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Amorphous Niy(OH),CO; nanowire arrays on a CNT paper were electrochemically converted into
Ni(OH), nanosheet with high capacitance for supercapacitors.
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Large-diameter carbon nanotube (CNT) paper was used as a
porous and conductive template to form vertically aligned
Ni>(OH);CO3 nanowire array shells, which could be further
converted into highly active Ni(OH): nanosheets by cyclic
voltammetry strategy. The as-prepared hierarchical
nanostructure showed superior electrochemical performance
for the electrodes of supercapacitors.

Recently, electrochemical supercapacitors have attracted
much attention among electrochemical energy storage devices,
for its high power density and long life time.! However, most
of commercialized supercapacitors were porous carbon
symmetric supercapacitors based on electrochemical double-
layer energy storage mechanism, which could largely limit the
specific capacitance of the devices.? Pseudocapactive
materials with large capacitances and energies could be an
excellent coordination of carbonaceous materials for highly
capacitive supercapacitors.®> Among various pseudocapactive
materials, nickel base hydroxides have ultra-high specific
capacitance comparing with active carbon, thus were usually
investigated as pseudocapacitive materials for the electrodes
of asymmetric supercapacitors.* However, their low
conductivity largely decreased their practical capacitance and
rate performance. Their growth on conductive scaffolds such
as nickel foam,’ carbon fiber paper® and carbon nanotube
(CNT) paper’ may resolve this problem in a certain extend,
but the pristine grown Ni(OH)> nanosheets were thick with
small specific area, which may reduce their contact area with

electrolyte.® As a result, the practical capacitance was still low.

In this research, ultra-thin amorphous Ni2(OH)>CO; nanowire
arrays were grown on individual CNTs in a CNT paper with
large mass loading. These nanowires were in-situ converted
into Ni(OH)> nanosheets by electrochemical cyclic reaction.
The hybrid paper shows high specific capacitance, thus may
serve as a promising candidate for the electrodes of high-
performance asymmetric supercapacitors.

Multi-walled CNTs (MWCNTs) with large diameters (50-
150 nm) were assembled to a porous paper by dispersion in
aqueous solution and then vacuum filtration process.’ This
CNT paper was immersed into an aqueous solution with NiCl,
and urea and then heated to 80 °C for 24 h (as shown in Figure

la. After that, the as-prepared paper with large mass loading
of Ni2(OH)>CO3 nanowires was washed by water and ethanol.
The loading mass of Ni2(OH),CO3; on composite paper was
73wt% (comparing with the whole mass of the composite
paper). The areal density of the composite paper was 14.60
mg cm, as a result, the areal loading amount of Ni2(OH)>CO3
nanowires on CNT paper was 10.62 mg cm. The thickness of
the composite paper was 0.356 mm, and the square resistance
of it was 10.32 Q o''. As a result, the calculated in-plan
conductivity of the composite paper was 272 S m''.The hybrid
paper (mass >6 mg) was then embedded into a piece of nickel
foam and applied electrochemical cycles in a three-electrode
system. After several cycles of cyclic voltammetry or charge/
discharge, the electrochemical capacitive performance of the
hybrid paper could be largely improved by the

electrochemical conversion.
h CNT paper

Ni,(OH),CO /CNT paper
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Figure 1 the sketch map of the preparation process and the

morphology change (a); XRD patterns of CNT paper before

and after Ni»(OH)2COs3 deposition (b).

Figure 1b shows the XRD patterns of CNT paper before
and after Nio(OH)2COs deposition. This comparison reveals
that the pristine CNTs have high crystallization. As reported
in our previous researches, these MWCNTSs prepared by
floating catalyst chemical vapor deposition method have
excellent graphite-like structures with tens of walls. This
nanostructure was beneficial for the uniform growth of
inorganic nanomaterials on these CNTs. After chemical
growth process, the Ni based basic carbonate grown on CNT
paper shows amorphous-like pattern as shown in Figure 1(b),
which means that it may have ultra-thin crystal size.
Comparing with PDF data base, the basic carbonate may
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content Ni2(OH)>COs and Ni>(OH).CO3-H,0 (PDF#35-0501
and PDF#29-0868).

Figure 2 SEM images (a,b) and TEM images (c,d) of
Niz(OH)2CO3 nanowires on CNT paper.

The morphologies of Ni2(OH)2CO; nanostructures on CNT
paper were shown in Figure 2(a) and 2(b). The results
revealed that Niz(OH),CO3 nanostructure existed as a
nanowire arrays on the CNT paper. These nanowires are
uniformly coated on individual CNTs to form a hierarchical
core/shell structural nanowire structure, and do not change the
open-porous nanostructure of the pristine paper. TEM images
in Figure 2(c) and 2(d) shows that these nanowires have the
diameter of fewer than 10 nm, and are formed by ultra-thin
nanocrystals as a multi-crystal structure. From Figure S1 in
supporting information, its crystal structure could not be
clearly distinguished from high-resolution TEM image. This
phenomenon was matched with its XRD pattern in Figure 1(b),
which indicated that the Ni(OH),COs has an amorphous
structure. Other substrates such as small diameter MWCNTs,
reduced graphene oxide (rGO) nanosheets, nickel foam and
carbon fiber paper was chosen as the substrates to grow
Ni2(OH)2COs3 with the same method. The results are shown in
Figure S2. Small-diameter MWCNTs could not serve as a
suitable substrate to achieve mass growth of Ni2(OH).CO3
nanowire arrays. Only discontinuous nanowire coating was
grown on individual CNTs as shown in Figure S2(a) and
S2(b). It should be attributed to the small radius of curvature,
which was not beneficial for the dense growth of nanowire
arrays with the diameters not small enough. RGO nanosheets
with plat structure were beneficial for the growth of nanowire
arrays. However, as shown in Figure S2(c) and S2(d), the
height of these nanowires are ultra-short, which should be
attributed to the weak mechanical performance of individual
rGO nanosheets and the dense aggregation of rGO, which may
reduce the size of space for the hierarchical growth of
nanowire arrays. As a result, the loading mass of
Niz(OH),CO3 nanowires on rGO may be limited. Macro sized
nickel foam and carbon fiber paper have the surface with
ultra-large radius of curvature, which was useful for the

growth of dense Niz(OH),CO3; nanowire arrays. However,
these arrays were too dense for electrolyte diffusion. The
cracks in Figure S2(e) and S2(g) proved that these arrays
could be easily separated with the substrates. Thus comparing
with these substrates, large-diameter MWCNTSs are must
suitable substrates for the uniform growth of Ni2(OH).CO3
nanowire arrays for the suitable diameter of these CNTs.
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Figure 3 CV cyclic curves of Niz(OH)>2CO3/MWCNT hybrid
paper electrodes at 5 mV s (a); SEM images of the hybrid
paper after electrochemical cycles (b,c) and TEM images of

the electrochemical converted Ni(OH), nanosheets (d)
(inserted image: CNTs with Ni(OH)2 nanosheets).

The electrochemical performance of the Niz(OH)2CO3/
MWCNT hybrid paper electrode was investigated in 6 M
KOH solution. Figure 3(a) shows CV curves of the sample
with 50 cycles at a scan rate of 5 mV s’'. The result indicated
that the specific capacitance may be fast increased in initial
several cycles. When the cycle number was near to 50, the
capacitance increase became slow. After 50 cycles, the cycle
area of the CV curves increased to more than 3 times
comparing with the initial cycle. This phenomenon suggests
that there may exist a phase conversion in Ni2(OH)2COs3
nanostructures. Figure 3(b) shows the Niz(OH)>CO3 nanowire
arrays had already be converted into nanosheets on individual
CNTs, and these nanosheets joined together to form a
hierarchical nanowire structure. They are thinner than
Ni(OH): nanosheets reported before. These thin nanosheets
could effectively increase the contact area of the hydroxide
with electrolyte, thus improve the specific area. TEM image in
Figure 3(d) indicated that these nanosheets have excellent
crystallization, which was largely different from the
amorphous Ni2(OH)2CO3; nanowires before electrochemical
cycles. In another words, the electrochemical cyclic process
converted Ni2(OH)2COs3 to another phase. Comparing with
PDF card data base, it could be conclude that most of the
crystal faces belong to (001) face of Ni(OH), (PDF#14-0117).
From the inserted image of Figure 3(d), it could be estimated
that the size of converted Ni(OH): particle may be around 20
nm. As reported by Zhu et al, Ni/Co basic carbonate could be
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converted to hydroxide nanosheets by immersing into 6 M
NaOH aqueous solution for more than 18 h.!® This process
spent long time and the converted part was only on the surface
of the nanowires but not include the inner parts. They
indicated that this conversion was mainly an exchange
between CO;3  in NixCo2x(OH):CO3 and OH- in NaOH
aqueous solution (0<x<2). However, here we give out a new
proper mechanism for the conversion of Ni/Co basic
carbonate to Ni/Co hydroxide in an electrochemical cyclic
process. There existed weak pseudocapactive peaks in the
initial cycle of CV curves in Figure 3(a). However, the
intensity of the two peaks largely increased along with the
cycles. Niz(OH)2COs crystal has its pseudocapacitive core
Ni?*, which could be converted to Ni*" in electrochemical
charge process, and the latter ion exited as NiIOOH, which was
converted by Niz(OH)2CO;. CO* was resolved into the
electrolyte and NiOOH kept as a solid on individual
MWCNTs. In this process, amorphous Ni2(OH).CO3
nanowires were crystallized into NiOOH crystals, the latter
existed as layered structure. After that, in the discharge
process, NiOOH converted to B-Ni(OH)> and CO?* was not
existed in the solid phase on MWCNTs. As a result, the
Ni(OH)2 nanosheets were shown on individual CNTs as in
Figure 3(b) and 3(c). The conversion equations are shown
below.

Niy (OH), CO,+40H~ — 2NiOOH + CO,* +2H,0+2¢ Eq.1
NiOOH + H,0+e — Ni(OH), + OH~ Eq.2

Supposing that the conversion process happened completely,
the mass of the composite paper could be decreased 9wt% for
the exchange of COs* with two OH- ions. As a result, the
calculated content of Ni(OH): in the composite paper was
70wt% comparing with 73wt% of Ni2(OH)>COs3 in pristine
composite paper as mentioned above.However, considering
the aim of exhibiting the conversion process, the mass of the
pristine composite paper was used to calculate the
electrochemical performance.

This electrochemical conversion process spent fewer time
than simply immersing, and could achieve total phase change
from Niz(OH),CO3 to Ni(OH), with the help of electrons.
Furthermore, they had MWCNTs as the conductive core, thus
their electrochemical performance could be effectively
improved. The CV curve comparison of Ni foam (after 100
cycles of CV at 5 mV s'), converted Ni(OH)2/rGO and
converted Ni(OH)2/MWCNT hybrid paper at the scan rate of 5
mV s'. The results show that the two samples contenting
converted Ni(OH), have a typical pair of pseudocapacitive
peaks as Ni(OH)2, which was different from pristine Ni foam.
Furthermore, the sample with MWCNT paper shows much
larger cyclic area comparing with converted Ni(OH)./rGO
composite. It should be attributed to the low loading mass of
pristine Ni2(OH)2CO3 nanowires grown on rGO nanosheets.

CV curves of this sample at different scan rates are shown
in Figure S3(a). The rate performance plots of the two
samples are shown in Figure 4(b). The specific capacitance
data of the samples were calculated from charge/discharge

curves (see Figure S3(b)) based on the mass of pristine
composite paper. This comparison was agreed with CV curves
in Figure 4(a). The specific capacitance of converted
Ni(OH)2/MWCNT hybrid paper was 1517 F g! at the current
density of 0.5 A g, and kept 913 F g! at 10 A g!. The
charge/discharge curves are shown in Figure S3(b), in which
these curves show typical platforms for Ni?>*/Ni** conversion.
As Zhu et al reported, the surface-converted
Nio.5Co1.5(OH)2CO3@Nio.25C00.75(OH)2  core/shell  structural
nanowire array had a specific capacitance of 928.4 F g at 5
mA cm?2,'® Jower than the totally converted Ni(OH)2
nanosheet/ MWCNT  hybrid paper, which reveals the
advantage of electrochemical conversion strategy and the
conductive MWCNT scaffold. Zhu et al reveals that the
hierarchical Ni2(CO3)(OH)2-xH20 nanospheres had a specific
capacitance of 1178.2 F gl at 0.5 A g! and decreased to 612.8
F g'at 10 A g',"! which indicated that the simple mixing of
Ni compounds powder with conductive filler and polymer
binder could not have close interface between them, which
largely limited the electrochemical performance of the
electrodes. Comparing with the CNT@converted Ni(OH):
composite network, the similar structure based on CNT
film/NiO  nanonet/stainless steel has larger specific
capacitance (1636 F g!' at 1 A g?), higher rate performance
but lower mass loading on the scaffold (0.37 mg).!2 Although
directly growth of Ni(OH)2 on CNT film could be simply
achieved by chemical bath deposition as reported by Wang et
al” and Hakamada et al'® the thick Ni(OH): nanosheets and
nanoparticles with high crystallization and low defect density
could limit the electrochemical performance of the electrodes.
It indicated that the converted Ni(OH), with finer
nanostructures on CNT paper could effectively enhance the
electrochemical performance of Ni(OH),. Comparing with the
growth of Ni(OH)2 on CNT paper, the Ni(OH)> grown on
CNT/Ni foam could largely enhance its electrochemical
performance, but its loading mass on CNT/Ni foam was
limited by the surface area of Ni foam.!* Reduced graphene
oxide (rGO) was also wusually used to enhance the
electrochemical performance of Ni(OH): as the electrode of
supercapacitors.!3!® Their specific capacitance could be even
more than 2000 F g'l.'® However, these composites usually
could not form paper electrodes.'>!'7 The film state with
graphene/Ni(OH)2 had high areal capacitance, but the loading
mass of Ni(OH), could be limited by the sandwich structure. '
The cyclic performance of the hybrid paper was shown in
Figure 4(c), which also reveals the electrochemical conversion
process in the first tens of cycles. The specific capacitance of
the sample still kept higher than 1000 F g! after 1000 cycles
at 2 A g'l. The Nyquist plots of the sample before and after
cyclic test were shown in Figure 4(d). This comparison
indicated the large decrease of charge transfer resistance (Rct)
and the clear Warburg impedance (electrolyte diffusion
resistance) after 1000 cycles of charge/discharge. Both of the
two phenomena reveal the conversion of amorphous
Ni2(OH)>CO;3; nanowires to Ni(OH)2 crystal nanosheets. The
latter has higher conductivity and effective open-pore
structures for electrolyte diffusion, which are the keys for the
decrease of Rt and Warburg impedance.
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Figure 4 CV curve comparison of Ni foam, converted
Ni(OH), with graphene and with MWCNT paper (a);
Ni2(OH),CO3/MWCNT hybrid paper electrodes at the scan
rate of 5 mV s (a); rate performance of converted Ni(OH)2
with graphene and with MWCNT paper (b); charge/discharge
cyclic performance of converted Ni(OH)/MWXNT hybrid
paper at the current density of 2 A g'! (c¢); Nyquist plots of
Ni2(OH);CO3/MWCNT  hybrid paper and converted
Ni(OH)2/MWCNT hybrid paper (d).

In conclusion, the electrochemical converted Ni(OH)2
nanosheets on MWCNT paper show superior performance as a
binder-free pseudocapacitive electrode. This conversion
process spent fewer times than immersing method, and
achieved total phase change. Thus it could be beneficial for
the design of high performance electrodes of supercapacitors.
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