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A three-dimensional network of carbon nanotubes (3DNC) coaxially coated with manganese oxides (MnO,)
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is used as an electrode for supercapacitors. 3DNC serves as a stable and conductive framework for

controlled electrochemical deposition (ECD), and provides sufficient voids for fast ionic transport and
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www.rsc.org/advances reversible faradic reactions.

As one of the most promising electrochemical energy storage
materials, manganese oxides have been studied extensively as
supercapacitor electrode materials due to their low cost, non-
toxicity and theoretically high capacity of about 1370 F g~ .1
In particular, low dimensional nanostructured MnO, with
different morphologies has been developed as an electrode
material and showed its advantages in charge storage capa-
bility.**""** However, its intrinsic poor electrical conductivity
is a current drawback to utilize MnO, as a high-rate perfor-
mance supercapacitor.”*>’ To overcome this problem, an
effective way is to incorporate MnO, with other metal elements
(Ni, Ru, Al, Sn and Pb etc.)*” or porous, high surface area and
conductive nanostructures such as carbonaceous sphere,
carbon nanotubes,"” graphene'® and conductive polymers.*
Among those for advanced metal oxide-based hybrid nano-
structure design, coaxial thin layer structure with ordered
nanostructure arrays is considered as one of promising
approaches for achieving the goal. Previous research has
shown only a very thin layer of metal oxide material (several
tens of nanometers from the surface) participated in the redox
reaction.”® Hence, coaxial thin layer structure could allow
cations to intercalate into entire active materials and shorten
electron transport distance inside the active materials.
Yamauchi Y. et al.'” reported on the development of multi-
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diffusion. The coated thin layer MnO, reduces ion diffusion and electron transport distance, enabling fast

walled carbon nanotube-manganese oxide core-shell struc-
tures utilized for asymmetric supercapacitor applications
which shows a specific capacitance (Cp) of 185 F g~ ' at a scan
rate of 5 mV s '. Ordered nanostructure array is also an
excellent candidate in aspect of providing a conductive path
way not only for electron transport but also for resolving the
ionic diffusion and transportation issues of supercapacitor
electrodes. Zhu S. J. et al.** reported the development of coaxial
mesoporous manganese dioxide/amorphous carbon nano-
tubes arrays for advanced asymmetric supercapacitors which
exhibit the optimized pseudocapacitance performance (362 F
g ') with good cycling stability, and ideal rate capability. Ionic
diffusion and transportation are critical points to improve
superior energy density, power density and charge efficiency
due to shorter diffusion length in void volume.**** Longer life
cycle and stronger volume retention during the charge and
discharge process can be obtained through the nano-
structures. Here, we demonstrate a coaxial thin layer MnO,
hybrid nanostructure array for high performance MnO,
supercapacitors.

In our previous research works, three-dimensional
network of carbon nanotubes (3DNC) on pillar structures
have been developed.**?** As demonstrated, 3DNC has
a hierarchically arrayed structure with interconnected CNTs
between ordered arrays of Si pillars.”® Because of its unique
structural properties, 3DNC has been applied to many
applications such as catalysis,*® colorimetric sensor,*® gas
sensor,”” strain sensor,*® microfluidic platform,® cell seeding
platform,** and surface-enhanced Raman scattering.?*** The
CNTs interconnected between ordered Si pillars are stable
during electrochemical reactions and the 3DNC structure
provides controlled voids for ionic diffusion onto the surface
of active materials. It would be significant to study the
capacitance performance by incorporating energy storage
materials like MnO,.

This journal is © The Royal Society of Chemistry 2017
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In this work, 3DNC coaxially coated with MnO, is used as an
electrode for supercapacitor. The 3DNC structure is not only
served as a stable and conductive framework for controlled
electrochemical deposition (ECD) of MnO, and a current
collector for charge/discharge, but also provides sufficient voids
for fast ionic transport between CNTs and ionic diffusion onto
the surface of active materials. Simultaneously, the coated thin
layer MnO, reduces the distance of ion diffusion and electron
transport, enabling fast and reversible faradic reactions.

The schematic diagram of a fabrication process of 3DNC/
MnO, and its corresponding scanning electron microscope
(SEM) images are presented in Fig. 1. Amorphous carbon
nanotubes on bare Si wafer (2DNC) was synthesized under the
same condition for comparison and their SEM images are
shown in Fig. S1.7 The pristine Si pillars shown in Fig. 1a have
a diameter of 1.0 um and height of 3.0 pm, respectively. Fig. 1b
describes that most CNTs were tangled on both the sides and
tops of pillars, and some CNTs were suspended between pillars
after synthesizing CNTs. The insert image of TEM in Fig. 1b
verifies the multi-walled carbon nanotube grown on the Si pillar
structure with average diameter of 25.1 nm. Before coating
MnO,, a thin layer of Pt was firstly coated on the synthesized
3DNC using ion sputter. The Pt plays an important role in
combining CNTs and target MnO,. As demonstrated in previous
work,”*® Pt coating is an essential step to improve the mechanical
strength and maintaining the morphology of the 3DNC struc-
tures as well as enhancing electron transportation and adhesion
between 3DNC and MnO,. Fig. 1c shows the SEM image of
3DNC coated with MnO,. After 3 min deposition of MnO,, the
original 3D network morphology is still preserved and the
diameter of CNTs is increased obviously. The inset TEM image
clearly presents CNTs as a backbone were well coated with Pt
and another thin layer which is composed of amorphous MnO,
with a thickness of 5-10 nm. The average diameter of the CNT
and MnO, coaxial composite bundles is around 43.1 nm. EDX
elemental mapping is introduced for confirming the coaxial
structure. In Fig. 2a a 3DNC/MnO, bundle is selected as the
mapping area and then O, C, Pt and Mn elements are scanned.
Fig. 2b and c clearly show that Mn and Pt elements are
distributed at the bundle outside layer and inner core,

Fig. 1 Schematic illustration of 3DNC/MnO, fabrication process and
SEM images of (a) pristine Si pillar substrate, (b) as synthesized 3DNC
and (c) 3DNC/MnQO,.
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Fig. 2 (a) EDX elemental mapping of 3DNC/MnO, coaxial bundle; (b)
Mn element, (c) Pt element and (d) C element mapping at the selected
area.

respectively. However, C element from CNT is hardly to be
detected in the bundle as shown in Fig. 2d. The reason could be
that the covered Pt layer blocks or disturbs the signals from
inner CNT. By comparing different MnO, deposition time,
3 min coating shows best performance. Details are explained in
Fig. S2 and S3.t

For a better understanding of the chemical composition and
oxidation state of Mn, 3DNC/MnO, was characterized by X-ray
photoelectron spectroscopy (XPS) as shown in Fig. 3a. Peaks
of Mn 2p, O 1s, and C 1s are observed and the insert shows two
peaks located at 654.2 eV and 642.6 eV, which are attributed to
Mn 2p,/, and Mn 2p;),, respectively. Those results are in good
agreement with previously reported data."*** Beyond coaxial
and uniform coating, the oxidation state and electrochemical
performance of MnO, can be controlled by changing pulse
intervals in deposition. The pseudocapacitance value of MnO, is
affected by Mn oxidation number. Since one alkali ion reacts
with one MnO, molecule, MnO,(wv) has the highest ideal pseu-
docapacitance (1370 F g~ '). Because MnO, is produced by
reducing a permanganate ion in this experiment, the deposition
of MnO,, with higher oxidation number requires lower voltage.**
During constant current deposition, the applied voltage
increases automatically as deposition time increases. This is
because permanganate ion consumption occurs near the elec-
trode, and higher voltage is required to deposit MnO,
constantly. To refill consumed ions, the ECD process is carried
out with intervals of zero current for free diffusion of perman-
ganate ions. Ion diffusion is more considerable for three-
dimensional structures due to larger diffusion voids. Three
samples are prepared with 1 s deposition time and diffusion
times of 15, 30, 60 s, per cycle. The oxidation state of MnO, is
calculated using the peak height ratio of XPS spectra. The
oxidation number of deposited MnO, is determined by the peak
height ratio of Mn 2pj3/, versus O 2p (Table S17). The peak height
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Fig. 3 (a) XPS spectrum of 3DNC/MnQ,; (b) CV curves of 3DNC/MnO,
at scan rate of 10, 20, 50 and 100 mV s~ *in 1 M Na,SO4 solution; (c) Co
of 3DNC/MnO, and 2DNC/MnO, at different scan rates; (d) cycling
stability of SDNC/MnO, and 2DNC/MnQ; at scan rate of 100 mV s~ for
2000 cycles; (e) Nyquist plots of 3DNC, 3DNC/MnO,, 2DNC, and
2DNC/MnO,.

ratios of each sample are 1.03, 1.01 and 0.99 (Fig. $47), with Cgp
of 190, 248 and 294 F g, respectively, at a scan rate of 10 mV
s™!. Thus, 60 s diffusion time shows the best Csp value. While
the peak height ratio approaching 0.95, more and more
manganese dioxide is produced and the pseudo-capacitance of
MnO, could be improved.**

To verify the electrochemical performance of 3DNC/MnOy,
CV was conducted. The CV curves of 3DNC/MnO, (Fig. 3b) are
closer to a rectangular shape and a mirror image at each scan
rate than those of 2DNC/MnO;, (Fig. Sict). For 3DNC/MnO;, the
shape of MnO,. CV curves did not change significantly with the
increase of scan rate, indicating the better capacitive behavior.
Fig. 3¢ shows C, values at different scan rates. The calculated
Csp values of 3DNC/MnO, are 294, 261, 225 and 188 F g’1 at scan
rates of 10, 20, 50 and 100 mV s~ ', respectively, which are larger
than those of 2DNC/MnO, at the same scan rate (Fig. Sict). At
low scan rate 10 mV s~ %, the Csp values of these two materials
show a small difference. However, when scan rate increases, the
Csp value of 2DNC/MnO; is decreased more dramatically than
3DNC/MnO,. By comparing the SEM images of 3DNC/MnO,
(Fig. 1c), the CNTs in 2DNC/MnO, (Fig. S1at) are tightly con-
nected or touched with adjacent ones. In this case, the large
amount of voids obtained in 3DNC/MnO, structure promoted
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Table 1 Fitting values of the equivalent circuit elements of faradic
charge transfer resistance (R.y) and electrolyte resistance (Z,,)

Fitting value [Q]

Parameter 3DNC 3DNC/MnO, 2DNC 2DNC/MnO,
Rt 23.6 54.9 65.5 82.8
Zy 11.7 11.9 15.3 20.3

the ion diffusion and transfer speed between electrolyte and
electrode and finally the capacitive performance was improved.

The cycle stability was confirmed for 2000 cycles at scan rate
of 100 mV s~ . Fig. 3d shows the life cycle test of 3DNC/MnO,
and 2DNC/MnO,. The Cy, of 3DNC/MnO, retains about 96% of
its initial capacitance even after 2000 cycles while 2DNC/MnO,,
retains only 72%. Fig. S5 compares the morphology of 3DNC/
MnO, coaxial bundles before and after 2000 cycles test. There
are no significant change could be observed except after life
cycle test the 3DNC/MnO, surface becomes rougher which
could be attributed to the intercalation and deintercalation of
electrolyte cations. Hence, 3DNC/MnO, shows better stability
and reversible capacitive behavior.

In addition, electrochemical impedance spectroscopy (EIS)
was also carried out to understand the electrode resistance and
ion-transfer behavior of the electrode materials (Fig. 3f). The
proposed equivalent circuit for the measured impedance data is
shown in the inset of Fig. 3f, where R; is the internal resistance,
R. is faradic charge transfer resistance, CPE is the double-layer
capacitance, and Z, is the electrolyte resistance.>***** Typically
the semi-circle in medium frequency regions reflects the R.
Before coating MnO,, the R value of 3DNC (23.6 Q) was much
smaller than that of the 2DNC electrode (65.5 Q). It should be
attributed to the 3D network of 3DNC, which benefits the charge
transfer between the electrode surface and the electrolyte. After
coating MnO,, the R, of 3DNC/MnO, and 2DNC/MnO,
increased to 54.9 Q and 82.8 Q due to the poor conductivity of
MnO,. However, the R, value of 3DNC/MnO, was still much
smaller than that of the 2DNC/MnO, electrode.

In the low frequency region, the slope of the curve represents
the Z,, which is related to electrolyte diffusion in the porous
electrode and proton diffusion in the active materials.** As
shown in Table 1, the Z, value of 3DNC (11.7 Q) and 3DNC/
MnO, (11.9 Q) were smaller than those of the 2DNC (15.3 Q) and
2DNC/MnO, (20.3 Q) electrode, respectively. Those results were
attributed to the unique hierarchical 3D structure based on Si
pillar structure, which provided better electrolyte ion diffusion
during fast charge and discharge processes.

In conclusion, we coaxially deposited MnO, on a silicon
pillar assisted 3DNC using an ECD process for supercapacitor
application. The Cy, of 3DNC/MnO, is about 294 F g 'at10 mv
s~ ' and the capacitance retention after 2000 cycles is as high as
96%. The 3DNC structure provides not only a better ion and
electron transfer pathway but also larger contact area and voids
for electrolyte ion diffusion during fast charge and discharge
processes. This unique nanostructure contributes to fast and
reversible supercapacitor applications.

This journal is © The Royal Society of Chemistry 2017
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