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Ternary Hybrids of Amorphous Nickel Hydroxide—Carbon
Nanotube-Conducting Polymer for Supercapacitors with
High Energy Density, Excellent Rate Capability, and Long

Cycle Life

Wenchao Jiang, Dingshan Yu, Qiang Zhang, Kunli Goh, Li Wei, Yili Yong,

Rongrong Jiang, Jun Wei, and Yuan Chen*

The utilization of Ni(OH), as a pseudocapacitive material for high
performance supercapacitors is hindered by its low electrical conductivity and
short cycle life. A coaxial ternary hybrid material comprising of amorphous
Ni(OH), deposited on multiwalled carbon nanotubes wrapped with conduc-
tive polymer (poly (3,4-ethylenedioxythiophene)-poly(styrenesulfonate)) is
demonstrated. A thin layer of disordered amorphous Ni(OH), is deposited

by an effective “coordinating etching and precipitating” method, resulting in
an ultrahigh specific capacitance of 3262 F g™' at 5 mV s™' and excellent rate
capability (71.9% capacitance retention at 100 mV s~'). More importantly, the
polymer layer prevents the degradation of the nanostructure and dissolution
of Ni ion during repeated charge—discharge cycling for 30 000 cycles, a
phenomenon which often plagues Ni(OH), nanomaterials. Using the ternary
Ni(OH), hybrid and the reduced graphene oxide/carbon nanotube hybrid as
the positive and negative electrodes, respectively, the assembled asymmetric
supercapacitors exhibit high energy density of 58.5 W h kg~' at the power
density of 780 W kg as well as long cycle life (86% capacitance retention
after 30 000 cycles). The ternary hybrid architecture design for amorphous
Ni(OH), can be regarded as a general approach to obtain pseudocapacitive

1. Introduction

Supercapacitors or electrochemical capaci-
tors have attracted significant interests
because they can deliver 10-100 times
higher energy per unit time (i.e., high
power density) than most batteries, be
safely charged/discharged at high current
in less than a minute (i.e., high rate capa-
bility), and withstand tens of thousands
of charge/discharge cycles without losing
their original energy storage capacity (i.e.,
long cycle life).') However, supercapaci-
tors store approximately 10% of energy
per unit volume or mass (i.e., low energy
density) compared to batteries. The energy
storage of supercapacitors is based on
two principles: electrical double-layer
capacitance (EDLC) and pseudocapaci-
tance. EDLC stores electrostatic energy
by adsorption of electrolyte ions onto the
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surface of electrode materials.l! As no ion
diffusion in bulk electrode materials is
required in EDLC, the response to poten-
tial changes is rapid, leading to a high
power. However, the ion adsorption is
restricted to the surface, so the energy density from EDLC is
limited.l’] Pseudocapacitance originates from reversible redox
reactions, intercalation or electrosorption at or near the surface
of some electrode materials. Commonly used pseudocapaci-
tive materials include transition metal oxides and hydroxides,
such as RuO,, MnO,, Ni(OH),, Co(OH),, NiO, Co;0,, etc.,
nitrides, carbides, and conducting polymers, such as polyani-
line, polypyrrole, polythiophene, etc.*-%! The pseudocapacitance
can be as large as ten times that of EDLC in some supercapaci-
tors, leading to high energy density supercapacitors. However,
the increase in energy density in such supercapacitors often
comes at the price of lower power density, poorer rate capa-
bility, and shorter cycle life. This is because redox reactions in
the bulk of pseudocapacitive materials are diffusion-controlled,
resulting in sluggish reaction kinetics and low Coulombic effi-
ciency.’! To this end, engineering pseudocapacitive materials at
the nanoscale level to allow a large fraction of redox reactions to
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take place on the surface or near-surface region of pseudocapac-
itive materials is particularly paramount to the development of
supercapacitors with both high energy density, high rate capa-
bility, and long cycle life.

Ni(OH),/NiO(OH) couple is the main redox system used
in the positive electrodes of alkaline rechargeable batteries,
because of its good reversibility and cyclic behavior.>®l Ni(OH),
has also attracted great interest as pseudocapacitive materials
for supercapacitors due to its high theoretical specific pseudo-
capacitance of 2082 F g™! (in a potential window of 0.5 V), envi-
ronmental friendliness, and low cost.”l In particular, Ni(OH),
in amorphous phase is expected to have better electrochemical
efficiency due to more grain boundaries and ion diffusion
channels in the disordered structure compared to the crystal-
line phase.”8! The key issues of applying Ni(OH), in practical
supercapacitors lie in its low electrical conductivity and short
cycle life. The electrical conductivity of Ni(OH), is very low
at around 107" Q7! m~1. Thus, the redox reactions can only
take place on its surface, and most of Ni(OH), is inaccessible
to electrolyte ions and remains as dead volume in supercapaci-
tors.1%11 Several approaches have been explored to address
the issues caused by the low electrical conductivity of Ni(OH),,
including synthesis of porous structures, nanoparticles, thin
films, and nanosheets to expose more Ni(OH), surfaces to
electrolyte ions,'2!¥l forming Ni(OH), and carbon materials
or conducting polymers hybrids to have imbedded conductive
networks, 18 introducing other metal ions into Ni(OH), to
enhance its conductivity.'”1%?%] Even though these nanoscale
engineering approaches can improve the electrical conduc-
tivity of Ni(OH),, the constructed nanoscale structures often
degrade and Ni ions dissolve into electrolytes after repeated
charge/discharge cycles, which can result in short cycle life of
supercapacitors.[>13:14.20-22]

In this study, with the aim of constructing supercapaci-
tors with both high energy density, good rate capability, and
long cycle life, we have designed and synthesized a novel ter-
nary hybrid electrode material comprising of multiwalled
carbon nanotubes (MWCNTs), amorphous(amor)-Ni(OH),
and poly (3,4-ethylenedioxythiophene)-poly(styrenesulfonate)
(PEDOT:PSS) as high performance pseudocapacitive materials.
Other than the commonly used crystalline Ni(OH),, a thin layer
of disordered amor-Ni(OH), was deposited on conductive acid-
treated MWCNTs by using a “coordinating etching and precipi-
tating” method, which enabled efficient redox reactions to take
place mostly on the surface of Ni(OH),. To prevent the disso-
lution of Ni ions into electrolytes and preserve the nanoscale
structures amor-Ni(OH), upon long charge/discharge cycles,
a conductive polymer layer was further wrapped around the
MWCNT/amor-Ni(OH),. Such a unique hybrid architecture
design results in Ni(OH), pseudocapacitive materials with
ultrahigh specific capacitance and long cycle life. Asymmetric
supercapacitors fabricated with the MWCNT/amor-Ni(OH),/
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PEDOT:PSS as positive electrodes and reduced graphene oxide
(rGO)/CNT hybrids as negative electrodes have demonstrated
one of the highest energy densities among Ni(OH),-based
supercapacitors with excellent rate capability and long cycle life.

2. Results and Discussion

2.1. Synthesis of Hybrid Materials

It has been a significant challenge to directly synthesize amor-
Ni(OH),, because all commonly used methods result in crys-
talline Ni(OH),.'’] We have utilized a two-step procedure to
achieve this as illustrated in Figure 1. First, Cu,O nanocrystals
were anchored onto the nitric acid-treated MWCNTs?3] through
in situ reduction of Cu(OH), to Cu,0 by ascorbic acid (Vitamin
C, C¢HgO¢) at room temperature. Next, the “coordinating
etching and precipitating” method was used to replace Cu,O0
nanocrystals with amor-Ni(OH),.?4 Alkaline S,0;%" ions
etched Cu,0O to generate Cu* and OH™ ions. The OH™ ions
synchronously combined with Ni?" to form amor-Ni(OH),. The
chemical reactions are as shown

Cu,0+x8,0% +H,0 — [Cu,(S,0,), % +20H (1)

Ni?* +20H" — Ni(OH), 2)

Amor-Ni(OH), was deposited on the MWCNTS, resulting in a
coaxial hybrid denoted as MWCNT/amor-Ni(OH),. The coaxial
hybrid was further wrapped with the water soluble conducting
polymer at a mass ratio of 9:1 between MWCNT/amor-Ni(OH),
and PEDOT:PSS to form the final MWCNT/amor-Ni(OH),/
PEDOT:PSS ternary hybrid. In this ternary architecture design,
we took advantage of the following synergistic effects. First,
MWCNT with excellent conductivity, large specific surface area,
and relatively low cost serves as an ideal conductive template
for the amor-Ni(OH), deposition. Second, instead of crystalline
Ni(OH),, either o~crystalline or B-crystalline Ni(OH),, which
is commonly used as pseudocapacitive material,'>16:25-27]
amor-Ni(OH), is chosen in this work since disorders in crys-
talline Ni(OH), can greatly improve their electrochemical effi-
ciency.®1) However, few studies have employed amor-Ni(OH),
in supercapacitors because of its synthesis difficulty. Recently,
a few methods including freezing microemulsion?®! and high
voltage electrolysis!3l were reported to produce bulk amor-
Ni(OH),. In this study, we have applied a simple but effective
“coordinating etching and precipitating” method to deposit a
thin layer of amor-Ni(OH), on the MWCNTs. Third, wrapping
of the MWCNT/amor-Ni(OH), with a conducting polymer can
significantly reduce the contact resistance among the metal
oxide/hydroxide deposited MWCNTs as observed in previous

Ni2* precursor
Na,$,0;

MWCNT/Amor-Ni(OH),/PEDOT:PSS

Figure 1. Schematic illustration of the MWCNT/amor-Ni(OH),/PEDOT:PSS ternary hybrid synthesis procedure.
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studies,[1%2%3% while achieving a long cycle life by preventing
the irreversible dissolution of Ni ions from the amor-Ni(OH),
into electrolytes. Such conducting polymers have the potentials
to replace insulating polymer binders, such as polytetrafluoro-
ethylene and polyvinylidene fluoride (PVDF), commonly used
in supercapacitor electrode fabrication.["’!

2.2. Structural Characterization of the Hybrids

The morphologies of the synthesized hybrid materials were first
examined by scanning electron microscope (SEM). The nitric
acid-treated MWCNTs have a diameter of 10-15 nm with their
structure intact after introducing carboxyl groups on their side
walls (Figure Sla, Supporting Information). After depositing
Cu,0, their diameters increase to around 20 nm (Figure S1b,
Supporting Information). Figure 2a shows SEM images of
the coaxial MWCNT/amor-Ni(OH), hybrid. MWCNTs are uni-
formly covered with Ni(OH),, and the surface becomes much
rougher compared to that of the acid-treated MWCNTs. Their
diameters increase to about 15-20 nm, suggesting that a thin
layer of Ni(OH), was deposited. Figure 2b shows SEM images
of the ternary hybrid. Although the diameter of the hybrid
is observed to have no significant change before and after
PEDOT:PSS wrapping, which suggests the formation of a thin
layer of polymer coating, the individual hybrid ropes are found
to stick more compactly together with the polymer coating. The
transmission electron microscope (TEM) images in Figure 2¢,d

www.afm-journal.de

confirm that the thickness of Ni(OH), on the MWCNTs is
below 5 nm. The selected-area electron diffraction (SAED) pat-
terns shown on Figure 2¢,d only exhibit the diffraction rings
from graphitic layers in the MWCNTT5 at their (002) and (100)
planes. The broad and misty halo shown in the SAED patterns
confirms that the deposited Ni(OH), is amorphous.

Next, X-ray diffraction (XRD) patterns of the MWCNT,
MWCNT/Cu,0, MWCNT/amor-Ni(OH),, and MWCNT/amor-
Ni(OH),/PEDOT:PSS are shown in Figure 3a. MWCNTs dis-
play an intensive (002) peak at 25.40° and a minor (100) peak
at 42.58°, originating from their graphite-like nature.>! After
depositing Cu,0, these two peaks become much weaker, while
the characteristic peaks of the Cu,O crystal at the (110), (111),
(200), and (311) planes appear at 29.34°, 36.19°, 42.05°, and
61.11°, respectively.??l Similarly, the MWCNT/amor-Ni(OH),
and MWCNT/amor-Ni(OH),/PEDOT:PSS exhibit the weak
(002) peaks from the MWCNT, indicating that the surface of
the MWCNTs are mostly covered by Ni(OH),. The absence of
any crystalline Ni(OH), characteristic peaks confirms the amor-
phous structure of the deposited Ni(OH),, which is in good
agreement with the SAED results in Figure 2.

Further, X-ray photoelectron spectroscopy (XPS) was used to
characterize the chemical characteristics of the MWCNT/amor-
Ni(OH), and MWCNT/amor-Ni(OH),/PEDOT:PSS. Figure 3c
shows that the surface of MWCNT/amor-Ni(OH), mainly con-
tains Ni, O, C, and a small amount of Cu from the residues of
the unetched Cu,0. The C 1s spectrum (Figure S2a, Supporting
Information) has peaks at 284.6 and 285.3 eV from the sp? and

Ni(OH)2
—(100) (110)

S0y

Figure 2. SEM images of a) MWCNT/amor-Ni(OH), and b) MWCNT/amor-Ni(OH),/ PEDOT:PSS. TEM images and the corresponding SAED pat-
terns of ¢) MWCNT/amor-Ni(OH),, d) MWCNT/amor-Ni(OH),/PEDOT:PSS, e) MWCNT/amor-Ni(OH), after 3000 charge and discharge cycles, and

f) MWCNT/amor-Ni(OH),/ PEDOT:PSS after 3000 cycles.
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Figure 3. a) XRD patterns of MWCNT, MWCNT/Cu,0, MWCNT/amor-Ni(OH),, and MWCNT/amor-Ni(OH),/PEDOT:PSS, b) Comparison between
XRD patterns of MWCNT/amor-Ni(OH), and MWCNT/amor-Ni(OH),/ PEDOT:PSS before and after 3000 charge and discharge cycles. XPS spectra of
c) MWCNT/amor-Ni(OH), and the inset shows the Ni 2p spectrum, d) MWCNT/amor-Ni(OH),/ PEDOT:PSS and the inset shows the S 2p spectrum.

sp? hybridized C atoms. The C atoms in C-O, C=0, and COO-
structures also give peaks at 286.2, 287.4, and 289.1 eV, respec-
tively.?3] The O 1s spectrum (Figure S2b, Supporting Informa-
tion) has one main peak at 531.2 eV from O atoms in Ni-O
structures and three other peaks at 531.8, 532.5, and 533.7 eV
from O atoms in carbonyl, phenol, and carboxyl groups, respec-
tively.3* The C and O XPS spectra indicate that nitric acid treat-
ment introduces oxygen-containing functional groups on the
MWCNTs, which not only improve their surface wettability
but also generates anchoring sites for Ni(OH), deposition.>!
The inset of Figure 3c displays the enlarged Ni 2p XPS spec-
trum with two major peaks of Ni 2p;, (856.2 eV) and Ni 2p,,
(873.6 eV) and their corresponding satellite peaks. The spin-
energy separation between the two Ni 2p peaks is at 17.4 eV,
agreeing with previous findings on amor-Ni(OH),.'3 XPS spec-
trum of the MWCNT/amor-Ni(OH),/PEDOT:PSS is shown in
Figure 3d. The XPS peaks resulting from Ni, O, and C are sim-
ilar to those observed on the XPS spectrum of the MWCNT/
amor-Ni(OH),. In addition, S 2s (163.1 eV) and S 2p (168.6 eV)
peaks from S atoms in the PEDOT:PSS are observed.%3¢
Furthermore, the specific surface areas of the hybrids are
determined from their N, adsorption/desorption isotherms
(Figure S3a, Supporting Information). The MWCNT/amor-
Ni(OH), and MWCNT/amor-Ni(OH),/PEDOT:PSS have a spe-
cific surface area of 161 and 127 m? g7}, respectively, which are
smaller than that of the pristine MWCNTs (200 m? g!). The

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

mass loadings of amor-Ni(OH), on MWCNTs were also deter-
mined by thermogravimetric analysis (TGA) (Figure S3b, Sup-
porting Information). There are two major weight lost steps
on the TGA profile of the MWCNT/amor-Ni(OH),, which cor-
respond to amor-Ni(OH), and MWCNTs, respectively. The
mass loading of amor-Ni(OH), on MWCNTs was determined
to be 49.5 wt% from TGA. Since the MWCNT/amor-Ni(OH),/
PEDOT:PSS contains 10 wt% PEDOT:PSS, the mass loading
of amor-Ni(OH), in the ternary composite is about 44.6%. We
have explored the option of further increasing the mass loading
of amor-Ni(OH), by depositing more Cu,0. However, we have
found that either the Cu,0 forms large particles, which cannot
be completely etched, or crystalline Ni(OH), appears on the
MWCNTs after replacement. Thus, the mass loading of amor-
Ni(OH), at around 50 wt% is the optimal loading found in this
study.

2.3. Specific Capacitance and Rate Capacity of the Hybrids

We first evaluated the electrochemical performance of the
hybrids by cyclic voltammetry (CV) and galvanostatic charge/
discharge measurements using a three-electrode cell in
1 M aqueous KOH electrolyte. The MWCNT/amor-Ni(OH),
was fabricated into electrodes using PVDF as a binder (with
the mass ratio of 9:1), while the MWCNT/amor-Ni(OH),/

Adv. Funct. Mater. 2015, 25, 1063-1073
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PEDOT:PSS was directly used as working electrodes because
the PEDOT:PSS coating can hold the materials together
without the need of additional polymer binders. In addition,
MWCNTs mixed with PVDF binder (with the mass ratio of 9:1)
and MWCNTs wrapped with PEDOT:PSS (with the mass ratio
of 9:1) without Ni(OH), (denoted as MWCNT/PEDOT:PSS)
were also measured as reference samples. Figure 4a,b show the
respective CV curves of MWCNT/amor-Ni(OH), and MWCNT/
amor-Ni(OH),/PEDOT:PSS with the potential window from 0
to 0.5 V (vs saturated calomel electrode) at different scan rates.
There are two intense redox peaks attributed to the reversible
Faradaic reaction between Ni(II) and Ni(III)
Ni(OH), + OH™ <> NiOOH + H,0+e" (3)

The specific gravimetric capacitance (C, F g7!) of electrode
materials can be calculated using the voltammetric charge inte-
grated from their CV curves according to the equation

g [Tivyav (4)
2Vvm V-
where the positive and negative sweeps of current i(V) are inte-
grated to obtain the total voltammetric charge. v is the scan rate,
and V (V =V,-V)) represents the scanned potential window. V
used in this study is 0.5 V. m is the mass of the electrode mate-
rials. Figure 4d shows that C; of the MWCNT/amor-Ni(OH), and
MWCNT/amor-Ni(OH),/PEDOT:PSS is 1540 and 1454 F g
at the scan rate of 5 mV s}, respectively. These are based on

www.afm-journal.de

the total mass of all active materials in the measured electrodes
including MWCNTs, amor-Ni(OH),, and PEDOT:PSS. CV
curves of the two reference samples, MWCNTs and MWCNT/
PEDOT:PSS, underascan rate of 5mV s~!, are shown in Figure 4c.
The MWCNTs display a rectangular shape, which is typical
for EDLC. MWCNT/PEDOT:PSS also shows a rectangular-like
shape but with a bulge around 0.22 V which is related to the
redox reaction of PEDOT.?”! C of the two reference samples
determined from their CV curves are 58 and 80 F g™!, respec-
tively, which is similar to previously reported results.?”-33! Com-
paring the C; of the two references samples to those of the two
amor-Ni(OH), hybrids, we can conclude that the contribution
from EDLC by MWCNTs and PEDOT:PSS to the total capaci-
tance of the hybrids is much smaller (less than 3.8% and 5.2%)
than the pseudocapacitance from the amor-Ni(OH),. In order
to better compare the performance of amor-Ni(OH), found in
this study with the existing literature data reported for Ni(OH),-
based materials, we have further calculated the specific gravi-
metric capacitance (C’y) of the hybrids based on the mass of
amor-Ni(OH), only. It should be noted that amor-Ni(OH),
counts for 49.5 wt% of the MWCNT/amor-Ni(OH), and 44.6 wt%
of the MWCNT/amor-Ni(OH),/PEDOT:PSS. C’; is 3111 and
3262 F g! for MWCNT/amor-Ni(OH), and MWCNT/amor-
Ni(OH),/PEDOT:PSS, respectively, as shown in Figure 4d. To
our knowledge, this is one of the highest gravimetric specific
capacitances among all reported Ni(OH), materials measured
using a three-electrode celll3-1517.2021.27.3942] (see Table S1,
Supporting Information, for detailed comparison), suggesting
that efficient surface redox reactions can take place on the thin

(a) ——_|(b) .
240 - 7 2404 ——5mVis % 1
—5mV/s o b = 4DV 7 /
-~ 10mVis /I L / /
160 4 e 20 mVis iy 160 oo 20mvis L o
N 50 mV/s N 3
(=) A e (=2}
3 100 mV/s 3
= =
o e T e (]
E SO FER E
8 -80- .\A\ e 8
£ ) . Ngmss®
-160 - L -160 1 "X i
0 . 7
2401 . . . ' . -2401 — . ' .
0.0 0.1 0.2 0.3 0.4 0.5 0.0 0.1 0.2 0.3 0.4 0.5
potential (V) VS. SCE potential (V) VS. SCE
(c) (d)3500
0.8 —=— MWCNT/amor-Ni(OH),/PEDOT:PSS
——MWCNT 3000 —&— MWCNT/amor-Ni(OH),
----- MWCNT/PEDOT:PSS =
0.4 £ 2500
& e Based f Ni(OH
< § ased on mass of Ni(OH),
= 5 2000
§ 0.0+ §
a . o 1500
04" ?
& 1000 Based on total mass
-0'8 T T T T T T 500 T T T T
0.0 0.1 0.2 0.3 0.4 0.5 0 25 50 75 100

potential (V) VS. SCE

CV scan rate (mV/s)

Figure 4. CV curves of a) MWCNT/amor-Ni(OH), and b) MWCNT/amor-Ni(OH),/ PEDOT:PSS at different scan rates in aqueous 1.0 M KOH electro-
lyte. ¢) CV curves of MWCNT and MWCNT/PEDOT:PSS at the scan rate of 5 mV s™" in aqueous 1.0 m KOH electrolyte. d) The specific capacitance as
function of scan rate of MWCNT/amor-Ni(OH), and MWCNT/amor-Ni(OH),/PEDOT:PSS.

Adv. Funct. Mater. 2015, 25, 1063-1073

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

wileyonlinelibrary.com

1067

“
G
F
F
>
v
m
~




-
™
s
[
-l
wd
=
™

1068  wileyonlinelibrary.com

www.afm-journal.de

layer of disordered amor-Ni(OH), deposited on the MWCNTs.
It is worth mentioning that our result is more than two times
higher than that of the previously reported pure amor-Ni(OH),
(1677 F g1 at the same scan rate of 5 mV s71.113] The large spe-
cific gravimetric capacitance in this study can be attributed to
the synergistic effects in the ternary hybrid architecture as dis-
cussed above.

Figure 4d further displays the rate capability of the two
hybrids. C’s of the MWCNT/amor-Ni(OH), decreases from
3111 to 1648 F g! with 53% capacitance retention, when the
CV voltage scan rate increases from 5 to 100 mV s7%. In com-
parison, the MWCNT/amor-Ni(OH),/PEDOT:PSS exhibits sig-
nificant improvement, 71.9% of its capacitance being retained.
Its rate capability outperforms many previously reported
Ni(OH), materialgl!3-15:21.222527,3439404243]  (see Table SI1,
Supporting Information, for detailed comparison). The rate
capability of pseudocapacitive materials is usually limited by
their charge transfer rate and ion diffusion resistance. In our
uniquely designed hybrids, the abundance defects within the
amor-Ni(OH), can improve ion diffusion, which facilitates the
efficient transformation between Ni(OH), and NiOOH.*4 The
MWCNTs serve as conductive highways for electrons. The thin
Ni(OH), layer prompts the fast and efficient electron trans-
portation between Ni(OH), and MWCNTs. Moreover, the con-
ductive PEDOT:PSS can further reduce the electron transfer
resistance among MWCNT/amor-Ni(OH), ropes, as reflected
by the higher capacitance retention observed in the MWCNT/
amor-Ni(OH),/PEDOT:PSS.

The specific gravimetric capacitance of electrode materials
can also be calculated from their galvanostatic charge/discharge
curves at different current densities using

i

“Eva )

where i is the discharging current and dV/dt is the slope of the
discharge curves. The galvanostatic charge/discharge curves
of MWCNT/amor-Ni(OH), and MWCNT/amor-Ni(OH),/
PEDOT:PSS at the current density from 3 to 20 A g~! are shown
in Figure S4, Supporting Information. The calculated C; and
the observed rate capability from the charge/discharge curves
are similar to those obtained from their CV curves as shown
in Figure 4d. The detailed comparison with the previously
reported data obtained using charge/discharge curves is listed
in Table S1, Supporting Information. In addition, Figure S5,
Supporting Information, also shows that the MWCNT/amor-
Ni(OH),/PEDOT:PSS has high Coulombic efficiencies (near
100%) at the charge/discharge current density up to 20 A g7},
indicating that a large fraction of the redox reactions take place
on the surface or near-surface region of amor-Ni(OH), in the
two hybrids.

2.4. Improved Cycle Life of the Ternary Hybrid

As discussed above, nanoscale structure degradation and Ni ion
dissolution are the two key issues compromising the cycle life
of many previously reported Ni(OH), nanomaterials. The cycle
lives of the two hybrids were evaluated by galvanostatic charge/
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discharge tests at 10 A g! in a range of 0-0.5 V in 1 m KOH
aqueous electrolyte. Figure 5a shows that Cg of the MWCNT/
amor-Ni(OH), drops rapidly from 1103 to 987 F g! after
200 cycles, and then gradually to 756 F g! thereafter at 3000
cycles. The instability of the MWCNT/amor-Ni(OH), is also
substantiated by the change in its electrochemical impedance
spectroscopic (EIS) measurements. Figure 5b shows that the
composite has much larger equivalent series resistance (from
the x-intercept of the Nyquist plot) and higher charge transfer
and ion diffusion resistance (from radius of the semicircles
and the Warburg region on the Nyquist plot). These electro-
chemical performance changes are correlated to the structural
changes of Ni(OH),. XRD patterns in Figure 3b indicate that
the amor-Ni(OH), is gradually transformed to f-crystalline
Ni(OH), with the appearance of its characteristic peaks at
19.31° (i.e., diffraction of Ni(001)) and 38.34° (i.e., diffraction of
Ni(011)). We have also observed the formation of Ni(OH), crys-
tals on the TEM image shown in Figure 2e. The SAED pattern
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Figure 5. a) Cycle life of MWCNT/amor-Ni(OH), and MWCNT/amor-
Ni(OH),/ PEDOT:PSS measured at 10 A g”! in a three-electrode cell with
1 m aqueous KOH electrolyte. b) EIS Nyquist plots of MWCNT/amor-
Ni(OH), and MWCNT/amor-Ni(OH),/ PEDOT:PSS before (solid spots)
and after (open spots) the 3000 charge and discharge cycles as shown
in a). The inset shows the enlarged portion at the high frequency region.
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exhibits the diffraction rings from Ni(001) and Ni(011). These
structural changes are not surprising as previous studies have
reported that o-Ni(OH), is not stable in alkaline solution and
can be transformed to B-crystalline Ni(OH),.*#*] Upon mul-
tiple charge/discharge cycles, the ion diffusion inside the amor-
Ni(OH), supported on MWCNTs may facilitate the formation of
the thermodynamically more stable f-Ni(OH),.

An important design consideration in our ternary hybrid
is the wrapping of MWCNT/amor-Ni(OH), with PEDOT:PSS
so that the cycle life of the MWCNT/amor-Ni(OH), can be
extended while keeping their excellent specific capacitance and
rate capability. Figure 5a shows that the ternary hybrid retains
92% of its original capacitance after 3000 cycles. This per-
formance is not only much better than that of the MWCNT/
amor-Ni(OH),, but also superior to many previously reported
Ni(OH), materials (see Table S1, Supporting Information, for
details) 131417214246 The improved cycle life of the ternary
hybrid can be corroborated with the minimum changes in its
equivalent series resistance and ion diffusion resistance (see
Figure 5b). XRD (Figure 3b) and TEM (Figure 2f) results also
confirm that amor-Ni(OH), in the ternary hybrid has minor
structural changes after 3000 charge/discharge cycles.

We further extended the cycling test of the MWCNT/amor-
Ni(OH),/PEDOR:PSS to 30 000 cycles at the current density of
20 A g! in the three-electrode cell in order to demonstrate its
long-term stability under high current density (Figure S6, Sup-
porting Information). The electrode retains about 85% of its
original capacitance after 20 000 cycles, and still has 77% of its
original capacitance after 30 000 cycles. As shown in the insets
of Figure S6, Supporting Information, the charge-discharge
profiles at different cycling stages (three cycles from each stage)
show minor changes in their shapes except for the slightly
decreased charge—discharge time. This further confirms the
excellent stability of the ternary hybrid.

2.5. Performances of Asymmetric Supercapacitors

To evaluate the practical supercapacitor applications of the ter-
nary hybrid, we have fabricated asymmetric supercapacitors
using the MWOCNT/amor-Ni(OH),/PEDOT:PSS as positive
electrodes and the rGO/CNT hybrid as negative electrodes. The
active electrode materials were coated on two pieces of carbon
cloth (1 cm x 1 cm), and then sandwiched with a membrane
separator in 1 M aqueous KOH electrolyte. The cell voltage was
set as the sum of the potential windows of the positive (0-0.5 V)
and negative (~1.0 to 0 V) electrodes at 1.5 V.[%’]

The rGO/CNT hybrid was used in this study because of it has
better electrochemical performances compared to commonly
used activated carbon electrodes.l'”*”] The carbon hybrid with a
mass ratio of 3:1 between rGO and CNTs was obtained following
the previously reported hydrothermal synthesis method 849 The
rGO/CNT hybrid is porous (see the SEM image on Figure S7a,
Supporting Information) with a specific surface area of
364 m? g™! measured by N, physisorption (Figure S7b, Sup-
porting Information). The rGO/CNT hybrid was pressed into
film electrodes to assemble asymmetric supercapacitors. The
CV curves of the rGO/CNT electrode measured using a three-
electrode cell 1 M aqueous KOH electrolyte with the scanning
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voltage from —1 to 0 V are shown in Figure S7c, Supporting
Information. The rectangle-like CV curves indicate its EDLC
behavior. No obvious IR drops are observed on its galvanostatic
charge/discharge curves (Figure S7d, Supporting Information),
indicating that it has low internal resistances. The rtGO/CNT
hybrid has a specific capacitance of 203 F g™! at the current den-
sity 1 A g1, and retains 75% of this specific capacitance when
the discharge current was increased to 20 A g™\,

The charge stored by each electrode in an asymmetric super-
capacitor depends on the specific capacitance (C;) of electrode
material, the potential window (AV) and the mass of elec-
trode materials (m). To balance the charge stored in the two
electrodes, the mass ratio of electrode materials is adjusted
according to

m*  Cy XAV”
m-  CIxAV*

(0)

In an assembled supercapacitor, the mass loading of the
MWCNT/amor-Ni(OH),/PEDOT:PSS hybrid is about 3.5 mg
cm? and that of the rGO/CNT hybrid is about 12 mg cm™.
The total active materials in each assembled supercapacitor of
1 cm x 1 cm in size are about 15.5 mg.

Figure 6a shows the CV curves of the assembled two-elec-
trode asymmetric supercapacitor with a voltage scan rate
from 5 to 150 mV s'. The CV curves show two redox peaks,
which are much broader than those in Figure 4b. Its galvano-
static charge/discharge curves at the current density from 1 to
20 A g ! are shown in Figure 6b. The specific capacitance of the
supercapacitor can be determined using

Cce].l

Ccell,m = _
m +m

(7)

where C_ are obtained using either the CV curves or galvano-
static discharge curves based on equations similar to Equations (4)
and (5), but measured on the two-electrode supercapacitor
instead. As shown in Figure 6¢,d, the asymmetric superca-
pacitor demonstrates excellent rate capability and the Cep,
decreases from 179.8 to 109.6 F g™! when the galvanostatic
discharge current increases from 1 to 20 A g7!, or from 159.4
to 102.3 F g when the voltage scan rate increases from 5 to
150 mV s7L.

The gravimetric specific energy (Ee,) and power (P )
density of the supercapacitor are obtained from the equations

Ecell,m = Cce]],mAVZ/(Z X 36) (8)

Pce].l,m = Ece]l,m X 3600/td.ischarge (9)

where fgischarge is the discharge time.[>4%]

As shown in the ragone plot on Figure 7a, the specific energy
density of the supercapacitor reaches 58.5 W h kg™! at the power
density of 780 W kg1, and retains at 30.8 W h kg~! with the high
power density of 11.5 kW kg™!. To our knowledge, the asym-
metric supercapacitor based on the MWCNT/amor-Ni(OH),/
PEDOT:PSS has one of the highest specific energy and power
densities among all reported Ni(OH),-based supercapacitors
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Figure 6. a) CV curves of the assembled MWCNT/amor-Ni(OH),/PEDOT:PSS//rGO/CNT asymmetric supercapacitor at different scan rates in 1 m
aqueous KOH electrolyte with a 1.5 V voltage window. b) Galvanostatic charge/discharge curves of the assembled asymmetric supercapacitor at dif-
ferent current densities. c) The specific capacitance of the supercapacitor measured from CV curves at different scan rates. d) The specific capacitance
of the supercapacitor measured from charge/discharge curves at different current densities.

using similar calculation methods.'>7°% The detailed com-
parison between our results with the previously reported data is
listed in Table S2, Supporting Information.[131417:19.39:51]

To demonstrate that the supercapacitors can be used as effi-
cient power sources for practical applications, two 1 cm x 1 cm
supercapacitors were connected in series to light up two light-
emitting diode (LED) indicators (green: 3.0-3.2 V, 20 mA and
red: 2.0-2.2 V, 20 mA) for about 9 min after being charged to
3 Vin 8 s at the current density of 20 A g! (see Figure 7b).
Moreover, the two supercapacitors in series were also used to
drive a motor (Mabuchi RF-500TB, 330 mW) (see Figure 7c and
watch the movie in the Supporting Information).

More importantly, the key advantage of the asymmetric
supercapacitor is its long cycle life resulting from the uniquely
designed ternary hybrid structure in the MWCNT/amor-
Ni(OH),/PEDOT:PSS. Figure 8 shows that the supercapacitor
can retain 90% of its original capacitance after 5000 charge/
discharge cycles at 10 A g! and still maintain at 86% after
30 000 cycles. The initial ten cycles and last ten cycles of the
voltage profiles in the inset of Figure 8 show minor changes.
The stability performance of the assembled asymmetric super-
capacitor is similar to that of its positive electrode, MWCNT/
amor-Ni(OH),/PEDOT:PSS, measured in the three-electrode
cell test, which suggests that the cycling performance of the
asymmetric supercapacitor is mainly controlled by its positive
electrode. The performance of the asymmetric supercapacitor
at the first few thousand cycles is evolving. The initial slight

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

increase may be attributed to the improvement of electrode
surface wettability and electrolyte ion accessibility.’?! And the
following decline may be caused by irreversible surface dissolu-
tion of unstable active materials and solid electrolyte interface
(SEI) reactions, which have been observed in some previous
studies.?>3+51:33] In our ternary hybrid, the conducting polymer
coating helps to stabilize the electrodes by reducing the dissolu-
tion of active materials and SEI reactions. Thus, the observed
declining trend was extended to about 3000 cycles, in contrast
to the fast declay within 1000-2000 cycles observed in many
previous reports.[25345153] After the unstable Ni(OH), on the
surface is dissoloved and the formation of stable SEI, the perfor-
mance of the asymmetric supercapacitor became more stable.
This cycle life outperforms most of the previously reported
Ni(OH),-based supercapacitors (see Table S2, Supporting Infor-
mation).[131417.1925.3951] The asymmetric supercapacitor tested
in two-electrode cell has better cycling performance compared
to the electrode tested in three-electrode cell. This may be due
to two reasons. First, the three-electrode cell test uses a much
larger volume of aqueous electrolyte solution compared to that
used in the two-electrode asymmetric supercapacitor. When the
electrode materials are immerged in a large volume of electro-
lyte in the three-electrode cell, the irreversible dissolution of the
active materials into electrolyte is more likely to happen because
of the fast mass transfer. Second, the three-electrode cell test
is an open system where the electrode materials are exposed
to the oxygen dissolved in electrolyte from air. In contrast, the

Adv. Funct. Mater. 2015, 25, 1063-1073



'a\
M“h\)iié

www.MaterialsViews.com

(a)10;

1 —@— This work
1 —®— Amor-Ni(OH),//AC (Ref.13)

] —2— a-Ni(OH) /graphenel/graphene (Ref.25)
1 —¥— a-Ni(OH) /CNT/Ni foam//AC (Ref.17)

1 —#— B-Ni(OH),/Ni foam//AC (Ref.51a)

] —<—Ni(OH),/ICNT/IAC (Ref.39)

—»— NiCo hydroxide/graphene/CNT//AC/FWCNT (Ref.19)

1 00 + NiCo LDH/graphene//AC (Ref.51b )

Energy density (Wh/kg)
o

10

10°
Power density (W/kg)

10"

10°

Charging for 8 s
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PEDOT:PSS//rGO/CNT asymmetric supercapacitor in comparison with
Ni(OH),-based symmetric supercapacitors reported in the literature.
Photographs showing two asymmetric supercapacitors in series to
b) light up two LED indicators in red and green simultaneously, and
c) drive a motor (video is shown in the Supporting Information) after
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120
£ 100~
é 56 e -
g 15 15
R -2 S0
§ 404 5 05 £ 05
= 9 s
S 20 e 10 o 30000
8 Cycle number Cycle number
0 T L T ¥ T L T > T ¥ T i
0 5000 10000 15000 20000 25000 30000

Cycle number

Figure 8. Cycle life of the assembled asymmetric supercapacitor upon
30 000 charge and discharge cycles in 1 m aqueous KOH electrolyte at
10 A g7' galvanostatic charge—discharge current with a potential range of
0-1.5 V. The insets show the first and last ten cycles of charge/discharge
profiles of during the test.
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partially sealed two-electrode asymmetric supercapacitor signif-
icantly limits the oxygen exposure of electrodes.

3. Conclusion

We have successfully synthesized the coaxial ternary hybrid
material with a thin layer (<5 nm) of amorphous Ni(OH),
deposited on nitric acid-treated MWCNTSs as the core and a thin
conductive polymer (PEDOT:PSS) layer wrapping the core. The
amorphous Ni(OH), was deposited by a novel “coordinating
etching and precipitating” method, which enables large fraction
of redox reactions to take place on the surface or near-surface
region, resulting in high pseudocapacitance and excellent rate
capability. The ternary hybrid has a gravimetric specific capaci-
tance of 3262 F g™! at 5 mV s7! in 1 m aqueous KOH electro-
lyte and retains 71.9% of its capacitance at 100 mV s™!. More
importantly, the PEDOT:PSS layer prevents the degradation of
the nanoscale structure of amorphous Ni(OH), and Ni ion dis-
solution upon repeated charges/discharges, resulting in a long
cycle life (92% capacitance retention over 3000 cycles and 77%
retention over 30 000 cycles under the high current of 20 A g7}).
This makes our ternary hybrid superior to most of the previ-
ously reported Ni(OH), materials. The assembled asymmetric
supercapacitor using the ternary hybrid as the positive electrode
and the rGO/CNT hybrid as the negative electrode exhibits a
gravimetric specific energy density of 58.5 W h kg™! at a power
density of 780 W kg!, and retains at 30.8 W h kg™! with a high
power density of 11.5 kW kg™!. The supercapacitor holds 86%
of its original capacitance after 30 000 cycles and outperforms
most of the previously reported Ni(OH), based supercapacitors.
Further, two supercapacitors, connected in series, are capable
of lighting up two LED indicators simultaneously and driving a
motor, demonstrating the excellent practical application poten-
tials. The synthesis method of amorphous Ni(OH), and the
unique ternary hybrid design that we have demonstrated can
be regarded as a general approach to obtain high performance
pseudocapacitive materials for supercapacitors with high
energy density, rate capability, and long cycle life.

4. Experimental Section

Synthesis of MWCNT/amor-Ni(OH),: MWCNTs (diameter of 10 nm,
FloTube 9000, CNano Technology) were first refluxed in 37% HCI
to remove metal catalyst residues, and then in 65% HNO; for 4 h
to introduce oxygen-containing functional groups. The MWCNT/
amor-Ni(OH), was synthesized in two steps. In the first step, the
coprecipitation process was used to obtain MWCNT/Cu,O. CuCl,
(1 mL, 0.8 m) solution was slowly dropped into MWCNT (30 mg in
400 mL) aqueous dispersion containing 1 x 107 m trisodium citrate
in 10 min. Next, NaOH (32 mL, 0.1 m) solution was added dropwise.
After stirring for another 10 min, ascorbic acid (15 mL, 0.1 m) was added
dropwise, and kept stirring for 30 min before the mixture was aged for
5 h statically. The black mixture gradually turned into dark green color.
The resulting MWCNT/Cu,O was collected by filtration, and then washed
by deionized water and ethanol. In the second step, the in situ etching—
precipitation process was used to convert Cu,O into amor-Ni(OH),. The
collected MWCNT/Cu,0 and Ni(NO;3),-6H,0 (120 mg) were dispersed
in ethanol/H,O (volume ratio = 1:1, 100 mL) by sonication for 30 min.
Afterward, Na,S,03 (30 mL, 0.05 m) aqueous solution was slowly added
into the dispersion dropwise under continuous stirring, followed by
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ageing for another 2 h under stirring. Last, the MWCNT/amor-Ni(OH),
powders were obtained by filtration, washing with deionized water, and
dried at 60 °C for 12 h. For electrochemical characterization of MWCNT/
amor-Ni(OH), in the three-electrode cell, MWCNT/amor-Ni(OH),
(about 3.5 mg) and PVDF (as binders) were first mixed at a mass ratio
of 9:1 in N-methyl pyrrolidone (NMP) by sonication. Then, the mixed
electrode material slurry was coated on a 1 X 1 cm area at one end of
a carbon cloth (total 1 x 3 cm in rectangle shape), followed by drying at
100 °C in a vacuum oven. The carbon cloth coated with MWCNT/amor-
Ni(OH), was used as the working electrode.

Synthesis  of MWCNT/amor-Ni(OH),/PEDOT:PSS:  PEDOT:PSS
solution (2 mg in 154 mg of water dispersion of 1.3 wt%) was added
dropwise into the MWCNT/amor-Ni(OH), aqueous dispersion (18 mg,
30 mL) under stirring. The mixture was further stirred for 5 h. Afterward,
the resulting solids were collected by filtration. It was noted that the
filtrate became colorless, different from the initial blue PEDOT:PSS
solution, indicating that PEDOT:PSS was anchored on the hybrid.
MWCNT/amor-Ni(OH),/PEDOT:PSS electrodes were prepared using
the similar method as described earlier without adding PVDF binders.

Synthesis of rGO/CNT Hybrid: The hybrid was synthesized using a
modified method from our previous publication.*8! Briefly, graphene
oxide (GO) was prepared by the modified Hummers’ method using
natural graphite. CNTs (1.4 nm in diameter, Carbon Solution) were also
treated in HCl and HNO; similar to the MWCNTs as described above. A
homogeneous GO/CNT (at the mass ratio of 3:1) mixture was obtained
by sonicating predetermined amount of acid-treated CNTs in GO
(10 mL, 2 mg mL™") aqueous solution. The mixture was then transferred to
a Teflon-lined stainless steel autoclave for 18 h hydrothermal treatment at
180 °C. Afterward, the rGO/CNT hybrid was freeze-dried and crushed into
powders. The rGO/CNT electrodes were fabricated using PVDF as binder.

Assembly of Asymmetric Supercapacitor. MWCNT/amor-Ni(OH),/
PEDOT:PSS and rGO/CNT were used as positive and negative
electrodes, respectively, at the mass ratio of 1:3.5. The two film
electrodes and a piece of separator membrane (Nippon Kodoshi Co.)
were sandwiched together to form the complete device.

Material ~ Characterization: The morphology of the materials
was examined by SEM (JEOL, JSM6701, 5 kv) and TEM (JEM-2010,
JEOL, 120.0 kV). The crystallographic structures of the materials were
characterized by a powder XRD system (Bruker, AXS D8) and the SAED
performed by JEM-2010 TEM. The chemical composition of the material
surfaces was analyzed by XPS (PHI, Quantera). The specific surface areas of
the materials were measured using a surface area analyzer (QuantaChrome,
Autosorb-6B) and calculated by the Brunauer-Emmett-Teller method.
Samples were degassed at 120 °C for 10 h under vacuum (<0.01 mbar)
before the surface area test. The mass loading of Ni(OH), was determined
in thermogravimetric analysis (Perkin Elmer, Diamond FTA32 TG/DTA).

Electrochemical ~ Characterization: The electrochemical tests of
various materials were performed using a three-electrode cell in 1 m
aqueous KOH electrolyte with a platinum wire as the counter electrode,
a saturated calomel electrode as the reference electrode, and the
working electrode prepared as described early. The performance of the
asymmetric supercapacitors was evaluated by measuring the assembled
two-electrode cells. CV, galvanostatic charge/discharge, and capacitance
retention tests were carried out by the potentiostat (CHI 660D). EIS
spectra were taken by the potentiostat (VersaSTAT 4).

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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