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Abstract. This study involves the preparation of ruthenium oxide (RuO2) thick films by a different method than those
reported in the literature and the investigation of their dielectric properties. The substrates were coated with RuO2 thick
films deposited using a mixture of invertase enzyme and ruthenium ions dissolved in water. Scanning electron microscopy-energy dispersive X-ray spectroscopy was employed for surface analysis of the films. Current/potential measurements were used to examine dielectric properties and X-ray diffraction to examine structural properties. The capacitance
per unit mass of RuO2 thick films produced with invertase enzyme in amorphous structure was found to be 845 F g-1.
Regarding energy dispersive X-ray spectroscopy analysis, thick films were found to contain around 79.15% ruthenium,
evenly distributed on the surface of the films. In addition, we performed capacitance measurements for different
temperatures and got very interesting results.
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Introduction

Ruthenium is a rare-earth element and an expensive
chemical. Ruthenium reacts easily with halogens at high
temperatures and can dissolve as a ruthenate anion with
alkyls. Although ruthenium is prone to oxidation like other
transition metals, it shows resistance against corrosion when
doped to titanium. In addition, platinum group metals are
hardened by adding ruthenium. In fact, plain ruthenium
does not exhibit many properties, but its alloys with
molybdenum are superconductive (Mo0.63Ru0.37, at about
7.0 K). Thermal (50 W m-1 K-1) and electrical
(2.5 9 106 X1 m-1) conductivities of ruthenium oxides
(RuO2) are high [1,2].
Ruthenium has oxidation steps such as Ru-2, Ru0,
Ru?2, Ru?3, Ru?4, Ru?8. The most stable oxides of
Ruthenium are RuO2 and RuO4. Besides them, it is also
possible to find its derivatives in nature [3]. Black
coloured RuO2 having a tetragonal structure becomes
yellowish when converted into RuO4 because of oxygen
richness. Ruthenium has very interesting properties, and it
is a transition metal suitable to store electric charge with
empty orbits in 4d orbitals.
RuO2 exhibits pseudo-capacitive properties. The electron
transfer in pseudocapacitors occurs by very fast oxidation
and reduction reactions occurring at the middle layer. This

electron transfer only occurs after an external electrical
trigger. The oxides of transition metals having a large
number of oxidation steps, such as ruthenium, generally
have this characteristic; they exhibit up to 100 times more
capacitance than double-layered capacitors. Therefore,
many studies are carried out on the dielectric properties of
oxides of transition metals.
According to researches, ruthenium oxide has a capacitance value of 745 F g-1, which cannot be underestimated
[4]. The use of other metal oxides with ruthenium was
disappointing because they have resulted in low capacitance
values, such as NiO/RuO2: 210 F g-1 [5], SnO2/RuO2:
150 F g-1 [6], Ag2O/RuO2: 175 F g-1 [7], CNOs/RuO2
112 F g-1 [8].
Researchers attempted to overcome these drawbacks by
using hybrid capacitors, a combination of EDLC (electric
double-layered capacitor) and lithium-ion technology,
achieved to increase the specific energy up to 115%,
resulting in charge storage of 830 F g-1, which opened a
new path in this area [9]. However, electrical charge storage
of 1000 F g-1 was achieved with TiO2/RuO2 capacitors,
which has reattracted the attention of the researchers to
metal oxides [10].
In this study, we tried a very different method compared
to those reported in the literature. We were able to produce
RuO2 films with enzymes. We performed surface and
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structural analysis of the films obtained and analysed their
electrical and dielectric properties through I/V measurements.

2.
2.1

Experimental
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were cut off. After this process, ruthenium anions were
attached to the active sites of the enzymes at the nanometre
range. By adding peroxide and acid, ruthenium anions of
nanometre size were converted into ruthenium oxide, which
is accumulated on the substrate.
RuCl4 þ enzyme ! Ru-enzyme þ 4Cl
ðaqÞ

Materials and measurements

ð1Þ

50 C

Chemicals in analytical purity (99.98%) were procured
from Sigma-Aldrich. The amorphous glass was used as
substrate in the deposition of the films; they were washed
with de-ionized water and cleaned before usage.
SEM EVO40-LEO (Carl Zeiss, UK) computer-controlled
digital atomic force microscope (AFM) was used to
examine surface properties. The films were coated with Au/
Pd by a magnetron sputtering device for scanning electron
microscopy (SEM) and energy dispersive X-ray (EDX)
analysis. I/V measurements were performed at room temperature with a Keithley 2400 Sourcemeter using a silver
paste to determine electrical characterization. In addition,
time-dependent I/V measurements were performed in a dark
environment and repeated with different light sources to
examine the dielectric properties of the films (Scan rate
25–50–75–100 mV s-1). The electrochemical device set up
as current collector (silver paste)/RuO2/electrolyte (polyvinyl alcohol is solved by H2SO4)/RuO2/current collector
(silver paste) (two-point method). The range of the measurements was -0.2 to 0.8 V in forward, and backward
cycles and dielectric values were calculated using relevant
formulas. During the measurements, heat insulation was
provided by putting the heat source and the measuring
device in a heat-proof box. However, the temperature given
by the heat source and the environment’s temperature was
not the same. Thus, we checked the temperature of the
environment in which the measurements were performed. It
did not make sense to put the supercapacitor cathodes
directly above the heat source. Instead, we took the temperature of the environment we heat as a reference.
X-ray patterns were analysed by X-ray diffraction (XRD)
with a CuKa1 radiation source (BRUKER AXS D8 model,
k = 1.5406 Å), over the range of 10° \ 2h \ 90° at a speed
of 3° min-1 with a step size of 0.02°. The surfaces of the
films were coated with gold and palladium for the measurements and analysis.

2.2

Method

2.2a Bio-chemical bath: A quantity of 0.2074 g
ruthenium chloride was dissolved in water, 0.1 g enzyme
was added into the solution and stirred at 500 rpm. The
substrates (washed and cleaned) were dipped into the
solution; 100 ll H2SO4 and 1 ml H2O2 were added to the
bath. Substrates were held in the bath at 50°C for 8 h. Then
the substrates were removed, washed with distilled water,
and the impurities formed at the bottom of the substrates

2H2 O2ðaqÞ þ Ru-enzyme þ 4Cl
ðaqÞ ! RuO2ðsÞ
þ enzymeðaqÞ þ 4HClðaqÞ þ 2H2 O

ð2Þ

An enzyme’s active site is the region attached to the
substrate, converting it into a product. We placed ruthenium
cations into these small cracks and holes, then we added
regents, and as ruthenium oxide leaves the enzyme, ruthenium cations replaced them on the substrate surface. We
have described this method in our previous studies [11].
Enzymes contain nano-micro vesicles in their structures.
The ruthenium cation (positively charged) in the aqueous
medium attaches to the negative-ended nano-micro vesicles
of the enzyme. When H2O2 is added to the environment,
these metal cations physically attached to the enzyme will
turn into their oxides (The oxidation states of ruthenium are
0 to ?8, and -2. Ruthenium can be oxidized to ruthenium(IV) oxide (RuO2, oxidation state ?4), which can in
turn be oxidized by H2O2 in acidic condition). This transformation will occur in nano-micro dimensions. The metal
oxide will separate from the vesicles and mix into the
aqueous solution when this transformation begins. It will
hold onto the substrate present in the environment at that
time. Some of them will remain in the solution again.
Initially, ruthenium chloride is dissolved in water to form
the ruthenium cation and chloride ions. Chlorine cannot
bind to negatively charged functional groups at the active
ends of the enzyme, but ruthenium cation can easily attach
by physical and chemical adsorption. When H2O2 is added
to the environment, chlorine anions turn into HCl; ruthenium oxidizes and leaves the attached enzyme. Some of the
ruthenium oxides are dispersed in water, and some adhere to
the substrate at the nanoscale.

3.

Results and discussion

Figure 1 shows XRD patterns of ruthenium oxide thick
films containing enzymes. RuO2 thick films containing
invertase enzyme have an amorphous structure. Therefore,
we could not analyse the crystallinity of the film. In the
literature, Hiratani et al [12] produced RuO3 films on Si and
SiO2 crystal substrates by pulse-laser deposition method.
Another example is the study of Reddy and Mergel [13].
They coated RuO2 films on Si substrate by rf-magnetron
sputtering. Although these researchers claimed to produce
crystalline films, the structure was very close to the amorphous, and identifying crystal peaks was difficult [14]. As a
result, even though crystal substrates were preferred instead
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The capacitance of the films is computed by equation (3)
using time-dependent I/V measurements (two-point
method).
Cs ¼

Figure 1.

XRD of amorphous RuO2 thick film.

of glass, the produced RuO2 films were again in amorphous
forms, like in this study.
SEM images and EDX analysis of RuO2 films are shown
in figures 2 and 3. A quantity of 79% ruthenium was
detected on the surface. The Au and Pd coated on the surface were neglected in the analyses. In the SEM image,
there is a thick film that completely covers the surface.
According to figure 2, the pits were observed on the film
surface. However, it is not very important for thick film. In
other words, it does not affect the characteristic features of
the film, very much. A cross-sectional SEM image of RuO2
thick film is shown in figure 4. In figure 4, the white part
indicates the substrate material, while the brown part represents the coated film. The average thicknesses of the films
are 2364 lm. The thickness measurements were made
between the glass substrate material boundary and the
highest point of the film. After three different measurements
were taken, the averages of the measurements were taken.
This is the thick film, because of the micron scale thickness.

Figure 2.

SEM image of RuO2 thick film.

dI
m ddVt

ð3Þ

where CS is the specific capacitance (F/g), and V the
potential difference.
Contacts in a 1 9 1 cm2 area are used in the measurements. Silver paste (Ag), which does not react with the film
surface, is used to make contacts from the coated surface of
the substrate. The conductive probes get in touch with the
contacts. I/V graphs vs. time are plotted. Then, specific
capacitances were calculated using the mass of the filmcoated on the surface.
Figure 5 shows the time-dependent I/V curves of ruthenium oxide thick films at different scan rates (25–50–
75–100 mV s-1). The amount of stored charge is calculated
from the areas of the closed hysteresis shapes formed from
equation (3). According to these calculations, capacitance
values
are
825–438–309–233 F g-1
at
25–50–
-1
75–100 mV s scan rates, respectively. In the literature,
the capacitance of ruthenium oxide thick films did not
exceed 745 F g-1 [4]. On the other hand, some researchers
achieved much better results than those in this study with
TiO2 and hybrid ruthenium oxide supercapacitors [9,10].
The capacitance values in figure 5, which are deduced from
our measured results, demonstrate that the capacitance of a
hybrid supercapacitor produced by our method, in which
only ruthenium oxide is used without adding any other
element/metal, will exceed the capacitance values reported
in the literature for Ru thick films. Regarding the literature,
only TiO2/RuO2 hybrid structure could store more energy
than the film in this study.
The film’s capacitance measurements were performed at
room temperature (32°C) and 39–39.9–41–43.6°C, respectively (figures 6 and 7). In the graph, these values are displayed in Kelvin.
Regarding figure 7, the following equation is obtained for
the relationship between the capacitance and the temperature: C = 8.148T2 - 5025.9T ? 775176. According to this
result, at low temperatures, the capacitance shows a polynomic increase as temperature increases. Usually, the
resistance increases as the temperature increases. With the
increase of temperature, the resistance first decreases due to
the increase in the kinetic energies of the electrons, then the
conductivity starts to increase after a certain temperature.
However, at high temperatures, the vibration movement of
the nucleus begins. The shrinkage, oscillations and vibrations in the structure restrict the electron’s kinetic energy,
which in turn increases the resistance. The ionic mobility of
the ions in the electrolyte is increased with the increase of
the temperature.
In the literature, there are also studies showing an
increase in resistance with increase in temperature [13–16].
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Figure 3. EDX analysis of RuO2 thick film.

Figure 4. Cross-sectional SEM image of RuO2 thick film.

However, in the most remarkable study conducted by
Bechhoefer et al [17], it has been found that the capacitance
increased by up to 50°C and then decreased. They explained
this using the Cruie–Weiss theory, suggesting that the
capacitance will increase to a certain temperature and then
drop. These results are consistent with our study, showing

the increase of capacitance with temperature (at low
temperatures).
Substances with ferroelectric properties show paraelectric
properties above the Curie temperature. Spontaneous
polarization disappears, and the ferroelectric crystal
becomes paraelectric. The conductivity of ferroelectric
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Figure 5. Capacitance values of ruthenium oxide thick films at
25–50–75–100 mV s-1.

Figure 7. Capacitance values of ruthenium oxide thick films vs.
temperature.

Figure 6. Capacitance curves of ruthenium oxide thick films at
low temperatures.

materials, which have a symmetrical crystal structure,
increases with small temperatures at low temperatures,
allowing the stored electrical charge to encounter a lower
resistance.
In other words, more energy can be stored in the ruthenium oxide thick film capacitor as the temperature increases. Electrons carry the electrical charge to be stored, and
their kinetic energy increases as the temperature increases.
It allows the electrons in ruthenium to overcome the energy
difference between d orbitals (dxy, dxz, dyz orbitals, and dz2,
dx2-y2) and facilitates the shift of the electrons to the orbitals

with higher energy levels when the orbitals in the lower
energy level are filled.
There are very few studies examining the dielectric
properties of ruthenium oxide produced as thick films in the
literature. Except for ruthenium hybrid capacitors and the
films produced by doping studies, there are no films with a
higher capacitance than those produced with the described
method [17–22]. A careful look at the curves of the graphs
in figure 7 shows a very slight increase after the room
temperature. Since the increase of capacitance is very low at
low-temperature changes, it gives a parabolic curve. A
careful review of the data reveals a parabolic increase with
the temperature rise and a parabolic decrease with the
temperature decline.

4.

Conclusion

This study produced ruthenium oxide thick films via
biochemical bath deposition and produced a capacitor
with a higher capacitance than those in the literature. We
also examined the effect of temperature on the ruthenium
oxide supercapacitor. We observed an increase in capacitance with the temperature increase between 39 and
45°C, and we formulated this. Although this phenomenon
is known, no such formulation is available in the literature so far.
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