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Abstract: In order to fabricate the composite electrodes of a supercapacitor, transition-metal oxide
materials NiO and WO3; were deposited on carbon electrodes by electron beam evaporation.
The influences of various transition-metal oxides, scan rates of cyclic voltammograms (CVs),
and galvanostatic charge/discharge tests on the characteristics of supercapacitor were studied.
The charge/discharge efficiency and the lifetime of the composite electrodes were also investigated.
It was found that the composite electrodes exhibited more favorable capacitance properties than those
of the carbon electrodes at high scan rates. The results revealed the promotion of the capacitance
property of the supercapacitor with composite electrode and the improving of the decay property
in capacitance at high scan rate. In addition, the charge/discharge efficiency is close to 100% after
5000 cycles, and the composite electrode retains strong adhesion between the electrode material and
the substrate.

Keywords: electron beam evaporation; composite electrode; supercapacitor; charge/discharge
efficiency

1. Introduction

A supercapacitor is a new storage device positioned between traditional capacitors and batteries.
Electrochemically activated materials or porous materials are used for storage in a supercapacitor.
The advantages of a supercapacitor are its high power density, high energy density, excellent cycle life,
and fast charge and discharge times [1,2]. Supercapacitors have attracted considerable attention in
recent years because they do not have the disadvantages that traditional batteries and capacitors have.

It has been discovered that charges can be separated using Coulomb electrostatic force and
form double layers across the surface of electrodes and electrolytes [3]. The concept of an electrical
double-layer capacitor (EDLC) involves applying DC voltage to electrodes, which are typically
porous carbon, to establish an electrical double-layer for charges storage. A pseudocapacitor stores
electrical energy through rapid and continuous redox reactions between the electrodes and the
electrolyte. Metal oxides and conducting polymers are commonly used as the electrode materials
in pseudocapacitors. Porous carbon is usually chosen as the electrode material in commercial
products because of the high cost of metal oxides and the poor stability of the conducting
polymers. Therefore, composite electrodes exhibit such advantages as double-layer capacitance
and pseudo-capacitance [4,5].

Appl. Sci. 2016, 6, 413; d0i:10.3390/app6120413 www.mdpi.com/journal/applsci


http://www.mdpi.com/journal/applsci
http://www.mdpi.com
http://www.mdpi.com/journal/applsci

Appl. Sci. 2016, 6,413 20f8

Beliakov et al. prepared an asymmetrical composite electrode by using NiO and carbon in 1999,
and the results showed more favorable energy density than carbon—carbon electrodes [6]. However,
Takasu et al. in 1999 proposed a oxide composite consisting of Ti, V, and W oxides for the application
of ECs [7]; meanwhile Jeong and Manthiram reported that RuO, coated with WO3; showed good
capacitive performances in both acidic and alkaline media in 2001 [8,9]. In 2005, Yuan et al. showed
a hybrid-type electrochemical capacitor, in which the activated-carbon (AC) load with nickel oxide
was used as cathode material and the activated-carbon was used as anode material. Although the
BET surface area of the activated-carbon decreased after nickel oxide loading compared with that of
the starting material, its specific capacitance increased 10.84%, from 175.40 to 194.01 F-g~! [10,11].
Recently, amorphous tungsten oxide with microwave radiation was reported to be a promising
electrode material for electrochemical capacitors (ECs) [12]. Accordingly, tungsten oxides and NiO of
certain microstructures should be of pseudocapacitive behavior.

In this study, the carbon electrode using mesocarbon microbeads (MCMBs) was adopted for the
fabrication of a supercapacitor. To fabricate the composite electrodes of the supercapacitor, NiO and
WO; layers were deposited onto carbon electrodes using electron beam evaporation. This technique,
one of the physical vapor deposition methods, was chosen largely for the growth of device quality
films [13]. The influences of various scan rates of the cyclic voltammograms (CVs) on the characteristics
of capacitance were studied. The charge/discharge efficiency and lifetime of the composite electrodes
were also discussed.

2. Experimental

2.1. Preparation of Carbon Electrodes

Conductivity percolation was found to play a critical role in determining the electrochemical
capacitive behavior of the carbon—carbon composite electrode, which is comprised of a non-conductive
activated carbon with a large surface area and a conductive carbon black (CB) with a small surface
area [14]. Therefore, CB powder (10 wt %) was added to 1 g of MCMB powder and mixed uniformly.
The mixing powder was added to a solution containing 2 wt % polyvinyl butyral (PVB) and 9.1 mg
of dimethylacetamide (DMA). The mixture was mixed at room temperature (R.T.) to form a carbon
slurry. The electrodes were prepared by spin-coating the carbon slurry onto ITO glass (transmittance
of 85%, sheet resistance of 15 2-sq~!.) and then evaporating the solvent, DMA, in an oven at 150 °C
for 10 min.

2.2. Fabrication of Composite Electrodes

First, WO3 and NiO were, respectively, deposited using an electron beam evaporation technique
onto the MCMB/ITO substrates. A high-purity WO3 powder (99.8%, Alfa Aesar, Heysham, UK) and a
NiO powder (99%, Sigma-Aldrich, St. Louis, MO, USA) were used as the evaporation materials.
The vacuum chamber was initially pumped to a pressure of 5 x 10~° Torr before evaporation.
A working pressure of approximately 1 x 107> Torr was maintained throughout the evaporating
process. The distance between the powder and the substrate was 20 cm. The powders were heated
using an electron beam that was collimated from the DC heated cathode of a tungsten filament.
The surface of the powders was scanned using a 270° deflected electron beam at an accelerating
voltage of 4 kV. The thickness of the films and the deposition rate were controlled using the quartz
crystal monitor. Prior to evaporation, a pre-evaporating process was performed for 5 min to remove
contaminants from the powder.

MCMB/ITO glass was used as the substrate. Continuous rotation of the substrates during the
deposition process facilitated the formation of homogeneous and uniform films on the substrate
surface. The evaporation rate of 0.5 nm-s~! was adopted to deposit all films. The preparation flow
diagram of composite electrodes is shown in Figure 1.
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Figure 1. The preparation flow diagram of the composite electrode.

2.3. Characterization and Electrochemical Properties

The crystalline structure of the films was analyzed using X-ray diffraction (XRD, PANalytical
X'Pert PRO, Almelo, Netherlands) with Cu K« radiation (A = 0.1542 nm). Step scans performed at a
scan rate of 3°-min~! were performed in the 20 ranged from 10° to 70°. The thickness and surface
microstructures of the films were investigated using a scanning electron microscope (SEM, ZEISS,
Auriga-39-50, Oberkochen, Germany). The characterization of the electrochemical properties was
conducted in a 2-electrode cell by using an electrochemical analyzer (CHI, 6273B, Austin, TX, USA).
The CVs curves were used to analyze the voltage and current changes, which used 1 M EtyNBF, as an
electrolyte and scanned at a scan rate of 25 mV-s~! and at a voltage range of -3 V to 3 V. The following
equation was used to calculate the specific capacitance [15]:

7dQ74 1 V2

C_W_ X oAV v

(V)dv 1

where f‘}? I(V)dV is the hysteresis loop area, v is the scan rate, AV is the range of potential, and m is

the total weight of the electrode material.

3. Results and Discussion

Figure 2 shows that the carbon electrode prepared using the MCMB was in an amorphous
state. According to the JCPDS cards, peaks at 37.2° and 43.2° of 26 correspond to the (111) and (200)
diffractions of NiO (JCPDS files: 20-1324) deposited on the carbon electrode. However, there were
not obvious diffraction peaks for WO3 deposited on the carbon electrode; therefore, it was in an
amorphous state. Because WO5 films were deposited at R.T., the amount of energy was insufficient to
induce crystalline growth.
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Figure 2. X-ray patterns of the composite electrodes: (a) ITO/glass substrate; (b) MCMB/ITO/glass;
(c) NiO/MCMB/ITO/glass; (d) WO3/MCMB/ITO/ glass.

Figure 3 shows the morphologies of a layer NiO deposited on the activated carbon surface.
The WO;3 films deposited on the activated carbon are round rock structures as shown in Figure 4.
Cracks are visible on the WOj3 films. The MCMB has a high specific surface area and porosity.
The thickness of the metal oxide (WOj3 or NiO) films deposited on the MCMB surface is about 500 nm
via electron beam evaporation. This caused cracks, but a high power density of the supercapacitor
with composite structure electrodes was obtained. Electrochemical measurements were conducted in a
2-electrode disc-type cell (capacitor), in which a separator was soaked in 1 M Et4NBF, and inserted
between the two carbon electrodes. A voltage ranges of —3.0 to 3.0 V was applied.

100 li m

(b)

Figure 3. SEM morphologies and EDS of the NiO thin films deposited on the carbon electrode:
(a) the magnification of 1000 (b) the magnification of 30,000
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Figure 4. SEM morphologies and EDS of the WOj3 thin films deposited on the carbon electrode:
(a) the magnification of 1000x (b) the magnification of 30,000x.

While at lower scan rates all the active surface area can be utilized for charge storage [16].
Therefore, a smooth current peak was obtained. However, the current peak increased with the
increasing scan rate. As the scan rate of the CVs gradually increased, the shape of the CVs changed
from rectangular to ovular. In Figure 5, when the scan rate was 25-200 mV-s~!, carbon electrodes
and composite electrodes exhibited a similar hysteresis area of CVs. However, when the scan rate
exceeded 250 mV-s ™!, the hysteresis area of the CVs of the composite electrodes was larger than that
of the carbon electrodes. The composite electrode, on which NiO was deposited, exhibited a larger

hysteresis area.
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Figure 5. CVs of the carbon electrodes and the composite electrodes in 1M Et;NBF, solution at various
scan rates: (a) 25 mV/s (b) 50 mV /s (c) 100 mV /s (d) 200 mV /s (e) 250 mV /s (f) 500 mV /s.

Table 1 shows the specific capacitances that were calculated using Equation (1) at various scan
rates of CVs. Specific capacitances decreased gradually when scan rates increased, as shown in Figure 6.
When the voltage scan rate was slower, a chemical adsorption/desorption or redox reaction occurred
on the surfaces of the electrodes, enabling electrolyte ions to migrate into the inner pores of the
electrodes. The ions may not have had enough time to reach the surface of the capacitor electrode at a
high scan rate. However, when the scan rate was slower, the redox reaction occurred on the surfaces of
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the electrodes, enabling ions to migrate into the inner pores of the electrodes. Therefore, a low scan
rate demonstrates a better specific capacitance for devices. As a result, when the electrode with a large
specific surface area is adopted, the specific capacitance is increased [17-19].

Table 1. The specific capacitance (F-g~1) of the composite electrode at various scan rates.

Scan rates MCMB NiO/MCMB WO0O3/MCMB

25mV/s 221.5 187.2 194.8
50 mV/s 186.4 146.5 160.4
100 mV/s 150.1 119.6 122.7
200 mV/s 101.7 94.1 84.3
250 mV/s 71.4 84.2 72.5
500 mV/s 26.7 41.2 39.3
250
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Figure 6. Specific capacitances of the carbon electrodes and the composite electrodes at various
scan rates.

When the scan rate was lower than 200 mV-s~!, the specific capacitance of the carbon electrodes
was larger than the specific capacitance of the composite electrodes. The specific capacitance of the
composite electrodes was larger when the scan rate was larger than 250 mV-s~!. Because metal
oxide was deposited only on the surface of the MCMB, a section of the pores was blocked, and the
specific capacitance of the composite electrodes was smaller than the specific capacitance of the carbon
electrodes. However, a chemical adsorption/desorption or redox reaction occurred on the surfaces of
the electrodes at a high scan rate; therefore, the capacitance was excellent.

The charging and discharging curves of the NiO/MCMB electrodes at R.T. in a voltage range
of —3 to 3 V at a constant current density of 6 A-g~! is shown in Figure 7a. The equivalent series
resistance (ESR) of the devices was calculated according to the following equation [20]:

iRdrop

ESR = o3 ()

where I (ampere of 0.03 A) is the discharge current, and iRgrop (volts of 2 V) is defined as the electrical
potential difference between the two ends of a conducting phase during charging /discharging. The ESR
is calculated as 33.3 Q) (I = 0.03 A, iRgrop =2V).

The electrochemical stability of the NiO/MCMB electrodes was also studied. Figure 7b shows the
composite electrode test charge/discharge efficiently (1) at 5000 cycles. The following equation was
used to calculate the charge/discharge efficiently:

t
n = 2deh 1000, = Ldeh 1000, @3)
ch £ ch
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where Q. is the discharge capacity (Coulomb), Q. is the charge capacity, ¢, is the discharge time,
t. is the charge time.
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Figure 7. (a) Charging and discharging curves of the NiO/MCMB elextrodes (b) The relation of
charge/discharge (1) and life-times in the NiO/MCMB elextrode.

The results show that the first charge/discharge efficiency was 93%. As the charge/discharge
times increased, the charge/discharge efficiency gradually increased. The charge/discharge efficiency
was near 100% after 10 cycles. After 5000 cycles, good adhesion was retained between the electrode
material and the substrates.

4. Conclusions

In this study, the carbon electrode was prepared via spin coating. Furthermore, the transition metal
oxide was deposited on the surface of the electrode via electron beam evaporation, because this method
produces composite electrodes with a shorter process time and less pollution than other methods.

Although the specific capacitance of a supercapacitor cannot be enhanced, the capacitance
characteristics of the supercapacitor at a high scan rate can be improved. When the scan rate increased
from 25 mV-s~! to 500 mV-s~!, the hysteresis area of the CVs increased, and the shape of the CVs
changed from rectangular to ovular, but the specific capacitance gradually decreased. The specific
capacitance of the carbon electrode decreased from 221.5 Fg~! to 26.7 Fg~!; therefore, the rate of
decline was 88%. The specific capacitance of the NiO/MCMB composite electrode decreased from
187.2 Fg~! to 41.2 Fg~!, which resulted in a 78% rate of decline. The specific capacitance of the
composite WO3/MCMB electrode decreased from 194.8 Fg ! to 39.3 Fg~!; therefore, the rate of decline
was 80%. As a result, the composite electrodes reduced the rate of decline as the scan rate increased.
In addition, the charge/discharge efficiency was close to 100% after 5000 cycles, and the composite
electrodes retained strong adhesion between the electrode material and the substrate.
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