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RuO; is widely used as the material in supercapacitors; however, there is little information on the doping RuO3
with cobalt using an aqueous/organic solvent mixture in the spray pyrolysis technique. The phase purity and
rutile crystal structure of cobalt-doped RuO, were validated using X-ray diffraction. Optical studies indicated
that the bandgap can be decreased from 1.80 €V to 1.70 eV by doping the RuOy with cobalt. In this study, the
performance of electrochemical supercapacitors and their morphology are both significantly altered by cobalt
doping. 1.00 mol% cobalt-doped RuO, displays a high specific capacitance (1072 F g~! at a 5 mV s~ scan rate)
compared with that of undoped RuO, (893 F g1 at a 5 mV s~ scan rate). 1.00 mol% cobalt-doped RuO5 had the
highest specific energy (96.02 W h kg™!) at a specific power value of 1.702 kW kg~!. The specific capacitance
was improved (1158 F g1 at 0.5 A g™1) in a 0.5 M H,S0, electrolyte. After 1000 chargedischarge cycles, 94% of
the capacity of a 1.00 mol% cobalt-doped RuO; electrode was preserved, indicating outstanding long-term cyclic
stability. This study endorses the view that 1.00 mol% cobalt-doped RuO; is a promising material for super-

capacitor applications.

1. Introduction

Currently, more than 80% of the energy used in the world comes
from fossil fuels. Because this fossil fuel use is contributing to the
greenhouse effect and fossil fuel reserves are getting exhausted, the
production of electrical energy from sustainable and renewable sources,
including the sun, winds, and tides, is increasing [1,2]. Because of the
erratic nature of the sun and winds, energy-conversion and
energy-storage devices, including batteries/fuel cells and super-
capacitors, are receiving a lot of interest. It is well known that super-
capacitors work in conjunction with other energy storage/generating
devices such as batteries and fuel cells [3]. Supercapacitors are used in
computers, wearable electronics, video cameras, mobile phones, trans-
mitters, backup power supplies, hybrid electric vehicles, etc [4-8].
Supercapacitors are classified on the basis of the charge-storage process
as electric double-layer capacitors, pseudocapacitors and hybrid super-
capacitors. Conducting polymers, carbon and metal oxides/hydroxides
are commonly utilised supercapacitor electrode materials. The specific
capacitance of metal oxides is relatively high [5,6,9].

The morphology, electrical conductivity, and crystal structure of an
electrode material govern a supercapacitor’s electrochemical
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performance. Numerous metal oxides, including ruthenium oxide
(RuOy), Hausmannite (Mn3O4), manganese dioxide (MnOgz), nickel
oxide (NiO), nickel hydroxide (Ni(OH),), cobalt oxide (Co304), cobalt
hydroxide (Co(OH)3), iron oxides (FesO4 (magnetite) and Fe;Os3 (he-
matite)), titanium oxide (TiO,), tin oxide (SnO,), vanadium oxide
(V20s), nickel cobalt oxide (NiCo204), nickel ferrite (NiFe;04), cobalt
ferrite (CoFe304), and copper oxide (CuO), have been comprehensively
studied for use as supercapacitor electrodes [9-13]. RuOy/hydrous
RuO; has been extensively studied because it has exceptional qualities,
including a high electrical conductivity of 10° (Q cm) ! and a theoret-
ical capacitance of 1300-2200 F g’l [14].

The ionic and electrical conductivities, specific capacitance and cycle
stability of metal oxides can be enhanced by doping them with different
elements [15]. Hasan and coworkers [16] explored the electrochemical
characteristics of sol-gel synthesized Ni-doped ZnMnyO4. They found
that the material had a specific capacitance of 161.3 F g~ 1. Kishor and
colleagues [17] electrodeposited Cu-doped RuO; electrocatalysts and
studied their selectivity and specific chlorine evolution reaction activity.
Joshi and Sutrave [18] prepared Mn-doped RuO; electrodes using the
sol-gel process. The Mn doping had significant effects on the pore size of
the electrodes. The specific capacitance was highest (328 F g~!) with 1at
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% Mn doping. Macounova et al. [19] prepared Co-, Mg-, Ni- and
Zn-doped RuO;, electrodes using a spray-freezing/freeze-drying method.
Petrykin and coworkers [20] prepared Co-doped RuO; electrocatalysts
using the co-precipitation method. It has been reported that the chlorine
and oxygen evolution reaction activities are substantially improved by
cobalt doping. Su et al. [21] described the preparation of ultra-small
nanocrystals of Cu-doped RuO;. An improvement in oxygen evolution
reaction activity with Cu doping was noted.

A survey of the literature indicates that most doped RuO, materials
are utilized as electrocatalysts for hydrogen evolution and oxygen evo-
lution reactions [22,23]. Very few reports are available on
spray-deposited doped RuO; prepared using aqueous/organic solvent
mixtures. Such mixtures were used to spray-deposit cobalt-doped RuO,
electrodes with various levels of cobalt. The electrodes with 1.00 mol%
cobalt exhibited the best electrochemical properties, including a specific
capacitance value of 1072 F g~ and a stability of 94.04% after 1000
charge-discharge cycles. These findings indicate that doping RuO, with
cobalt improves the electrochemical performance by increasing the
active surface area.

2. Experimental
2.1. Materials

AR-grade cobalt chloride hexahydrate (CoCl,.6H20) and ruthenium
(I1D) chloride trihydrate (RuCl3e3H20) were used as precursors to spray-
deposit cobalt-doped RuO; electrodes with different cobalt contents.
The cobalt content in the precursor solution (CoCly.6H20) was varied to
obtain 0.25 mol%, 0.50 mol%, 0.75 mol%, 1.00 mol%, 1.25 mol%, 1.50
mol%, 1.75 mol% and 2.00 mol% cobalt-doped RuO; electrodes, this
was considered as stock solution. Ten ml of this stock solution was mixed
with 10 ml of ethanol to make final spraying solution 20 ml. The opti-
mized values of the preparative parameters were the following: sub-
strate temperature, 290°C; precursor solution concentration, 50 mM;
spray rate, 3-4 ml min~!; nozzle-to-substrate distance, 28 cm; carrier
gas (air) pressure, 176 kPa.

2.2. Characterization methods

The crystal structure of the cobalt-doped RuO; electrodes was stud-
ied using Cu-Ka radiation (A = 1.5406 10\) from an X-ray diffractometer
(Ultima IV). The 26 values obtained were in the range 10-80° (step size
0.02°). A Field emission scanning electron microscopy (FESEM) (S-
4800) was used to carry out morphological analyses of the electrodes.
The absorption spectra of the cobalt-doped RuO; electrodes were plotted
to determine the optical bandgap using a UV-visible spectrophotometer
(Ocean Optics JAZ-3 and NIR-QUEST). Electrical resistivity measure-
ments of the cobalt-doped RuO; electrodes were made using the four-
point probe measurement technique (Vander paw configuration) at
constant current (Source Measurement Unit-Keithley 2450 SMU). Elec-
trochemical measurements including cyclic voltammetry (CV), galva-
nostatic charge-discharge (GCD) and electrochemical impedance
spectroscopy (EIS) were made using an electrochemical analyzer (CHI
608D). A typical three-electrode cell arrangement was used, with a 1
cm? cobalt doped RuO, film as the working electrode and saturated Ag/
AgCl and platinum as the reference and counter electrodes in a 0.5 M
HySO4 electrolyte. The electrochemical impedance was measured at
open circuit potential in a frequency range of 100 kHz to 1 Hz, with an
AC amplitude of 5 mV.

3. Results and discussion
3.1. Specific capacitance

Fig. 1 shows the variation of specific capacitance (at 10 mV s~ 1) with
cobalt doping. It can be observed that the specific capacitance of the
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Fig. 1. Variation of specific capacitance (at 10 mVs™!) with cobalt doping
in RuO,.

electrodes rises with the doping level from a value of 813 F g™! for
undoped rutile RuOs. It reaches a maximum value (992 F g_l) at 1.00
mol% cobalt doping. It decreases when the cobalt doping is increased
above 1.00 mol%, with the value at 2.00 mol% being 938 F g~. The
variation in the specific capacitance is related to the changes in electrical
resistivity of the cobalt-doped RuO; electrodes. The maximum specific
capacitance obtained with 1.00 mol% cobalt doping in RuO; electrodes
may be due to optimal doping of cobalt at 1.00 mol% than other doping
contents in RuO,.

3.2. X-ray diffraction (XRD)

The lattice structure and related factors of the cobalt-doped RuO,
electrodes were studied using XRD. As can be seen in Fig. 2, the XRD
patterns of the electrodes show a polycrystalline crystal structure irre-
spective of the cobalt content. The major diffraction peaks of the
undoped and cobalt-doped RuO; electrodes are present at around
28.06°, 35.09°, 40.10°, 54.33° and 65.65°, corresponding to the (110),
(101), (200), (211) and (310) planes of rutile RuO, (JCPDS card no. 88-
0322). It can be seen from Table 1 that both the undoped and cobalt-
doped RuO; exhibit a rutile tetragonal crystal structure with the space
group P42 [24]. This is supported by an agreement between the
observed spacing and the standard interplanar spacing of the (hkl)
planes. The (110) peak intensity increases with increasing cobalt doping
content up to 1.00 mol% and decreases thereafter. This is because the
alignment of fine grains along the (110) direction grows stronger up to
1.00 mol%, resulting in an enhancement of the peak intensity. The
decrease in peak intensity above 1.00 mol% might be due to fluctuations
in the electron density or due to the presence of point defects [25].

The XRD patterns do not show any diffraction peaks corresponding
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Fig. 2. XRD patterns of Rutile and cobalt-doped RuO, electrodes.
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Table 1
Structural data for cobalt doped RuO, spray deposited with various cobalt-
doping contents.

Cobalt doping 20 (°)  d (A) d &) hki a(d) c¢@A) D
content (mol (Cal.) (Std.) (nm)
%)

Undoped 27.98 3.186 3.177 110 4500 3.175 13
34.54  2.594 2.555 101
40.08  2.248 2.247 200
54.24  1.690 1.687 211
65.96 1.415 1.421 310
0.25 27.89  3.196 3.177 110  4.511 3.181 12
34.47  2.599 2.555 101
40.02  2.251 2.247 200
53.92 1.699 1.687 211
66.03  1.414 1.421 310
0.50 27.76  3.211 3.177 110 4514 3.188 11
34.41 2.604 2.555 101
40.15  2.244 2.247 200
53.87  1.700 1.687 211
65.98 1.415 1.421 310
1.00 27.72  3.215 3.177 110 4519 3.190 10
34.38  2.606 2.555 101
40.11 2.246 2.247 200
54.21 1.690 1.687 211
66.02 1.414 1.421 310
1.50 27.70  3.217 3.177 110 4522 3.189 9
3438  2.606 2.555 101
40.10  2.247 2.247 200
53.83 1.701 1.687 211
65.98 1.415 1.421 310
2.00 27.68  3.220 3.177 110 4573 3176 9
3435 2.608 2.555 101
39.20  2.296 2.247 200
53.73  1.704 1.687 211
65.98 1.415 1.421 310

20; Bragg’s angle, d; interplanar spacing, hkl; Miller indices, ‘a’ and ‘c’; lattice
constants, D; crystallite size.

to CoO, Co503 or Co304 confirming that cobalt atoms are substituted in
RuOs, lattice. Interestingly, the shifting of (110) peak belonging to RuO,
towards the lower 20 side with increasing cobalt doping content in-
dicates that cobalt atoms have been effectively substituted in the RuO,
lattice. The difference in the ionic radii of the cobalt and ruthenium ions
causes the crystalline RuO;, lattice to swell, resulting in the shifting of
the XRD peaks to the lower 26 side after doping, and this is compatible
with Bragg’s equation [25]. The changes in the position of the (110)
peak with changes in cobalt doping are related to changes in the
microstructure of the RuO; electrodes, which affect the supercapacitive
behaviour, as will be seen in subsequent sections (electrochemical
studies) [15]. Similar observations related to the structure of
cobalt-doped RuO, were reported by Petrykin et al. [20].

The crystallite sizes of the cobalt-doped RuO, electrodes corre-
sponding to the (110) plane were determined using the Debye-Scherrer
equation [26]. The crystallite size decreases as the cobalt content in-
creases, and it is estimated to be in the range 13-9 nm. The decrease in
crystallite size is due to replacement of Ru>" ions (ionic radius 0.82 [o\)
with Co?" (ionic radius 0.885 .7\). The alteration/increase in ionic radius
produces lattice distortions, increasing the FWHM and decreasing the
crystallite size [27]. Abbott and colleagues [28] have reported similar
results for Mg-doped RuO».

3.3. FESEM

Fig. 3 (a)-(e) shows the FESEM images (magnification 200,000 x) of
cobalt-doped RuO; electrodes with different cobalt content. The undo-
ped RuO; electrode shows a porous morphology, with larger particles
formed by controlled agglomeration of smaller particles (Fig. 3 (a)).
There is a smooth and homogeneous surface with compact grains in the
electrode with 0.25 mol% cobalt (Fig. 3 (b)). The porosity and

Electrochimica Acta 437 (2023) 141521

homogeneity of the RuO; electrodes increase with increasing cobalt-
doping content in the RuO; (Fig. 3 (c)-(e)). The porous structure pro-
motes the contact between the electrolyte ions and the RuO, working
electrode. The FESEM images in Fig. 3 (a)-(e) shows that the cobalt
doping obviously changes the microstructure of the RuO; electrodes,
improving their supercapacitive behaviour. A similar porous
morphology has been reported by Yang and colleagues [29] for
RuO2/RGOH prepared using the hydrothermal method and by Lenar and
coworkers [30] for RuO5 nanoparticles.

3.4. Optical

Optical absorption spectra were recorded in the wavelength range
350-1050 nm to compare the bandgaps of RuO; electrodes with
different cobalt-doping content. The electrodes had a high coefficient of
absorption, 10% cm™1. A Tauc plot, a graph with (ahv)? plotted against hu
(Fig. 4 (a)), was utilised to estimate the optical bandgap of the undoped
and cobalt-doped electrodes [31]. The estimated bandgap values of
RuO; electrodes with different cobalt-doping levels are provided in
Table 2. Fig. 4 (b) shows the variation of the bandgap with cobalt-doping
content. The optical bandgap of a spray-deposited undoped RuO; elec-
trode was 1.80 eV. With 0.25 mol%, 0.50 mol%, 1.00 mol%, 1.50 mol%
and 2.00 mol% cobalt doping, the optical bandgap became 1.77 eV, 1.75
eV, 1.73 eV, 1.71 eV and 1.7 eV, respectively. The reduction in bandgap
with increasing cobalt-doping level is due to the band tailing effect and
an increase in acceptor density [32]. The decrease in bandgap with
increasing cobalt-doping level confirms that cobalt ions are continu-
ously substituted in the RuOj lattice. Also, the localized defects created
in the RuO; by oxygen vacancies due to the cobalt doping significantly
decrease the bandgap [33]. The bandgap values estimated in this work
are in agreement with results reported in the literature for RuO,
[34-36].

3.5. Electrical

The four-probe technique was used to evaluate the contact re-
sistances for spray-deposited cobalt-doped RuO; and the results are
shown in Fig. 5(a). The lowest electrical resistance is witnessed for 1.00
mol% cobalt-doped RuO, electrode. The variation of electrical re-
sistivities with inverse of absolute temperature (1000/T) for spray-
deposited RuO; electrodes with different cobalt-doping levels is shown
in Fig. 5 (b) [37]. Table 2 shows that the electrical resistivity decreased
considerably from a value of 5.76 x 102 Q cm for undoped RuO; to 1.91
x 102 Q em for a 1.00 mol% cobalt-doped RuO, electrode. For a given
temperature, the electrical resistivity decreases with increasing
cobalt-doping level up to 1.00 mol%. This is because of substitution of
ruthenium(III) by cobalt(Il), which is also evident from the XRD data.
Cobalt has only two electrons that form a covalent bond with oxygen.
There is a deficiency of one electron, which reduces the electrical re-
sistivity. Above a cobalt-doping level of 1.00 mol%, the electrical re-
sistivity increases (2.70 x 10% Q cm at a cobalt-doping level of 2.00 mol
%). Such behaviour points to a change in electrical conduction in RuO,
from n-type to p-type [38] with increasing cobalt doping.

The logarithmic dependency of electrical resistivity on inverse of
temperature provides activation energy (Ea) [39]. The activation en-
ergies are 0.037-0.047 eV and 0.041-0.054 eV (Table 2) in the
low-temperature and high-temperature regions, respectively. The acti-
vation energies are different for different cobalt-doping levels, con-
firming that the cobalt-doped electrodes each have different levels of
oxygen vacancies [38]. These activation energies are lower than the
value of 0.45-0.48 eV reported by Ugur and coworkers [40].

3.6. Electrochemical

In the light of the foregoing results, the cobalt-doped RuO» electrodes
were subjected to electrochemical tests such as CV, GCD and EIS in a 0.5
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Fig. 3. FESEM images (magnification 200,000 x) of cobalt doped RuO; films with various cobalt-doping contents (a) undoped (Rutile) (b) 0.25 mol%, (c) 0.50 mol%

(d) 1.00 mol%, and (e) 1.50 mol%, respectively.

M H3S04 electrolyte with a three-electrode setup.

3.6.1. CV

CV is an effective measurement to determine the capacitive behav-
iour of materials. Fig. 6 shows the effect of the scan rate on CV curves
between O V and 1.0 Vin a 0.5 M H,SO4 electrolyte. Overall, the current
density is enhanced with rise in scan rate used to perform CV analysis.
The good current responses and nearly symmetric CV curves in the
cathodic and anodic paths indicate that the electrodes display robust
supercapacitive behaviour. It can be seen from Fig. 6 that the area under
the CV curve of the 1.00 mol% cobalt-doped RuOs electrode (Fig. 6 (d))
is greater than the areas under the curves of undoped and 0.25 mol%,
0.50 mol%, 1.50 mol%, and 2.00 mol% cobalt-doped RuO electrodes
(Fig. 6 (a-c) (e-f). This suggests that the 1.00 mol% cobalt-doped RuO,
electrode can store more charge and that its electrochemical perfor-
mance is superior. The greater area under the CV curve is due to the
porous surface morphology, seen under FESEM (Fig. 3), and the strong
electrical conductivity (Fig. 5; Table 2), which increases the diffusion of
the ions of HySO4. Fig. 7 (a) shows the CVs recorded at 10 mV s~! for
undoped and cobalt-doped RuO; electrodes. The specific capacitances of
RuO- electrodes were determined from the CV curves using a relation

given elsewhere [41] (Table 3). Fig. 7 (b) shows the variation of specific
capacitance with scan rate. The 1.00 mol% cobalt-doped RuO, electrode
displayed the highest specific capacitance (1072 F g ' ata5mV s~ scan
rate), followed by the 1.50 mol% cobalt-doped RuO, electrode (1045 F
g’1 ata5mV s ! scan rate). These values are much higher than that of
the undoped RuOs electrode (893 F g’1 ata5mV s~ ! scan rate). The rise
in specific capacitance with cobalt-doping level is due to a decreased
crystallite size (Table 1) and improved electrical conductivity (Table 2),
as a result of which there are more active sites for energy storage [42].
The reduction in specific capacitance with an increase in cobalt-doping
level beyond 1.00 mol% is due to decreased electrical conductivity of
cobalt-doped RuO; electrode (Table 2) and a decreasing path for diffu-
sion of electrolyte ions. This shows that cobalt doping considerably
raises the specific capacitance of RuO,.

3.6.2. GCD

Fig. 8 (a-f) shows the charge-discharge curves of the electrodes at
current densities of 0.5A g 1, 1.0Ag 1, 20A g}, and 4.0 A g ! in the
potential window from 0 V to 0.85 V in 0.5 M HySOy4. It can be seen from
the curves that the discharge time decreases with increasing char-
ge-discharge current density, following this equation [43]:
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Fig. 4. (a) Plot of (ahv) 2 versus hv and (b) Variation of bandgap energy with
cobalt doping content for spray deposited cobalt doped RuO,.

Table 2
Optical and electrical properties of cobalt doped RuO, spray deposited with
various cobalt-doping contents.

Cobalt doping Band gap  Electrical resistivity (Qcm) Activation
energy (eV)
content (mol%)  (eV) 310K (x 10%) 500K (x 10 LT HT
Undoped 1.80 5.76 1.05 0.045 0.051
0.25 1.77 4.61 0.84 0.047 0.054
0.50 1.75 3.43 0.71 0.043 0.041
1.00 1.73 1.91 0.44 0.039 0.041
1.50 1.71 2.35 0.52 0.040 0.045
2.00 1.70 2.70 0.59 0.037 0.045
LT- Low temperature; HT- High temperature.
Ix At
c=—"= (@]
mx AV

Iis the charge—discharge current at discharge time t (seconds), AV is the
potential window, and m is the mass of the RuO, deposited. Table 4
shows the specific capacitances calculated using Eq. (1) for cobalt-doped
RUOZ.

The undoped RuO; electrode has a specific capacitance of 964 F g~
at 0.5 A g~!. The specific capacitance increases as the cobalt-doping
level of the RuO; electrodes increases and becomes highest (1158 F
g ' at 0.5 A g~1) with a doping level of 1.00 mol%. This behaviour can
be due to the fact that the 1.00 mol% cobalt-doped RuO; electrode
provides more active sites, increasing the ionic conductivity and diffu-
sion of electrolyte ions in the RuO; electrode [44]. Another reason is that
the optimum doping of cobalt at 1.00 mol% improves the electronic
structure of the RuO; electrode, enhancing the electrical conductivity.
The specific capacitance decreases when the doping level increases
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Fig. 5. (a) Temperature dependent contact resistances and (b) Variation of logp
vs 1000/T for spray deposited cobalt doped RuO, measured by the four-point
probe technique.

further, becoming 1099 F g1 at 0.5 A g~! (2.00 mol% cobalt-doped
RuO»). These values of the specific capacitance are close to or higher
than those reported in the literature for RuO; [17,18,20-23,45,46].

Fig. 9 (a) shows the GCD curves of the cobalt-doped RuO; electrodes
at a current density of 1 A g~ 1. The linear shape of the charge-discharge
curve points to the excellent capacitive properties cobalt-doped RuO,
electrodes. Considering the charging and discharging times, the cobalt-
doped RuO; electrodes appear to have excellent coulombic efficiency.
Fig. 9 (b) shows a plot of specific capacitance versus current density for
cobalt-doped RuOs, electrodes. The specific capacitance of the 1.00 mol
% cobalt-doped RuOj, electrode reduces from 1158 Fg > at 0.5 A g~ to
957 F g1 at 4.0 Ag™L. Because of the solid electrolyte interface, the
specific capacitance is retained to an extent of 82.64%, with only a
17.36% loss.

The specific energy is plotted against the specific power to assess the
suitability of cobalt-doped RuO; electrodes for use in energy storage
devices (Ragone plot, Fig. 10(a)). The specific power and specific energy
of the 1.00 mol% cobalt-doped RuO, electrode are 1.702 kW kg~ and
96.02 W h kg~ !, respectively. These values are better than the values of
151 Wkg ! and 3.57 W h kg ! reported by Patil and co-workers [47] for
hydrous RuOs,.

GCD tests (1000 charge—discharge cycles) were performed at a cur-
rent density of 4.0 A g~1. The cycle stability of the 1.00 mol% cobalt-
doped RuO; electrode is shown in Fig. 10(b). 94.04% of the initial
capacitance of the RuO;, electrode cobalt-doped at a level of 1.00 mol%
is sustained, exhibiting superior stability. The inset of Fig. 10(b) shows
the GCD curves of the first five cycles. Loss of the active material of the
cobalt-doped RuO; electrode through dissolution or detachment is what
causes the specific capacitance to decrease with the number of cycles
[48].
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various cobalt doping contents.

Table 3
Specific capacitance at different scan rates from CV for RuO, electrodes spray
deposited with various cobalt-doping contents.

Cobalt doping content (mol ~ undoped 0.25  0.50 1.00 1.50 2.00
%) —
Scan rate (mVs )} Specific capacitance from CV (Fg™1)

5 893 930 990 1072 1045 1018

10 813 856 910 992 965 938

20 749 792 850 928 901 874

50 707 750 815 886 859 832

100 668 715 775 847 820 795

3.6.3. EIS

The EIS results (Fig. 11 (a)) were analysed to study the electro-
chemical kinetics of the cobalt-doped RuO; electrodes. All of the cobalt-
doped RuOj electrodes’ Nyquist plots show a depressed semicircle,
which denotes a charge-transfer mechanism. The EIS data can be fitted
by an equivalent circuit shown in Fig. 11 (b) [41]. The elements in the
equivalent circuit are solution resistance (Rs), the charge-transfer
resistance (Rct), the double-layer capacitance (Cdl), the Warburg
diffusion element (Wo), and the pseudocapacitance element (Cpseudo).
The semicircle of the 1.00 mol% cobalt-doped RuO2 electrode has a
smaller radius compared with those of the other electrodes (0.25 mol%,
0.50 mol%, 1.50 mol%, and 2.00 mol%), which indicates that the so-
lution resistance (0.27 Q) and charge transfer resistance (8.15 Q cmz)
are the lowest values. This in turn implies a fast charge-transfer rate at
the RuO; electrode/H5SO4 electrolyte interface.

Table 5 presents the Nyquist data of the undoped and cobalt-doped
RuO- electrodes. In the low-frequency region, the slope of the Nyquist
plot shows the diffusion capacity of the HySO4 electrolyte into the
undoped and cobalt-doped RuO; electrodes. It is clear that the ion
diffusion rate of the 1.00 mol% cobalt-doped RuO; electrode is greater
than those of the undoped electrode and other (0.25 mol%, 0.50 mol%,
1.50 mol%, and 2.00 mol%) cobalt-doped RuO, electrodes implying
good electrical conductivity [49].
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Table 4
Specific capacitances from GCD for RuO, electrodes spray deposited with
various cobalt-doping contents.

Cobalt doping content Undoped 0.25 0.50 1.00 1.50 2.00
(mol%) —
Current density (Ag™) | Specific capacitance from GCD (Fg™})
0.5 964 1004 1069 1158 1129 1099
1 878 924 983 1071 1042 1013
2 809 855 918 1002 973 944
4 764 810 880 957 928 899

4. Conclusion

Cobalt-doped RuO; electrodes were spray deposited with varying
cobalt content in the precursor solution. The undoped and cobalt-doped
RuO-, exhibited a rutile tetragonal crystal structure with the P42 space
group. The crystallite size was estimated to be 13-9 nm, depending on
the cobalt-doping content in the RuO,. The porous structure and ho-
mogeneity of the RuO, increased with increasing cobalt-doping content.
FESEM images showed a granular and tightly packed morphology
without aggregation of grains. The optical bandgap of the spray-
deposited undoped RuO;, electrode was 1.80 eV, and when the cobalt-
doping content was increased, the optical bandgap decreased to 1.7
eV. Electrochemical supercapacitive measurements showed that 1.00
mol% cobalt-doped RuO5 has an exceptionally high specific capacitance
0f 1072 F g ' ata 5 mV s ! scan rate; in comparison, the corresponding
value of an undoped RuO, electrode was 893 F g ™! at the same scan rate.
The increase in specific capacitance is attributed to a more porous
morphology and an increased electrical conductivity. This study dem-
onstrates that elemental doping is an efficient way to enhance the
electrochemical supercapacitive performance of RuO; and that
elemental doping can be achieved using chemical spray pyrolysis.
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Table 5
Nyquist data for RuO, electrodes spray deposited with various cobalt-doping
contents.

Cobalt doping content (mol%) Rs (Q) Ret (Qcm?)
undoped 0.32 11.38
0.25 0.30 09.58
0.50 0.29 09.03
1.00 0.27 08.15
1.50 0.31 11.25
2.00 0.34 12.62
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