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ABSTRACT

One-dimensional nanoscale heterostructures comprised of multi-segment gold-nickel nanowires,
carbon nanotube, and nickel nanoparticles were fabricated in a unique approach combining top-
down and bottom-up assembly methods. Porous alumina template was utilized for sequential
electro-deposition of gold and nickel nanowire segments. This was followed by chemical vapor
deposition growth of carbon nanotubes on multi-segment gold-nickel nanowires, where nickel
segment also acted as a carbon nanotube growth catalyst. The aligned arrays of these gold-nickel-
carbon nanotube heterostructures were released from porous alumina template and then subjected
to wet-chemical process to decorate with nickel/nickel oxide core/shell nanoparticles. X-ray
diffraction, scanning electron microscopy, transmission electron microscopy, and Raman
spectroscopy were utilized for morphology, interface, defect, and structure characterization. The
electrochemical performance of these heterostructures was studied using cyclic voltammetry

method and the specific capacitance of various heterostructures was estimated and compared.
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1. Introduction

Multi-component nanomaterials can surpass the challenges of multi-functionality associated with
single-component nanostructures, where the former will introduce synergistic effects by way of
morphology, composition, and properties of individual component in nanoscale heterostructures
[1,2]. Towards this end, metallic nanowire-carbon nanotube (CNT) heterostructures attract
research attention because of their unique properties, controlled growth, and ability to self-
assemble. For example, these multi-segment or axially heterostructured nanowires fabricated by
deposition inside porous alumina (AAO) template can result in segment-specific hydrophillicity
or hydrophobicity allowing for novel self-assembly route [3]. In regard to growth control, both
nanowires and CNTs can be grown on desired substrates with controlled sizes and spatial
arrangements [4-6]. In this regard, AAO is also a suitable hard template route that allows for both
diameter and site density (number of nanowires/CNTSs per unit area) control depending upon the
pore size and density of AAO. This approach has a potential to combine multiple processing steps
to integrate metal nanowires with CNTSs.

One dimensional metal-CNT heterojunctions with Ohmic or Schottky current-voltage (I-V)
characteristic are building blocks in devices, as planar metal-semiconductor heterojunctions are
building blocks in microelectronics [7]. A report demonstrates synthesis of ordered vertical arrays
of nickel (Ni)-multiwalled CNT (MWCNT)-amorphous CNT (a-CNT) heterojunctions, which
consist of a Ni nanowire, a MWCNT, and an a-CNT connected end to end (axial heterostructure),
where the MWCNT is semiconducting and two Schottky contacts exist at the two ends of the
MWCNT [8]. The I-V characteristics of the heterojunctions embedded in the arrays were measured
and analyzed by a conductive AFM. It was observed that the Schottky contacts in the

heterojunctions resulted in rectifying I-V characteristics.



CNTs have been used as electrodes for supercapacitors because of their excellent electrical
properties and high surface areas [9,10]. However, CNT based supercapacitors have their own
problems [11]. One of the major issues is the high contact resistance between the electrode and the
current collector which limits their performance [10]. This contact resistance could be lowered by
growing CNTs directly onto a conductive substrate, which can act as a current collector. Thus a
hybrid metal-CNT heterostructure may reduce the contact resistance. A recent work shows the
fabrication of ultra-high power supercapacitors by using multi-segmented CNT-Au nanowire
structures as electrode, where both the CNT electrode and current collectors (Au nanowires) are
integrated into an axially-heterostructured system [12].

While CNT can store energy as electrochemical double layer capacitor, another type of
supercapacitors called redox supercapacitor or pseudo-capacitor, which utilizes reversible
Faradaic-type charge transfer for charge/discharge process, has also been extensively investigated
[13]. Nickel oxide (NiO) is a good candidate for surface redox reactions due to its high specific
capacity, low cost, and good environmental compatibility [14]. However, the high resistivity of
NiO electrodes is a serious drawback to their practical applications to supercapacitors [15]. An
approach to improve the performance of NiO electrode is to combine carbon materials (double-
layer capacitor) and NiO (pseudo-capacitor) as supercapacitor [15,16]. Herein, we reported the
fabrication of three different nanocomposites consisting of Au/Ni nanowires (NWs), nanowires
with CNTs (NW-CNT heterostructures), and nanowires and CNTs decorated with Ni/NiO
core/shell nanoparticles (NW-CNC heterostructures), respectively. The multi-segment nanowires
were prepared by electrodeposition in AAO template, CNTs were grown on nanowires within
AAOQO templates in a CVD method, and Ni nanoparticles were nucleated onto heterostructures in a

wet chemical method. This multi-step process of fabricating complex metal nanowire-CNT-



nanoparticle heterostructures is easy to control and suitable for production in large quantity. The
produced nanostructures or heterostructures at each step of fabrication were thoroughly studied for
their morphology, size, structure, and interfaces using microscopic and spectroscopic methods.
The capacitances of the produced nanostructures and heterostructures was compared and analyzed

using cyclic voltammetry (CV) measurement.

2. Experimental Section

2.1. Material and Methods

Nickel sulfate hexahydrate (NiSO4-6H.0) was purchased from Mallinckrodt Baker, Inc. (New
Jersey). Gold (I) potassium cyanide, (KAu(CN)2), Sodium hydrogen carbonate (NaHCOsg,
99.7~100.3%), and Tri-n-octylphosphine oxide (TOPO, 98%) were bought from Alfa Aesar (Ward
Hill, MA). Sodium hydroxide (NaOH) and Sodium Chloride (NaCl) were purchased from Fisher
Scientific (New Jersey). Potassium hydroxide (KOH) was bought from Acros Organics (New
Jersey). Nickel acetate tetrahydrate ((CH3CO2)2Ni-4H20, 98%), Oleylamine (CigHs7N), and
Trioctylphosphine (TOP, 90%) were purchased from Sigma-Aldrich (St. Louis). All chemicals
were used without further purification. Labnet centrifuge (Edison, NJ) was used to wash and
separate samples. Before characterization, samples were dried and stored in a VWR vacuum oven
(West Chester, PA). DI water (18.0 MQ-cm) was obtained from a Barnstead International DI water
system (E-pure D4641). Electrodeposition was performed using electrochemical workstation
Parastat2273 (Princeton Applied Research). CNT growth processes were conducted in a Lindberg

blue 3-zone tube furnace (Watertown, WI).

2.2. Synthesize Multi-Segment Metal Nanowires (NWs)



A thin layer of Au/Ag (~45 nm thick) was sputtered on the back side of porous alumina (AAO,
pore size ~200nm) as the conductive part of working electrode. The working electrode was
connected with electrochemical station using copper wire and silver paint. Au nanowires were
potentiostatistically deposited from 0.02 M gold potassium cyanide in pH=10.0 NaHCO3/NaOH
buffer solution, while Ni nanowires were potentiostatistically deposited using sulfate solution with
boric acid adjusting pH. Two-segment nanowires (Au/Ni nanowires or also referred as “NWs”)
were obtained by subsequently deposition of each segment from the corresponding electrolyte.
The whole processes were performed at room temperature. After electro-deposition, AAO

template with nanowires were washed with DI water and dried in vacuum oven.

2.3. Carbon Nanotube (CNT) Growth on Nanowires (NW-CNT heterostructures)

After reducing oxidized Ni in hydrogen, CNTs were grown on the tip of Au-Ni nanowires in a
CVD process, involving xylene as a carbon source. Pure xylene precursor was injected through a
syringe injector into a pre-heated zone for ~2 min and subsequently transported into the reaction
zone (~ 700 °C) inside the quartz tube furnace. The xylene flow rate was reduced to 5 mL/h when
H> in Ar carrier gas was introduced in the CVD reactor, where H> acted as an oxygen scavenger.
The CVD reaction was continued for 1 h, after which Hz and xylene flow was discontinued and
furnace was cooled down under Ar flow. After the growth of CNT, AAO template was removed
away by 3 M KOH, the obtained NW-CNT heterostructures were washed with DI water and stored

in vacuum oven for the next step.

2.4. Nucleation of Ni Nanoparticles on NW-CNT Heterostructures (NW-CNC heterostructures)



The NW-CNT heterostructures were decorated with Ni nanoparticles through a direct nucleation
process [17]. After being removed from AAO template, the brush-like NW-CNT heterostructures
were pre-mixed with nickel acetate and oleylamine in a three-neck round bottom flask. The
mixture was heated in ~90 °C oil bath under N2> atmosphere for 40 min, followed by adding TOPO
and TOP as stabilizer for Ni nanoparticle nucleation and growth. The temperature was increased
from 90 °C to 250 °C at rate of 10 °C/min and then held at 250 °C for 30 min. After reaction, the
product was washed several times with a mixture of hexane and acetone, and then dried in vacuum

oven overnight. The resulting product is referred as NW-CNC heterostructures.

2.5. Cyclic Voltammetry Measurement

Cyclic voltammetry (CV) was used to measure the capacitance for NWs, NW-CNT and NW-CNC
heterostructures in 9 M, 6 M, 3 M, 1 M, and 0.05 M KOH, respectively. To protect the tip (vycor)
of Ag/AgCI reference electrode from being dissolved in base solution, reference electrode was
immersed in a saturated KCI solution and using an agar salt bridge to connect two solutions.
Platinum wire was used as counter electrode. Copper wires were used as the extent conduct part
of working electrode by paste on the back face of sample by silver paint. Insulating paint was used
to passivate the back face of working electrode and the exposed part of copper wire. CV
measurements were conducted within -1.2 and 0.4 V vs. the Ag/AgCI at different scan rate as 15
mV/s, 30 mV/s, and 50 mV/s, respectively. With each scan rate, CV measurements were repeatedly

scanned for 10 times.

2.6. Characterization Methods



Scanning Electron Microscopy (SEM) images Energy-dispersive X-ray Spectra (EDS) were
obtained using FE-SEM JEOL-7000 at 20 kV. Tecnai F-20 was used to collect Transmission
Electron Microscopy (TEM) images and EDS line-profiling at 200 kV. TEM samples were
prepared by dispersing samples on lacey carbon TEM copper grids purchased from Ted Pella Inc.
(Redding, CA). The nanowire/CNT diameter/length and average size of Ni nanoparticles were
measured form TEM and SEM images, where more than 200 nanowires/CNTs/nanoparticles were
counted and measured. All the measurements were carried out using Adobe Photoshop software.
X-ray diffraction (XRD) data of samples were recorded with a Philips diffractometer (XRG 3100,
Cu Ka radiation, 35mA and 40 kV). Raman spectra and chemical mapping of samples were
acquired using a Bruker Senterra Raman microscope (Bruker Optics Inc. Woodlands, TX) with
785nm laser source at 10-25 mW laser powers and a 50x objective lens. The Raman mapping
acquisition conditions were set at 3-5 cm™* spectral resolution in the range of 1500-1800 cm™ with
10 mW laser power. A rectangular grid of 15 pm x 15 pm of the sample surface was chosen and

scanned 100 points in full range.

3. Results and discussion

Fig. 1 shows the schematic of the heterostructures fabrication: (A) Electrodeposition of Au/Ni
multi-segment nanowires using AAO as template. (B) Growth of multi-walled CNTs in a CVD
growth, where Ni nanowires acted as catalysts and AAO as a template. This results in NW-CNT
heterostructures after the removal of AAO template. (C) Decoration of Ni nanoparticles on NW-
CNT heterostructures in a direct wet-chemical method resulting in Au-Ni nanowires-CNT-Ni

nanoparticles heterostructures or NW-CNC heterostructures.



Fig. 2 shows the XRD patterns for Au-Ni nanowires, NW-CNT heterostructures, and NW-CNC
heterostructures. The as-synthesized Au/Ni nanowires exhibit Au peak and strong peaks of Ni (A
in Fig. 2). Nickel exhibited (220), (111), (200), and (311) fcc crystal planes. Au (400) fcc planes
were observed for Au-Ni nanowires. The presence of these planes could be attributed to the
electrodeposition process [18,19]. After CNT growth (B in Fig. 2), CNT (002) peak was observed
[20] as well as NisC (006) and NixC (009) peaks suggested the catalytic Ni after poisoning during
the CVD growth process [21]. After the decoration of Ni nanoparticles on NW-CNT
heterostructure, the XRD intensity for Ni (111) peak was strengthened indicating low energy
faceted growth of Ni nanoparticles (C in Fig. 2). Other peaks for Au, Ni, and CNTs were also
observed for NW-CNC heterostructure samples. Fig. 3A and B shows the SEM image of well-
aligned Au/Ni nanowires over large area after being released from AAO template. The EDS
spectra (Fig. 3A, inset) clearly shows the presence of Ni and Au in the multi-segment nanowires.
The interface between the Au segment and the Ni segment is also shown in Fig. 3C. Previously
[22,23], multi-segment Ni-Au-Ni nanowires were studied for selective protein tagging and nano-

resistor applications.

After the electrodeposition of Au-Ni nanowires, multi-walled CNTs were grown on tips of Ni
nanowire segment while inside AAO template. Fig. 4A shows the free-standing NW-CNT
heterostructures after the removal of AAO template. Each segment of NW-CNT heterostructures
was characterized by SEM and EDS (Fig. 4B and D). Ni nanowires segments acted as catalysts to
assist the growth of CNTs in a CVD process. Fig. 4C and E clearly show the presence of Ni
nanoparticles at the tips of CNTs indicating tip growth mechanism for the latter [24]. Nanowires

and CNTs were well connected after the CVD growth as shown by the interfaces at the junction



(Fig. 4F). However, for several heterostructures, it was noticed that some Au segments and Ni
segments were disconnected after the CVD process (Fig. 4G). This may be attributed to
recrystallization of Ni or Au nanowires during high temperature CVD process [19,25]. HR-TEM
and EDS line profiling method were used to characterize NW-CNT heterostructure interfaces (Fig.
5). HRTEM shows the ~0.34 nm inter-layer spacing for CNTs suggesting a graphitic structure
[17]. In addition, it is also possible to see the interface with Ni nanowire segment, where the
graphitic carbon is grown parallel to the Ni nanowire tip and then leading into the CNT hollow
core. This suggests that layered graphitic carbon formation took place at the interface, which was
later continued via tip-growth mechanism carrying the initiator Ni nanoparticle along the growing
CNT tip. The EDS line-profiling of NW-CNT heterostructure interface showed that not only the
tips of CNTs contain Ni, but there was Ni diffusion across the CNT length as seen by EDS line
profile [17]. Furthermore, the NW-CNT heterostructures were characterized by Raman
spectroscopy. Fig. 6 showed a typical Raman spectrum of NW-CNT heterostructures and a
chemical mapping for G-band of CNTs for a larger area of standing heterostructures with CNTs
facing the incident Raman laser. The peaks for graphite structure including D-, G-, and 2D-band

were clearly observed in the Raman spectrum.

Fig. 7 represented SEM images and EDS for NW-CNC heterostructures. It can be observed that
even after the wet-chemical nucleation process, the heterostructures remain vertically-aligned or
standing on the substrate. The EDS analysis shows the presence of various elements on the
heterostructures with strong presence of Ni in different regions (Fig. 7B and D). This indicate that
Ni was nucleated on all the segments of the heterostructures. However, it could be noticed from

the SEM images that the nucleation of Ni nanoparticles was mostly observed on the CNT segment



(Fig. 7C, E-G). Ni nanoparticles with diameter ~20 nm were decorated on NW-CNT
heterostructures. The presence of nanoparticles majorly on the surface of CNT was observed due
to good wettability of hydrophobic CNT segment in oil phase solution for nucleation of Ni
nanoparticles (Fig. 7F and G) [17]. TEM and EDS line-profiling for NW-CNC heterostructures
are shown in Fig. 8. Consistent with SEM observations, majority of Ni nanoparticles were present
on CNT segment of heterostructures (Fig. 8A and B). HR-TEM of decorated Ni nanoparticles (Fig.
8C) indicated that single-crystal Ni nanoparticles were encapsulated in thin polycrystalline NiO
shells attributed to air exposure of heterostructures [26]. Furthermore, scanning transmission
electron microscopy (STEM) mode EDS line profiles are performed along the diameter of
nanoparticle-decorated CNT segments (Fig. 8D-G). This clearly shows the Ni nanoparticle
decoration. To differentiate between the signal from Ni nanoparticle (CNT growth catalyst) inside
the CNT core and Ni nanoparticles decorated by wet-chemical approach, the line profiles were
performed in two different regions of CNTs as shown by Fig. 8D and F. The broad Ni peak (blue
color) in Fig. 8E is due to the Ni nanoparticle within the CNT core while Fig. 8G clearly shows
the multiple peaks of Ni across the CNT diameter. Uniform peaks of C and O are also observed,
where the latter can be attributed to the NiO shell around Ni nanoparticles. The formation of NiO
on Ni nanoparticles was further confirmed by Raman shift peaks for longitudinal optical phonon
modes (LO, ~546 cm™) in Raman spectrum for NW-CNC heterostructures (Fig. 9A) [27]. Fig. 9B-
D shows the chemical maps of the heterostructures. Knowing the density of nanowires (~8.3x108
cm), the length and diameter of nanowires and CNTs, and the diameter of Ni nanoparticles, it
was possible to calculate the specific area of Au-Ni nanowires, NW-CNT heterostructures, and
NW-CNC heterostructures (Table S1). This shows that the highest surface area is observed for

NW-CNT heterostructures and lowest for after decorating with nanoparticles for the case of NW-



CNC heterostructures. The latter could be due to the aggregation of nucleated nanoparticles. These
are only rough estimates of surface area and thus, could be lower than actual values and would be

a critical factor for applications of such heterostructures such as supercapacitors [28].

The carbon-based active materials that have high surface areas are commonly used in
electrochemical double layer capacitors (EDLCs). Another group of electrochemical capacitors
(ECs) utilizes fast and reversible surface or near-surface reactions for charge storage, as known as
pseudo-capacitors or redox supercapacitors are also combined with EDLCs or battery electrode to
form hybrid capacitors. Among various pseudo-capacitor materials nickel oxide is known to be
promising [29]. CNTs have proven to be good materials to construct super-capacitor electrodes
due to the high conductivity, electrochemical stability and open porosity [30]. So the construction
of Au-Ni NWs-CNTs hybrid structures hold potential as capacitors. The Au segment was designed
as current collector [10], Ni was selected as pseudo-capacitor materials [31] or catalyst for the
growth of CNTs [32], and CNTs would impart double layer characteristics.

The capacitive behavior of an electrode material is generally characterized by cyclic
voltammogram (CV). In an ideal electrical double-layer capacitor containing smooth electrodes,
its CV current response shows a rectangular mirror image with respect to the zero-current line
[33]. When faradic reaction and Ohmic resistance (resulting from electrolyte diffusion within
porous electrode) are involved, the rectangular mirror image is no longer maintained [34]. The

capacitance can be calculated through following equations [35]:

(1)

q= (2)



Where C is capacitance (F), q is quantity of electric charge (C), V: is final potential, Vi is starting
potential, /1(V)dV is the area of CV curve and represents the average, Vscan IS the potential scan-rate
for CV test. The faradic capacitance is due to the Ni** to Ni** redox reaction given as [36,37]:
NiO+OH ™~ <> NiOOH +e" (3)
Nickel hydroxides also exist in the Ni?* to Ni** redox couple in alkaline solution as [34,36]:
Ni(OH), +OH ~ <> NiOOH + H,0 +e" (4)
A typical CV measurement for NWs, NW-CNT heterostructures, and NW-CNC heterostructures
are shown in Fig. 10. Capacitance for each sample at different conditions were calculated and
listed in Table S2 (Supporting Information). The capacitance in NWs could be attributed to the
presence of thin NiO layer around Ni segments or the metallic segment double layer formation
characteristics. However, the oxide layer on Ni segment was indiscernible in electron microscopic
characterizations. Generally, a low scan rate, high KOH concentration, and suitable scan
range/window can enhance the electron transfer reactions on electrode and thus, resulting in a
higher capacitance (Fig. S1 and S2, Table S2 in Supporting Information) [38]. Fig. 11 shows the
trends for the specific capacitance for the NWs, NW-CNT heterostructures, and NW-CNC
heterostructures. It was observed that specific capacitance decreased with increasing electrolyte
concentration, decreasing scan window, and increasing scan rates. The systematic studies
performed here are of great value for understanding and developing optimized energy storage
devices using such heterostructures. It is also noted that after adding CNT and Ni nanoparticles on
the heterostructures, the capacitance was lowered as compared to other samples. This may
attributed to two reasons: (1) After CVD growth of CNT and Ni nanoparticles nucleation, some
heterojunctions between Au-Ni nanowires were damaged and disconnected as observed in Fig. 4G

and Fig. 7G. The disconnection of nanowires would interrupt the current collection step when



those materials were measured with CV. (2) The surface of multi-walled CNTs grown from AAO
template by CVD is hydrophobic. The wettability of CNTs would significantly affect the exposed
area of electrode thus a hydrophobic surface may reduce the exposed area of electrode with
solution [39]. Also, the Ni nanoparticles nucleation step were conducted in oil-phase solution,
which may have led to contamination of hydrophobic surfactant species on the heterostructures.
The hydrophobic surface would inhibit the redox reaction since the KOH solution cannot properly
wet the nanostructures. Thus, the surface wettability of NW-CNT and NW-CNC heterostructures

must be tuned in order to achieve higher capacitance values.

4. Conclusions

Vertically-aligned Au-Ni nanowires axially linked with CNTs with uniform diameters and micron-
scale lengths were fabricated by combining electro-deposition and CVD methods by using porous
alumina or anodized aluminum oxide template (AAO). Furthermore, these NW-CNT
heterostructures were integrated with Ni/NiO core/shell nanoparticles in a wet-chemical approach.
The diameters of nanowires and CNTs were determined by porous template size and lengths were
controlled by varying the duration of electrodeposition and CVD process. The structural,
interfacial, morphological characterization was performed using microscopic and spectroscopic
methods. Ni segment of Au-Ni nanowires was utilized as a catalyst for the CVD growth of CNTSs.
However, CVVD growth process was observed to result in disconnected Au and Ni segments due
to material migration. Overall, the CVD processing for CNT growth and wet-chemical nucleation
of nanoparticles did not disturb the vertical alignment of heterostructures. Electrochemical
behavior of various heterostructures were studied and compared. NW-CNT heterostructures

showed the highest surface area. The specific capacitance of NWs, NW-CNT heterostructures, and



NW-CNC heterostructures was investigated as a function of electrolyte (KOH) concentration, scan
rate, and scan voltage range. The highest specific capacitance for Au/Ni NWs was around 6.8x10’
MF/g. However, the NW-CNT and NW-CNC heterostructures showed highest capacitance of
~4.1x107 puF/g and 9.7x108 uF/g, respectively. This decrease in specific capacitance as compared
to Au/Ni NWs could be attributed to the damaged interfaces for the nanowire segments and the
hydrophobicity of CNTs or hydrophobic contamination of heterostructures during wet-chemical

nucleation and growth of Ni nanoparticles.
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Fig. 1 - Schematic illustrating (A) Electrodeposition of Au/Ni nanowire, (B) growth of CNT on
tip of nanowire in a CVD process, and (C) decoration of Ni/NiO core/shell nanoparticles on NW-

CNT heterostructure in a wet-chemical approach.
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Fig. 2 - XRD of (A) Au/Ni NWs, (B) NW-CNT heterostructures, and (C) NW-CNC
heterostructures.
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Fig. 3 — (A) SEM image of vertically-aligned Au/Ni NWs with EDS showing elemental
composition. (B) SEM image showing the Au/Ni NWs over a large area after releasing from porous
template. (C) Nanowire heterojunctions and (D) tips,
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Fig. 4 - SEM images and EDS for NW-CNT heterostructures. (A) vertically-aligned array of NW-
CNT heterostructures over a large area substrate after released from porous template. (B) Various
segments of heterostructures analyzed using EDS. (C) CNT segment for the array shown in (A).
(E) CNT tips with catalyst Ni nanoparticle within the core. (F) Ni nanowire segment and CNT
junctions. (G) Disconnected nanowire segments after the CVD growth process.
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Fig. 5 - (A-F) TEM images showing the morphology, structure, and interface for NW-CNT
heterostructures, (G and H) STEM mode EDS line profile showing NW-CNT heterostructure. The
red arrow indicate the direction of line profiling scan and the location.
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Fig. 6 - (A) Raman spectrum of NW-CNT heterostructures. (B) 3D chemical mapping for G-band
for the heterostructures. (C) Optical image at 100x magnification showing sample surface. (D)
Vertical view of Raman 3D chemical map.
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Fig. 7 - (A-C) SEM images of NW-CNC heterostructures. (D) EDS for different segment of
heterostructures, and SEM for (E) CNT tips decorated with nanoparticles, (F) heterojunctions for
CNT and nanowire segments, and (G) Au-Ni nanowires junctions with some disconnected
segments.
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Fig. 8 - (A-C) TEM images showing NW-CNC heterostructures, (B) shows the CNT tip with
catalyst Ni nanoparticle within the core and decorated with Ni/NiO core.shell nanoparticles on the
external surface. (C) Core/shell structure of the decorated nanoparticles. (D-G) STEM mode EDS
line profile for nanoparticle-decorated CNT tip and other section of the same CNT.
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Fig. 9 - (A) Raman spectrum for NW-CNC heterostructures. (B) 3D chemical mapping for G-band
intensity for NW-CNC heterostructures. (C) Optical image at 100x magnification for sample
surface. (D) Vertical view of 3D chemical map.
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Fig. 10. A representative cyclic voltammetric (CV) measurements for NWs, NW-CNT
heterostructures, and NW-CNC heterostructures in 9 M KOH solution with scan rate of 30 mV/s.
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Fig. 11. Specific capacitance vs. electrolyte concentration, scan range, and scan rate for various
samples (NWs, NW-CNT heterostructures, and NW-CNC heterostructures). The capacitance
values correspond to w.r.t mass (Cmass) and area (Carea).
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Table S1 - Surface area estimated for NWs, NW-CNT heterostructures, and NW-CNC

heterostructures based on SEM and TEM images.

NWs NW-CNT NW-CNC
heterostructures heterostructure
Piece area (cm?) 0.24 0.2 0.21
Surface area (cm?) 19.60 29.92 31.49
Surface area per unit 82 150 150
sample area
Surface area per mass 3062.5 4825 8 2624.2

(cm?/g)




Table S2 — Specific capacitances estimated for NWs, NW-CNT heterostructures, and NW-CNC
heterostructures as a function of electrolyte concentration (KOH), scan ranges, and scan rates.

Scan range Scan

Mass Concentration C
Sample (@ of KOH (M) (V vs. Rate  C(UF)  Cmass (UF/Q) (HngﬁlZ)
Ag/AgCl) (mV/s)
9M -1.2-0.45 100 9.94x10* 1.55x10’  5.07x10°
-1.2-045 50 1.32x10° 2.06x10"  6.47x10°
-1.2-045 30 1.56x10° 2.43x10"  7.93x10°
-0.3~0.45 30 2.76x10°  4.31x10’ 1.41x10*
0~0.45 30 4.37x10° 6.83x107  2.23x10*
NWs 0.0064 -1.2-0.45 15  1.98x10°  3.09x10’ 1.01x10*
-1.2-0.45 5  3.03x10°  4.73x10’ 1.55x10*
6M -1.2-0.45 30 1.39x10° 2.18x107  7.11x10°
3M -1.2-045 30 9.49x10* 1.48x10"  4.84x10°
1M -1.1-0.45 30 4.30x10* 6.72x10°  2.19x10°
0.05M -1.1-045 30  1.39x10* 2.17x10%  7.10x102
oM -1.2-0.45 100 6.42x10*  1.04x10"  2.15x10°
-1.2-045 50 8.12x10*  1.31x10"  2.71x10°
-1.2-0.45 30 1.07x10°  1.73x10’ 3.58x10°
-0.3~0.45 30 8.44x10* 1.36x107  2.82x10°
0~0.45 30  1.19x10° 1.91x107  3.96x10°
NW-CNT 1 5062 -12-045 15 158x10°  2.54x107  5.27x103
heterostructures -1.2-045 5 255x10° 4.11x107  8.52x103
6M -1.2-045 30 9.90x10*  1.60x10”  3.31x10°
3M -1.2-045 30 6.67x10*  1.08x107  2.31x10°
1M -1.1-045 30 3.01x10*  4.86x10° 1.00x10°
0.05M -1.1-0.45 30 1.05x10°  1.7x10° 30
9M -1.2-0.45 100 2.00x10* 1.60x10°  6.30x102
-1.2-045 50 2.55x10* 2.03x10° 8.10x10?
-1.2-045 30 4.04x10*  3.23x10° 1.28x10°
-0.3~0.45 30 1.45x10° 1.20x10° 50
NW-CNC 0~0.45 30 4.05x10°  3.20x10° 1.30x10?
Heterostructures 0.0125 -1.2-045 15 6.87x10* 5.49x10°  2.19x10°
-1.2-0.45 5  1.21x10° 9.70x10%  3.87x10°
6M -1.2-0.45 30 4.85x10* 3.88x10° 1.52x10°
3M -1.2-045 30 2.02x10* 1.61x10%  6.40x102
1M -1.1-0.45 30  1.30x10*  1.04x10° 40

0.05M -1.1-0.45 30 7.13x10® 5.7x10° 20
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Fig. S1 - CV measurements for (A, B) NWs, (C, D) NW-CNT heterosructures, and (E, F) NW-
CNC heterostructures at (A, C, E) different concentrations of KOH solution and (B, D, F) different

scan rates.
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Fig. S2 - CV measurements for (A) NWs, (B) NW-CNT heterostructures, and (C) NW-CNC
heterostructures at different scanning windows



