.

ROYAL SOCIETY
OF CHEMISTRY

RSC Advances

View Article Online

View Journal | View Issue

Facile synthesis of a high electrical and ion
conductivity junction-less 3D carbon sponge
electrode for self-standing lithium ion battery
anodet

i '.) Check for updates ‘

Cite this: RSC Adv., 2018, 8, 6390

Jyunichiro Abe, Yuta Kobayashi, Koki Kawase, © Mizuki Tenjimbayashi
and Seimei Shiratori & *

Lithium ion batteries (LIB) are the most extensively researched and developed batteries. Currently, LIBs
are used in various applications such as electric vehicles (EV), hybrid EVs (HEV), plug-in HEVs, and
energy storage systems. However, their energy density is insufficient and further improvement is
required. In this study, we propose the facile synthesis of a self-standing, junction-less 3D carbon
sponge electrode (3DCS) for improving the energy density. A self-standing structure can improve
the energy density by reducing non-active materials such as binders and current collectors, in
electrodes. We use a kitchenware melamine sponge as the carbon precursor. The utilization of
materials mass-produced by existing facilities is crucial for ensuring availability and low costs. Such
characteristics are imperative for industrialization. These self-standing 3DCS electrodes, fabricated
using available low-cost melamine sponges, demonstrate high charge-rate characteristics with
a capacity retention of 81.8% at 4000 mA g~* and cycle durability with 95.4% capacity retention after
500 cycles, without current collector, binder, and conductive additives. This high availability, low-
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Introduction

Lithium ion batteries (LIB) are the most extensively researched
and developed batteries. They were first developed by Sony for
application in video cameras, in the 1990s.' Further, their
performance was continuously” improved and they were used in
various applications such as fuel cell vehicles, electric vehicles
(EVs), hybrid EVs (HEVs), Plug-in HEVs,* and energy storage
systems.* However, as their energy density is insufficient,
further improvement is required.’

Improvements in the energy density may not have occurred
because there were no significant changes in the type of active
material, manufacturing process, and cell structure. For
example, the initial lithium-ion batteries consisted of layered
transition metal oxides: LiCoO, and graphite on the positive
and negative electrodes, respectively; however, the basic
concept remains the same, even today.® In addition, the process
of applying a slurry obtained by mixing an active material,
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auxiliary agent, and binder to a metal foil and the winding or
stacking of the cell structure on an electrode that is to be
inserted into a prismatic or laminate cell has not changed.”
Positive-electrode materials such as LiNi, sMn; 50, spinel® and
Li-rich layered material,” and negative-electrode materials such
as silicon'"" and metal oxide were proposed in previous
studies. For the cell structure, binder-free,"*'* collector-free,"
and bipolar structures'®'” were proposed. In these proposals,
the energy density was improved by reducing the non-capacitive
parts. On reducing the binder and current collector in
a conventional structure, problems in the durability’® and
output characteristics were encountered. In order to solve these
problems, a self-standing, carbon nonwoven electrode fabri-
cated by electrospinning®?® and vacuum filtration**** was
proposed. Such electrodes were characterized by a high specific
surface area, high-porosity, and high conductivity; they were
light weight with high strength, and exhibited high durability
and excellent output characteristics, without binders and
current collectors. In addition, the devices manufactured using
these methods were simple and inexpensive. However, there
were difficulties in continuous production methods such as the
roll-to-roll process and considerable solvent quantities were
required.

This journal is © The Royal Society of Chemistry 2018
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Fig. 1 Schematic of the high — (a) electrical conductivity and (b) ion
conductivity carbon melamine sponge structure.

In this study, we propose a self-standing, junction-less 3D
carbon sponge (3DCS) electrode for the LIB anode. This 3DCS
electrode is synthesized by the carbonization of a commercial
melamine sponge as the carbon precursor. As melamine is
a polymer in an aromatic system containing nitrogen, it can be
carbonized by calcinating in inert atmosphere. There is no prior
research in which a carbon electrode derived from commercial
melamine sponge is applied to LIBs. Previously, using
melamine-derived carbon, applications such as super-
capacitors,” lithium oxygen batteries,> and fuel cells*® have
been proposed. However, they involve problems in mass
production, such as complex synthesis. In contrast, we propose
the use of mass-produced material as the carbon precursor
because the utilization of material mass-produced by existing
facilities is crucial for ensuring availability and low costs. Such
characteristics are imperative for industrialization. Moreover,
the 3DCS electrode exhibits high charge-rate characteristics and
cycle durability. This is due to the high electrical conductivity
provided by the 3D junction-less carbon sponge structure
shown in Fig. 1(a), as well as the high ion conductivity owing to
the high porosity and surface area, as shown in Fig. 1(b). This
high-availability, high-rate capability, high-cycle durability, low-
cost carbon material for LIB anodes is beneficial for research
institutions and companies that do not have facilities.

Experimental
Materials

The melamine sponge was purchased from LEC (Tokyo, Japan).
Polyacrylonitrile (PAN, average M,, ~ 150 000) was purchased
from Sigma-Aldrich (USA). N,N-dimethylformamide (DMF;
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99.5%) was purchased from Tokyo Chemical Industry Co. Inc.
(Tokyo, Japan). LiPFs (1 mol L") in ethylene carbonate (EC)/
dimethyl carbonate (DMC) (1 : 1 v/v%) solution was purchased
from Kishida Chemical (Osaka, Japan).

Carbonization of the junction-less 3DCS

The melamine sponges were carbonized in N, atmosphere at
600, 800, and 1000 °C, respectively, for 1 h each (heating rate:
5°C min ).

Preparation of comparison sample

For comparison, we prepared electrospun carbon nanofiber
(ES-CNF). PAN (10 wt%) was dissolved in DMF with stirring for
at least 48 h at 60 °C. The solution was loaded into a plastic
syringe and Al substrates were mounted on a metal collector.
The applied voltage was set to 10 kV, the distance between the
needle tip and collector was set to 20 cm, the solution flow rate
was 1.0 mL h™', and humidity was maintained at 30-40% by
silica gel. After electrospinning, the as-spun membranes were
removed from the Al collector and cut into 3 cm x 3 cm. The
PAN nanofibers were first stabilized in air at 280 °C for 2 h
(heating rate: 1 °C min™ ") and then carbonized in N, atmo-
sphere at 1000 °C for 1 h (heating rate: 5 °C min™ ).

Characterization of the composite nanofibers

The surface morphology was determined using a field emission
scanning electron microscope (S-4700, Hitachi, Tokyo, Japan)
and accelerated surface area and porosimetry system (ASAP,
shimadzu, Kyoto, Japan). Image] was used for image analysis.>
The electric resistance was determined with a four-terminal
resistance meter (Loresta-GP, Mitsubishi chemical analytech,
Japan). The functional groups were determined using Fourier
transform infrared spectroscopy (FT-IR) (ALPHA, Bruker optics,
Germany). The carbon microstructure was established using
Raman spectroscopy (inVia confocal Raman microscope,
Renishaw, Gloucestershire, United Kingdom). The chemical
surface state was determined using X-ray photoelectron spec-
troscopy (XPS) (JPS-9010 TR, JEOL, Tokyo, Japan).

Electrochemical measurements

The electrochemical properties of the carbonized melamine
sponge were characterized using 2032-coin cells with a lithium
metal foil as the anode. 3DCS mass loading is 1.9 mg cm 2.
Copper-foil collectors and poly (vinylidene fluoride) binder were
not used in the preparation of the working electrodes, for these
2032-coin cells. The separator consisted of a 25 pm microporous
monolayer membrane (Celgard 2500, Celgard, Charlotte, North
Carolina, USA), whereas the electrolyte was 1 mol L™ " LiPFg in
EC/DMC (1 : 1v/v%). The cells were assembled in a dry air-filled
glove box (Galaxy, Matsuura Manufactory Corporation, Tokyo,
Japan) and cycled in a voltage range of 3.0-0.05 V with a multi-
channel charge-discharge device. The alternating current
impedance of cells was determined with battery tester
(BATTERY HIiTESTER, Hioki, Nagano, Japan). The discharge
and charge current values were increased to 50, 100, 250, 500,
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1000, 2000, 3000, and 4000 mA g ', every three cycles, for
examining the current load characteristics. Further, the current
value was set to 1000 mA g~ * for the cycle charge-discharge test.
The current value was set to 100 mA g~ ' for examining the
capacity retention, under the cycle charge-discharge test.

Results and discussion
Characterization of the junction-less 3DCS

FE-SEM images of the melamine and carbonized melamine
sponge surface morphologies are shown in Fig. 2(a), where two
change points can be observed. One is a change in the fiber
diameter and the other is a change in the conductivity seen by
the charge-up. Fig. 2(b) shows the fiber diameter histogram of
the melamine sponge, before and after carbonization at
1000 °C, by imaging analysis. The average fiber diameter of the
melamine sponge decreases from 5.0 pm to 2.7 pm. This is
because the melamine was partially burnt, when it was
carbonized. Fig. 2(c) shows the resistance of the melamine
sponge at various carbonization temperatures. At carbonization
temperatures below 600 °C, the melamine sponge behaves as an
insulator; however, it becomes a conductor at carbonization
temperatures higher than 800 °C. When the carbonization
temperature is 1000 °C, the resistance of the melamine sponge
is minimum at 24 Q. This is because the graphitization of the
melamine sponge is accelerated by the increase in the carbon-
ization temperature.”” Also, Fig. 2(d) shows that carbonization
greatly contributes to the improvement of the specific surface
area. This reduces the reaction resistance. Fig. 3(a) shows the
Raman spectrum of the carbonized melamine sponge at various
carbonization temperatures. The extent of graphitization of the
samples was estimated by considering the ratio between the
D-band (disorder-induced phonon mode: 1250 and 1450 cm ™)
and G-band (graphite band: 1550 and 1660 cm™ ") intensities.
The former can be attributed to defects and the disordered
portions of carbon (sp*-coordinated), whereas the latter can be
attributed to the ordered graphitic crystallites of carbon (sp*
coordinated). The ratio between the D and G band intensities
(In/Ig) can be used to analyze the number of carbon defects in
self-standing iron oxide/carbon composite electrospun nano-
fibers. A high I5/I, ratio indicates a large amount of sp*-coor-
dinated carbon. Generally, the Is/Ip ratio increases marginally
on increasing the carbonization temperature. However, the Ig/
Ip ratio is maximum, when the carbonization temperature is
800 °C, as shown in Fig. 3(b). On the other hand, when the
carbonization temperature is 1000 °C, the Ig/I ratio decreases.
Generally, when the Ig/I, ratio increases, the resistance
decreases. This result is not consistent with the decrease in the
resistance. When the carbonization temperature is 1000 °C, the
decrease in the full-width-at-half maximum (FWHM) of the G
band is significantly more than that of the D band, as shown in
Fig. S1.1 A high FWHM in the Raman spectrum indicates a large
crystallite size; conversely, a decrease in the FWHM indicates
a decrease in the crystallite size. Hence, it was determined that
at carbonization temperatures higher than 800 °C, oxidation
does not promote carbonization.
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Fig. 2 (a) FE-SEM images of the melamine sponge (a) (Left) before
carbonization (Right) after carbonization at 1000 °C, (b) fibre diameter
histogram of the melamine sponge (blue) before carbonization (red)
after carbonization at 1000 °C and, (c) resistance of the melamine
sponge at various carbonization temperatures. (d) BET surface area of
the melamine sponge (blue) before carbonization (red) after carbon-
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Fig. 4 shows the FT-IR absorption spectra of the carbonized
melamine sponge. The peaks at 1452 and 1541 cm™ " are due to
C=N stretching; whereas, the peaks at 1323 cm™ " and 810 cm™*
are due to aromatic C-N stretching and C-N heterocycles,*®
respectively. At carbonization temperatures higher than 800 °C,
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Fig. 4 FT-IR spectra of the carbonized melamine sponge at various
carbonization temperatures.
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all the absorption peaks are considerably reduced. At a carbon-
ization temperature of 800 °C, a slight C=N peak remains.
When the carbonization temperature reaches 1000 °C, the peak
disappears almost completely. This indicates a decrease in the
3DCS functional group, i.e., the resistance is decreased due to
the loss of the functional group in the melamine sponge. In
addition to Raman's results, it can be seen that the amount of
nitrogen contained is considerably reduced, when carboniza-
tion is promoted. Hence, the improvement in the conductivity is
not due to the progress of graphitization, but due to the
reduction of the nitrogen-containing polymer.

Fig. 5 shows the XPS peak of the carbonized melamine
sponge. Fig. 5(d) depicts the ratio of each coupling, obtained by
decomposing the XPS spectra of Fig. 5(a)-(c). As the carbon-
ization temperature increases, the C-N bond proportion
decreases. This is consistent with the result of the FT-IR.
However, as the carbonization temperature is increased, the
C=C bond does not monotonically increase. When the
carbonization temperature is 1000 °C, the C=C bond decreases
compared to that at a carbonization temperature of 800 °C.
Thus, the reason for the decrease in resistance in the melamine
sponge after carbonization is not the increased graphite layer.
This is consistent with the decrease in the I5/Ip ratio. On the
other hand, the C-O bond increases in contrast with the C=C
bond.

This is caused by the oxidation of the melamine sponge by
heating. Thus, the improvement in conductivity is not due to
the progress of graphitization, but is due to the decrease in the
C-N bonds. Although the conductivity is improved, the occu-
pation of most of surface bonds by the C-O bonds is a problem.
This is a less-desirable characteristic, considering the irrevers-
ible capacity; hence, there is need for improvement.

Electrochemical measurements

The charge/discharge rate characteristics are shown in Fig. 6.
Melamine sponge carbonized at 1000 °C exhibited a high irre-
versible reaction in the first cycle. This was caused by the
functional group produced by carbonization.* This functional
group reacted with the electrolyte and generated a solid elec-
trolyte interface. 3DCS at 1000 °C carbonization exhibited
considerably high rate characteristics; however, at carboniza-
tions other than 1000 °C, it could not pass the charge/discharge
rate test in Fig. S2.f These were caused by different cell resis-
tance in Fig. 7. These resistances were excessive for evaluating
the rate characteristics. This is due to the difference in the
electric conductivity of 3DCS at 1000 °C carbonization. As
shown in Fig. 2(c), 3DCS at 1000 °C carbonization is one
twentieth that of the carbonization at 800 °C. When the current
density was 4000 mA g, the charge capacity retention ratio was
80% and the discharge capacity retention ratio was 95.4%.
These values are considerably high. The difference between the
retention of charge and discharge may be owing to the influence
of the cut-off voltage. Such high rate characteristics may be
exhibited because the sponge structure has high electrical and
ion conductivity due to the junction-less and porous structure.
In addition, the initial irreversible capacity may be due to the

RSC Adv., 2018, 8, 63906396 | 6393
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(a) Discharge and charge rate capabilities, (b) discharge curve, and (c) charge curve of melamine-derived carbon sponge after
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functional group remaining on the surface. This initial irre-
versibility is one of the problems to be addressed in future.
Fig. 8 shows the results of the cycle durability test. Although
some deterioration is confirmed in the initial 50 cycles, there is
almost no deterioration thereafter (Fig. 8(a)). Fig. 8(b) and (c)
show the charge/discharge curves, respectively, loaded at
100 mA g '. There were no changes in these curves. If the
resistance increases, the curve changes due to ohmic drop.
Hence, there was no deterioration in the resistance. There were
nearly no changes in the charge/discharge efficiency, during 500
cycles; this does not indicate an increase in the side reactions.
From these results, it can be determined that the junction-less
3DCS electrode has high cycle durability. Fig. 9 shows the
comparison between the discharge and charge rate capacity
retention ratios of 3DCS and ES-CNF. For both charging and
discharging, 3DCS showed better characteristics compared to
the ES-CNF.

These characteristics are owing to a high electrode strength
due to the junction-less sponge structure.
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These results demonstrate that junction-less 3DCS elec-
trodes without non-active material have significant potential as
LIB anode material.

Conclusions

We fabricated junction-less 3DCS electrodes with excellent rate
and cycle characteristics, without using non-active materials
such as conductive agents and binders. These characteristics
are owing to the high electrical and ionic conductivities
resulting from the porous and junction-less structure of the
carbon electrodes. Such high-performance electrodes made
from mass-produced materials are useful in several aspects.

In future, we intend to propose a combination of a junction-
less 3DCS electrode and metal oxide for the LIB anode and for
application to a metal air battery.
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