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Hybrid Film from Nickel Oxide and Oxygenated Carbon Nanotube
as Flexible Electrodes for Pseudocapacitors

Zhong Wu,”® Lin Li,* Xiao-lei Huang,™® Xin-bo Zhang,” and Jun-min Yan*®

Abstract: Nanomaterials based on nickel oxide (NiO) have
been proposed as one of most promising electrode mate-
rials for high-performance supercapacitors. However, their
limited electrical conductivity leads to low specific capaci-
tance and unsatisfactory cycling stability. In addition, tradi-
tional electrode preparation affects their electrochemical
performances. Here, we develop a facile and effective
strategy to fabricate hybrid films from NiO and oxygenat-
ed carbon nanotubes (OCNT) by filtration. The hybrid film
is directly used for electrodes in electrochemical investiga-
tions and reveals superior electrochemical properties. By
optimizing the ratio of two species; the as-obtained
hybrid film electrode exhibits a high specific capacitance,
good rate capability and considerable energy density. The
superiority can be contributed to the synergistic effect of
two species.

- /

Supercapacitors (SCs), also known as electrochemical capaci-
tors or ultracapacitors have attracted tremendous attention
due to their fast charge-discharge rates, long and stable cy-
cling life, and relatively simple configuration."’ Based on differ-
ent energy-storage mechanisms and electrode materials, SCs
can be categorized into electrochemical double layer capaci-
tors (EDLCs) and pseudocapacitors (PCs).”? EDLCs store electri-
cal energy at the interface of electrode and electrolyte through
ion adsorption, which is near physical processes. Electrode ma-
terials used for EDLCs are usually carbon-based nanomaterials
with high surface area and/or suitable pore structure. In gener-
al, EDLCs can provide ultrahigh power density and long cycling
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life, but limited energy density. On the contrary, PCs can exhib-
it enhanced energy density by introducing reversible redox re-
actions on the surface of active materials. Pseudocapacitive
materials can mainly be classified as metal oxides/hydroxides,
conducting polymers, and so on.”! However, PCs show im-
proved specific capacitances and energy density, although at
the expense of a considerable power density and cycling sta-
bility. For optimizing the properties of PCs, hybrid materials
with EDLCs-based materials are considered as a promising ef-
fective strategy to achieve superior electrochemical performan-
ces by combining Faradaic with non-Faradaic processes.”

Much effort has been devoted to the research of metal
oxides which can provide a variety of oxidation states for fast
surface redox reactions. Nickel oxide (NiO) has been intensively
studied as one of most promising electrode materials for high-
performance PCs due to its intrinsic properties, such as high
chemical/thermal stability, ready availability, and low cost.”
However, it is still far from satisfactory capacitive performance
due to its poor electrical conductivity and large volume
change during the cycling process. Hence, it is still a challenge
to use the high electrochemical capacitive performance of NiO
with increased specific capacitances and an enhanced energy
density.

Extensive efforts have been dedicated to aspects of materi-
als design and electrode configuration. On one hand, materials
design is critical since the electrochemical performances are
primarily affected by the intrinsic properties of materials such
as surface area and electrical conductivity.® Intensive explora-
tions have focused on constructing NiO nanostructures and in-
corporating NiO with conductive carbonaceous materials such
as carbon nanotubes (CNTs). First, nanosized NiO can offer
a large specific surface area allowing enough contact area be-
tween the electroactive materials and the electrolyte for effec-
tive ion transportation.”” Second, NiO films have been fabricat-
ed to improve the pseudocapacitive performances of NiO-
based materials by combining with carbon materials.” The su-
periority of NiO/carbon composites can be attributed to the in-
clusion of carbon materials which can not only disperse NiO to
expose more active sites but also improve the electrical con-
ductivity for fast electron transportation. CNTs have been re-
garded as alternative conductive substrates due to their high
conductivity and stable electrochemical behavior.” As a result,
nanostructured NiO/CNTs can be expected to exhibit enhanced
specific capacitance due to their advanced surface area and
electrical conductivity which facilitate the full utilization of
NiO-based materials.
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On the other hand, electrode configuration plays an impor-
tant role in electrochemical investigations. Traditional electro-
des are composed of the active material, conductive agent,
and binders. The poor conductivity of the binder decreases the
electrical conductivity of the electrode materials. Consequently,
the addition of additive and binder results in reduced energy
and power performance."” Therefore, flexible additive-free and
binder-free electrodes have emerged as a new mechanically
robust electrode configuration achieving high specific capaci-
tance. Recently, researchers have been conscious that mono-
lithic design is favorable for improving the performances of
the as-prepared electrodes. NiO-based films with monolithic
design have been an alternative material for flexible electrodes
in pseudocapacitors. CNTs featured with nanotubes are promis-
ing loading substrates for fabricating flexible electrodes."

Herein, we propose a facile and effective approach to fabri-
cate hybrid films based on NiO and oxygenated carbon nano-
tube (OCNT) as illustrated in Figure 1. At first, NiO precursors

=== NiO precursor
Filtration

Heat
treatment

Figure 1. Schematic representation of the synthesis of NiO/OCNT films.

prepared through a template-free hydrothermal process. OCNT
is synthesized by oxygenating CNTs in H,SO,/HNO; (3:1) solu-
tion. NiO precursors are anchored on the surface of OCNT
through electrostatic interactions between the two species. As
a result, NiO precursors are dispersed well and intertwined
with nanotubes to form hybrid films with the help of filtration.
Followed by a calcination process, the hybrid films based on
NiO and OCNT are obtained, which are denoted as the NiO/
OCNT films. For comparison, the weight ratio of NiO to OCNT
is tuned to determine the effect of OCNT on the electrochemi-
cal performances of the hybrid films. In our work, the total
masses of composites are firmed as 60 mg when the total area
of all electrode films was fixed to ~3.5 cmx3.5 cm. The ratio
of NiO to OCNT is adjusted to be 2:1, 1:1, or 1:2, which are de-
noted as NiO/OCNT-1, NiO/OCNT-2, and NiO/OCNT-3. The as-
prepared NiO/OCNT film (NiO/OCNT-3) shows the highest spe-
cific capacitance (686.5Fg ' at 2mVs ' and 662.1Fg ' at
1Ag™"), benign rate capability (408.2Fg™' at 20 mVs~' and
377.2Fg ' at 20 Ag™") as well as favorable cycling stability (in-
conspicuous degradation after 1000 cycles).The superior elec-
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trochemical properties benefit from the synergistic effect be-
tween NiO and CNTs. From a materials design perspective, the
presence of CNTs not only improves the conductivity but also
prevents the aggregation of NiO nanoparticles. From an elec-
trode configuration perspective, the CNTs enable the formation
of hybrid films based on NiO materials. Consequently, more
active sites are exposed for redox reactions and thus enhanced
properties have been revealed including specific capacitance,
rate capability and long-term cycling life. Moreover, this strat-
egy is facile, effective and versatile so that it may be easily ex-
tended to other electrode materials.

The crystal structures of the obtained samples are character-
ized by X-ray diffraction (XRD) pattern. Figure 2a illustrates the
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Figure 2. a) XRD patterns of the NiO precursor and OCNT. b) XRD patterns of
the NiO precursor/OCNT composites. ¢) XRD patterns of the NiO/OCNT com-
posites. d) Nitrogen adsorption-desorption isotherm and the pore-size distri-
bution curves (inset) of the NiO/OCNT composite (NiO/OCNT-3).

XRD patterns of NiO precursor and OCNT. The as-prepared NiO
precursor can be reasonably assigned to Ni(OH), (JCPDS card,
NO. 14-0117). When combining with CNTs, there is no signifi-
cant change as shown in Figure 2b.The 26 degrees for diffrac-
tions of (001), (100), (101), (102), (110) and (111) planes are at
19.258, 33.064, 38.541, 52.100, 59.052, and 62.726°, respective-
ly. Nonetheless, the XRD pattern changes significantly after sin-
tering at 400°C in air as displayed in Figure 2c. The two dif-
fraction peaks can be referenced to OCNT (20 values=26°)
and NiO (JCPDS card, NO. 44-1159). The 20 degrees for diffrac-
tions of (101), (012), (110), (104) and (113) planes are at 37.248,
43.286, 62.852, 62.912 and 75.404°, respectively. With the addi-
tion of CNTs, it can be found that the crystallization can be op-
timized with increasing amount of CNTs which results from im-
proved dispersion of NiO on CNTs.

Nitrogen sorption experiments are conducted to investigate
the surface area and pore size distribution of NiO/OCNT film,
which are generally believed to be critical factors for SCs appli-
cations. As shown in Figure 2d, the surface area of NiO/OCNT
film (NiO/OCNT-3) is about 195 m*g 'calculated by the Brun-
auer-Emmett-Teller (BET) method. The pore diameter distribu-
tion of NiO/OCNT film is estimated from the isotherm adsorp-
tion branch using the Barrett-Joyner-Halenda model (inset of
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Figure 2d). The pore sizes are dominated by a narrow distribu-
tion of micropores (ca. 3 nm) and a broad distribution ranging
from mesopores to macropores. The presence of micropores
may be derived from the hollow structure of nanotubes. Be-
sides, the formation of mesopores and macropores is contrib-
uted to the dispersion of NiO on OCNT and the network
through intertwining nanotubes. These porosity structure can
offer more accessible surface area for electrolyte ions and then
benefit the electrochemical performances (vide infra).

The morphology and structure of as-prepared samples are
investigated by scanning electron microscopy (SEM) and trans-
mission electron microscopy (TEM). Figure 3a-c and Figure S1

Figure 3. a) TEM image of NiO precursor. b) TEM image of OCNT. c) TEM
image of the NiO/OCNT film(NiO/OCNT-3). d) High resolution TEM image of
the NiO/OCNT film (NiO/OCNT-3). Scale bars: a) 100 nm, b) 50 nm, ¢)

100 nm, d) 5 nm.

in the Supporting Information show the TEM and SEM mor-
phology and structure of NiO precursor, OCNT and NiO/OCNT-
3, respectively. As shown in Figure 3a and Figure S1a, the as-
prepared NiO precursors are mixture of nanowire and nano-
plates. Figure3b and Figure S1b show the nanotubes of
OCNTs. Interestingly, it could be found that the NiO and OCNTs
intertwine with each other in Figure 3 c and Figure S1c to form
a network structure. The functional groups of OCNT act as an-
choring sites to chelate with NiO procures through electrostat-
ic interaction and then NiO are inlaid in OCNTs network to
form a conductive network, which could not only improve the
conductivity of NiO but also offer a more accessible channel
for ion transport. It is critical for the as-prepared NiO/OCNT
film to achieve superior electrochemical performances. The
high-resolution TEM image of NiO/OCNT film in Figure 3d
shows lattice fringes of NiO and OCNT, confirming its crystal-
line nature in accordance with the XRD results in Figure 2c.
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The electrochemical properties of NiO/OCNT films are deter-
mined by cyclic voltammetry (CV) to investigate the capaci-
tance mechanism. Figure 4a-c shows the CV curves of the
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Figure 4. a) CV curves of NiO/OCNT-1 at various scan rates. b) CV curves of
NiO/OCNT-2 at various scan rates. c) CV curves of NiO/OCNT-3 at various
scan rates. d) Average specific capacitances of the NiO/OCNT composites at
various scan rates. e) Galvanostatic discharge curves of the NiO/OCNT com-
posites at 1 Ag™". f) Average specific capacitances of the NiO/OCNT compo-
sites at various current densities.

NiO/OCNT composites at different scan rates. Two strong cur-
rent peaks are observed, indicating that the capacitance of
NiO/OCNT films mainly result from pseudocapacitive capaci-
tance based on a fast redox mechanism. The two strong cur-
rent peaks could be reasonably attributed to the following re-
action: NiO+OH™ =NiOOH +e . The peak (positive current
density) is observed at 0.5V, indicating an oxidation process,
while another peak (negative current density) occurred at
0.35V, implying a reduction process. These peaks arise from
the reversible redox process occurring at the interface of the
NiO and the electrolyte during the potential sweep. Comparing
the CV curves of three composites, it is obvious that the pseu-
docapacitive behavior can be optimized with increasing
amounts of CNTs, which is a result of the improved dispersion
of NiO on CNTs.”™

The specific capacitance (Cs, Fg™") values at different scan
rate (mVs™') in the CV measurements are calculated using the
following equation:™?

$1dv

Cs = 2wvAV’

where AV (V) is the applied potential window, v is the scan
rate, and w (g) is the weight of the active material (2 mgcm™2
in this case). The average specific capacitances of the hybrid
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Table 1. Specific capacitances [Fg~'] of the NiO/OCNT composites calcu-
lated from CV curves.

v 2mVs™' 5mVs’ 10mVs™' 20mVs™'
NiO/OCNT-1 484.5 402.2 319.9 206.1
NiO/OCNT-2 438.4 390.4 329.1 225.9
NiO/OCNT-3 696.5 562.8 501 468.2

films are illustrated in Figure 4d and Table 1. The NiO/OCNT-3
film displays higher specific capacitances than those of NiO/
OCNT-1 film and NiO/OCNT-2 film at various scan rates. At
a low scan rate of 2 mVs™', the NiO/OCNT-3 film can achieve
a high specific capacitance value of 686.5 Fg~' whereas lower
value of 4845Fg™"' and 438.4 Fg™' for NiO/OCNT-1 film and
NiO/OCNT-2 film, respectively. At a high scan rate of 20 mVs™',
the specific capacitance of NiO/OCNT-3 film still retain a relative
value of 468.2 Fg™' indicating their good rate capability. Ac-
cording to the equation: E=1/2 CV? (V is the applied potential
window, C is the specific capacitance), the highest energy den-
sity of NiO/OCNT-3 film can be calculated as 23.8 Whkg™',
which is comparable to the electrochemical properties of RuO,
in previous reports.”® Moreover, the specific energy density
based on the total mass (NiO+ CNT) can achieve 5.95 Whkg™".

Galvanostatic discharge curves (GC) are also employed to
further confirm the specific capacitances of the NiO/OCNT
composites, which are shown in Figure 4e and Figure S2. Fig-
ure 4e shows the GC curves of the NiO/OCNT composites at
the current density of 1 Ag™". The electrochemical properties
of NiO/OCNT-3 film are superior to those of NiO/OCNT-1 film
and NiO/OCNT film, which is in accordance with CV results.
Specific capacitance could be calculated from the galvanostatic
discharge curve, using the following equation:"?

At
T mAV’

Where | is discharge current, At is the time for a full dis-
charge, m indicates the mass of the active material, and AV
represents the voltage change after a full discharge. As shown
in Figure 4f and Table 2, the specific capacitances at 1 Ag™'
are 363.5, 399.7 and 662.1 Fg~' for NiO/OCNT-1 film, NiO/
OCNT-2 film and NiO/OCNT-3 film, respectively. Even at the
high current density of 50 Ag™', the NiO/OCNT-3 film performs
a high specific capacitance of 190.6 Fg~' while the specific ca-
pacitances of the NiO/OCNT-1 film and NiO/OCNT-2 film are
less than 5 Fg~".

Table 2. Specific capacitances [Fg~'] of the NiO/OCNT composites calcu-
lated from galvanostatic discharging curves.

GC 1Ag™ 5Ag”" 10Ag™ 50Ag™"
NiO/OCNT-1 399.7 3333 205.9 33
NiO/OCNT-2 363.5 3224 252.8 0.5
NiO/OCNT-3 662.1 582.4 487.4 190.6
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For comparison, Table 1 and Table 2 summarize the specific
capacitances of NiO/OCNT-1, NiO/OCNT-2, and NiO/OCNT-3
films calculated from CV curves and galvanostatic discharge
curves. We can discover some phenomena from these results.
First, all hybrid films show higher specific capacitance at low
scan rates or current density than that of high scan rates or
current density. Moreover, it is found that the specific capaci-
tances of NiO/OCNT-1 and NiO/OCNT-2 are much lower than
those of the NiO/OCNT-3 film at all tested conditions, provid-
ing another evidence for the superiority of the NiO/OCNT-3
film. Several reasons can account for these results as following.
First, the carbon nanotubes act as a conductive scaffold, which
enhances the electrical conductivity of NiO. Second, the films
are directly used as a pseudocapacitive electrode, which re-
duces the diffusion length and enhanced the electrical conduc-
tivity. Third, the porous structure resulting from overlapped
nanotubes provide porous channels for fast transport of elec-
trolyte ion. Fourth, more redox reactions are conducted on the
surface of films at the low scan rates or current density and
then higher specific capacitance can be obtained. Fifth, the
NiO/OCNT-3 films are composed by a larger amount of CNTs
than that of the NiO/OCNT-1 film and NiO/OCNT-2 film. They
can obtain better dispersion of NiO on CNTs which further
expose more active sites to improve the specific capacitance
and rate capability. Consequently, superior electrochemical
properties of NiO/OCNT-3 film are reached including the spe-
cific capacitances and rate capability.

For practical application, cycling stability is crucial for an
electrode material to be used in electrochemical capacitors. To
investigate the cycling stability of the as-prepared NiO/OCNT
film electrodes, we performed CV tests for 1000 times between
0.1 and 0.6 V at the scan rate of 20 mVs™'. The CV curves as
a function of cycle number are plotted in Figure 5a. It is found
that all the NiO/OCNT film electrodes exhibit good cycling sta-
bility after 1000 cycles. For the NiO/OCNT-1 and NiO/OCNT-2
films, the degradation of specific capacitance are 10.2% and
18.1% after 1000 cycles, respectively. Especially, the NiO/OCNT-
3 film displays excellent cycling stability with no obvious deg-
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Figure 5. a) Cycling stability of the NiO/OCNT composites at 20 mVs™". b) EIS
data of NiO/OCNT-1 before and after cycling. c) EIS data of NiO/OCNT-2
before and after cycling. d) EIS data of NiO/OCNT-3 before and after cycling
(insets are enlarged plots).
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radation after 1000 cycles. The outstanding capacitive behavior
further demonstrates the superiority of the hybrid films. On
one hand, the long-term stability is attributed to the intimate
bindings of NiO and OCNT affording facile electron trans-
ports.” On the other hand, excellent cycling stability is pro-
moted by the presence of carbon nanotubes, which retard the
large volume change of NiO-based materials during the cycling
process.® Furthermore, it is worth noting that a slight increase
is observed before 500 cycles and then the tendency holds
nearly stable until 1000 cycles. The slight increase may be at-
tributed to the improvement of ion accessibility involving
more exposed active surface area.

In addition, electrochemical impedance spectroscopy (EIS) is
conducted to investigate the transport characteristics of the
charge carriers within the as-prepared film electrodes using
a Nyquist plot, which represents the imaginary part (-Z") and
real part (Z') of impedance. Figure 5b-d show Nyquist plots of
the three types of NiO/OCNT film electrodes before and after
1000 cycles. The impedance spectra consist of one semicircle
at high frequency, followed by a straight line at the low fre-
quency range. The high frequency semicircle intercepts the
real axis at R; and (R;+R.). R, means a bulk solution resistance
which is related to several aspects including the electrolyte re-
sistance, the collector/electrode contact resistance, and the
electrode/electrolyte interface resistance. R, displays no obvi-
ous distinction for all NiO/OCNT film electrodes before and
after cycling. The NiO/OCNT-3 film electrode exhibits the
lowest bulk solution resistance with the R, value of 0.415 ohm.
R, values for the NiO/OCNT-1 film and NiO/OCNT-2 film elec-
trodes are 0.897 ohm and 1.252 ohm, respectively. R, means
a charge-transfer resistance, which is calculated from the
radius of the semicircle. R, display no obvious distinction for
all NiO/OCNT film electrodes before and after cycling. The NiO/
OCNT-3 film electrode exhibits the lowest charge-transfer re-
sistance with the R, value of 0.25 ohm. R, values for the NiO/
OCNT-1 film and NiO/OCNT-2 film electrodes are 0.91 ohm and
0.599 ohm, respectively. The inclined portion of the curve in
the low frequency is ascribed to the Warburg impedance,
which is related to ion diffusion/transport in the electrolyte.
The more vertical shape before cycling indicates a better ca-
pacitive behavior of the electrode.

We can summarize the EIS spectra to analyze and verify the
results of cycling stability. In terms of R; and R, We can note
that there is no obvious distinction for the NiO/OCNT film elec-
trodes before and after cycling, which demonstrate their good
cycling stability. The lowest resistance of the NiO/OCNT-3 film
electrode further evidences its superiority to other film electro-
des. In terms of the Warburg impedance, negligible deviation
of the NiO/OCNT film electrodes before and cycling indicate
their excellent cycling stability. The resultant EIS analysis is in
accordance with the cycling stability investigation.

In summary, we have developed a facile and effective strat-
egy to successfully fabricate hybrid films from NiO and oxygen-
ated carbon nanotubes through electrostatic interactions. The
hybrid films can be directly used as electrode materials in elec-
trochemical investigation. This strategy not only reduces the
complicated and time consuming electrode preparation pro-
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cess but also improves their capacitive performances resulting
from enhance electrical conductivity and monolithic design.
The electrochemical performances are affected by the ratio of
NiO and OCNT. Interestingly, the as-prepared NiO/OCNT films
show superior electrochemical performances including specific
capacitances, rate capability and cycling stability. A highest
specific capacitance of 686.5 Fg™' is achieved by optimizing
the ratio. Synchronously, the film electrode exhibits a compara-
ble energy density of 23.8Whkg™' to the electrochemical
properties of RuO,. The superiority of the hybrid film electrode
can be contributed to the synergistic effects between OCNT
and NiO. First, the carbon nanotubes act as conductive scaf-
fold, which enhances the electrical conductivity of NiO.
Second, the films are directly used as a pseudocapacitive elec-
trode, which reduces the diffusion length and enhances the
electrical conductivity. Third, the porous structure resulting
from overlapped nanotubes provides porous channels for fast
transport of electrolyte ions. Fourth, NiO is dispersed well on
the surface of CNTs, thus more active sites are exposed for full
utilization of NiO. Fifth, intimate bindings of NiO and OCNT
afford facile electron transport. Sixth, the presence of CNTs re-
tards the large volume change of NiO-based materials during
the cycling process. Consequently, the hybrid film electrodes
reveal superior capacitive performances. This strategy is facile,
effective and versatile so it may be easily extended to other
electrode materials. The obtained excellent performance opens
up new opportunities in the development of high-performance
pseudocapacitors.

Experimental Section

Preparation of NiO precursor: First, 2.5759 g of nickel sulfate
(NiSO46H,0) and 0.196 g of sodium hydroxide (NaOH) were dis-
solved in 20 mL deionized (DI) water under continuously stirring,
respectively. Then the two solutions were mixed and stirred for
10 min, the as-obtained precipitation was washed with DI water
once and then the subsequent solution was transferred to a 50 mL
Teflon-lined stainless steel autoclave for a hydrothermal reaction at
120°C for 24 h. Finally, NiO precursor was washed with DI water
and ethanol by centrifugal cleaning three times.

Preparation of acid-treated oxygenated CNT: CNTs were placed
into 15 mL mixture of nitric acid and sulfuric acid (with a ratio of
1:3) under reflux at 70°C for 2 h, and then were washed by DI
water several times to obtain the acid-treated oxygenated CNTs
(OCNT).

Preparation of NiO/OCNT paper electrodes: 40 mg of the as-pre-
pared NiO precursor powders were homogenously dispersed in
50 mL DI water and subsequently mixed with OCNT suspension
(with 20 mg of OCNTs in 20 mL DI water). The mixture of NiO pre-
cursor and OCNT were stirred for 30 min to ensure fully interpene-
tration of OCNT and NiO precursor. Then a NiO/OCNT precursor
film was prepared after vacuum filtration and freeze drying treat-
ment of the OCNT and NiO precursor mixture. Finally, the NiO/
OCNT paper was obtained after heat treatment NiO/OCNT precur-
sor film at 400°C in air for 2 h. For comparison, other composites
with different ratio of NiO and OCNT were also prepared. In our
work, the total mass of composites was fixed at 60 mg, and then
the ratio of NiO to OCNT was adjusted to 2:1, 1:1, or 1:2, which
were denoted as NiO/OCNT-1, NiO/OCNT-2, and NiO/OCNT-3.

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Electrochemical measurements: The electrochemical measure-
ments were carried out using a three-electrode mode in 6 m KOH
aqueous solution. Hg/HgO electrode filled with 1M KOH was used
as reference electrode and a platinum plate was used as counter
electrode. The NiO/OCNT paper was directly used as electrodes
without adding any other polymeric binders or conductive addi-
tives. The sizes of all electrode films were fixed to ~1.0 cmXx
1.0cm, and the areal mass loading of NiO/OCNT paper was
2.0 mgcm ™2 Two Ni foams were used as current collectors. Electro-
chemical studies including cyclic voltammetry (CV), galvanostatic
charge-discharge (GC) and electrochemical impedance spectrosco-
py (EIS) were carried out using VMP3 electrochemical workstation
(Bio-logic Inc.). All tests were performed at room temperature. Typi-
cal CV curves were measured at different scan rates from 2 to
20 mVs™' between 0.1 and 0.6V (vs Hg/HgO). GC measurements
were conducted under various current densities from 1 to 50 Ag™
between 0.05 and 0.55 V (vs Hg/HgO). EIS tests were performed for
the working electrode in a frequency range of 100 kHz-0.01 Hz
with ac perturbation of 10 mV. The EIS data were analyzed using
Nyquist plots, which represent the imaginary part (Z”) and real
part (Z') of impedance.
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