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CNT/Ni hybrid nanostructured arrays (NSAs) are synthesized on a stainless steel substrate through
a one-step chemical-vapor-deposition (CVD) method using nullaginite NSAs as starting materials.
During the CVD process, the nullaginite NSAs are transformed into Ni NSAs, which can further act as
the catalysts to initiate the simultaneous in situ growth of CNTs on their surface, leading to an
intriguing three-dimensional (3D) hybrid nanostructure. The resulting ordered CNT/Ni NSAs are
highly porous and conductive, which are believed to be quite favorable for electrochemical
applications. As a proof-of-concept demonstration of the functions of such a well-designed architecture
in energy storage, the CNT/Ni NSAs are tested as the working electrodes of electrochemical capacitors
(ECs). After being activated, the composite electrode exhibits both well-defined pseudo-capacitive and
electrical double-layer behavior with high areal capacitance (up to ~0.901 F cm~2), excellent cyclability
(nearly 100% capacitance retention after 5000 cycles), and outstanding rate capability. The unique
interconnected hybrid structure and virtues inherited from the conductive CNT network and porous

NSAs are believed to be responsible for the excellent performance.

1. Introduction

Electrochemical capacitors (ECs) have been greatly pursued in
recent years due to their outstanding brilliances of longer life-
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span, better safety and faster charge-discharge capability
compared with batteries."* Such unique advantages enable ECs
to be good power supplies in hybrid electric or all-electric vehi-
cles especially whenever high power densities are needed under
certain circumstances, like acceleration, deceleration, or braking.
Generally, ECs are classified into electrical double-layer capaci-
tors (EDLCs) and pseudocapacitors based on distinct energy-
storage principles.® The storage mechanism of EDLCs relies on
the fast adsorption of ions onto the electrode surface; as a result,
they are capable of offering a high power delivery (~10 kW kg™").
However, limited by the accessible maximum of the electro-
chemically active surface area on electrode materials, the EDLCs
usually deliver unsatisfactory energy density (~5 W h kg=').4¢
Totally different from EDLCs based on the sole ion-adsorption

Broader context

capacitance, good cyclability, and outstanding rate capability.

Pseudocapacitors have been greatly pursued in recent years due to their advantages of high capacitance, good safety, superior rate
capability to batteries and high energy density with respect to electric double-layer capacitors. However, they usually have to face
formidable problems such as inferior electrical conductivity of pseudocapacitive materials, relatively poor ion transport kinetics and
complicated electrode fabrication process. Hence, promising pseudocapacitors are expected to achieve the promotion of both
electrical and ionic conductivity in solid electrodes and the optimization of electrode architecture design. To meet these demands, we
hereby report an all-conductive hybrid nanostructure composed of Ni nanowall arrays and CNTSs in situ built on the nanowall
surface by a facile CVD method. After being electrochemically activated, the hybrid array inherits virtues from the conductive CNT
network and porous Ni and exhibits both well-defined pseudo-capacitive and electrical double-layer behaviors with high areal
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mechanism, the pseudocapacitors behave more like batteries and
store charges by reversible surface/near-surface Faradic reac-
tions, either in the form of chemical adsorption/desorption of
ions on the electrode surface, redox reactions with electrolyte, or
doping/undoping of electrode materials.” Pseudocapacitive
materials, such as conducting polymers and transition metal
oxides/hydroxides including RuO,, MnO,, NiO, Co(OH),, Ni
(OH),, etc., can exhibit much higher energy density than
EDLCs.»®

Nevertheless, several issues still remain on the way to the
development of pseudocapacitors, considering that their elec-
trochemical performance is mainly dominated by two key
factors: (i) electronic conduction in the electrode and (ii) ion
transport in the electrode/electrolyte.’® Firstly, most of the
pseudocapacitive materials belong to wide band-gap semi-
conductors or even insulators;'" with that, they usually exhibit
poor electrical conductivity and bring about huge electronic
resistance when serving as workhorse electrodes. This is quite
detrimental to electron transfer and meanwhile possibly causes
safety problems due to the generation of a large amount of joule
heat during operation. Secondly, the bulk pseudocapacitive
materials always suffer from poor ion transport kinetics."?
Downsizing materials into the nanoscale and fabricating porous/
mesoporous nanostructures can facilitate ions to enter into the
inner side of the electrode matrix by offering sufficient ion-
transport routes,'* however, they in turn lead to the increase of
electric resistance in the solid electrode due to increased bound-
aries. Thirdly, the traditional electrode fabrication requires both
inactive and insulating polymer binders (like PVDF) and
a pressing post-treatment (5-10 MPa). High-pressure treatment
towards electrodes can indeed enhance the electrical contact and
reduce the electrical resistance between active materials and
current collector but causes a dense structure, which is unfa-
vorable for the accessibility of electrolyte into active materials
and fast diffusion rate of ions in the whole electrode matrix.'*16¢

To address these issues and optimize the performance of
pseudocapacitors, attempts on fabricating an electrode with both
good electrical and ionic conductivity as well as searching for
novel electrode design (binder and post-treatment free) are highly
required.'>'® In this article, we report on a designed electrode of
CNT/Ni hybrid network nanostructured arrays (NSAs). The
reason why we choose Ni-based materials is due to their good
pseudocapacitive behavior and electrochemical stability, as
demonstrated recently by many groups.® The as-designed elec-
trodes have several highlights as follows: (i) both components in
the electrode are electrically conductive. This can assure the ease
of electron transfer within the electrode and from reaction sites to
the conductive substrate, matching well with the requirement for
high-power applications. (ii) The prepared CNT/Ni hybrid NSAs
are very porous. The porous structures formed in Ni NSAs can
effectively facilitate the ion transport into the solid electrode and
meanwhile enhance the reaction surface area. In addition,
compared with bulks, the nanoscale systems have exceptionally
short ion-diffusion lengths and thus decrease the typical time for
diffusion in solid materials. (iii) The synthesized CNT/Ni NSAs
are well adhered to the current collector. This design confirms the
quick direct electron transport to the conductive substrate;
neither polymer binders nor conductive agents are needed. (iv)
The entangled CNTs intimately connected to Ni NSAs can make

further contribution to the electrochemical capacitance while
providing excellent conductivity.

It is noteworthy that the CNTs are grown straightforward on
Ni NSAs by a CVD approach rather than introduced by
mechanically mixing. The growth mechanism is proposed and
confirmed by monitoring the whole fabrication process of
CNT/Ni NSAs, as will be discussed later. As a proof-of-concept
demonstration of its electrochemical behavior, we have measured
the CNT/Ni hybrid NSAs as working electrodes for ECs. It is
found that, after being electrochemically activated, the evolved
hybrid electrode (CNT/NiOOH) exhibits a high areal capaci-
tance (the maximum is up to ~0.901 F cm~?), excellent cycling
performance (no obvious capacitance loss after 5000 cycles) and
good rate capability (80.1% capacitance retention at a large
current density of 27.8 mA cm™?).

2. Experimental section
2.1 Sample synthesis

Nullaginite NSAs were prepared using a facile hydrothermal
method according to the previous literature*® and employed as
the precursor materials. A piece of clean stainless steel foil (30 x
10 x 0.2 mm?®) was immersed into a Teflon-lined stainless steel
autoclave, in which there was a 50 mL homogeneous solution
containing 1.24 g of C4HgNiO,4-4H,0, 1.5 g of CO(NH,), and
0.37 g of NH4F. Then, the autoclave was sealed and left still in an
electric oven at the temperature of 130 °C for 5 h. Until the
equipment cooled down to room temperature, the sample was
taken out, washed by distilled water several times and dried in an
electric oven. Another tried precursor of Ni-Mn LDH NSAs was
synthesized by a similar hydrothermal method. A 50 mL aqueous
solution containing 0.169 g of MnSO4-H,O, 0.58 g of Ni
(NO3),-6H,O and 0.7 g of CO(NH,), was transferred into
a Teflon-lined stainless steel autoclave. Differently, a piece of
clean Ti foil (30 x 10 x 0.3 mm?®) was immersed. The liner was
sealed and maintained still at 125 °C for 6 h in an electric oven.
After being cooled down, Ti foil with samples grown on was
fetched out and cleaned. The typical synthesis of Ni NSAs and
CNT/Ni hybrid NSAs was carried out in a horizontal, quartz
tube-furnace system. A piece of substrate covered with nulla-
ginite precursors was put in the centre of a quartz tube (tube
diameter: 1 inch). Mixed EG and EA of 1 mL (volume ratio:
5:1) loaded in an alumina boat were placed at the upstream
zone of the quartz tube (the distance from the alumina boat to
the quartz-tube center: ~12 cm). Before heating, the quartz-tube
reactor was sealed and flushed by Ar gas (200 sccm) for 20 min.
For the synthesis of CNT/Ni hybrid NSAs, the furnace was
heated to 920 K at a heating rate of ~15 K min~' under
a constant Ar flow of 130 sccm, held for 15 min and allowed to
cool down to room temperature naturally. To prepare Ni NSAs,
the furnace was only heated to 750 K and held for 1 min under
the same conditions as described above.

2.2 Sample characterizations

The morphology and the crystalline structure of as-made prod-
ucts were characterized with a JEOL JSM-6700F field emission
scanning electron microscope (FE-SEM) and a JEM 2010F high-
resolution transmission electron microscope (HR-TEM). X-Ray
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powder diffraction (XRD) patterns were recorded on a Bruker
D8 Advance diffractometer using Cu Ka radiation. Raman
spectroscopy (Witech CRM200, 532 nm) was used to charac-
terize the products. The temperature was measured by a digital
thermometer (Fluke, 52-IT) with an accuracy of 1 K. The mass of
electrode materials was measured on a microbalance with an
accuracy of 0.01 mg (A&D Company N92, Japan).

2.3 Electrochemical measurements

Electrochemical measurements were performed on an electro-
chemical workstation (CHI 760D, CH Instruments Inc.,
Shanghai) using a three-electrode mode in 6 M KOH aqueous
solution within the potential window of —0.2 to 0.52 V. The
CNT/Ni hybrid or Ni NSAs (~0.2 x 1.8 cm? Ni NSA mass:
~0.47 mg, CNT/Ni mass: ~0.5 mg) was directly used as the
working electrode. For comparison, the stainless steel substrate
with a same area was also scanned under the same conditions (see
Fig. S47). The reference electrode and counter electrode were
Ag/AgCl and platinum plate, respectively. Prior to electro-
chemical measurements, all the electrodes were sealed on all
edges with epoxy resin except for the working surface area, and
activated by additional 500 CV cycles (scanning rate: 50 mV s™').
During the activated process, an electro-oxidation reaction is
present on the Ni surface? as described below:

2Ni + 0, + 20H- — 2NiOOH

Areal and gravimetric capacitance were calculated by the
equation below, respectively, where I is the constant discharge
current, ¢ is the discharging time, V is the voltage drop upon
discharging (excluding the IR drop), m is the total mass of the
active materials and S is the geometrical area of the electrode.

Co=1x 4V x S)

Cn =1 X 4V x m)

3. Result and discussion
3.1 Structure characterization, growth mechanism

Fig. 1a illustrates the schematic setup for the synthesis of CNT/
Ni NSAs via a one-step CVD process conducted in a horizontal
quartz-tube furnace. Rather than the hydrocarbons (ethylene,
acetylene, efc.) commonly chosen as carbon sources for CNT
growth, ethylene glycol (EG) mixed with ethanol (EA) (volume
ratio: 5 : 1) was alternatively used as the carbon feedstock in our
experiments. The interest in the EG/EA mixture is driven by its
easy accessibility in the market, simplified operation (no need of
heavy gas cylinders for hydrocarbon supply), low toxicity, and
extremely low cost.'” In a typical CVD synthesis, the EG/EA
carbon source is evaporated at upstream and then transported to
the high-temperature zone by Ar carrier gas, wherein the
decomposition process occurs, leading to CNT growth on Ni
NSAs which are evolved from nullaginite precursor’s reduction.
The detailed growth process will be proposed in the following
discussion. A photograph of a severely bent sample shows no
detachment of the as-grown materials (Fig. 1b), suggesting the

Furnace

Fig. 1 (a) Schematic diagram for the synthesis of CNT/Ni NWAs on the
stainless steel substrate via a CVD process conducted in a horizontal
quartz-tube furnace. (b) Photograph of a severely bent CNT/Ni nano-
hybrid product. (c) Top-view SEM image of CNT/Ni NWAs. The inset is
a typical zoom-in SEM image observation. (d) TEM and (¢) HRTEM
images of the as-made CNT/Ni composite. The inset is the Raman
spectrum of the as-made product.

good adhesion and integrated capability of CNT/Ni NSAs. The
scanning electron microscope (SEM) image shown in Fig. lc
signifies that the products possess a hierarchically three-dimen-
sional (3D) hybrid nanostructure, consisting of one-dimensional
(1D) CNTs “pillars” and two-dimensional (2D) nanowalls
“foundation”. The high-magnification SEM image reveals that
a great number of entangled CNTs with typical length up to
several hundreds of nanometres are epitaxially grown on the
single nanowall surface. Moreover, as it can be seen, the as-
formed hybrid products can preserve the profile of pristine
arrayed morphology even after high-temperature reactions.
Fig. 1d shows a typical transmission electron microscope (TEM)
image of a single CNT pillar, evidencing that CNTs grown on Ni
NSAs have intrinsic curly and tubular natures. A high-resolution
TEM (HRTEM) image further reveals the multi-walled charac-
teristic (with 10-20 layer sidewalls) and diameters (in the range of
15-25 nm) of the CNTs (Fig. le). The lattice spacing of 0.34 nm is
in good agreement with the (006) interplanar spacing of the
hexagonal carbon and in line with the XRD result, which will be
presented in the later analysis. The Raman spectrum of final
products is shown in the inset of Fig. 1d, where we can readily
find the characteristic peaks of CNTs, involving G band (1578
cm™'), D band (1340 cm™") and 2D band (2684 cm™").'® As
reported, the G band originates from the E,, stretching mode of
graphite, which is closely related to the vibration of sp? bonded
carbon atoms in a 2D hexagonal lattice, while the D band reflects
the graphite-structure imperfection.” In our spectrum, the
intensity ratio of D to G band is calculated to be ~1.1. The
relatively high intensity of the D band indicates the existence of
disordered carbon and structural defects. The imperfection is
primarily attributed to the relative low-temperature (7' = 920 K)
CVD process compared with other reports (77 = 1100 K);* the
lower reaction temperature could lead to insufficient pyrolysis of
carbon sources and large quantities of chemical defects in or on
CNTs. Nevertheless, from the perspective of electrochemical
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Fig. 2 (a) Schematic illustration of the preparation process of CNT/Ni
NWAs on the stainless steel substrate. (b) XRD patterns of products
obtained in the evolution stages.

applications, certain structural defects of CNTs, particularly in
the form of oxygen functional groups (e.g. hydroxyl, epoxy, and
carbonyl groups) on the CNT surface, are quite beneficial to
improve the hydrophilicity of CNTs, thereby making electrodes
achieve high specific capacitances in aqueous electrolytes.*

The fabrication process of CNT/Ni NSAs with interesting 3D
hierarchical structure is worth studying. On the basis of
temperature-dependent experiments, the one-step CVD synthesis
of CNT/Ni NSAs indeed comprises two chemical procedures.
Fig. 2a shows the schematic illustration of the formation process
of CNT/Ni NSAs on the stainless steel substrate. Seeking to
monitor the whole growing process, the XRD patterns of
samples obtained at different temperatures are also presented
(Fig. 2b). In our case, single-crystalline nullaginite NSAs with
robust mechanical contact to the supporting substrate were
employed as precursors for the synthesis of CNT/Ni NSAs and
prepared beforehand according to the previous work.?®
Diffraction peaks appearing at 26 of 34.1°, 38.7° and 60° in the
XRD pattern (Fig. 2b, bottom) are in good agreement with
monoclinic nullaginite (JCPDS card no. 35-0501), corresponding
to the facets of (121), (150) and (600), respectively. Fig. 3a
displays a representative SEM image of nullaginite precursors,

revealing an integrated framework nanoarchitecture that is
constructed by interconnected nanowall building blocks. The
mean thickness of a single nanowall is ~80 nm (Fig. 3b). TEM
observation shows the nanowall unit possesses a plate-like
geometrical shape and a smooth surface (Fig. Slat). In the flow
of fabrication procedures (Fig. 2a), the initial step is the evolu-
tion of Ni NSAs. The nullaginite precursor, one type of Ni-based
carbonate salt, is believed to suffer from thermal decomposition
and meanwhile undergo a gentle reduction when heated to 750
K. EG and EA play a prominent role in the reduction reactions
on account of their unique alcoholysis or polyol process at high
temperature.?! Diffraction peaks located at 44.4° and 51.8°
shown in Fig. 2b (middle) agree well with the standard diffrac-
tion pattern of Ni (JCPDS card no. 04-0850), proving the
intermediate product has the signature of metallic Ni rather than
NiO. Herein, we need to emphasize that, superior to strong
reducing agents like H,, EG and EA can offer a mild reduction
procedure which can change the oxidation state and the structure
at atomic scale whilst still maintain the framework topology on
the mesoscale.?! SEM images reflect that the as-made Ni metal
nanostructured arrays can still keep the interconnected nanowall
morphology just like the pristine arrayed architecture except the
rough surface (Fig. 3¢ and d). The TEM image reveals that the
morphology of the Ni nanowall is approximate to that of nul-
laginite nanoplates (Fig. S1b¥). Besides, some roughness emerges
on the nanowall surface, which is consistent with SEM obser-
vation. The as-formed Ni nanowalls are observed to have porous
structures with a pore diameter in the range of 10-20 nm (inset in
Fig. S1b¥), the formation of which is presumably due to the
removal of carbonate component. For comparison, we also tried
the diluted H, (volume: 5%) as reducing agent to fabricate Ni
NSAs following the same procedures. However, we cannot find
any trace of nanowall structures maintained on the substrate
except some disordered fused-like residuals (Fig. S2f). This
implies that strong reducing agents are not alternative to EG/EA
on making the arrayed metallic nanostructures. As the temper-
ature increased up to 920 K, the pyrolysis of organics (EG/EA)
took place and simultaneously launched the in situ growth of
CNTs on Ni nanowalls. From the XRD pattern (Fig. 2b, top), it
is easy to notice that, aside from peaks originating from Ni
nanowalls and metal substrate, a new diffraction peak emerges at

Fig. 3 SEM observations of the evolution of CNT/Ni hybrid NWAs.
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26 of 26.6°, which agrees well with the (006) facet of hexagonal
carbon (JCPDS card no. 26-1076). This result confirms the
presence of CNTs after the CVD process and is in strong
agreement with previous HRTEM observation. Fig. 3e and f
show the SEM images of final products, showing the as-formed
CNTs are of high-purity (without any side-products of soot, or
solid carbon) and uniformly grown on Ni nanowalls over a large
area. TEM observation of the scraped CNT/Ni hybrid illustrates
that the as-formed product has a loosely packed structure
(Fig. Slct), which could potentially increase the reacting sites
and facilitate the ions transport into the solid electrode.

There is a highlight that the preparation of “CNTs-pillars-on-
nanowall-foundation” hybrid structures does not stiffly depend
on the choice of nullaginite as the initiating materials. In fact, we
have tried another kind of material called Ni-Mn layered double
hydroxides (LDH),”* which also have arrayed nanowall
morphology (see Fig. S3a and bf), to replace the nullaginite
precursors. Fig. 4a presents a large-scale SEM observation of
nanohybrids made from Ni-Mn LDH NSAs through the same
CVD procedures. As shown, the hybrid products containing
a mass of 2D evolved “mountain-like” structures are distributed
on the supporting substrate (Ti foil), in the absence of any
residual nanoparticle debris or dirt. Fig. 4b shows a SEM
observation of the as-obtained “mountain” structures. It is
obvious that there are plenty of nanofibres paved on “moun-
tains” or other places. To get more close inspection to the
nanostructures of the composite, a selected area in Fig. 4b is
magnified, showing that the grown nanofibres with a soft and
curly nature are highly entangled with each other (Fig. 4c). The
as-obtained nanofibres are identified as MWCNTs through
Raman (Fig. S4at) and TEM characterizations (Fig. S4bt). In
addition, the mean thickness of the as-made film product is
determined to be around 4 pm from a representative cross-
sectional SEM image (Fig. 4d). The above results show that our
protocol can be readily extended to prepare other desired
nanocomposites by simply choosing different catalyst-containing
nanowalls as the scaffold.

Fig. 4 (a) Large-area, (b and c) localized and (d) cross-sectional SEM
observations of CNTs-on-nanowall hybrids evolved from Ni-Mn LDH
precursors. The region enclosed in the box in (b) is magnified and shown
in (c).

3.2 Application as pseudocapacitive materials

In our case, CNT/Ni NSAs are purposely designed and applied
as ideal additive-free pseudocapacitive electrodes because they
are conductive, full of nanosized pores and grown on the current
collector. To highlight the electrochemical superiority of the
CNT/Ni NSAs, pure Ni NSAs and bulky Ni foil are also studied
for comparison. The electrochemical tests were carried out in
a three-electrode configuration with a Pt plate counter-electrode
and a saturated Ag/AgCl reference electrode in 6 M KOH
aqueous electrolyte. Fig. 5 successively presents the cyclic vol-
tammograms (CVs) of the activated bulky Ni foil, Ni NSAs, and
CNT/Ni NSA electrodes at a constant scan rate of 50 mV s~'. A
pair of symmetric cathodic and anodic peaks can be clearly
observed on each CV curve in a potential range of —0.2t0 0.52'V,
implying the presence of reversible faradic reactions and pseudo-
capacitive behavior of all tested samples. Previous studies have
assured the electrochemical behavior is associated with the
reversible faradic process, which can be described as follows:®

NiOOH + H,0 + e~ < Ni(OH), + OH~

where NiOOH is generated from the electrochemical activated
process.?® The XRD test (Fig. S6at) and Raman spectrum
analysis (Fig. S6bt) have been conducted towards activated
samples (Ni NSAs) to confirm the presence of the electro-
chemical activation process. In the XRD pattern, two broad
amorphous peaks centered at 18.3° and 34.5° are well indexed to
the B-NiOOH, which is well consistent with the previous result*’
and evidences the appearance of NiOOH after the electro-
chemical activation. The Raman spectrum shows a couple of
peaks at 475 and 565 cm™' attributed to the typical stretching
vibrational modes of [Ni"'=0] and [Ni'""-O%], respectively,?®
further confirming the electrochemical conversion from Ni to
Ni™-OOH.*** As is known, the average specific capacitance of
different samples (per cm?) can be roughly estimated from
the areas surrounding by the CVs. In the case of Ni foil, the
extremely small integrated area of CV obviously suggests the
bulky Ni in an alkaline electrolyte possesses a negligible pseudo-
capacitance. By contrast, the CVs of Ni nanosized products show
much larger areas than that of bulk Ni foil. The greatly enhanced
capacitance could be ascribed to the increased electrode surface
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Fig.5 CV curve of activated bulky Ni foil, Ni NSAs and CNT/Ni NSA
electrodes in a potential range of —0.2 to 0.52 V at a constant scanning
rate of 50 mV s~
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area and the decreased reaction energy barrier for nano-
materials.®® It is noteworthy that the CNT/Ni NSA electrode
shows distinct capacitive behavior in comparison with Ni NSAs
and Ni foil. Specifically, the peak current value of CNT/Ni NSAs
is the highest, which indicates the hybrid of CNT/Ni has the
strongest capacitive behavior. In addition, it is visible that at the
same scan rate the peak separation for CNT/Ni NSAs is quite
less than that of Ni NSAs and Ni foil. This suggests the CNT/Ni
NSA electrode has a better electron transfer capability.®
Moreover, the CV of CNT/Ni NSAs expands and becomes
approximately rectangular in the marked region. The difference
in CV shape and simultaneously increased integrated area should
certainly be attributed to the presence of CNTs, which can store
electric energy by following the electric double-layer mechanism.

The galvanostatic charge/discharge tests of different samples
have been conducted at various current densities in the potential
window between —0.1 V and 0.4 V under ambient atmosphere.
The charge/discharge curves have been recorded, as displayed in
Fig. 6. The maxima of discharge areal capacitances of CNT/Ni
NSAs, Ni NSAs, and Ni foil are measured to be ~0.901 F cm ™2
(at 0.69 mA cm~2?), ~0.477 F cm 2 (at 0.83 mA cm~2), and ~0.056
Fcm~?(at 0.42 mA cm~?), respectively. We further compare their
electrochemical performance at the same discharging rate. At
a rate of ~1 mA cm~2, the measured capacitance of CNT/Ni
NSAs is around 0.879 F cm =2 (621 F g!'), which is 2.06 times of
that of Ni NSAs (0.426 F cm2; 301 F g'), and over 18 times
higher than that of Ni foil (0.048 F cm~%; 33.9 F g~"). This result
illustrates that both electrodes of nanosized Ni are capable of
delivering areal capacitance far more than bulk Ni foil. Mean-
while, CNT/Ni NSAs have apparently exceeded Ni NSAs in the
capacitive performance. To account for the reason, it is believed
that the “velvet-like” CNTs built on Ni nanowalls can reversibly
adsorb ions on their surfaces, forming the EDLC and contrib-
uting to the total capacitance. Apart from that, the CNT/Ni
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hybrids have a loosely packed and porous structure. As a result,
more reaction sites would appear on the electrode, leading to the
accessibility of higher pseudo-capacitance per unit area. Fig. 6d
further illustrates the relationship between the increased current
density and the areal pseudo-capacitance for the three samples.
Within the whole current density range, both electrodes of
nanosized Ni show outstanding rate performance and much
larger capacitance than bulky Ni. When tested at the highest rate
of 27.2 mA cm? (22.3 A g '), the CNT/Ni NSA electrode can
still deliver a large capacitance of 0.722 F cm 2 (~514 F g),
which is maintained up to 80.1% of that at 0.694 mA cm~2 The
Ni NSA electrode also reaches a high capacitance of 0.304 F cm—
(~213 F g'") at 27.2 mA cm? (~23 A g "), nearly 63.7% of its
maximum measured at ~0.8 mA cm 2 (~0.63 A g'). Strikingly,
these values are even much higher than the capacitance of Ni foil
tested at a lowest current rate (~0.42 mA cm~% 0.37 A g").
Besides, along with progressively increased charge-discharge
rate, the CNT/Ni NSA electrode exhibits a better capacitive
maintenance capability (80.1%) than pure Ni NSAs (63.7%). We
propose that the superior electrochemical behavior can be
attributed to the unique hybrid architecture and possibly syner-
gistic effects resulting from the great ionic conductivity offered
by porous nanowall networks and good electrical conductivity
aided by entangled CNTs on their surface.”* CNTs are highly
entangled with each other and solidly paved on the Ni nanowall
surface. This forms a mechanically robust conductive network
structure, which is propitious to quick electron transfer and
strengthen the porous nanowalls.

To highlight the superior electrochemical performance of
hybrid CNT/Ni NSA electrodes, cycling response up to 5000
times was recorded at the programmed current density, as shown
in Fig. 7. The CNT/Ni NSA electrode was initially subjected to
a continuous cycling for 1000 times at 2.78 mA cm 2 (2.42 A g),
in this case, it delivered a mean capacitance of ~0.865 F cm™2
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Fig. 6 Charge/discharge curves for (a) CNT/Ni NSAs, (b) Ni NSAs and (c) Ni foil in the potential window of —0.1 to 0.4 V at various current densities.
The units for current density (indicated by arrow) are mA cm=2 (d) Current density dependence of the areal capacitance for the three electrodes.
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Fig. 7 Cycling response (5000 cycles) of CNT/Ni NSAs at progressively
varied current density.

(~601 F g~') without noticeable decrease. During the following
2000 cycles, the electrode was measured at 4.17 mA cm 2 (3.62 A
g ", 1833 mAcm2(159A g "), and4.17mAcm>(3.62A g "),
successively. The stepwise testing reveals the electrode of CNT/Ni
NSA could still remain electrochemically stable even after
suffering from sudden current changes. Furthermore, upon
switching the current density back to 2.78 mA cm=2 (2.42 A g),
the capacitance of CNT/Ni NSAs (~0.87 F cm™2; ~604.5 F g1)
was able to be fully recovered, demonstrating the brilliant
capacity retention of this hybrid. In order to examine the endur-
able capability of the tested electrode, we purposely power off the
electrochemical workstation, kept the electrode still in the elec-
trolyte for two weeks, and then let it go on with the test lasting for
another 2000 cycles under the same rate (2.78 mA cm % 2.42 A
g ). It was found that the CNT/Ni NSA electrode can reflect
excellent electrochemical endurability, good -electrochemical
stability as well as long-term cyclic lifetime, as evidenced by its
good capacitance retention (no obvious capacitance loss).

Conclusions

In summary, we report a methodology of fabricating CNT/Ni
NSAs on a stainless steel substrate by using nullaginite NSAs as
the starting materials. The formation mechanism has been put
forward based on the monitoring of the entire fabrication
process. Porous Ni NSAs are initially evolved from the nulla-
ginite precursors followed by in situ CNT growth on Ni NSAs via
a CVD process, forming an interesting “CNTs pillars-on-nano-
wall foundation” hybrid structure. The electrode design concept
can be readily extended by selecting other Ni-containing
hydroxides as precursors. Moreover, when activated, CNT/Ni
hybrid NSAs can be used as high-performance electrode mate-
rials for ECs. They display well-defined pseudocapacitive capa-
bilities with a high areal capacitance and good rate capability.
The improvement could be ascribed to the hybrid nanostructure
as well as a synergetic effect between CNTs and NSAs, which will
be promising for a large spectrum of device applications.
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