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Abstract
Compounding different materials to be the electrode is a good way in the field of
supercapacitors. IrO2 was used as an active and conductor oxide, and ZnO was used as a
semiconductor oxide. Carbon nanotube (CNT) and Graphene (G) were used to prepare the
electrodes of IrO2-ZnO-carbon nanotube (CNT)/Ti and IrO2-ZnO-graphene oxide (G)/Ti by
thermal decomposition method and their different effect on the properties was studied in
detail. The surface of IrO2-ZnO-CNT/Ti had a "hill-bag" structure, and the IrO2-ZnO-G/Ti
had a graphene sheet layered fold structure, their specific surface area and pore volume were
significantly greater than that of an electrode without carbon material. The specific
capacitances of IrO2-ZnO-G/Ti and IrO2-ZnO-CNT/Ti were 681 F g-1 and 501F g-1,
respectively, which were higher than IrO2-ZnO/Ti (399 F g-1). The capacitance retention rate
of the IrO2-ZnO-G/Ti electrode coating was 80.24% after 20,000 cyclic tests, which was
worse than that of IrO2-ZnO/Ti (90.65%). The addition of carbon materials reduced the cycle
stability, but the binding effect of graphene and the coating was better than that of carbon
nanotubes. Graphene improved the overall performance better than that of carbon nanotubes.
A binder-free asymmetric supercapacitor working in H2SO4 solution was assembled with
RuO2-MoO3/Ti and IrO2-ZnO-G/Ti as cathodic and anodic electrode respectively. It exhibited
the energy densities of 29.6 W h kg-1 and 25.3 W h kg-1 when the power density was 700 W
kg-1 and 3505 W kg-1 respectively. The preliminary charge/discharge mechanism of the
asymmetric supercapacitor in the H2SO4 solution was presented.
Keywords: Carbon materials; IrO2-ZnO-G(CNT)/Ti electrodes; layered porous structure;
asymmetric supercapacitor.
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1. Introduction
As an efficient electrochemical energy storage device in energy storage and transmission,
supercapacitor plays an important role in various fields because of its higher power density,
faster charge-discharge efficiency and longer cycle life than the rechargeable battery [1-4].
There are many types of electrode materials used as supercapacitors. Among them, transition
metal oxides are used as anode materials, which have higher capacitance and better
electrochemical stability than carbon materials, such as MnO2[5, 6], RuO2[7, 8], CeO2[9], etc.
IrO2 is a transition metal oxide, which has the characteristics of rich valence and low
resistivity [10]. It has excellent stability at room temperature and in acidic solutions. In recent
years, IrO2 has attracted attention as a noble metal oxide electrode material for
supercapacitors. For example, Beknalkar et al. [11] used electrospinning technology to
synthesize IrO2 with a nanofiber structure, and the specific capacitance of the electrode was
705 F g-1 at a current density of 1 mA cm-2; Zhang et al. [12] prepared IrO2-SnO2-Ta2O5/Ti
composite electrode by thermal decomposition, using crystalline/amorphous structure to
improve conductivity, the specific capacitance of the electrode reached 382.9 F g-1. The above
research showed that IrO2 played an important role in supercapacitors, but its high price
limited its application [13-15]. The structure of ZnO is controllable, particles of ideal size can
be obtained, and it is easy to grow on different types of substrates [16]. Therefore, it is an
effective way to use ZnO as a stable and controllable second component to compound with
other types of materials. Singh et al. [17] prepared ZnO-AC nanocomposite electrodes by
co-precipitation method, the size of the nanoparticles was controlled at 30 nm, and the
electrode specific capacitance reached 341.6 F g-1, which greatly improved the capacitance
performance of activated carbon [18]. Feng et al. [19] used ZnO as the second component to
compound with IrO2, and the specific capacitance of IrO2-ZnO/Ti electrode prepared by
thermal decomposition method was 487 F g-1 (5 mA cm-2), which was much higher than
IrO2/Ti electrode (177 F g-1 at 5 mA cm-2). Although composite metal oxides can combine the
advantages of the two materials to improve capacitance performance, the addition of ZnO will
reduce the conductivity of the electrode materials [20]. Carbon materials have the
characteristics of large specific surface area, rich pore structure, stable chemical properties,
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high conductivity and good compatibility，which are the best choice for composite materials
[21-23]. At present, activated carbon (AC) [24], graphene (G) [25, 26], carbon nanotube
(CNT) [27] and carbon aerogel (CA) [28, 29] have been studied in depth. Different carbon
materials have different structures and performance characteristics, and have different
composite effects on metal oxide materials. As a kind of layered hollow structure, carbon
nanotubes are a nanotube structure composed of single-layer or multi-layer graphite sheets
curled at a specific helix angle. The internal C=C covalent bond makes the material have
extremely high mechanical strength, good conductivity, high heat resistance and thermal
conductivity. Hu et al. [30] prepared RuO2/rGO/CNTs nanocomposite electrode, the specific
capacitance reached 973 F g-1. Graphene is a single-layer two-dimensional planar material
composed of carbon atoms. The hexagonal honeycomb lattice structure has excellent
electronic conductivity and electrochemical stability, and the theoretical specific surface area
can reach up to 2675 m2 g-1. However, to reduce its surface energy, graphene tends to
agglomerate, and compounding it with other materials can reduce this phenomenon. Shao et
al. [31] prepared the IrO2-CeO2-G/Ti electrode by thermal decomposition, the specific
capacitance reached 368 F g-1 (5 mA cm-2), which was higher than that of the IrO2-CeO2/Ti
electrode (217 F g-1 at 5 mA cm-2), and had a large specific surface area (110 m2 g-1).
In this study, IrO2-ZnO-G (CNT)/Ti electrode was prepared by doping G and CNT to
metal oxides by thermal decomposition. Carbon material with good conductivity was acted as
the electron transmission channel to improve the electron transmission efficiency. Metal
oxides grew on the surface of carbon materials, and the large specific surface area provided
more active sites for the reaction. The influence of adding different carbon materials (G and
CNT) on the structure and performance of electrodes was analyzed in detail. At the same time,
the actual use effect of the IrO2-ZnO-G/Ti electrode is verified by the assembly of the
two-electrode cell.

2. Experimental
2.1. Sample preparation
Preparation of IrO2-ZnO-(CNT/G)/Ti electrodes: The substrates were titanium plates
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(TA2) with the size of 10 mm*10 mm*1.5 mm. After degreasing and sandblasting, the plates
were etched in 20 wt% sulfuric acid solutions for 2 h, washed with water, dried, and stored in
absolute ethanol for later use. H2IrCl6·6H2O (containing 35% iridium) and ZnCl2 (analytical
purity) were dissolved in absolute ethanol respectively, mixed to obtain 1 ml solution
according to the molar ratio of Ir: Zn=2:8, and shook the solution in an ultrasonic instrument
for 10 min. Adding G and CNT to the mixed solution to make the concentration of the carbon
material in the solution with 4 mg ml-1, respectively, and then shook for 20 min. The mixed
solution was brushed on the pretreated Ti plates, dried under an infrared lamp for 10 min, then
placed in the muffle furnace for peroxidation (370 °C for 10 min), and then discharged from
the furnace for cooling. The above steps were repeated several times until the coating amount
of Ir in the coating reaches 0.8 mg cm-2, annealed at 370 °C for 1 h, and then air-cooled to
obtain IrO2-ZnO/Ti, IrO2-ZnO-CNT/Ti and IrO2-ZnO-G/Ti composite electrodes. IrO2/Ti
electrode and ZnO/Ti electrode were also prepared by the same method.
Preparation of RuO2-MoO3/Ti electrode: RuCl3•xH2O (containing 37% Ru by mass) was
dissolved in absolute ethanol, and H32Mo7N6O28 (AR analytical pure) was dissolved in
deionized water, the two solutions were mixed according to the molar ratio of Ru: Mo=1:19,
and ultrasonically oscillated for 10 min. The coating process of the mixed solution was the
same as the IrO2-ZnO-(CNT/G)/Ti electrodes, in which the heating and pre-oxidation
temperature of the sample was 290 °C. Finally, the electrode was annealed at 290 °C for 1 h,
and air-cooled out of the furnace to obtain a RuO2-MoO3/Ti composite electrode.

2.2. Characterization analysis
Scanning electron microscope (SEM) (Supra 55, Carl Zeiss, Oberkochen, Germany),
energy dispersive X-ray spectrometer (EDX) (X-MAX 50, Oxford Instruments, Oxford, UK),
and transmission electron microscope (TEM) (TECNAIG2F20, FEI, America) were tested to
observe the coatings’ Micro morphology, structure and composition. D/max Ultima III X-ray
diffractometer (Rigaku, Tokyo, Japan) was characterized the phase structure of the coating.
The test tube voltage was 36 kV, the tube current was 30 mA, the test angle range was 25-60°,
and the scan rate was 2° min-1. X-ray photoelectron spectroscopy (XPS) analysis was tested
8

by Thermo fisher K-Alpha Scientific. Avantage software was used to fit the XPS test results.
The isothermal adsorption and desorption curves, pore size distribution and specific surface
area were tested by Micromeritics 3Flex (Micromeritics, American).

2.3. Electrochemical analysis
AUTOLAB electrochemical workstation was used for electrochemical testing.
IrO2-ZnO-(G/CNT)/Ti were the working electrodes, the saturated calomel electrode (SCE)
was the reference electrode, and the titanium plate was the counter electrode. The
galvanostatic charge-discharge (GCD), cyclic voltammetry (CV) and AC impedance were
tested in 0.5 mol L-1 H2SO4 solutions. The current density for galvanostatic charge-discharge
was 5 mA cm-2, and the potential window was 0-1.1 V. The potential window of cyclic
voltammetry was 0-1.2 V, and the scanning speeds were 5-400 mV s-1. The number of cycles
in the cycle life test was 20000 times, and the scanning speed was 500 mV s-1. The amplitude
of the AC impedance test was 10 mV and the frequency range was 0.05 Hz-105 Hz.

3. Results and discussion
3.1. Morphological and structural characterization
3.1.1. SEM and EDS analyses
The SEM images of electrode coatings with different carbon materials were shown in Fig.
1, which reflected the changes in the surface micromorphology of the electrode materials
before and after the addition of carbon materials. Fig. 1(a, d) showed the microscopic
morphology of IrO2-ZnO/Ti electrode coating. "Slab-like" cracks appeared on the electrode
surface and crystals appeared on the surface. This was because the metal molar ratio of Ir and
Zn was 2:8, and the amount of elemental Zn was more than that of elemental Ir, so ZnO
crystallized out at this annealing temperature. The micromorphology of the electrode coating
after adding carbon nanotubes was shown in Fig. 1(b, e). There were many "hill-bag"
structures composed of carbon nanotubes on the surface of the coating. Comparing with
IrO2-ZnO/Ti electrode, the surface cracks of IrO2-ZnO-CNT/Ti were more obvious, the ZnO
crystals were attached to the wall of the carbon nanotubes, and the grain size was smaller. Fig.
9

1(c, f) showed the surface morphology of the coating after adding graphene. There were many
folds composed of small flakes on the surface of the IrO2-ZnO-G/Ti electrode, and the overall
coating presented a layered porous structure. As seen in Fig.1f, many fine grains were
attached to the surface of the graphene sheet, and the size of the grains was significantly
reduced compared to the IrO2-ZnO/Ti electrode [32, 33]. The addition of graphene could
significantly change the microscopic morphology of the electrode coating than that of carbon
nanotubes. Carbon nanotubes were easy to entangle and agglomerate. Graphene spread better
on the coating surface, and the coating surface had a loose porous structure. This may be
favor for the conductive rate because of more active materials exposed on the surface of the
coating.

Fig. 1. SEM images of electrodes with different carbon materials. (a, d) IrO2-ZnO/Ti;
(b, e) IrO2-ZnO-CNT/Ti; (c, f) IrO2-ZnO-G/Ti.

The elements and their distribution on the IrO2-ZnO-G/Ti electrode coating were shown
in Fig. 2, and other electrodes were shown in Fig S1 and S2. The element distribution of
IrO2-ZnO/Ti electrode coating was not as uniform as IrO2-ZnO-CNT/Ti and IrO2-ZnO-G/Ti,
and a considerable part of the Ti substrate was exposed on the surface of the coating. After
adding the carbon materials, its large specific surface can provide more attachment sites for
metal oxides, the element distribution on the surface of the coating was improved, and the
distribution of each element was more uniform.
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Fig. 2. EDX diagrams of IrO2-ZnO-G/Ti with graphene.
3.1.2. XRD and HRTEM analyses

The XRD results were shown in Fig. 3. It was observed in each electrode coating that the
typical three peaks of Ti appeared at 2θ values of 35.12°, 38.45° and 40.18°, all of which
came from the substrate. The diffraction peaks with 2θ values of 31.75°, 34.36°, 36.22° and
47.49° belonged to the hexagonal wurtzite phase ZnO (PDF 36-1451), corresponding to
crystal planes (100), (002), (101) and (102). The diffraction peaks of the IrO2/Ti electrode
coating at 2θ values of 27.78° and 34.58° belonged to the IrO2 rutile phase, corresponding to
crystal planes (110) and (101). In the IrO2-ZnO/Ti electrode coating, the characteristic peak of
IrO2 was almost undetectable, indicating that IrO2 may exist in the form of microcrystals at
this time[34, 35]. In addition, the electrode coatings with carbon materials showed Graphene-2H
diffraction peaks (PDF 41-1487) of the graphene (002) crystal plane at 26.49°, and surface
diffraction peaks (PDF 75-2078) of the carbon nanotube (111) crystal plane at 26.54°.
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Fig. 3. XRD patterns of electrodes with different carbon materials.

Transmission electron microscopy (HRTEM) was used to further analyze the influence
of different carbon materials on the microstructure of electrode coatings. The TEM test results
of IrO2-ZnO-G/Ti electrode were shown in Fig. 4(a, b). The graphene sheets were placed on
the bottom layer to provide a load platform for the growth of active materials. The size of IrO2
and ZnO were about 3 nm, which were evenly distributed on the graphene sheet. The SAED
image of IrO2-ZnO-G/Ti was shown in Fig. 4(c). A diffuse and large diffraction ring could be
seen, indicating that the material was low in crystallinity or amorphous. Fig. 4(d, e) were the
TEM images of IrO2-ZnO-CNT/Ti electrode, ZnO particles were observed to grow on the
walls of carbon nanotubes. Comparing with the SAED image of the IrO2-ZnO-G/Ti electrode
coating, the diffraction spots were clearer and had better symmetry, indicating that the
crystallinity of the electrode coating was higher. Using fast Fourier transform to calibrate the
interplanar spacing in each electrode coating, the results were shown in Fig. 4(b, e). In the
graphene-added coating, the calibrated interplanar spacing values were 0.248nm, 0.191nm
and 0.228nm, in the CNT-added electrode coating, the calibrated interplanar spacing values
were 0.247nm, 0.191nm and 0.223nm, they all correspond to the (101) and (102) crystal
planes of ZnO, and the (200) crystal plane of IrO2, respectively. Comparing the electrode
coatings of adding two different carbon materials, the crystallinity of the IrO2-ZnO-G/Ti
electrode coating was lower than that of IrO2-ZnO-CNT/Ti, and the size of the grains
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supported on the graphene sheet is significantly smaller than the grains attached to the wall of
the carbon nanotubes, which may make the IrO2-ZnO-G/Ti electrode coating more chaotic,
and the number of active sites distributed on the surface will be more.

Fig. 4. TEM and SAED images of electrodes with different carbon materials. (a, b, c) IrO2-ZnO-G/Ti; (d, e,
f) IrO2-ZnO-CNT/Ti.

3.1.3 XPS analysis
XPS test was performed on electrode coatings with different carbon materials to further
analyze the element composition and valence states in the coatings. Fig. 5 showed the XPS
full spectra of electrode coatings with different carbon materials and the fitting results of the
high-resolution narrow-scan spectra of C, Ir and Zn. Fig. 5(b) was the XPS spectrum of the C
1s orbital. After fitting, the spectrum of the electrode coating without carbon material had a
fitting peak at a binding energy of 284.8 eV. After adding carbon materials, the coatings had
fitting peaks at binding energies of 284.8 eV, 285.5 eV, 286.0e V and 286.4 eV, corresponding
to C=C, C-C, C-O and C=O, which proved that carbon materials were successfully combined
with the coatings. As shown in Fig. 4(c), it is a pair of characteristic peaks composed of Ir 4f
spin-orbit components Ir 4f5/2 and Ir 4f7/2. After fitting, in the IrO2/Ti electrode coating, Ir
4f5/2 and Ir 4f7/2 were located at 65.33 eV and 62.33 eV, corresponding to the main valence
state Ir4+. In addition, there are two satellite peaks at 63.28 eV and 66.28 eV [36]. Considering
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the multiple valence states of Ir and the electron distribution in the outer layer, the satellite
peak at the binding energy of 63.28 eV corresponded to Ir3+, and the satellite peak at the
binding energy of 66.28 eV corresponds to the higher valence Ir6+. When ZnO was added to
the electrode, a new satellite peak appeared at 61.9 eV, which was inferred to correspond to
Ir2+. In addition, the characteristic peak of Ir 4f orbital shifted to the direction of high binding
energy after ZnO was added to the electrode coating. This may be because the recombination
of ZnO reduces the electron cloud density outside the nucleus of Ir and strengthens the
binding ability of the nucleus to the outer layer of electrons. Fig. 4(d) showed the fitting
results of the Zn 2p orbital. The binding energy of the characteristic peak positions of Zn
2p1/2 and Zn 2p3/2 were 1045.01 eV and 1021.96 eV, respectively, corresponding to Zn2+.
After adding carbon materials, the peak position of Zn 2p did not change, indicating that the
Zn element existed in the form of stable ZnO in each electrode coating, and the addition of
different carbon materials would not affect the valence state of each metal element.

Fig. 5. XPS patterns of different electrode materials: (a) full spectra; (b) Ir 4f; (c) Zn 2p; (d) O 1s.

3.1.4 SSA analysis
Fig. 6 showed the Brunauer-Emmett-Teller (BET) results of the IrO2-ZnO-G/Ti and
IrO2-ZnO-CNT/Ti electrodes. The hysteresis ring belonged to the H3 type, which referred to
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the material with the layered structure and uneven pore size distribution [37, 38]. Compared
with the analysis of SEM, there were a large number of "plate-like" cracks on the surface of
the IrO2-ZnO/Ti electrode. After adding carbon nanotubes and graphene, ZnO and IrO2
adhered to the carbon materials surface and grew, the microscopy characteristics of the
coating’s surface were consistent with that of the adsorption-desorption curves. Fig. 6(d)
showed the change of the electrodes' specific surface area and total pore volume. The total
pore volume of IrO2-ZnO/Ti, IrO2-ZnO-CNT/Ti and IrO2-ZnO-G/Ti electrodes was 0.030 cm3
g-1, 0.054 cm3 g-1, 0.141 cm3 g-1, respectively. Comparing the pore size distribution diagrams
of the electrodes, it was found that the pore size in the coatings was roughly distributed
between 0-25 nm. With the addition of carbon materials, the number of pores increased.
Among them, the effect of adding graphene was more obvious than that of carbon nanotubes.
The number of mesopores with a size of 2-5 nm in the IrO2-ZnO-G/Ti electrode coating was
significantly more than that of the IrO2-ZnO-CNT/Ti electrode. The specific surface area of
IrO2-ZnO/Ti, IrO2-ZnO-CNT/Ti, and IrO2-ZnO-G/Ti was 10.48 m2 g-1, 30.028 m2 g-1, 101.59
m2 g-1, respectively. The growth law of the specific surface area of the coatings was consistent
with the total pore volume. The surface of the coating with carbon materials had changed
significantly, and the specific surface area and pore structure had increased. Especially the
surface of the electrode coating with graphene had a clear sheet-like fold structure. This
multi-layer porous structure greatly increased the specific surface area of the electrode coating,
and was also expected to serve as a diffusion channel for the electrolyte solution.
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（d）

Fig. 6. Curves of nitrogen absorption and desorption and pore size distribution of electrodes with different
carbon materials. (a) IrO2-ZnO/Ti; (b) IrO2-ZnO-CNT/Ti; (c) IrO2-ZnO-G/Ti; (d) BET and total pore
volume curves.
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3.2. Electrochemical performance
3.2.1. CV and GCD analyses
Fig. 7 showed the cyclic voltammetry test results of each electrode. The area of the
cyclic voltammetry curve is related to the charge storage capacity of the electrode material,
the larger the area, the more charge the electrode can store. The cyclic voltammetry curve of
the ZnO/Ti electrode was basically a straight line, so a single ZnO as an electrode material
had almost no charge storage capacity. Comparing with the ZnO/Ti electrode, the cyclic
voltammetry curve of the IrO2/Ti electrode had a certain area, while the curve area of the
IrO2-ZnO/Ti composite electrode was composed of two metal oxides was further increased.
Among them, the capacitance performance of the electrode came from the redox reaction that
occurred on the surface of the coating, indicating that IrO2 played a major role in the process
of the electrode participating in the reaction. When graphene and carbon nanotubes were
added to the electrode coating, the curve area of IrO2-ZnO-CNT/Ti and IrO2-ZnO-G/Ti
electrodes were significantly larger than that of electrodes without carbon material. To
compare the charge storage performance of each electrode more intuitively, the following
formula was used to calculate the integrated power of the electrodes:
𝑞∗ =

𝑆
𝑣

(1)

where q* refers to the surface charge density of the electrodes (C cm-2), s is the integrated
area of the CV curve, and ν is the scanning speed of the test (mV s-1). The calculation result
was shown in Fig. 7(b). The integrated electricity of IrO2/Ti, IrO2-ZnO/Ti, IrO2-ZnO-CNT/Ti,
IrO2-ZnO-G/Ti electrodes were 0.29, 0.74, 0.90 and 1.13 C cm-2. The electrode with graphene
had the largest surface charge density, which corresponded to the largest CV curve area of the
electrode, indicating that the electrode can store the most charge during the working process
and the capacitance performance was the best. It was worth noting that the cyclic voltammetry
curve of the IrO2-ZnO/Ti electrode showed significant redox peaks, and the redox peaks were
more prominent after the addition of carbon materials. The three pairs of redox peaks in the
electrode curves all appeared in the potential range of 0.1-0.3 V, 0.6-0.8 V and 0.9-1.1 V.
According to the results of XPS analysis, the Zn element always exists in the form of stable
Zn2+ during the reaction. Therefore, the reaction was mainly related to the change of the
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valence state of Ir in the electrode material, which corresponded to the XPS analysis result of
the valence state of Ir. The change in the valence of Ir during the oxidation-reduction reaction
was a process of gradually increasing or decreasing, including Ir(Ⅱ)/Ir(Ⅳ), Ir(Ⅲ)/Ir(Ⅳ) and
Ir(Ⅳ)/Ir (Ⅵ), the redox reaction was shown in the following equations [19]:
2IrⅣO2+4e-+2H+ ⇌ IrII2O32-+H2O

（2）

2IrⅣO2+2e-+2H+ ⇌ IrⅢ2O3+H2O

（3）

IrⅥO42-+4H++2e- ⇌ IrⅣO2+2H2O

（4）

Fig. 7. (a) Cyclic voltammetry curves with 25 mV/s; (b) Charge density curve of electrodes with different
carbon materials.

Fig. 8(a) showed the GCD curves of electrodes with different carbon materials added
under the current density of 5 mA cm-2. Except for the charge-discharge curves of the IrO2/Ti
electrode, the curves of the other electrodes had inflection points in the potential range of
0.1-0.3 V, 0.6-0.8 V and 0.9-1.1 V, which were the same as the position of the redox peaks in
the CV test. Table 1 showed the charging-discharging time and Coulombic efficiency of each
electrode. After adding carbon materials, the charging-discharging time of the electrode
increased, indicating that the electrode could store charge for a longer time under the same
current density. The Coulomb efficiency of each electrode was calculated according to the
following formula [39]:
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η=

td
tc

(5)

where η represents the coulomb efficiency of electrodes with different carbon materials, td
represents the discharge time of constant current charging and discharging （s）, and tc
represents the charging time of constant current charging and discharging (s). According to
the calculation results of the Coulombic efficiency, all electrodes were higher than 96%.
Among them, the Coulombic efficiencies of IrO2-ZnO-CNT/Ti and IrO2-ZnO-G/Ti were
97.07% and 98.65%, respectively, which were higher than those of electrodes without carbon
materials. It indicated that the electrodes had better charge and discharge stability after adding
carbon materials. Using the discharge time of the GCD test, combined with the following
formula to calculate the mass-specific capacitance of each electrode [40]:
𝐶𝑠,𝑡𝑜𝑡𝑎𝑙 =

𝑖∙𝑡
𝑚∆𝑉

(6)

where Cs, total represents the mass specific capacitance of the electrodes with different carbon
materials (F g-1), t represents the discharge time of constant current charge and discharge (s),
m is the active oxide load per unit area of the substrate Ti (g), and △V is the GCD test
potential window (V). The calculation results of specific capacitance were shown in Fig. 7(b).
The specific capacitances of IrO2/Ti, IrO2-ZnO/Ti, IrO2-ZnO-CNT/Ti and IrO2-ZnO-G/Ti
electrodes were 196, 399, 501 and 681F g-1, respectively. The capacitance performance of the
composite electrodes added with carbon materials had been significantly improved. This was
because carbon materials could provide active sites for metal oxides in the coating, the
effective contact area between the electrolyte solution and the electrode coating surface
increased, and more active materials participated in the redox reaction. Because of the layered
porous structure and larger special area, the IrO2-ZnO-G/Ti electrode had larger specific
capacitance than that of the IrO2-ZnO-CNT/Ti electrode. Fig. 8(c) showed the ohmic voltage
drop (IR) generated by each electrode during charging-discharging. The good conductivity of
carbon materials reduced the resistance of the coating surface, reduced obstacles in the
process of electrode charge storage, and was beneficial to the progress of charge and
discharge reactions.
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Fig. 8. (a) galvanostatic charge–discharge curves; (b) specific capacitance curve; (c) ohmic voltage drop
curve of electrodes with different carbon materials.
Table 1 Coulomb efficiency of electrodes with different carbon materials.
Electrodes

Discharge time

Charge time

Coulomb efficiency

td/s

tc/s

η%

IrO2/Ti

35.84

34.62

96.59

IrO2-ZnO/Ti

72.56

70.38

96.99

IrO2-ZnO-CNT/Ti

90.86

88.20

97.07

IrO2-ZnO-G/Ti

121.52

119.88

98.65

3.2.2. Power characteristic analysis
Fig. 9 showed the cyclic voltammetry test results with scanning speeds of 25, 50, 100,
200, 300, and 400 mV s-1. As the scanning speeds gradually increased, the cyclic voltammetry
20

curves of each electrode showed the same shift trend, the oxidation peak in the curve shifted
to the direction of positive potential, and the reduction peak shifted to the direction of
negative potential. The current response degree of the electrode also increased, and the peak
shift degree became larger and larger. Fig. 9(e) were the calculated curves of the charge
density of each electrode under different scanning speeds. As the scanning rate increased, the
charge density q* of the electrodes gradually decreased. During the reaction process, the
proton transfer could not be fully carried out due to the gradual increase in the sweep rate,
resulting in the inability of the oxidation-reduction reaction to proceed fully [41]. This also
explained why the redox peak of the coating was less and less obvious at high sweep rates. It
was worth noting that when the scanning speed of the IrO2-ZnO-G/Ti electrode was low, the
integrated power first increased and then decreased with the increase of the scanning speed.
The addition of graphene could provide the coating with a large specific surface area and rich
pore structure. However, when the scanning speed was too small, the current response of the
electrode was weak, and a large number of active materials could not be activated to
participate in the reaction. When the scanning speed was increased appropriately, the
electrode reached the balance of electron and proton exchange, the charge density would
gradually increase, which had the largest integral power at 25 mV s-1.
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Fig. 9. CV curves with different scanning rates of electrodes with different carbon materials. (a) IrO2/Ti; (b)
IrO2-ZnO/Ti; (c) IrO2-ZnO-CNT/Ti; (d) IrO2-ZnO-G/Ti; (e) charge-integral curves.

3.2.3. AC impedance analysis
AC impedance is an effective method to study conductivity and ion transfer. Fig. 10(a)
exhibited the Nyquist spectra of electrodes with different carbon materials in 0.5 M H2SO4
solution. The deviation of the low-frequency part from the imaginary axis represents the
degree to which the electrode deviates from the ideal capacitance. The low-frequency part of
the IrO2-ZnO-G/Ti electrode curve was closest to the imaginary axis, indicating that its
performance was closest to the ideal capacitance. The capacitive reactance will negatively
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affect the capacitance performance of the electrode, the capacitive reactance value of the
IrO2-ZnO-G/Ti electrode was the smallest, so the electrode had the largest capacitance value.
Fig. 10(c) showed a magnification of the spectrum in the high-frequency region. The
intersection of curve and abscissa represented solution resistance (Rs), which included
resistance of electrolyte, and resistance between electrolyte and coating interface. The
diameter of the half-circle represented Rct, which was the Faraday charge transfer resistance,
which represented the charge transfer speed during the oxidation-reduction reaction of the
electrode coating. It could be found from Fig. 10(c) that both the Rs and Rct of the IrO2/Ti
electrode were the smallest, indicating that IrO2 was a good conductive material. As shown
in Table 2, the Rct of IrO2/Ti, IrO2-ZnO/Ti, IrO2-ZnO-CNT/Ti and IrO2-ZnO-G/Ti
electrodes were 0.28, 0.59, 0.57 and 0.41 Ω, respectively. The conductivity of ZnO was poor,
resulting in a significant increase in the resistance of the IrO2-ZnO/Ti electrode. After the
addition of carbon materials, Rct and Rs were reduced, indicating that the addition of carbon
materials could indeed take advantage of its high electron mobility to reduce the internal
resistance of the electrode coating and the barrier between the surface and the electrolyte
solution. Comparing the IrO2-ZnO-CNT/Ti electrode, the IrO2-ZnO-G/Ti electrode had
smaller Rs and Rct, indicating that graphene could reduce the resistance of the electrode
coating better than carbon nanotubes. The IrO2-ZnO-G/Ti coating had the highest Cdl and CF,
which corresponded to the electrode with the largest specific capacitance. Comparing the test
results of each electrode, carbon materials could improve the negative impact of ZnO on the
coating performance and promote the transmission of electrons. Especially the effect of
adding graphene was more significant, not only promoting the oxidation-reduction reaction,
but also improving the conductivity of the coating, which played an important role in
improving the capacitance performance of electrode materials.
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Fig. 10. Nyquist diagram of electrodes with different carbon materials at 0.05 Hz-105. (a) low-frequency; (b)
equivalent circuit diagram; (c) high-frequency magnification diagram.

Table 2 Values and standard deviation rate of equivalent circuit elements of electrodes with
different carbon materials.
Electrodes

IrO2/Ti

IrO2-ZnO/Ti

IrO2-ZnO-CNT/Ti

IrO2-ZnO-G/Ti

Rs/Ω

0.1401

0.4069

0.2952

0.1906

(standard deviation/%)

(0.71)

(1.348)

(1.23)

(0.9696)

Cdl/10-3F

0.5315

0.3931

0.403

0.8442

(standard deviation/%)

(1.402)

(2.121)

(3.697)

(2.582)

Rct/Ω

0.2798

0.5936

0.5727

0.4110

(standard deviation/%)

(0.8747)

(1.366)

(1.976)

(1.447)

Zw/S·sec^5

0.5101

0.3624

0.2937

1.563

(standard deviation/%)

(1.481)

(2.183)

(2.379)

(4.327)

CF/F

0.1163

0.2619

0.3028

0.8867

(standard deviation/%)

(0.6958)

(2.078)

(2.699)

(2.593)
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3.2.4. Cycle stability
Through the cycle life test, the stability of the electrodes under continuous long-term
working conditions was evaluated. Fig. 11(a) showed the capacitance retention curves of
electrodes with different carbon materials under the condition of scanning rate of 500 mV s-1
for 20000 CV tests. As the number of cycles increased, the capacitance performance of the
electrode coating gradually decreased. Although the oxidation-reduction reaction of the active
material in the coating was highly reversible, it would inevitably cause material loss due to
long-term work, resulting in capacitance performance reduction. Among them, the
performance degradation of the IrO2-ZnO-CNT/Ti electrode was the most obvious. After
20,000 cycles of testing, the capacitance retention rate was 63.66%. This may be as the
IrO2-ZnO composite oxide grow on the surface of carbon materials, the binding force between
them and Ti substrate decreased, making them easier for active materials to fall off.
Comparing the cycle life test results of each electrode, IrO2-ZnO/Ti and IrO2-ZnO-G/Ti
electrodes could maintain great capacitance after 13000 cycles, and the capacitance retention
rate of IrO2-ZnO-G/Ti electrodes was higher than IrO2-ZnO-CNT/Ti electrode. Comparing
with the electrode of adding carbon nanotubes, the surface area and pore volume of the
electrode of adding graphene were larger. During the cycle, the electrolyte needs to gradually
enter the interior of the coating and fully undergo an oxidation-reduction reaction with the
active material, so the IrO2-ZnO-G/Ti electrode had better cycle stability. When the number of
cycles reached about 12000, the IrO2-ZnO-G/Ti electrode had been in full contact with the
electrolyte. As the coating surface material gradually fall off, the capacitance retention rate
began to decline rapidly, and the final capacitance retention rate was 80.24%. In general, the
addition of carbon materials would reduce the cycle stability of the electrode, but the binding
effect of graphene and the coating was better than that of carbon nanotubes, and the
capacitance loss of the electrode was reduced.
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Fig. 11. Capacitance retention curve of 20000 cycles of CV cycle at 500 mV s-1 sweep rate for electrodes
with different carbon materials.

3.3 Energy density and power density
In order to study the practicability of the IrO2-ZnO-G/Ti electrode as an asymmetric
supercapacitor, IrO2-ZnO-G/Ti electrode was used as the positive electrode, and
RuO2-MoO3/Ti electrode was used as the negative electrode to assemble an asymmetric
supercapacitor. The coating with irregular sheet-like morphology exhibited a great charge
storage performance as shown in Fig. S3 and Fig. S4. Fig. 12(a) was the GCD curve of
RuO2-MoO3/Ti electrode, the mass-specific capacitance of the electrode was 670 F g-1. Fig.
12(b) was the cyclic voltammetry curves of the two electrodes at a scanning speed of 5 mV s -1,
the operating voltage ranges of IrO2-ZnO-G/Ti and RuO2-MoO3/Ti were -0.34-0 V and 0-1.2
V, respectively. Among them, the asymmetric supercapacitor follows the charge balance
relationship Eq. (7), and the charge calculation formula is Eq. (8)[41]:
q+ =qq=C×∆E×m

(7)

(8)

where q+ and q- are the positive and negative charges, C is the electrode specific capacitance,

∆E is the potential window, m is the electrode active material load, m is based on the
following formula [42]:
𝑚+ 𝐶− × ∆𝐸−
=
𝑚− 𝐶+ × ∆𝐸+

(9)

where m+, m- are the positive and negative active material loads, C+, C- are the positive and
negative specific capacitances, and ∆E+, ∆E- are the positive and negative potential windows.
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According to the calculation results, the best mass ratio of positive and negative electrodes
was 0.28.
The two-electrode cell was electrochemically tested in an acidic electrolyte solution of
0.5M H2SO4. Fig. 13(a) were the GCD curves of IrO2-ZnO-G/Ti//RuO2-MoO3/Ti, and the
corresponding specific capacitance was calculated based on the total mass of the active
material loaded by the positive electrode and the negative electrode, the result was shown in
Fig. 13(b). It can be observed that as the current density gradually increased, the capacitance
performance decreased. When the current density was 1 A g-1, the specific capacitance
reached 108 F g-1. Fig. 13(c) showed the CV curves at different scanning speeds, the capacitor
can work well in the voltage range of 0-1.4 V. Comparing with the test results of the
IrO2-ZnO-G/Ti electrode in Fig. 12(b), the potential window of the CV test was extended
from 1.2 V to 1.4 V, using RuO2-MoO3/Ti as the negative electrode can broaden the working
voltage scope of the capacitor. As the scanning speed increased, the current response
gradually increased, the area of the cyclic voltammetry curve gradually increased, and the
redox peak of the curve was still very obvious, indicating that IrO2-ZnO-G/Ti//RuO2-MoO3/Ti
had good reversibility.

Fig. 12. (a) galvanostatic charge–discharge curve of RuO2-MoO3/Ti; (b) cyclic voltammetry curve of
IrO2-ZnO-G/Ti and RuO2-MoO3/Ti electrodes
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Fig. 13. Electrochemical test results of two electrodes IrO2-ZnO-G/Ti//RuO2-MoO3/Ti. (a) Constant current
charge and discharge curves; (b) Specific capacitance curves; (c) Cyclic volts with sweep speed 5-75 mV/s
Ampere curve; (d) Ragone plot.

The energy density and power density of IrO2-ZnO-G/Ti//RuO2-MoO3/Ti were
calculated by the following formulas：
C∆V2
7.2
3600E
P=
∆t
E=

(10)
(11)

Among them, C is the mass-specific capacitance, ∆V is the working potential window, and ∆t
is the discharge time, the calculation result was shown in Fig. 13(d). When the power

densities were 700 W kg-1 and 3505 W kg-1, corresponding to the energy density of 29.6 W h
kg-1 and 25.3 W h kg-1, respectively. The asymmetric supercapacitor prepared in this study
had a higher energy density than other metal oxide asymmetric supercapacitors, such as
LiMn2O4//MnFe2O4 [43] (1.8 kW kg-1, 5.5 W h kg-1), ZnCoS//PrGO [44] (435 W kg-1, 17.7 W
h kg-1), NiCo2S//C [45] (160 W kg-1, 22.8 W h kg-1). In addition, the power density of
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supercapacitors was also higher than that of some carbon-based asymmetric supercapacitors,
such as MB-ARS-IC//rGO@CF [46] (1250 W kg-1, 3.89 W h kg-1), CoFe2O4-C//AC [47] (700
W kg-1, 14.38 W h kg-1). When the current density was changed and the power density
increased significantly, the energy density of the cell did not decay significantly, which
provided a possibility for industrial production of energy storage devices with high energy
and power density.

3.4. Charge storage mechanism
After the above experimental analysis, the charge storage mechanism of the electrode
was further proposed. The working principle was shown in Fig. 15. H2SO4 was adopted as the
electrolyte, oxides of IrO2-ZnO-G and RuO2-MoO3 growing on the Ti substrates directly were
adopted as the anode and cathode respectively. The lamellar structure of graphene was used as
a growth platform to provide more active sites for metal oxides in the coating, which could
increase the specific surface area of coating and exposed more reactive substances to the
surface. The contact between electrolyte and coating was more sufficient, which promoted the
reaction. The carbon materials with effect electron mobility could also increase electron
transfer rate on the surface of the coating. According to experimental results, the Rct of
IrO2-ZnO-G/Ti coating decreased by 27.8% after adding graphene. During the charging
process, the anions in the electrolyte are adsorbed on IrO2-ZnO-G/Ti. Iridium ion lost electron,
its valence increased gradually, in which iridium ion had abundant valence states (Ir2+, Ir3+,
Ir4+, Ir6+). Electrons were transferred to external circuits through channels provided by carbon
material [48]. While cations (H+) in the electrolyte would move to the surface of the
RuO2-MoO3/Ti electrode then establish contact with RuO2 and MoO3 crystals, which might
reduce the valence states of Ru and Mo elements (Ru4+/Ru3+, Mo6+/Mo4+) along with the
voltage effect. And charges were stored in the pseudocapacitor during those processes. During
the discharge process, the charge accumulated by the pseudo-capacitor charging process
would be released in a completely opposite manner to the charging process. In this working
system, carbon material could effectively improve the charge storage capacity of electrodes
and made metal oxides in the coating fully express the pseudo-capacitance performance.
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Fig. 14. The schematic illustrating the charge storage mechanism of IrO2-ZnO-G/Ti and RuO2-MoO3/Ti
electrodes.
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4. Conclusion
The performance of the electrode changed significantly after adding G or CNT.
IrO2-ZnO-G/Ti exhibited the best electrochemical performance, its specific capacitance was
644F g-1. G and CNT with the large specific surface areas provided platforms for the growth
of metal oxides. There were more active adhesion sites on the coating surface, which
effectively increased the contact area between metal oxides and electrolytes. The coating
could not only fully carry out the redox reaction, but also refined the grains. At the same time,
the IrO2-ZnO-G(CNT)/Ti electrode had high electron mobility, which could reduce charge
transfer resistance (Rct) and improved electron transfer efficiency. It was a worth notice that
the effect of G was more obvious. There was an amorphous phase in the coating of
IrO2-ZnO-G/Ti, which was beneficial for ions to enter the internal coating. G was acted as an
efficient electron transfer channel, the pseudo-capacitance of IrO2 could be fully exhibited and
the charge-storage capacity of the electrode would be enhanced. Adding carbon materials
might reduce the adhesion between coating and substrate, but the effect of G was less than
CNT. After 20000 cycles of CV, IrO2-ZnO-G/Ti electrode with excellent stability performance
exhibited a high capacitance retention rate (80.24%). A binder-free asymmetric supercapacitor
working in H2SO4 solution was assembled with RuO2-MoO3/Ti and IrO2-ZnO-G/Ti as
cathodic and anodic respectively. It exhibited energy densities of 29.6 W h kg-1 and 25.3 W h
kg-1 when the power density was 700 W kg-1 and 3505 W kg-1 respectively. In this study, an
asymmetric supercapacitor prepared by a simple thermal decomposition method makes it
possible to use a pseudocapacitor working in an acid solution.
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