium oxide powder
(particle size<2 wm) with activated carbon as in the composite is
also shown for comparison. The results clearly prove that the com

electrodes with lower ohmic resistance.
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) 1.
Conclusions 2.

It has been demonstrated that hydrous metal oxide-carbon super-

capacitors can be synthesized using an electroless deposition pros.

cess. In this study activated carbon was loaded with 9 wt % Ru
oxide. The effect of electrochemical oxidation and temperature

valency changes from 2 to 4 on complete oxidation with proton

diffusion within the bulk being the rate-determining step for the /-
faradaic reaction. Increasing the time of electrochemical oxidation g

does not alter the capacitance significantly. However, increasing the

oxidation temperature alters the capacitance drastically. The asto.
plated material exists in an amorphous form. Heating it increases thé!:

degree of crystallinity, which alters the proton diffusion rate within ;,

the film. This is reflected in the steep drop in capacitance on heatingi3.

A maximum capacitance of 190 F/g is observed after heating at
100°C. Milleret al!! report that a loading of 30 wt % Ru increases

the specific capacitance of carbon from 95 to 190 F/g. Hence, elecys.

troless deposition leads to better utilization of the Ru deposited on
carbon as compared to sputtering. Also, sputtering is expensive and
cannot be applied on a large scale. The amorphous nature of th

electroless deposits offers an opportunity to synthesize compositg,

RuO,-carbon composites, which possess much larger energy and
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