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Abstract: Hydrous ruthenium oxide was formed by a new process. The precursor was obtained by mixing the aqueous solutions of 
RuCl3·xH2O and NaHCO3. The addition of NaHCO3 led to the formation of an oxide with extremely fine RuO2 particles forming a 
porous network structure in the oxide electrode. Polyethylene glycol was added as a controller to partly inhibit the sol-gel reaction. 
The rate capacitance of 530 F·g−1 was measured for the powder formed at an optimal annealing temperature of 210°C. Several details 
concerning this new material, including crystal structure, particle size as a function of temperature, and electrochemical properties, 
were also reported. In addition, the rate capacitance of the composite electrode reached 800 F·g−1 after carbon black was added. By 
using the modified electrode of a RuO2/carbon black composite electrode, the electrochemical capacitor exhibits high energy density 
and stable power characteristics. The values of specific energy and maximum specific power of 24 Wh·kg−1 and 4 kW·kg−1, respec-
tively, are demonstrated for a cell voltage between 0 and 1 V. 
© 2008 University of Science and Technology Beijing. All rights reserved. 
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1. Introduction 

Super capacitors or electrochemical capacitors (ECs) 
have been recognized as a unique device exhibiting 
high-power characteristics with an acceptable capacity 
and long cycle life for energy storage/delivery and 
management in future power systems. The novel per-
formance of this device usually results from the high 
specific surface area, as well as the highly reversible 
redox reactions of the electrode materials. Hence, po-
rous activated carbon (PAC) [1-4], hydrous transition 
metal oxides [5-18], and conducting polymers [19-20] 
are the main components in the electrode materials of 
electrochemical capacitors. 

RuO2 is a promising electrode material that exhibits 
large electrochemical capacitance essential to super-
capacitor application [5-11]. A RuO2 electrode with a 
specific capacitance as high as 760 F·g−1 has been re-
ported [5-6]. However, RuO2 have a low porosity 
structure and the electrode material crystallizes as 
early as 175°C when the tendency of the rising rate 
capacitance stops. Thus, the reported 760 F·g−1 is only 

80% of the theoretical value of 900 F·g−1. Due to the 
cost of ruthenium, there have been several studies of 
combining ruthenium oxide with other materials to 
form composite electrodes with the intention to in-
crease the dispersion of ruthenium oxide in porous 
carbon matrix and/or surface [9-11]. PAC-RuOx com-
posites have been shown to be one of the most prom-
ising electrode materials for supercapacitors [5-10]. 
However, the result of Wang et al. [10] indicated that 
large particle size made from the sol-gel process 
blocked mesopores in the activated carbon, which 
lowered the double layer capacitance coming from 
carbon. In order to refine the particle size and increase 
the porosity of the powder, Wang prepared the ruthe-
nium oxide/carbon composite through a colloidal 
method [11]. A certain amount of carbon was used to 
control the RuO2 particle size. Both the particle size 
and the amount of carbon loaded were thought to be 
the factors of influencing the rate capacitance. The 
carbon loaded in the electrode was effective in raising 
the composite capacitance. 

The purpose of this paper was to show the effects of 
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annealing temperature on the capacitive performance 
of RuO2·xH2O. The effect of polyethylene glycol con-
troller on the surface characteristics of RuO2·xH2O 
was also investigated. Moreover, this investigation 
examined the dependence of supercapacitor perform-
ance on the content of carbon black. Supercapacitor 
performance was assessed via cyclic voltammetry 
(CV)，charge-discharge studies (DC), and impedance 
analysis (AC). The nanostructure of RuO2·xH2O was 
examined by scanning electron micrograph (SEM) and 
thermogravimetric analyzer (TGA). A rating of power 
density and energy density of the devices was re-
ported. 

2. Experimental 

The RuO2·xH2O powder was prepared by a new 
process described as follows. The required amount of 
RuCl3·xH2O was dissolved in a solvent of 50vol% 
ethanol to give a desired concentration (0.1 mol·L−1). 
For the preparation of the RuO2/carbon composite 
electrode, the designed amount of carbon black was 
dispersed in the dilute RuCl3 solution in advance. 
Then, the NaHCO3 solution with a concentration of 
0.3 mol·L−1 was added slowly into the RuCl3 solution 
until the pH value reached to 5. During mixing, the 
RuCl3 solution was stirred by a magnetic stirring bar. 
Following the adjustment of pH, the stirring was 
stopped, and black powders precipitated in clear NaCl 
solution. Polyethylene glycol was added to the solu-
tion as a controller, which partly inhibited the reaction 
and the reunion of particles. The particle size and con-
figuration of the product could be controlled with 
polyethylene glycol [10]. The resulting product was 
separated from the solution by filtration. Polyethylene 
glycol dissolved in water could be separated in this 
way. Different composites with 10% and 20% carbon 
black loaded were synthesized with this technique. 
The powders were heated in air at 80°C for 10 h and 
then heated at various temperatures. 

Polarizable capacitor electrodes could be manufac-
tured according to the invention by conventional 
method known in Ref. [11]. Thus, the electro-active 
materials and water were mixed in a blender or 
kneader. The paste-like mixture obtained was then 
rolled to form flexible films with a thickness of 0.2 
mm. This film-like raw material for electrodes was cut 
into disks. The disk electrodes were then mounted on 
a graphite collector. Two test cells were introduced in 
this paper. A beaker-type electrochemical cell 
equipped with a working electrode, a platinum counter 
electrode, and a saturated calomel electrode (SCE) 
reference electrode was used. The electrodes are sim-
ply dipped into the 38% H2SO4. These electrode were 

connected to a CHI660B system (Shanghai Chenhua 
Corporation), which drove the voltage in either direc-
tion sequentially at predetermined constant sweep 
rates. The sweep rate of 20 mV·s−1 was used during 
testing. Another cell was much more characteristic of 
an actual working device. The electrodes were pressed 
together and separated by a porous glass fiber separa-
tor. The voltages of the cell were measured during 
constant current charge/discharge.  

The specific capacitance of the single electrode can 
be calculated from CV curves from  

s /C i s=  (1) 

where i and s are the current response and the poten-
tial sweep rate (dV/dt), respectively. The average spe-
cific capacitance of the single electrode (Cs) in the 
potential range of 0-1 V vs. SCE is calculated by inte-
grating oxidation currents in the CV curves. 

The specific capacitance of the asymmetric capaci-
tor can be evaluated from the charge/discharge test 
together with the following equation: 

∆
∆
I tC

V
=  (2) 

where C is the capacitance (F), I is the discharge cur-
rent (A), ∆t is the time period for the potential change 
(s), ∆V is the potential change (V).  

The real power density Preal (W·g−1) is determined 
from the constant current charge/discharge cycles as 
follows: 

real
E IP
m

∆ ⋅=  (3) 

where ∆E = (Emax+Emin)/2 with Emax as the potential at 
the begin of discharge (after the ohmic drop) and Emin 
at the end of discharge, and m the weight of active 
material in the electrodes (g). 

Alternatively, the maximum specific power, Pmax 
(W·g−1), is calculated as  

2
0

max 4
U

P
Rm

=  (4) 

where U0 is the potential at the end of charging (1 V) 
and R the equivalent serials resistance (ESR in Ω). 

The real specific energy Ereal (J·g−1) is defined as  

2

max
real 2

CUE
m

=  (5) 

where C is the system capacitance (F) for a cell, and 
Umax is the potential at the beginning of discharge. 
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3. Results and discussion 

3.1. Electrochemical properties of RuO2 annealed 
at different temperatures 

The capacitance of ruthenium oxide materials was 
dependent on the sample annealing temperature. Fig. 1 
shows the cyclic voltammograms of pure ruthenium 
oxide treated at different temperatures at a scan rate of 
20 mV·s−1. The magnitude of the currents observed 
changes with annealing temperature. The anodic and 
cathodic currents increase with the increase of treat-
ment temperature when Ts<210°C. The capacitance of 
the material is determined by integrating the anodic 
and cathodic charges according to Eq. (1). The mate-
rials heated at 210°C exhibit the highest voltammetric 
capacitance of 530 F·g−1. Moreover, the voltammo-
grams of the electrode treated at different temperatures 
show increasing amounts of reversibility. It is found 
that heating the sample beyond 250°C decreases its 
capacitance to less than 230 F·g−1. 

 
Fig. 1.  CVs of the materials treated at different tempera-
tures (line A: 100°C; line B: 150°C; line C: 200°C; line D: 
210°C; line E: 230°C; line F: 250°C). 

3.2. Thermal dynamic properties and SEM ex-
periments 

A computer-controlled thermogravimetric analyzer 
(TGA) and a differential scanning calorimeter (DSC) 
were used to study the weight change and enthalpic 
change during the thermal processes. The weight of 
powder decreased continuously as the temperature 
was increased from room temperature to 300°C. The 
line in Fig. 2 shows the derivative of the weight 
change as a function of temperature studied by TGA 
measurement at temperature scan rate of 2 °C·min−1. 
From the derivative of the change in weight, three 
peaks are obtained at temperatures of ~90°C and 
~220°C and >250°C, at which Ru(HCO3)3, 
RuO2·xH2O, and RuO2 are formed, respectively. Peak 
A at ~90°C is due to the vaporization of H2O absorbed 
in the powder, and peak C after 250°C is due to the 

transition of RuO2·xH2O to RuO2, these are in agree-
ment with result of Zheng and Jow [5-6]; hence, the 
final powder after crystallization is also RuO2. Peak B 
at 210°C is related to the decomposition course of 
Ru(HCO3)3 releasing H2O and CO2 at the same time. 

  
Fig. 2.  Derivative weight loss as a function of annealing 
temperature.  

Fig. 3 shows the SEM images of the electrode ma-
terials annealed at 100°C, 150°C, 210°C, and 250°C, 
respectively. Although the particles of the amorphous 
material heated at 100°C are ultrafine as shown in Fig. 
3(a), the surface area of the electrode is very small for 
the ultrafine Ru(HCO3)3 particles to impinge and re-
unite together. Hence, the capacitance of the material 
heated at 100°C is only 18 F·g−1. When the material is 
heated at a higher temperature, the size of particles 
expanded and the active surface area of the material 
increased. A large amount of grains can be observed at 
210°C as shown in Fig. 3(c). The inert Ru(HCO3)3 
decomposed greatly and large amount of elec-
tro-active RuO2·xH2O is produced at this temperature. 
The electrode exhibits tiny particle size (about 50 nm) 
and typical porosity, which will contribute to the high 
capacitance and low impedance. The maximum ca-
pacitance of 530 F·g−1 is achieved at T=210°C. With 
increasing annealing temperature, more RuO2·xH2O 
material turns to be RuO2 crystalline, and the crystal-
line size increases as shown in Fig. 3(d). This fact can 
explain the sharp decrease of capacitance at 230°C 
and above.  

3.3. Cyclic voltammetry and impedance spectra of 
RuO2·xH2O/carbon black composites 

Cyclic voltammetric measurement was helpful to 
understand the macroscopic electrochemical surface 
reaction at the electrode of the supercapacitor during 
the charging hand discharging process. Cyclic volt-
ammetries on the RuO2·xH2O/carbon black nanocom-
posite electrodes were carried out to investigate the 
possible dominant mode of electrochemical energy 
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storage on the electrodes with different carbon load- ings. 

  

  
Fig. 3.  SEM pictures of the electrode material annealed at different temperatures: (a) 100°C; (b) 150°C; (c) 210°C; (d) 
250°C. 

Fig. 4 shows the CV curves of the composite elec-
trode in H2SO4 electrolyte at a scan rate of 20 mV·s−1. 
The charging and discharging cyclic voltammogram 
CV is close to a rectangular shape. Line A in Fig. 4 
presents the cyclic voltammetric behaviors of pure 
RuO2·xH2O, and the pure ruthenium oxide electrode 
clearly shows faradaic redox reactions, which are ob-
served at 0.6 and 0.4 V with respect to the SCE refer-
ence electrode representing the oxidation and reduc-
tion processes. The composite electrode showed a 
shape similar to the pure ruthenium oxide electrode 
basically, having the faradaic redox behavior. How-
ever, the electrochemical capacitance scale of the 
composite was much larger than that of the individual 
materials. We could say from the CV curves that the 
composite electrode showed the characteristics of a 
pseudo-capacitive electrode. This larger electro-
chemical capacitance arose from the uniform mixture 
of ruthenium oxide with carbon black, which in-
creased effectively the active sites on oxide particles. 
The effective surface area of ruthenium oxide sur-
rounded by carbon black was enhanced distinctly in 
the nanocomposite in comparison with the pure hy-
drous ruthenium oxide electrode, as mentioned previ-
ously. Further, porous carbon black also served as an 
electrolyte reservoir to reduce the ionic diffusion re-
sistance regardless of charging/discharging the current 
density. The current responds of the electrode with 
10% (line B) and 20% (line C) are enlarged greatly 

compared with the pure RuO2·xH2O electrode. Fig. 4 
shows that the rate capacitance increased sharply to 
800 F·g−1 after 10% carbon black loaded, whereas the 
rate capacitance remains to be about 710 F·g−1 with 
20% carbon black loaded. The 10% load is proved to 
be the optimal ratio for the composite obtained in this 
paper. 

 
Fig. 4.  CV curves of the RuO2/carbon composites (line A: 
0% carbon black load; line B: 10% carbon black load; line 
C: 20% carbon black load). 

Fig. 5 presents the complex-plane plots for pure 
ruthenium oxide and the oxide/carbon black compos-
ite. Herein, we observe the complex-plane impedance 
of ruthenium oxide and composite to investigate the 
effect of carbon black on the internal resistance. The 
internal pseudo-transfer resistance of pure ruthenium 
oxide is very large, which will result in the serious 
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deterioration of capacitance at high discharge current. 
Although the internal resistance of the ruthenium ox-
ide/carbon composite electrode is still large compared 
with the carbon black electrode, the internal resistance 
of the nanocomposite electrode is much smaller than 
that of pure ruthenium oxide. It is further proved the 
formation of the charge-transfer complex between the 
uniform dispersion carbon black and the ruthenium 
oxide matrix of the composite. The carbon black com-
plex reduces the ion intercalation distance to a matter 
of nanometer, facilitates the charge-transfer and makes 
such resistance lower. 

 
Fig. 5.  Impedance spectra of the ruthenium oxide/carbon 
black composite (line A: pure RuO2·xH2O with 0% carbon 
black; line B: composite with 10% carbon black loaded). 

3.4. Energy and power density 

Fig. 6 shows the charge/discharge characteristics of 
a test capacitor composed of two oxide electrodes with 
10% carbon black loaded. A small voltage drop at the 
beginning for high current density cases was due to 
the internal resistance of the capacitor. From Fig. 6, 
the energy deliverable efficiency can be easily esti-
mated from the capacity ratio between the discharge 
and charge processes and is over 98%. The capaci-
tance as a function of current density was measured. 
The results are shown in Fig. 7 for three capacitors 
made with different electrodes. It can be observed that 
the capacitance reduced at high current density. The 
relationship between capacitance and current density 
is strongly dependent on the carbon black loading of 
the electrode. For a capacitor that is made with the 
low porosity electrode of pure RuO2·xH2O, the ca-
pacitance at a current of 25 mA is about 55% of that at 
low current (5 mA). The deliverable energy or energy 
density of the capacitor will also drop by the same ra-
tio since the energy stored is proportional to the ca-
pacitance as shown in Eq. (5). For a capacitor that was 
composed of a electrode with 20% carbon black 
loaded, the power performance was improved signifi-
cantly. It can be observed from Fig. 7 that the reduc-
tion of capacitance is less than 10% at a current den-

sity of 25 mA. By introducing the high porous carbon 
black into the electrode, both the power density and 
energy density of the capacitor were enhanced sig-
nificantly. 

 
Fig. 6.  Charge/discharge curve for a capacitor at a con-
stant current of 5 mA (line A: 0% carbon black load; line B: 
10% carbon black load). 

 
Fig. 7.  Comparison of the capacitance decays of capaci-
tors made with different electrodes as a function of dis-
charge current (line A: 0% carbon black; line B: 10%; line 
C: 20%). 

The Ragone plots of the capacitor summarize the 
performance of the three types of cells tested at vari-
ous discharge currents (Fig. 8). The energy density 
and power density of the capacitor were calculated to 
be based on the active material only (the mass of bond, 
separator, current collector, and electrolyte was not in-
cluded). The real energy density Ereal of capacitor A 
increases from 4.5 Wh·kg−1 to 16.3 Wh·kg−1 when the 
real power density Preal decreases from 400 W·kg-1 to 
110 W·kg−1. The maximum specific power density 
Pmax of the cell reaches the value of 2.3 kW·kg−1 ac-
cording to the Eq. (3). Obviously, the energy density 
and power density of capacitor A are poor. The Ereal of 
capacitor C increases from 18 Wh·kg−1 to 24 Wh·kg−1 
when Preal decreases from 500 W·kg−1 to 110 W·kg−1, 
which means that capacitor C is capable of delivering 
high power without profound loss in energy. The 
maximum specific power density of capacitor C 
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reaches the value of 4 kW·kg−1.  

 
Fig. 8.  Ragone plot of a combined capacitor (working 
voltage 1.0 V, current ranged from 5 mA/cm2 to 25 
mA/cm2). 

4. Conclusions 

Ruthenium oxide with a smaller particle size and a 
higher porosity was prepared by a process using 
RuCl3·xH2O and NaHCO3 solution. Several details 
concerning this new material, including crystal struc-
ture, particle size as a function of temperature, and 
electrochemical properties, were also reported. The 
performance of supercapacitors made with 
RuO2·xH2O and RuO2·xH2O/carbon black composite 
electrodes were demonstrated. The results show that 
by introducing high porous carbon black into the elec-
trode, both the power density and energy density of 
the capacitor are enhanced significantly. The specific 
capacitance of over 800 F·g−1 is obtained in the com-
posite electrode with 10% carbon black loaded. With 
these properties, the RuO2·xH2O/carbon black com-
posite is an excellent material for EC capacitors.  
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