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" Guangdong Technion Israel Institute of Technology, Shantou, China, ¢ Technion — Israel Institute of Technology, Haifa, Israel

As a conventional electrode material of electric double-layer capacitors (EDLC),
activated carbon (AC) still faces challenges to exhibit high capacitance. To address
this problem, herein, we introduce a combined method of oxygen plasma and Al,O5
tomic layer deposition (ALD) on AC electrodes to reduce the impedance and improve
the cycle stability of EDLC. The defect structure can be precisely designed by simply
tuning the oxygen-plasma treatment time, thereby affecting the microstructures of AC
electrode. Such a tactic permits the first-operated AC electrode with more defects
and the ALD passivation of AC resulting in an outstanding rate performance for the
device (40.6 F g~' at 5 mA cm~2, 20.1 Fg~—' at 100 mA cm~2) and cycling stability
(~90% retention after 5,000 cycles). This benefit from the synergistic effect of defects
from doped oxygen and stable aluminum oxide layer on the electrode surface. This
work delivers a feasible strategy to construct a stable AC material with superior cycling
performance for supercapacitor.

Keywords: supercapacitors, high voltage, aluminum oxide, atomic layer deposition, porous activated carbon

INTRODUCTION

The demand of advanced energy storage system drives the search for new types of renewable
energy materials and devices to reduce the environmental and pollution issues. Electrochemical
supercapacitor (ES) has some obvious advantages in high power density to render a rapid charge-
discharge rate (within seconds) for short-term acceleration and recovery of energy from braking,
and long cycle life (>100,000 cycles) compared with battery devices. However, the lower energy
density limits the broad application of supercapacitors (Simon and Gogotsi, 2008; Gonzalez et al.,
2016; Xue et al., 2018). Generally, some strategies are applied to improving the device specific
energy such as modifying the type/ratio of solvents in electrolytes; inducing nanoscale reaction
such as doping heteroatom (N, O, S, and P), defects, and nanostructure of electrode materials;
synthesizing carbons with inert surface or passivation to suppress the side reaction or interaction
between the electrolytes and the electrodes (Shen and Hu, 2014; Chi et al., 2016; Li et al., 2020).
In principle, supercapacitor’s performance highly depends on the electrodes’ specific surface area,
pore structure, surface functionality, and electrical conductivity (Wang et al., 2013; Li et al., 2020).
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As such, activated carbon (AC) is the most widely used electrodes
in electric double-layer capacitors (EDLCs), which possesses high
surface area (900-3,500 m? g~!), and gravimetric capacitances
of 200-550 F g~! in aqueous electrolyte and 130-230 F g~!
in non-aqueous electrolyte (Murphy et al., 2006; Yan et al,
2013). However, ACs with various functional groups may
accelerate the side reaction between electrolytes and electrodes
leading to capacity loss, leakage current, limited working voltage
window in non-aqueous electrolyte system (Yoshida et al., 1990;
Morimoto et al., 1996; Pandolfo and Hollenkamp, 2006). The
universal approaches to enhance energy storage capacity of AC-
based supercapacitors are utilizing a hierarchical nanostructure,
composite with metal oxides, conducting polymers favorable for
Faradaic reaction, and properly functionalizing carbon materials
for improved surface wettability (Balasubramaniam et al., 2020;
Qin etal., 2020). Besides, some metal-organic framework-derived
materials and Mxene-based composites are confirmed to boost
the energy storage capacity as well (Liang et al., 2019; Wang et al.,
2020).

Sui et al. (2015) synthesized Ni(OH),/AC/CNT composite by
microwave-assisted method, displaying a specific capacitance of
82 F g~ !, energy density of 32.3 Wh kg~ ! at a power density of
504.8 W kg~ ! with 83.5% capacitance retention after 1,000 cycles
in an asymmetric supercapacitor. Elmouwahidi et al. (2017)
utilized an inverse emulsion method to obtain carbonxerogel-
TiO, composites for symmetric supercapacitors. The device
shows the high electrochemical performance with 137 F g1 at
0.250 A g~ ! for the composite containing 20% TiO,. However,
the critical drawbacks of the AC materials insulated with metal
oxides are huge volume and structural changes upon cycling
(Eftekhari, 2017). On the other hand, the modification of AC-
based electrodes and biomass-derived carbon draw great interest
for the design of wide range of pore size that could provide a
larger adsorption area and thus a higher specific capacitance.
The resulted AC electrode using biomass precursors such as
walnut shell, seaweed, wood, starch, corn cob, rubber fiber, and
coffee grounds, etc. demonstrated significant electrochemical
performance (Korenblit et al., 2012; Li et al., 2019; Gandla et al.,
2020). Although the development of proper pore structure in
carbon material remains to be an important pathway for high
specific capacitance at high power, the manufacturing of AC
electrodes using the wide precursors requires low temperature
pre-carbonization and activation process (Surendran et al., 2018;
Liu et al, 2019; Zeng et al, 2019). The AC products carry
certain amount of surface functionalities such as oxygen and
OH group that can become the root cause of the performance
degradation during cyclic operation. Eliminating or suppressing
their reactivity with electrolytes as well as enhancing the
capacity of AC-based supercapacitor are very attractive to the
energy storage device.

This work reports a new approach combining plasma
treatment and atomic layer deposition (ALD) coating technique
to synergistically achieve the high capacitance and stable cycling
performance using AC electrodes. In low-temperature plasma,
the strong electromagnetic fields generates energetic electrons
that can dissociate, ionize, or excite the gas molecules. As a
result, a large number of gas ions, atoms, and excited species are

created in the plasma treatment process (Kim et al., 2016; Tran
et al., 2016). The introduction of heteroatoms is highly reactive
and intensively interacts with the AC materials for electrode
modification. Quan, et al. confirmed that the exfoliation and
reduction of GO have been successfully achieved in DBD plasma
with different working gases, including H2 (reducing), Ar (inert),
and CO, (oxidizing; Zhou et al, 2012). Ouyang et al. (2016)
considered that the high activity of N, plasma can also be active
enough to dope into carbon materials. However, this method may
also introduce heteroatoms like defects and vacancies into carbon
materials (Tao et al., 2016; Zhang et al., 2017).

Different from plasma, ALD has been demonstrated capable
for effective oxide coating on various cathode materials for
lithium ion batteries and enabling three-dimensional-structure
materials for the enhanced cycling performance at higher voltages
(Chen et al,, 2010; Liu et al., 2012; Jung et al., 2013; Gandla and
Tan, 2019). In this work, the author attempted to leverage ALD
technique to modify the conventional AC electrode (not powder)
that holds the interior carbon structure through oxygen plasma
treatment. The subsequent deposition of nanometer-thick Al,O3
is anticipated to stabilize the AC electrode from the reactive
degradation of the functional groups. The high electrochemical
capacity of plasma-enhanced AC electrodes may synergize with
the high cycling retention of ALD oxide protection, thus giving
rise to higher energy density and power density.

EXPERIMENTAL AND SAMPLES

Materials

Activated carbon powders were YP-50F from Kuraray, and
the binder polyvinylidene difluoride (PVDEF), N-methyl-2-
pyrrolidinone (NMP), and carbon black super Li were purchased
from (Sigma Aldrich). A 35-pm thick cellulose NKK TF4035
(Nippon Kodoshi, Japan), having 75% porosity was used as a
separator. The electrolyte salt (SBP-BFy4) obtained from (Sigma
Aldrich) was placed in a glove box filled with high purity argon
(<1 ppm O3 and <1 ppm H,0), then dissolved in the Acetone
Nitril (AN) with 1 moL/L concentrations.

Synthesis of Oxygen Plasma Treated ACs

Oxygen Plasma Etching on ACs: The carbon electrode was
prepared by mixing 85% AC (Kuraray YP-50), 10% carbon black
(Super Li), and 5% binder of PVDFE. Then a vaccum mixer was
used for 10 min to achieve a homogeneously mixed carbon slurry
by adding solution NMP. The slurry was coated on an aluminum
foil collector and dried in a vacuum oven overnight at 120°C. The
oxygen-plasma-treatment of the ACs electrodes were carried out
as shown in Figure 1 with reactive ion etching power (40 W),
plasma pressure (90 Pa), O, flow rate (700 mL min~!), and
operated time of 5, 15, and 30 min, respectively. The resulted
material was named as OPx (x = 5, 15, and 30). Finally, the treated
electrode was pressed to a dense sheet at 10 MPa to obtain the
working electrodes. The punched circular disks with a diameter
of 12 mm were obtained as electrode using MTI disk cutting
machine (MSK-T10). The loaded active mass on each working

electrode was about 2.2-2.4 mg cm ™2,
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FIGURE 1 | lllustration for the function of oxygen plasma, Al,O3 ALD coating on the AC electrode, and the construction of AC-based symmetric supercapacitor.
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Synthesis of ALD Oxide Coated ACs
Atomic layer deposition coating was carried out using a Benchtop
GESTar XT-D ALD system by Arradiance, Inc. Aluminum oxide
(Al,O3) is deposited using the Trimethyl Aluminum (TMA), and
high-performance liquid chromatography grade H,O (HPLC,
Sigma-Aldrich). The typical growth rate for the chemistry is
0.5-1.5 A per cycle for dielectric oxide materials. The reaction
sequence within each deposition cycle was: (i) exposure of the
substrate to TMA, (ii) purge to remove the nonreacted precursors
and the byproducts, (iii) exposure of the substrate to H,O,
and (iv) purge to remove the nonreacted precursors and the
byproducts (Zhao and Wang, 2013; Song and Tan, 2020).

The oxygen-plasma-treated AC electrodes were fixed onto
a silicon wafer with Kapton tapes. Each ALD process was
conducted in the 150°C chamber and at the constant argon
flow rate of 10 sccm. The AlLO3; ALD coated electrodes
were transferred into clean zip-lock storage bags or used for
electrochemical tests immediately after the deposition.

Characterization of Electrodes

The surface morphology and particle size were characterized
using a ZEISS Sigma-500 field emission scanning electron
microscopy. The elemental distribution and mapping were
obtained using Energy Dispersive Spectroscopy (EDS, BRUKE
XFlash-6130, Germany). Transmission electron microscopy
(TEM) images were captured on a JEM2100 instrument at
an acceleration voltage of 200 kV, to analyze the features of
deposition on the carbon surface. Quantachrome Autosorb-iQ2-
MP (United States) and nitrogen isotherms were used to test
specific surface areas by BET tests with degassing at 250°C for 3 h
for each 36 mg sample. The element distribution and functional
changes were explored using X-ray photoelectron spectroscopy
of Thermo Scientific ESCALAB 250Xi (United States) and
monochromatic Al target.

Electrochemical Measurements
The supercapacitor’s performance of the AC, OPx, and ALD
coated AC electrodes was evaluated by assembling a symmetrical

supercapacitor device in a CR2032 coin using the Gamry
electrochemical workstation (Interface 1010E, United States) and
Arbin Station (Arbin System, United States). The Galvanostatic
charge-discharge (GCD) measurement is carried out between 5
and 100 mA cm™2. EIS data were recorded with a potential
amplitude of 5 mV within a frequency range of 10-0.01 Hz
(Yan et al., 2020).

The specific capacitance (C, F g~!), energy density (E, Wh
kg_l), and coulombic efficiency (n) values of the coin cell
supercapacitor device were calculated using GCD curves from the
following equations:

IAt
= 1
mAV M
Atd
= 2
= ()
CAV?
= (3)
2x3.6

where I represents the discharge current (A), At is the discharge
time (s), m is the total mass (g) of active material loaded on both
the electrodes, AV denotes the applied potential window (V), and
Atd/ Atc is the ratio of discharge time to charge time.

RESULTS AND DISCUSSION

Microstructural Analysis of

Oxygen-Plasma-Treated Electrode

Figure 2 shows the surface microstructure of the bare AC
electrode and the AC treated with different oxygen-plasma-
treated time. Compared with the bare AC, the surface structure of
AC via plasma treatment was gradually damaged and roughened
up with increasing treatment time. Apparently, the AC structure
could no longer maintain the intact block structure after 30 min.
This may be attributed to destruction of the original C-C bonds
under plasma energy and the formation of new functional group
bonds and defective structures.
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FIGURE 2 | SEM image:(a) Bare AC; (b) Oxygen-Plasma treatment at 5 min (OP-5); (c) Oxygen-Plasma treatment at 15 min (OP-15); and (d) Oxygen-Plasma

treatment at 30 min (OP-30).

The molecular structure of the damaged AC samples was
further inspected using Raman spectroscopy. All the samples
exhibit similar Raman lines with two of them relatively dispersed
near ~1,350 cm™! (D band) and ~1,580 cm~! (G band), as
shown in Figure 3A. With the increase in the oxygen-plasma-
treated time, the ratio of integral area of G band and D band
decreases gradually. The graphitization degree of OP-x samples
decreased with the increase of treated time, which indicated that
the introduced oxygen relatively enhances the defect amount.
The ID/IG ratios of four samples slightly increased with the
increase of treated time, illustrating the increased defects as well
(Tao et al., 2016).

In order to understand whether oxygen plasma treatment
blocks micropores, we carried out the pore structure analysis
(or pore size distribution) of plasma treated ACs and the bare
AC. Figure 3B shows the comparison using DFT (density
functional theory) and HK (Horvath-Kawazoe) methods from N,
adsorption-desorption isotherms (at 77.4 K). The BET specific
surface area, pore volume of the bare AC, OP-5, OP-15, and
OP-30 were found to be 1,375 m? g1, 0.65 cm® g1, 1,378 m?
g1, 0.65 cm?® g1, 1,423 m? g1, 0.67 cm® g7!, and 1,368 m?
g 1, 0.63 cm® g1, respectively. The 3.2% increase in the pore

volume for OP-15 and negligible difference for OP-5 and OP-30
implies that the plasma did not change the surface area and pore
volume significantly.

X-ray photoelectron spectroscopy (XPS) was used to reveal
the impact of oxygen insertion on the AC surface, as shown in
Figures 3C,D. The Ols peak in the spectrum was deconvoluted
into three peaks of C = O (531.5ev), C-O (532.6ev), and O-C = O
(533.7ev), respectively. Compared to the bare AC electrode,
the plasma treated electrodes contain more COOH groups and
less O-C = O groups as the treated time extends from 5 to
30 min. The contribution of oxygen insertion and more COOH
groups are favorable for improving the performance (Lai and Lo,
2015). In addition, the oxygen content increases first and then
decreases as the oxygen treatment time increases. The OP-15
possess the highest oxygen content of 30.68%. The less oxygen
content in electrodes with longer time plasma treatment may
be resulted from the broken functional bond that damages the
carbon structure and even carbon flake-off.

Figure 4 depicts an oxygen doping effect by the Nyquist
plot of impedance/frequency behavior of the bare AC based
and the plasma-treated electrodes. The coin cells using plasma-
treated AC shows obvious reduction in the impedance compared
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with that of the bare AC. The equivalent circuit model for
further analysis of the impedance data is shown as inset of
Figure 4A. The charge-transfer resistance (Rct) values of the
bare AC, OP-5, OP-15, and OP-30 were found to be 17.5,
6.72, 6.62, and 6.98 Q, respectively. The equivalent series
resistance (R;) values were 1.5, 0.945, 0.851, and 0.825 Q,
respectively. Both Rct and Rs of the cells with oxygen-plasma-
treated AC electrodes has a considerably lower value. It is
certain that the plasma induced oxygen doping created more
defects and more adequate active sites for ion adsorption.
In addition, the plasma treated AC electrode becomes better
wettability, which all lead to the reduced resistance behavior.
Comparing with samples with different plasma treatment time,
the 15-min sample (OP-15) exhibits the highest C-V loop
area. The charge-discharge behaviors for the four types of
electrodes as shown in Figure 4B exhibit the symmetrical
triangular shapes. The linear voltage-time relationship indicates
the reversible charge-discharge characteristics and the typical
charge-discharge behavior of a double electric charge layer.
Compared with the bare AC, the OP-15 electrode possesses
longer discharge time than other plasma treated samples,
implying that more or less the plasma treatment may not

be at its ideal condition and higher capacitance requires
longer time. Meanwhile, the IR-Drop in the figure presents
the lower IR-Drop value for OP-15 than the counterparts
in other samples, indicating the weak polarization for OP-
15 sample.

Figures 4C,D shows the C-V curves from 5 to 100 mV
s~ with nearly rectangular shape when using different test
instrument (Arbin and Gamry), indicating the good capacitive
behavior. Gamry’s testing method makes up the error caused
by sensitivity and setting parameters, however, the curve shapes
are very similar. Besides, CV curves at 25 mV s~ ! of different
samples in Figure 4E show the near-rectangular features. Among
them, OP-15 sample presents the biggest area, indicating the
optimal energy storage behavior. The cycling life performance of
different samples was presented in Figure 4F. Among them, OP-
15 has shown the higher capacitance retention before 1,000 cycles
whereas slowly drops subsequently when tested at 3.2 V. The AC
electrode, however, possess a stable retention behavior despite a
lower capacitance. The unstable cycle life for the oxygen-plasma-
treated electrodes may be associated with the inappropriate
amount of oxygen functional group. A large number of highly
active oxygen-containing functional groups could interact with
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organic electrolyte after the prolonged exposure (Ju et al., 2020),
which ought to be improved.

Al;,O3 ALD Improvement on

Plasma-Treated Electrodes

Previous work on ALD coating on carbon surface demonstrated
the improvement in lengthening cycle life (Tan et al., 2020).
Herein, we further applied 20-cycle Al,O3 ALD onto the plasma

treated AC electrode (OP-15) using the optimized condition
for AlOs. Basically, we investigated the sequential effect of
ALD and plasma treatment on the AC electrodes: plasma
treatment followed by ALD (OP15-ALD) and ALD followed by
plasma treatment (ALD-OP15). With the helpful of additional
deposition layer on the AC electrode, large ions can still
be adsorbed into the carbon surface accordingly. Figure 5A
shows the XPS results where the oxygen functional groups
(O-C = O and C = O) in the plasma treated AC were
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both apparently suppressed after ALD coating. In addition, the
enhanced oxygen content are well indicative of the effective
AlL,O3 ALD coating regardless of the sequence of ALD and
plasma treatment (Figure 5B).

According to the former investigation of XPS peak intensity,
the improved cell cycling retention was related to the suppression
of oxygen functional groups by Al;O3 coating (Zhao and Wang,
2012). Now, the presence of enhanced oxygen in both cases is
indicative of a different mechanism in this work. We believe that
the additional oxide layer on the carbon surface broadens the

diffuse layer (dstern + dcoating) and thus renders a resistance to
cycling voltage stress or a higher voltage.

To explore the details of ALD oxide coatings, TEM images
were taken to detect its nanometer layer morphology on the
surface of carbon. Compared with the bare AC and OP-15
electrode (Figures 6a,b), the aluminum oxide around 2 nm
layer can be observed on the carbon surface, as shown in
Figures 6c¢,d. After retention test of 5,000 cycles, the four
cell samples were dissected for further inspection of the
degradation. The relative intact thin layer still maintained well
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FIGURE 5 | (A) Convolution peak of O1s spectra of OP-15, OP15-ALD, and ALD-OP15. (B) Element content percentage of OP-15, OP15-ALD, and ALD-OP15.
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FIGURE 6 | TEM image of fresh electrode: (a) Bare AC; (b) OP-15; (c) ALD-OP15; (d) OP15-ALD; TEM image of electrodes after 5,000 cycles: (e) Bare AC;
(f) OP-15; (g) ALD-OP15; (h) OP15-ALD; and (i-l) optical images of four electrodes after the cell dissection.
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for the ALD-OP15 and OP15-ALD electrodes (Figures 6e-
g). The ALD coating samples remain bright and clear.
The electrodes that received plasma treatment plus ALD
shows the negligible surface alteration (Figure 6h). On

the contrary, the other three samples treated with ALD
plus plasma evidently show the damages on the carbon
surface, as shown by the ALD-OP15, the bare AC, and OP-
15 (Figures 6i-k).
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The electrochemical performance of the ALD coating and
plasma-treated AC electrodes were measured in a symmetric
supercapacitor in 1 mol/L SBPBF4/AN electrolyte at 3.2 V. AC
electrode that has only undergone ALD treatment (AC-ALD)
as a reference for the synergy of plasma and ALD. Figure 7A
shows the CV curves of supercapacitor with OP15-ALD sample
at different scanning rates. The CV curves maintained a
good nearly rectangular shape at all scanning rates, and no
significant distortion occurring even at a high scanning rate of
100 mV s~ !, showing the excellent capacitive characteristics and
typical double-layer trait. Figure 7B is the GCD curve of the
supercapacitor using AC electrodes with the plasma-treatment
only and plasma plus ALD coating. The GCD curves show
the typical triangular shape and good linearity and symmetry,
indicating the good charge and discharge reversibility and the
typical double-layer characteristics. Compared to the influence of
different technique, the OP15-ALD and ALD-OP15 both exhibits
longer discharge time than AC electrode only undergoing ALD
or Plasma, indicating the higher ability of capacitance storage for
the electrode with combined technique. The rate performance
obtained from GCD tests of five samples are shown in Figure 7C.

The ALD treated electrode presents a superior rate
performance compared with those of the plasma-only treated
AC. Especially, the positive effect of Al,O3 coating becomes
gradually apparent under higher rates. The results manifest that
the additional deposition layer on the carbon surface does not
generate the burden of increasing ion transport to the original
material, but to improve the kinetics at high rate. We further test
the impedance of the bare AC, OP-15, OP15-ALD, ALD-OP15,
and AC-ALD samples with and without retention. The EIS of the
samples with ALD coating evidently show lower impedance than
those of the OP-15 and bare AC (Figure 7D). The nanometer
layer deposition on the plasma-treated electrode significantly
decreases the charge transfer impedance favorable for the faster
ionic dynamic. Meanwhile, the impedance of OP15-ALD after
5,000 cycles is also lower than that of other counterparts. The
results show that the long-term cycling almost does not influence
the impedance due to the presence of Al,O3 coating layer. The
lower resistance implies the reduced ion diffusion pathway that
facilitates a faster ion transport between the electrolyte and
surface of the electrode.

Leakage current is one of the most significant technical issues
of commercial supercapacitors. This issue was also investigated
on the bare AC, OP-15, OP15-ALD, and ALD-OP15 by the self-
discharge test. As observed from Figure 7E, the open circuit
potentials of the samples were measured for 12 h after charging
them at a constant voltage of 3.2 V for 1 h. The OP-15 sample
was maintained just 7% of its initial potential, whereas the bare
AC, OP15-ALD, and ALD-OP15 maintained 14, 24, and 22%
of their initial potentials, respectively. The self-discharge of OP-
15 is more serious than the ALD based samples, indicating
the introduction of surface functional groups would lead to
greater self-discharge, while the ALD coating effectively remits
the disadvantage. In addition, some reports illustrated that higher
voltage level results in faster open circuit voltage decay (Kaus
et al., 2010). The impact of working voltage on open circuit
voltage decay is shown by the insert curve in Figure 7E. The
sharp potential decay occurs at 3.5 V. Therefore, it is rational

to choose 3.2 V as the operation voltage in the work. The
ALD improvement once again proves the effectiveness of ALD
oxide coating on stabilizing AC electrode stability. The retention
performance of the AC electrodes of bare AC, AC-ALD, OP-15,
and OP-15 with Al;O3 coating were also evaluated on the coin
cell level using the same organic electrolyte. Figure 7F shows
that the cyclic retention for the three types of coatings becomes
better than those of the reference samples without ALD coating. It
evidently demonstrates the effectiveness of ALD coating after the
oxygen-plasma-treatment in improving the capacitance retention
of AC-based EDLCs.

CONCLUSION

This work unconventionally introduced the additional oxygen
into the AC electrode by plasma treatment to increase the active
sites and defects. This oxygen doping decreased the charge
transfer resistance and increased the kinetics good for higher
capacitance and ion transport. The capacitance retention from
the plasma treatment, however, only stabilizes until 1,000 cycles.
For a better retention life, the Al O3 ALD coating demonstrated
the increasing role of the cycling performance at 3.2 V. The
plasma treated AC electrodes along with 2 nm thick Al,O3
effectively stabilized the capacitance retention at >90% after
5,000 cycles (>6% higher than uncoated AC electrodes, >30%
higher than plasma treated AC electrodes). The nanometer
oxides deposition on oxygen-contained AC electrode appears to
effectively increases the C-O functional group but suppresses
the C = O and O-C = O group, which reduce the activity and
reactivity during the long-term cycling. The thinner ALD coating
also reduced the electrical impedance more effectively than the
uncoated materials. The combined role of plasma treatment
and ALD coating enables the supercapacitor with stable cycling
performance for conventional AC electrode.
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