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A uniform nickel film could be coated on crown ether-modified carbon
nanotubes (c-CNTs) by electroless deposition. The products CNT@Ni
and c-CNT@Ni were oxidized and compressed into CNT@Ni@(NiOH),
and c-CNT@Ni@(NiOH), discs, respectively. The areal and volumetric
capacitances of CNT@Ni@(NiOH), and c-CNT@Ni@(NiOH), were com-
pared and c-CNT@Ni@(NiOH), showed a lower resistance.

A hybrid between the lithium ion battery' and the supercapa-
citor is known as a pseudocapacitor, which has a high theore-
tical specific capacitance. Most of them are made of metal
oxides but their reported capacitances are often much lower
than their theoretical values because of two reasons: (1) the low
conductivity of metal oxides and (2) the low ion diffusion rates
of electrolyte inside the metal oxides during the charge-dis-
charge process. To improve the ion diffusion and electron
transmission in the pseudocapacitor, one strategy is shortening
the electron and ion transfer pathway by synthesizing metal
oxides at the nanoscale, such as nanoparticles> and
nanoplates.® Nanoarchitectured metal oxides can be combined
mechanically with current collectors to form electrodes, but the
contact interface has a high resistance and the resulting
specific capacitance is not satisfactory for application. Another
method to improve the contact between metal oxides and
current collectors is synthesizing the metal oxides on the
current collectors directly. Carbon fabrics and metal foams
with a large specific surface area have been widely used as
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both substrates and current collectors.* However, the thickness
of the metal oxide layer is on the nanoscale and the mass
loading of metal oxides on current collectors is low (usually less
than 1 mg cm™?). The areal and volumetric capacitances of
electrodes are more important parameters in the evaluation of
electrochemical performance of the active materials than the
specific capacitances.

In order to synthesize low cost electrodes with both a high
areal capacitance and volumetric capacitance, herein, nanopor-
ous nickel with a Ni(OH), shell and nanoporous nickel-iron
with an Fe,0; shell were synthesized. Nanoporous metal net-
works were fabricated by stacking metal nanotubes together
and fusing them at high temperature, while the metal nano-
tubes were synthesized by coating Ni and Fe on CNTs and
crown ether-modified CNTs (c-CNTs) through an electroless
deposition (ELD) process. The resulting surface oxidized nano-
porous metal network can function as a high performance
freestanding electrode itself. As compared to the reported metal
oxide based electrode materials, for example, CNT@Ni(OH),,’
CNT@Ni@Ni,(CO;)(0OH),° nanotubes and Ni fiber@Ni(OH),,”
this work presented nanoporous architectures with high con-
ductivities and large specific surface areas. Hence, high areal
and volumetric capacitances can be achieved using our new
CNT@Ni@Ni(OH),, c-CNT@Ni@Ni(OH), and CNT@Ni-Fe@Fe,0;
materials.

There are several factors that determine the capacitances of
materials: mass loading, resistance (contact between the active
materials and current collectors), scalability and the nanopor-
ous structures. A modified ELD method was employed to
deposit nickel on the substrate of multi-walled carbon nano-
tubes (MWCNTs).® It is also worth noting that MWCNTs are
readily available commercially in large quantities with relatively
inexpensive prices, therfore the cost of production can be
further reduced for industrial application.’

The synthesis of the amine-functionalized crown ether
(DB24C8-CH,NH,) was achieved through a new synthetic path-
way (Fig. 1B). Starting with diol 1, ditosylation yielded ditosylate
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Fig. 1 (A) Synthetic scheme of dibenzo[24]crown-8-CH,NH, (DB24C8-
CH3NHy), conditions: (a) TsCl, NEts, DMAP, r.t., CH,Cly, 24 h, 67%; (b) 3,4-
dihydroxybenzonitrile, Cs,COs3, K,COsz, MeCN, reflux, 24 h, 68%; (c) LiAlH4,
THF, reflux, overnight, 41%. (B) Synthetic process of interconnected
CNT@Ni and crown ether-based c-CNT@Ni via CNT@Ag and c-CNT@Ag
by electroless deposition (ELD).

2 in 67% yield. Then, ditosylate 2 was macrocyclized with 3,4-
dihydroxybenzonitrile using a cesium ion template to yield
macrocycle 3 in 68% yield. The cyano group of macrocycle 3
was reduced into the product DB24C8-CH,NH, by LiAlH, in
41% yield (Fig. S1-S6, ESIt). Then, the surface of the CNTs was
oxidized in acidic medium, and both crown ether modified
CNTs (c-CNTs) and pristine oxidized CNTs were used as sub-
strates to initiate ELD of Ni using a silver nitrate catalyst
(Fig. 1A and Fig. S7, ESI{). The carboxyl groups on CNTs were
activated by SOCI, and then subsequently reacted with the
crown ether DB24C8-CH,NH, to yield c-CNTs through amide
bonds. The crown ether modification on the CNTs was further
confirmed by XPS analysis (Fig. S8, ESI{).

During the ELD process, Ag" acts as the catalytic site for Ni
adhesion, and the use of a crown ether as an adsorbent for Ag"
ions has been reported,'® hence ¢-CNTs could provide anchor-
ing points for Ag" and a more uniform metal coating could
be formed. The adsorption of Ag" on ¢-CNTs was confirmed
by EDX characterization (Fig. S9, ESIT). For the pristine CNTs,
the absorption of silver ions was characterized by XPS; two
peaks with the binding energy of 368.4 eV and 374.6 eV were
observed, corresponding to Ag 3ds, and Ag 3ds, respectively
(Fig. S11a, ESI}). Also, Ag" has a lower catalytic rate for ELD
compared to that of palladium,"* which is advantageous for
controlling the mass loading and morphology of nickel depos-
ited on the CNTs, such as by tuning the amount of reducing
agent dimethylamine borane (DMAB) and reaction time. The
homogeneous deposition of nickel in the bulk solution was
diminished with the use of Ag" and ¢-CNTs.

The ELD process was carried out with the assistance of
ultrasonication (45 kHz) for dispersion. Through the adjust-
ment of the concentration of the reducing agent (DMAB) and
pH of the solution, nickel with different morphological struc-
tures was synthesized on the CNTs, such as separated nickel
islands, connected nickel islands, continuous nickel films and

©2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 TEM images of (a) nickel islands on CNTs; (b) connected Ni islands
on CNTs; (c) continuous Ni film on CNTs; (d) interconnected CNT@Ni with
side branches; (e—h) interconnected c-CNT@Ni with side branches.

interconnected CNT@Ni with side nickel branches (Fig. 2a-d).
Notably, with crown ether modification, the nickel coating on
c-CNT@NIi is more evenly distributed and smoother than that
of CNT@Ni (Fig. 2e-g), and interconnected branches were
arranged in a more uniform way (Fig. 2d and h). Without
ultrasound, the branches could not be formed to connect the
CNT®@Ni and only a thicker metal deposit was observed (Fig.
$10, ESIt). This is possibly due to the interference of diffusion
rates of Ni** for the growth of branches during the ELD process.
The nickel coating on CNT@Ni was characterized by XPS (Fig.
S11b, ESIt) and XRD (Fig. S11c, ESIT). The resulting CNT@Ni
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and c-CNT@Ni were tested as positive electrodes in aqueous
NaOH electrolyte. Subsequently, the Ni surface was oxidized
in situ to form the active Ni(OH), materials on the electrodes
after the first charging-discharging process (Fig. S7, ESIt).

For electrochemical studies, the CNT@Ni material was
then fabricated into the area of a 1 cm?® disc as a working
electrode. A piece of nickel cloth was fabricated using a
reported method'® and directly used as the current collector.
The CNT@Ni film had a high specific surface area of 61 m> g~
based on the Brunauer-Emmett-Teller analysis, and such a
highly porous structure can facilitate the ion transfer between
the electrolyte and the electrode (Fig. S12a and b, ESIt). The
internal resistance of the porous CNT@Ni film is about 2.4 Q,
which is estimated from the x-intercept of the electrochemical
impedance spectroscopy (EIS) curve (Fig. S11d, ESI{). By galva-
nostatic charge-discharge (GCD) testing, the areal capacitances
of the electrode were found to be 34.2, 34.0, 33.9, 32.6
and 22.5 F cm™? at the current density of 5, 7.5, 10, 15 and
20 mA cm >, respectively (Fig. S12f, ESIf). The presence of
plateaus in the discharging curves of GCD and redox peak pairs
in cyclic voltammetry (CV) curves suggest that the capacitance
of the porous CNT@Ni film follows a faradaic mechanism
(Fig. S12e and f, ESI}). The faradaic capacitance of the
electrode originated from the nickel hydroxide layer formed
on the surface of CNT@Ni during the charge-discharge
process, because Ni can be oxidized into Ni(OH), in alkaline
solution.™
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Fig. 3 (a and b) SEM images of the CNT@Ni plate (a, front surface; b,
section), (c) CV curves of the CNT@Ni plate (inset: photo of a CNT@Ni
plate), (d) GCD curves of the c-CNT@Ni plate, (e) electrochemical impe-
dance spectra of CNT@Ni; (f) long cycle test of CNT@Ni by cyclic
voltammetry at 50 mV s (inset: GCD curves at 5 mA cm~2 before and
after the long cycle test).
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The oxidation of CNT@Ni was also characterized by XRD
(Fig. S11ic, ESIT). In the VSM test (Fig. S11d and S13a, ESIT), the
magnetic moments of the electrodes decreased after electro-
chemical testing because of a gradual oxidation on the Ni layer.
The oxidation of Ni was fast in the first charge-discharge cycle,
and 5.6% Ni was converted into Ni(OH),. After optimization,
the CNT@Ni freestanding electrode was shaped in a round
plate (inset of Fig. 3c) with a thickness of 0.253 mm whereas
CNT@Ni has a high density of 2.97 g cm >,

Compared to the CNT@Ni film fabricated by filtration, the
optimized CNT@Ni plate had smaller pores with sizes of
around several hundred nanometers (Fig. 3a and b). In the
GCD test, the areal capacitances of the CNT@Ni electrode were
27.7,28.9,30.1, 31.5 and 31.2 F cm ™ * at the current density of 5,
7.5, 10, 15 and 20 mA cm?, respectively (Fig. 3d). The increase
in both capacitance and current densities could result from an
increased IR drop and the non-linear charging of the electro-
des. With regards to the thickness and weight of the electrode,
the capacitances of the electrode based on volume and weight
at 20 mA cm > are 1232 F cm ® and 414.5 F g ', respectively.
Compared to the CNT@Ni film fabricated by filtration, the
resistance of the electrode decreased from 3.4 Q to 2.2 Q
according to EIS characterization (Fig. 3e). The Ni(OH), layer
was fully accessible to OH™, and the specific capacitance of
Ni(OH), was 1765 F g~ at the current density of 40 mA cm™>.
However, the CNT@Ni film is stacked loosely by compression,
and the contact part between CNT@Ni could be oxidized and
result in an increased internal resistance (Fig. S12d, ESI¥).
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Fig. 4 (a) TEM image of CNT@Ni-Fe, (b) GCD curves of CNT@Ni—-Fe@Fe,O3

freestanding electrodes, (c) eight LEDs powered by two serially connected

flexible supercapacitors, (d) GCD curves of a supercapacitor assembled by

CNT@Ni(OH), and CNT@Ni-Fe@Fe,Os, and (e) GCD curves of a supercapa-

citor assembled by c-CNT@Ni(OH), and CNT@Ni-Fe@Fe,Os.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Summary of performance of different as-prepared materials
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Electrode Areal Volumetric Internal
Samples type capacitance® capacitance® Energy density resistance
CNT@Ni@Ni(OH), Positive 31.2 Fem ™2 1232 F cm™? N/A 220
CNT-GO@Ni@Ni(OH), Positive 63.65 F cm ™2 1140 F cm 3 N/A N/A
c-CNT@Ni@Ni(OH), Positive 23.3Fem ™2 960 F cm ™ N/A 1.6 Q
CNT@Ni-Fe@Fe,0; Negative 11.8 F em ™2 524 F cm ™ N/A N/A
Assembled with CNT@Ni@Ni(OH), and Asymmetric 4.8 F cm? 172 Fem ™3 12 W h kg™! N/A
CNT@Ni-Fe@Fe,O0; (35 mW h ecm™?)
Assembled with c-CNT@Ni@Ni(OH), and Asymmetric 4.24 F cm™> N/A 8.2 W h kg™ N/A

CNT@Ni-Fe@Fe,0;
% Measured at the current density of 20 mA cm ™.

For long testing cycles, the continuous oxidation of the Ni
layer caused damage to the contact surface, leading to internal
resistance (Fig. S14, ESIt). For further optimization, the elec-
trode was cured at 350 °C in nitrogen for 20 min to fuse the
contact between CNT@Ni to give a connected 3-D metal net-
work. The inner resistance of the electrode further decreased to
1.5 Q (Fig. 3e), indicating that the contact between CNT@Ni
was improved by the curing process. The cured electrode was
tested up to 6000 cycles using a continuous cyclic voltammetry
test at 50 mV s~ (Fig. 3f). The capacitance of the electrode can
be maintained at 117% of the original capacitance after testing
for 6000 cycles. An additional GCD test was performed
before and after the long cycle test (inset of Fig. 3f), and the
capacitance of the electrode by GCD at 5 mA cm > was
increased by 27%, and this phenomenon was consistent with
that of the reported Ni@NiO core-shell electrodes fabricated
with activated nickel foam."

We next fabricated a freestanding electrode with c-CNT@Ni,
and similar optimization strategies and electrochemical mea-
surements were carried out via GCD, CV and EIS spectroscopies
(Fig. 3d and Fig. S15, ESIt). The areal capacitances of the
c-CNT@Ni electrode plate were 22.0, 22.3, 22.5, 22.9 and
23.3 mF cm ? at the current density of 5, 7.5, 10, 15 and
20 mA cm 2, respectively. With regard to the plate electrode
with the thickness of 0.243 mm, ¢c-CNT@Ni has a volumetric
capacitance of 960 F cm ™ at the current density of 20 mA cm ™.
The measured areal and volumetric capacitances of c-CNT@Ni
are similar to those of CNT@Ni, but the inner resistance and
charge transfer resistance of c-CNT@Ni are 1.6 Q, and 0.6 Q,
respectively, via EIS (Fig. S15c, ESIf), hence giving a better
energy output efficiency. A similar synthetic strategy can also be
applied to nanocarbon materials with different morphologies
such as graphene oxide (GO) to give nickel-coated graphene
oxide (GO@Ni) and nickel-coated GO-CNT hybrid materials
(CNT-GO@Ni) (Fig. S16 and S17, ESIt). In comparison to the
reported electrodes with high areal capacitance, including
HAB-MOF negative electrodes (23 F cm > & 760 F cm™),"
MnO,/rGO@Ni(OH), positive electrodes (17.8 F em™?),'® and
CNT@PPy@MnO, positive electrodes (16.1 F cm ™ ?),"” both the
areal and volumetric capacitances of the electrodes have been
greatly improved to higher values in this work.

To match the positive electrodes of CNT@Ni@Ni(OH),
with a remarkable high areal capacitance, CNT@Ni-Fe@Fe,0;
nanoporous networks were synthesized as negative electrodes.

© 2021 The Author(s). Published by the Royal Society of Chemistry

(23.7W hem™®)

Through the sequential deposition of Ni and Fe on CNTs,
CNT@Ni-Fe was synthesized, and CNT@Ni-Fe@Fe,O; was
obtained by the oxidation of CNT@Ni-Fe in hydrogen peroxide.
The sequential deposition of Ni and Fe on CNTs was character-
ized by EDX (Fig. S18, ESIt) while the oxidation of the Fe,O3
layer on CNT@Ni-Fe was confirmed by XRD (Fig. S19, ESIT).
The TEM image of CNT@Ni-Fe showed that Ni and Fe were
uniformly coated on the CNTs (Fig. 4a). CNT@Ni-Fe@Fe,03
freestanding electrodes (thickness 0.277 mm) showed high
areal and volumetric capacitances via the GCD test (Fig. 4b)
of 11.8 F cm 2 and 524 F cm ™2, respectively.

An asymmetric supercapacitor was fabricated using
CNT@Ni@Ni(OH), as the positive electrode and CNT@Ni-
Fe@Fe,0; as the negative electrode (Fig. S20, ESIf) with a
balanced mass ratio of 2:5, according to the principle of
conservation of charge (Q" = Q7). From the GCD curves in
Fig. 4d, the areal and volumetric capacitances of the device
based on the two electrodes were 4.8 F cm™2 and 172 F cm ™3,
respectively. Calculated by the integration of GCD discharge
curves (Fig. 4d), the device had an energy density of 12 W h kg ™"
(35 mW h cm?) based on the overall electrodes. For compar-
ison, another asymmetric supercapacitor was assembled using
c-CNT@Ni@Ni(OH), as the positive electrode. From the GCD
discharge curves (Fig. 4e), the supercapacitor had a capacitance
of 4.24 F cm™? at the current density of 5 mA cm™?, which
corresponded to an energy density of 8.2 W h kg™ " (23.7 W h em3).
As a demonstration, a light-emitting diode (LED) array was powered
by two series of flexible connected supercapacitors (Fig. 4c).

Conclusions

The crown ether DB24C8-CH,NH, was grafted onto CNTs to
improve the absorption of Ag" for uniform Ni deposition on
CNTs. The ELD protocol was modified to control the metal
deposition morphology of interconnected CNT@Ni and
c-CNT@Ni. The electrodes based on the crown ether-modified
CNTs (c-CNT@Ni@(NiOH),) had lower inner resistance and
charge transfer resistance. Asymmetric supercapacitors were
assembled using c-CNT@Ni@Ni(OH), and CNT@Ni-Fe@Fe,03
as positive and negative electrodes. The nanoporous metal
networks with oxide/hydroxide shells reported in this work
showed promising properties in achieving metal deposition
and electrochemical performances (Table 1).
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