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ABSTRACT: Novel biological carbon materials with highly
ordered microstructure and large pore volume have caused
great interest due to their multifunctional properties. Herein,
we report the preparation of an interconnected porous carbon
material by carbonizing the organic matrix of mollusc shell.
The obtained three-dimensional carbon skeleton consists of
hexangular and tightly arranged channels, which endow it with
efficient electrolyte penetration and fast electron transfer,
enable the mollusc shell based macroporous carbon material
(MSBPC) to be an excellent conductive scaffold for
supercapacitor electrodes. By growing NiCo,0, nanowires
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on the obtained MSBPC, NiCo,0,/MSBPC composites were synthesized. When used on supercapacitor electrode, it exhibited
anomalously high specific capacitance (~1696 F/g), excellent rate performance (with the capacity retention of 58.6% at 15 A/g)
and outstanding cycling stability (88% retention after 2000 cycles). Furthermore, an all-solid-state symmetric supercapacitor was
also assembled based on this NiCo,0,/MSBPC electrode and showed good electrochemical performance with an energy density
of 8.47 Wh/kg at 1 A/g, good stability over 10000 cycles. And we believe that more potential applications beyond energy storage

can be developed based on this MSBPC.
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B INTRODUCTION

Nowadays, the challenge of fitting more power into greener and
tinier spaces to meet the urgent need of environment-friendly
and high-efficiency energy sources becomes increasingly
considerable."” As one of the most promising energy storage
devices, electrochemical supercapacitors (ESs) have drawn
extensive attention due to their excellent characteristics, such as
short charging time, high power output, long-term cycling
stability, and so forth.” ® Such advantages are what the
dielectric capacitors or batteries/fuel cells lacked.”® The energy
storage properties of the ES are mainly determined by the
electrode material,® pseudocapacitors, which usually utilize
transition metal oxides and conducting polymers as electrode
materials always show great advantage on the energy
performance due to their storage mechanism of redox
processes. However, for transition metal oxides electrode
materials, they always suffer from poor electrical/ionic
conductivity, which will significantly reduce their electro-
chemical behavior, especially the power performance.”’® So
the most important issue in designing these electrode materials
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is to provide high ways for electron delivery and ion diffusion.
One of the feasible ways to solve this problem is incorporation
of nanosized metal oxides with carbon based material, using the
unique nanostructure and utilizing electrically conductive
carbon framework to accelerate the electron transfer and
enhance the ion diffusion, to promote the transition metal
oxides electrode materials closed to their high theoretical
capau:ity.10

Graphene and carbon nanotubes (CNTs) are the widely
used carbon substrate with superior energy storage-favorable
properties and have sparked extensive exploration in recent
years.'"'> Although with large surface area, great flexibility, or
good mechanical properties, these carbon-based backbones still
exhibit unsatisfactory parts due to insuperable restacking or
aggregation problem,”"*™"* which disenable them to form
highly ordered structures, will critically affect their phys-
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icochemical properties, especially serving as the supporting
substrate which good electrolyte penetration and ion diffusion
are needed. Furthermore, prohibitive price and tedious
fabrication processes are also important factors that hinder
the practical application of graphene/CNT based carbon
substrates. So, synthesis of facile and low-cost carbon materials
with delicate structures derived from biotemplate has become a
research hotspot in recent years."*>°

The reason why biobased carbon attracts wide interesting is
that natural highly ordered structures with excellent phys-
icochemical properties can be easily obtained from them
without complicated chemical/physical processes.>’ For in-
stance, Liu et al. synthesized the highly ordered carbon
nanofiber arrays using crab shell as a hard-template and
exhibited excellent specific capacitance of 152 F/g.*' Qian et al.
synthesized heteroatom doped porous carbon flakes via
carbonization of human hair and showed high specific
capacitance of 340 F/g at 1 A/g’* These works all
demonstrated the specific advantages of biotemplate derived
carbon materials in preparing high-performance electrode
materials.”® So, by virtue of the unique natural structure of
biotemplate derived highly conductive carbon material and the
high theoretical capacity of transition metal oxides to get the
high performance supercapacitor electrode materials will be
definitely a fantastic way to develop the pseudocapacitors.

In this work, for the first time, we found another kind of
novel honeycomb-like biocarbon substrate, mollusc shell based
macroporous carbon material (MSBPC), which showed a
highly ordered and interconnected structure consisted of a
dense net of well-aligned hexagonal channel arrays. The
MSBPC was obtained from mollusc shells simply through
acid treatment and carbonization, since the shells mainly
consist of calcium carbonate crystal and biomacro-molecules.
Particularly, the preparation of the MSBPC can be very cheap
and renewable. This would be of great benefit to their
widespread commercialization. Honeycomb-like structure pos-
sesses the most geometric efficiency, which means use the least
amount of material to create the maximum and most solid
spaces. The channel arrays are very uniform, when used on
supercapacitor electrode materials, will make the whole surface,
including the inner walls, of the channel can be served as the
substrate to loading active materials, and at the same time, the
electrolyte can be very easy to infiltrate into the surface of the
loaded active material and can effectively increase the ion
diffusion rate of the electrode. On the other hand, these
channel arrays are interconnected, which is very good for the
fast electron transfer throughout the whole electrode. Then, to
validate its potential application on the energy storage, we
directly grow spinel nickel cobaltite (NiCo,0,) nanowires on
this MSBPC. The NiCo,0, always possesses better electro-
chemical activity than single components of nickel oxide and
cobalt oxide since the NiCo,0, combines contributions from
both nickel and cobalt ions.** As a result, the obtained novel
NiCo0,0,/MSBPC composites showed an excellent electro-
chemical performance, and an all-solid-state symmetric super-
capacitor was also assembled based on this NiCo,0,/MSBPC
electrode. The prepared all-solid-state supercapacitor exhibited
a specific capacitance of 61 F/g at a current density of 1 A/g,
85% of the capacitance could still be maintained after 10000
cycles at a high current of 400 mA and can light a LED. This
obviously suggests that the MSBPC can be potentially used in
supercapacitors.

Bl RESULTS AND DISCUSSION

The fabrication process of the NiCo,0,/MSBPC composites is
shown in Scheme 1. First, MSBPC was obtained by using the

Scheme 1. Preparation Process of NiCo,0,/MSBPC
Composites
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mollusc shell as templates and then grew the NiCo,0,
nanowires on it through a simple hydrothermal method. As
shown in Figure la, a macroporous carbon network was

Figure 1. (a) SEM image of the MSBPC. (b) Magnified SEM image of
the MSBPC.

prepared via carbonization of mollusc shell, where large scale
continuous channel without any collapse and fracture can be
obviously observed. The size of the pore is relatively uniform
and can be estimated to around 20 um. Hexagonal channel
structure can be observed clearly (Figure 1b). It is worth
mentioning that even within the same biology, the morphology
and size of the pore may not be the same (Supporting
Information Figure Sla and b). The corresponding XRD
pattern is shown in Supporting Information Figure Slc, a broad
peak around 25° of 2 theta, indicating the typical XRD pattern
for the amorphous carbon.”® The BET surface areas and pore
size distribution of MSBPC were also investigated by N,
adsorption—desorption measurements (Supporting Informa-
tion Figure S2a and b). The Supporting Information Figure S2a
shows a steep type-I isotherm with an obvious hysteresis loop,
indicating the coexistence of micropores and mesopores
structures formed in MSBPC. From Supporting Information
Figure S2b, we can find there are few pores larger than 10 nm
and the average diameter of pore is 1.98 nm. The BET surface
area of the MSBPC is around 440.36 m’g™".

This unique interconnected 3D network structure suggests
that the MSBPC have potential applications as substrate for the
synthesis of 3D functional composite materials.
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Under the guidance of this idea, the NiCo,0,/MSBPC
composites were successfully synthesized by a facile greener
hydrothermal method. Figure 2a and b show the microstructure

Figure 2. (3, b) SEM images of the NiCo0,0,/MSBPC composites. (c,
d) High-magnification SEM images of the NiCo,0, nanowires.

and morphology of the NiCo,0, nanowires on MSBPC. It
demonstrates that the NiCo,0, are uniformly grown on the
MSBPC and the interconnected porous skeleton of the
MSBPC can be retained without any collapse. It can also be
found that the inner wall of channel is fully and uniformly

covered by NiCo,0, nanowires with an average length around
1.5 yum (Supporting Information Figure S3a and Figure 3b),
which increases the width of the carbon skeleton and further
improves space utilization of the MSBPC. Figure 2c and d show
the higher magnification scanning electron microscopy (SEM)
images of the product, which indicates that NiCo,0, nanowires
with high density are grown vertically on MSBPC, forming a
high aligned nanowires arrays. The final composites still keep
the orderly structure and offer large surface area for Faradaic
reactions. Meanwhile the MSBPC is served as conducting
substrate and the NiCo,O, directly grows on it as binder-free
electrodes, this kind of connection provides short and straight
electron pathways, which can allow efficient electron transport
in the electrode.”**%72%

The X-ray diffraction (XRD) analysis confirmed the
formation of the NiCo,0O, phase and the XRD pattern in
Figure 3a (A) coincides with NiCo0,0,/MSBPC precisely. In
detail, the diffraction peaks at 18.96, 31.26, 36.26, 44.19, 59.35,
65.23, and 76.70° can be indexed as the (111), (220), (311),
(400), (511), (440), and (622) crystal planes of NiCo,0,. All
the reflection peaks can be easily indexed to the NiCo,0,, a
broad peak at 260 = 25° indicating that the substrate is
amorphous carbons (MSBPC), manifesting that the NiCo,O,
nanowires have been successfully fabricated on the surface of
MSBPC substrate. The sharp diffraction in Figure 3a (B) shows
the good crystallinity of pure NiCo,0,, and no peaks from
other crystallized phases are observed, indicating the formation
of pure NiCo,0, product.***
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Figure 3. (a) XRD patterns of (A) NiCo,0,/MSBPC composites, (B) pure NiCo,0,. (b) Raman spectra and (c) Raman image of theNiCo,0,/

MSBPC composites.
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Figure 3b further reveals the Raman spectrum of pure
NiCo,0, and NiCo0,0,/MSBPC composites in the range from
0 to 2000 cm™". The Raman spectrum of the MSBPC exhibits
vibrational peaks around 1347 and 1585 cm™', which can be
contributed to the D and G bands.>® Additional peaks below a
wavenumber of 700 cm™" (the peaks at 186, 456, 506, and 649
cm™ correspond to Fyy Eg, Fyp and A;, modes of the NiCo,O,
nanowires, respectively.’’) are also obtained and can be
assigned to vibrational modes of the NiCo,0, Raman
spectrum mapping characterization of the NiCo,0, /MSBPC
composites is shown in Figure 3c. From the simulation
diagram, we can directly observe the structure of MSBPC and
the cover-rate of NiCo,O, (the red color represents NiCo,O,,
the green color represents MSBPC, the blue color represents
hole). Interestingly, the appearance of MSBPC substrate in the
mapping further suggests that NiCo,O, nanowires have been
successfully fabricated on the MSBPC. However, most of the
final product, the carbon skeleton is almost completely covered
(Supporting Information Figure S4).

To further characterize the morphological and structural
teatures of the NiCo,0,/MSBPC composites, transmission
electron microscopy (TEM), high resolution TEM (HRTEM),
and selected area electron diffraction (SAED) studies were
performed. The NiCo,0, nanowires are 50 nm in diameter,
and it gradually decreases to only several nanometers at the tips
(Figure 4a), and its mesoporous structure is also confirmed by

]
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Figure 4. (a) TEM image and (b) HRTEM image, the inset shows the
SAED pattern of the NiCo,0,.

TEM image (Figure 4b), with the sizes of these pores estimated
to several nanometers, which will increases the amount of
electroactive sites and facilitates the electrolyte penetration.
The well-defined diffraction rings in the SAED pattern (inset in
Figure 4b) indicates the polycrystalline nature of the NiCo,O,
nanowires.

The electrochemical properties of the NiCo,0,/MSBPC
composites were investigated by using a three-electrode mode
in a 2 M KOH solution. Figure Sa shows the typical cyclic
voltammetry (CV) curves of the NiCo,0,/MSBPC composites
with various sweep rates ranging from 10 to 40 mV s in the
potential range 0—0.55 V. The shape of the CV curves is much
in line with previous reports on NiCo,0, in KOH
solution.*!***31733 Clearly, a distinct pair of redox peaks is
visible in different scan rates, which surely confirms the
pseudocapacitive behavior of the NiCo,0, The redox peaks
can be attributed to the reaction of M—O/M—0O—0—OH (M
represents Ni and Co ions) associated with OH™ anions.”'%**
With the increase of the scanning rate, the position of the
anodic peak shifts from 0.35 to 0.42 V, which mainly due to the
charge transfer kinetics is the limiting step of the
reaction.”’®>*>% In order to exclude the effect of nickel foam,
we also present the CV curve of the nick foam at 10 mV s™!

(Figure Sc). The result shows the signal of nickel foam is quite
weak, suggesting that the capacitive contribution from the
nickel foam is negligible.’® Figure Sc also compares the CV
curves of the NiCo,0,/MSBPC composites and pure
NiCo0,0,. The CV integrated area of the NiCo,0,/MSBPC
composites is much larger than the pure NiCo,0, which
suggest the specific capacitance is remarkably improved than
pure NiCo,0,. Figure 5d further displays the comparison of
galvanostatic charge—discharge (GCD) curves for pure
NiCo,0, and NiCo,0,/MSBPC composites at the same
current density of 1 A/g, the charge—discharge time of pure
NiCo,0, is obviously shorter than NiCo,0,/MSBPC
composites. This suggests that the MSBPC plays a key role
in the promotion of the electrochemical properties.

To further evaluate the electrochemical performance of the
NiCo,0,/MSBPC composites for practical application, the
GCD tests were conducted at various current densities ranging
from 1 to 15 A/g. As shown in Figure Sb. To obtain the
accurate values of specific capacitance for nonlinear GCD plot
resulted from a quasi-reversible faradic reaction, we calculate it
based on the following equation:

2i, [Vt
T
) (1)

Where i,, = I/m (A g~') represents the current density, I is the
constant discharge current and m denotes the weight of active
electrode. [Vdt refers to the integral current area of the
discharge curve, where V refers to the potential with initial and
final values of the V; and Vj, respectively.”*® The difference
between the nonlinear and linear GCD plot in algorithms is
provided in the Supporting Information Figure S6.

The NiCo,0,/MSBPC composites exhibited a high specific
capacitance of 1696 F/g at a current density of 1 A/g and good
rate performance (Figure 6a), 1604 F/g at 2 A/g, 1447.5 F/g at
4A/g 1231 F/gat 8 A/g, 993.7 F/g at 15 A/g, 691.8 F/g at 30
A/g. Even the current density increases to 50 A/g, the specific
capacitance is still as high as 421.8 F/g. This high specific
capacitance with such an excellent rate-capability has rarely
been reported previously.”'**> The excellent electrochemical
performance of the NiCo,0,/MSBPC composites can be
attributed to their unique structural feature. First, due to
interconnected network of the MSBPC, the electronic can
quickly spread throughout the network. Meanwhile, binder-free
electrodes provide reliable electrical connection to the
NiCo,0, to accelerate the electron transport. Second, large
channel volume ensures the efficient protons penetration and
high surface area of the inner wall supports NiCo,O, nanowires
array can be great beneficial for the effective utilization of active
materials. So, manufacturing this unique macroporous carbon
network as substrates not only improves the electrical
conductivity of NiCo,O, but also facilitates the rapid transport
of the ions in the electrolyte. Third, the uniformly aligned
mesoporous NiCo,0, nanowires array offers large surface area,
allowing facile electrolyte access for fast redox reaction.

The long-term cycling performance is a critical requirement
for supercapacitor devices. Cycling stability of the NiCo,0,/
MSBPC composites and the pure NiCo,0, was conducted
using GCD cycles at 5 A/g, as shown in Figure 6b. The specific
capacitance of NiCo,0,/MSBPC composites increased in the
first 250 cycles, which can be attributed to the complete
activation of the electrode. Then, it gradually stabilized at 1100
F/g over 2000 cycles, resulting in an overall capacitance loss of
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Figure 6. (a) Specific capacitance versus different charge—discharge current density plots. (b) Cycling performance of NiCo,0,/MSBPC composites

and pure NiCo,0, at S A/g.

only 12%. This cycling stability is superior to the pure
NiCo,0,, in which the capacitance decreases by 21% after 2000
cycles. Such excellent cycle stability is mainly due to the
interconnected MSBPC reinforce the electrode structure to
inhibit the structure collapse of NiCo,0, nanowires during
cycling.

In order to evaluate the potential of NiCo0,0,/MSBPC based
supercapacitor as energy storage, an all-solid-state symmetric
supercapacitor was designed by using nickel foam as current
collector, the poly(vinyl alcohol)/KOH as separator and
electrolyte, NiCo,0,/MSBPC as electrode. Figure 7a schemati-
cally shows the procedures for preparing the symmetric
supercapacitor. Figure 7b presents the typical CV curves of

19420

the symmetric supercapacitor at the scan rates of 10, 20, 40
mV/s; the shapes of the CV curves suggest an ideal capacitive
behavior, from which we can find the area of CV curves
increases obviously with the increasing of the scan rate,
indicating the rapid diffusion of the ions in polymer electrolyte.
Moreover, solid-state capacitor delivered a much higher
working voltage range (from 0 to 1 V) than a three-electrode
cell (from 0 to 0.55 V), which will facilitate a more practical
application of supercapacitors.

The GCD curves at various current densities from 1 to 8 A/g
are demonstrated in Figure 7c, the shapes of the GCD curves
tend toward triangular-shaped and the discharging time is
almost equal to the charging time, suggesting the excellent

dx.doi.org/10.1021/am5055228 | ACS Appl. Mater. Interfaces 2014, 6, 19416—19423
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potential windows at current density of 1 A/g.

Coulombic efficiency of our device. The volume capacitance of
the symmetric supercapacitor could be calculated by eq 1. The
highest capacitance was 60 F/g at 1 A/g and remained at 24.7
F/g at 8 A/g, demonstrating an excellent rate capability.

Higher voltage range will lead to greater energy density.
To evaluate the potential window of the NiCo,0,/MSBPC
based supercapacitor, the GCD curves at 1 A/g with different
potential widows was measured (Figure 7d). Owing to a
relatively low resistance of the NiCo,0,/MSBPC electrode, it
still showed good reversibility and electrochemical stability,
when the operating voltage rose up to 1.6 V. To demonstrate
its practical applications, a red LED (the operating voltage is
1.5—1.8 V) was lighted up by only one piece of SC (Figure 8
inset), illustrating its superior performance. Long cycle life
stability is another critical requirement for practical applica-
tions. As shown in Figure 8, excellent stability was obtained
between 0 and 1 V at high current (400 mA), remained 85%
during the entire cycling after 10000 charge—discharge cycles.
Such superior cycle stability is attributed to the role of the PVA
as the binder, and the polymer electrolyte can protect the
structure of NiCo0,0,/MSBPC based electrode. Besides, this
kind of all-solid-state symmetric supercapacitor not only has a
simple assembly processes but also avoids the risk of electrolyte
leakage for liquid electrolyte capacitors.

From the results mentioned above, we conclude that the
NiCo,0,/MSBPC based supercapacitor is promising in
practical applications. As a kind of novel conductive backbone,
the MSBPC is highly effective for improving the electro-
chemical performance of supercapacitor. Additionally, this
honeycomb-like structure provides an inspiration to synthesis
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Figure 8. Cycling performances during 10000 cycles at a high current
400 mA. Inset: a red LED powered by SC device.

the other carbon-based composite materials for application in
energy storage or other emerging research fields.

B CONCLUSIONS

In summary, a novel macroporous carbon material of MSBPC
has been obtained from mollusc shell via a simple decal-
cification and annealing process and was first used in
electrochemical energy storage. When combined with
NiCo,0,, exhibited high specific capacitances, excellent rate
capability, and good cycle stability. A high specific capacitance
of 1696 F/g was achieved at a current density of 1 A/g (even
421.8 F/gat 50 A/ g) and only 12% capacitance loss after 2000

dx.doi.org/10.1021/am5055228 | ACS Appl. Mater. Interfaces 2014, 6, 19416—19423
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cycles at 5 A/g based on the obtained NiCo,0,/MSBPC
composites. Furthermore, an all-solid-state supercapacitor with
excellent electrochemical performances was also successfully
fabricated and of great relevance to applications. We believe
that this bioinspired carbon material can be further utilized to
combine with other metal oxides or conductive polymers, and
its excellent structure and conductivity might offer great
promise for fabrication of high-performance energy storage
devices; more potential applications beyond energy storage
such as biosensors and catalysis can even be developed based
on this MSBPC.
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SEM images, XRD pattern, and Raman spectrum mapping.
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