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Biomass derived carbon materials have been widely used as electrode materials; however, in most cases,
only electrical double layer capacitance (EDLC) is utilized and therefore, only low energy density can be
achieved. Herein, we report on redox-active carbon spheres that can be simply synthesized from earth-
abundant glucose via a hydrothermal process. These carbon spheres exhibit a specific capacity of
~210 mA h ges™, with high redox potentials in the voltage range of 2.2-3.7 V vs. Li, when used as positive
electrode in lithium cells. Free-standing, flexible composite films consisting of the carbon spheres and
few-walled carbon nanotubes deliver high specific capacities up to ~155 MA h Geectrode + With No obvious
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capacity fading up to 10 000 cycles, proposing to be promising positive electrodes for lithium-ion bat-
teries or capacitors. Furthermore, considering that the carbon spheres were obtained in an aqueous
glucose solution and no toxic or hazardous reagents were used, this process opens up a green and sus-
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Introduction

Replacing fossil fuels with various types of clean and renew-
able energy sources is vital in order to effectuate the world’s
sustainable development." However, the inconstant and
location dependent natures of renewable energy sources such
as wind or solar require the integration with electrical energy
storage systems for improving reliability.” Electrochemical
energy storage systems, including rechargeable lithium-ion
batteries and electrochemical capacitors (ECs), have several
advantages for effective renewable energy storage, such as
compact size, long cycle life, high efficiency, short charge/
discharge time and pollution free operation.>* Despite these
merits, the high cost of electrode materials, such as transition
metal oxides, limits their market penetration for large-scale
energy storage applications.>” Thus, it is critical to develop
low-cost, sustainable, and high-performance electrode
materials to support electrochemical energy storage devices in
line with the green and renewable energy sources.®®
Redox-active organic electrode materials derived from low-
cost and sustainable sources have attracted extensive attention

“George W. Woodruff School of Mechanical Engineering, Georgia Institute of
Technology Atlanta, Georgia 30332, USA. E-mail: seung.lee@me.gatech.edu
bDepartment of Applied Chemistry, Waseda University, 3-4-1 Okubo, Shinjuku-ku,
Tokyo 169-8555, Japan

tElectronic supplementary information (ESI) available. See DOI: 10.1039/
¢5nr07064c

This journal is © The Royal Society of Chemistry 2016

tainable method for designing high performance, environmentally-friendly energy storage devices.

as replacements for transition metal based electrodes.®’
In particular, organic carbonyl molecules have shown high
capacities (up to 580 mA h g~ for Li,CsOg),"® by employing
the reversible redox reaction between the carbonyl group and
lithium ion.? However, dissolution of these organic molecules
into organic electrolytes during cycling limits their cycling
stability within a few hundred cycles.'*** In addition, the
insulating nature of organic molecules requires mixing with a
large amount of conductive carbons during the electrode fabri-
cation process to support electrical conductivity.”**™"” An
alternative approach to resolving these challenges is to in-
corporate redox-active oxygen functional groups on a conduc-
tive carbon matrix such as carbon nanotubes or graphene, via
a surface oxidation process.’®?* In addition, these functiona-
lized carbon materials can be fabricated as free-standing elec-
trodes. Free-standing carbon electrodes are free of metal
current collectors, which can improve the electrochemical per-
formance of practical devices.?” Free-standing oxidized carbon
nanotubes or reduced graphene oxide electrodes show
enhanced rate capability as well as cycling stability over 1000
cycles owing to the covalent-bonded oxygen functional groups
on the conductive carbon matrix.'®>°

Biomass is renewable, cheap, and is the most abundant
carbon source for synthesizing sustainable functional carbon
materials.”* > Among various conversion methods, a hydro-
thermal carbonization (HTC) process has shown promising
outcome in converting biomass to various functional carbon
materials, utilizing its unique advantages including being an
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environmentally benign process, having relatively low reaction
temperature and versatile morphology control of carbon
products.”® In recent studies, carbon spheres have been syn-
thesized from carbohydrates such as glucose, sucrose, or cellu-
lose via the HTC process, and can be used as catalyst support®
or active electrode materials for electrochemical double layer
capacitor (EDLC) applications.”””® However, the redox-active
properties of these carbon spheres have not been explored
intensively. If comprehensively studied and rationally utilized,
these properties can open up new possibilities for developing
renewable electrode materials for lithium-ion batteries or
lithium-ion capacitors.

In this study, we demonstrate for the first time that carbon
sphere products from glucose, via a HTC process, have redox-
active properties with lithium ions, which enable those carbon
spheres to be active electrode components for lithium-ion bat-
teries or capacitors. We assembled free-standing composite
electrodes by mixing the carbon spheres with sub-millimeter
long few-walled carbon nanotubes (FWNTs)*>?° using a
vacuum-filtration process. In addition, we showed that a micro-
wave treatment can improve connectivity between the carbon
spheres and FWNTs. After the microwave process, the compo-
site electrode exhibits a high capacity of ~155 mA h Zejectrode
with significantly enhanced rate capability compared to that
before the microwave treatment. Moreover, the electrode
shows an excellent cycling stability up to 10 000 cycles. Con-
sidering that the redox-active carbon spheres are prepared
from earth-abundant biomass via a scalable HTC process,
this approach provides a promising green route to developing
sustainable organic electrodes for large-scale energy storage
devices.

Carbon Sphere
(CS) dispersion

A
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Results and discussion

The carbon spheres were prepared from an aqueous solution
of glucose (3 mg mL™") via a HTC process at 200 °C for 18 h,
during which the transparent glucose solution was trans-
formed into a brownish colloidal dispersion (Fig. 1a). The HTC
process consists of complex chemical transformation cascades,
including dehydration, condensation, polymerization and aro-
matization reactions, which result in the formation of carbon-
rich organic compounds (carbon spheres).”>*'* The sizes of
synthesized carbon spheres are mainly in the range of
60-100 nm as shown in Fig. Slc.f Free-standing composite
films were fabricated viag filtering the aqueous mixture of
carbon spheres and FWNTs, where sub-millimeter long
FWNTs were employed as a conductive agent (Fig. 1c inset).
Pristine FWNT films were also prepared via a vacuum-filtration
process for comparison. The FWNT films exhibited an inter-
twined network structure with a high electrical conductivity of
~209 Scm® g~ (Fig. 1b and Table S17). The density of a com-
posite film with 40 wt% of carbon spheres (CS-0.4) increased
to 0.37 g cm > from 0.24 g cm ™ of the pristine FWNT, whereas
electrical conductivity of the composite films decreased to ~93
Scm? g~ (Table S1f). Incorporating more carbon spheres into
the composite electrode, up to 68 wt% (CS-0.68), further
increased the density to 0.41 g cm ™ and decreased the electri-
cal conductivity to ~64.4 Sem® g~' (Table S1f). Most of the
carbon spheres were attached on the surface FWNTs in the
composite film with a lower loading (CS-0.4) (Fig. 1c), while
considerable amount of the carbon spheres were separated
from FWNTs in the film with a higher loading (CS-0.68)
(Fig. 1d and Sibt). Irradiating nanocarbon materials with

Fig. 1 (a) Digital images of the aqueous glucose solution (3 mg mL™, left) and the colloidal dispersion of synthesized carbon spheres (CSs) after the
hydrothermal carbonization (HTC) process (right). SEM images of (b) the pristine few-walled carbon nanotube (FWNT) film and composite films
consisting of (c) 40 wt% of CSs (CS-0.4), (d) 68 wt% of CSs (CS-0.68). The digital image of the composite film (CS-0.4) fabricated by the vacuum-
filtration process is shown in the inset of (c). (e) Low- and (f) high-magnification SEM images of the composite film (CS-0.68) after the microwave

process at 1250 W for 30 s in Ar.
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microwaves has been widely used as a rapid heat treatment
method.**® After a microwave process for 30 s under Ar
environment, the carbon spheres in the film (CS-0.68) were
‘glued’ together forming peanut-shaped nanorod structures,
creating a dense network structure that was well threaded by
FWNTs (Fig. 1le and f, CS-0.68-MW). During the microwave
treatment, FWNTs in the composite films strongly absorbed
the microwaves and acted as an internal heat source that can
be heated up to 2000 °C.*”*° Therefore, we postulated that the
heated FWNTs enable the reconstruction of the interface
between CSs and FWNTs, giving rise to the fusion of CSs and
FWNTs. The electrical conductivity of the film after the micro-
wave process (CS-0.68-MW) was found to increase to ~75.7
Sem? g™, owing to the improved connectivity between CSs and
FWNTs during the process.

The chemical structure of the carbon spheres was investi-
gated by Raman spectroscopy and X-ray photoelectron spectro-
scopy (XPS). The Raman spectrum of the carbon spheres
exhibited two broad overlapping bands at ~1350 cm™" (D
mode) and ~1580 cm™" (G mode) (Fig. 2a), which are comple-
tely different from that of glucose (Fig. S2t). These two peaks
resemble the characteristics of carbon materials*®™** that
include sp” hybridized carbon atoms in benzene or condensed
benzene structures.*” The pristine FWNT film displayed much
sharper peaks, and the spectrum of the composite films
showed blended characteristics between the carbon sphere
and FWNT (Fig. 2a and S3af). Chemical element analysis of
the carbon sphere and composite films was conducted using
XPS (Fig. 2b and S3bt). As-synthesized carbon spheres showed
significant oxygen content with an atomic ratio of oxygen to
carbon (O/C ratio) of 0.32. According to the LaMer model,
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hydrothermally synthesized carbon spheres have a core-shell
type structure consisting of a highly dehydrated hydrophobic
core and an oxygen-rich hydrophilic shell.***' Thus, the high
O/C ratio of the carbon spheres can be attributed to a large
number of oxygen functional groups on the surface.** On the
other hand, pristine FWNT film exhibited negligible oxygen
content with an O/C ratio of 0.03, which was probably due to
the adsorbed oxygen or introduced defects during the dis-
persion process. The O/C ratios of the composite films were
found to increase from 0.10 to 0.14 as the loading of the
carbon sphere increased from 40 wt% (CS-0.4) to 68 wt%
(CS-0.68) (Fig. 2b). Detailed chemical structures of the compo-
site films were further analyzed by fitting the high resolution
C 1s peaks (Fig. 2c)."® The main peak at 284.5 eV was attribu-
ted to sp®> hybridized graphitic carbon,'® and the binding
energy for sp® hybridized diamond-like carbon shifted to a
higher binding energy at 285.2 + 0.1 eV. C 1s spectra of the
carbon sphere exhibited a dominant sp® hybridized carbon
peak with a minor sp> hybridized graphitic carbon peak, while
the FWNT film showed a major sp> carbon peak with a minor
sp® carbon peak (Fig. S3ct). In addition, various oxygen func-
tional groups, including hydroxyl/phenolic (C-O centered at
286.0 + 0.1 eV), carbonyl (C=O centered at 286.9 + 0.1 eV), and
carboxylic/carboxylate (COOH/COOR, centered at 288.9 + 0.1
eV),”* were found for the carbon sphere, which is consistent
with the LaMer model. Therefore, the ratio of sp® peak to sp”
peak, and the amount of oxygen functional groups, progress-
ively increased with higher loading of the carbon spheres in
the composite films (Fig. 2c). After the microwave process, the
O/C ratios of the composite films were found to slightly
decrease from 0.10 to 0.08 for CS-0.4, and from 0.14 to 0.12 for
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(a) Raman spectra, (b) X-ray photoelectron spectroscopy (XPS) wide scan survey of as-synthesized carbon sphere (CS), pristine FWNT, and

composite films at different loadings of CSs. (c) The high resolution C 1s spectra of the CS and composite films.
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CS-0.68 (Fig. 2b and S3bt), presumably due to further carbon-
ization of CSs. Fourier transform infrared (FTIR) spectroscopy
comparison of the composite films before (CS-0.68) and after
(CS-0.68-MW) the microwave treatment showed a significant
decrease of peaks in the range of 1000-1300 cm™*, which cor-
respond to the C-OH stretching and OH bending vibrations,*!
further confirming the carbonization process of the carbon
spheres (Fig. S47).

Cyclic voltammetry (CV) measurements were conducted to
investigate the charge storage characteristics of the carbon
spheres in lithium cells. The first CV scan of the pristine
FWNT electrode displayed a rectangular shape (Fig. 3a) and
subsequent potential cycling showed negligible difference
(Fig. S5at), indicative of charge storage based on double-layer
capacitance. In contrast, the first CV scan of the composite
electrodes including the carbon spheres exhibited oxidation
current with an onset potential of ~2.5 V vs. Li and a strong
oxidation wave at an onset potential of ~3.7 V vs. Li (Fig. 3a
and S5b-df). The strong oxidation wave may be attributed to
the anodic polymerization of aromatic hydrocarbons.**3™4¢
Upon subsequent potential cycling, the anodic oxidation
current gradually decreased and finally arrived at steady-state,
which was accompanied by the formation of a broad redox
peak in the voltage range of 2.2-3.7 V vs. Li (Fig. 3b). The
remaining redox peak of the composite electrodes can be
ascribed to the surface redox reactions between oxygen func-
tional groups on the carbon spheres and lithium ions. Com-
parison of steady-state CV scans showed that the composite
electrodes have higher gravimetric current densities compared
to that of pristine FWNT, owing to the additional surface redox
reactions on top of double layer capacitance (Fig. 3c). Interest-
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ingly, there was a little difference in CV scans between the
CS-0.4 and CS-0.68 (Fig. 3c). We postulate that a significant
amount of carbon spheres were not effectively utilized in the
composite film with high loading (68 wt%), since many
carbon spheres were separated from the conductive FWNT
matrix (Fig. 1d). Comparison of steady-state CV scans after the
microwave process displayed a significant increase in current
for the CS-0.68-MW (Fig. S6at), resulting in higher gravimetric
current density compared to that of the CS-0.4-MW (Fig. 3d).
Moreover, the CS-0.68-MW retained its redox behavior at a
high scan rate of 100 mV s™' (Fig. S6bt). Such enhanced
charge storage performance after the microwave treatment can
be attributed to the increased redox-active surface as well
as electrical conductivity on the connected carbon nanorod
structure that was well threaded by conductive FWNTs (Fig. 1e
and f).

Charge storage performance of the electrodes was further
evaluated using rate-dependent galvanostatic charge and dis-
charge tests (Fig. 4a-c and S7t). The pristine FWNT electrode
delivered a low specific capacity of ~40 mA h gejectrode - at 0.05
A g', while the capacities of the composite electrodes were
significantly increased to ~103 mA h gejectroge - for CS-0.4 and
~117 MA h ejectrode - for CS-0.68 (Fig. 4d). After the microwave
treatment, the FWNT and CS-0.4 showed negligible changes in
their capacities, whereas the CS-0.68 exhibited a considerable
increase in capacity from ~117 to ~155 MA h gejectrode |, OWING
to the improved utilization of the carbon spheres for charge
storage (Fig. 4d). This capacity is higher than those of pre-
viously reported carbon based electrodes (38-135 mA h
g 1?1?2471 and comparable to those of recently reported

redox-active graphene electrodes (~160 mA h g ')'®
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Fig. 3 Cyclic voltammetry (CV) scan comparisons of the FWNT and composite electrodes at 1 mV s~ in lithium cells with 1 M LiPFg in a mixture of
ethylene carbonate (EC) and dimethyl carbonate (DMC) (3:7 volume ratio). (a) Comparison of initial CV scans of the pristine FWNT electrode and
CS-0.4. (b) CV scans of the CS-0.4 as a function of cycle number. Comparisons of steady-state CV scans for different composite electrodes (c)
before and (d) after the microwave process. CV scans of the pristine FWNT electrodes were utilized as guidelines. The weight of the total positive
electrode (carbon spheres + FWNTSs) was considered in the current density calculation.

3674 | Nanoscale, 2016, 8, 3671-3677

This journal is © The Royal Society of Chemistry 2016


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c5nr07064c

Open Access Article. Published on 05 January 2016. Downloaded on 7/18/2025 11:07:22 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Nanoscale

X/
\\\\ §

Y/

)

\)

W

W

G

Q)

4

o j 05A0\ o 1 ag

25AG 1 Ag
L

)

100 Alg 9

025Ag
30 45

elecvrode)

15
Q (mAh/g

CS-0.68-MW

= 3}

1’4

>

2 2 A NN

T ~—

1 X \25\;\9 \ \\0>\01A§

50Alg 10Alg| 25A) 1Ag0A g5 a1
100 Alg 5Ag
0 i i ;
0 50 100 150 200
Q (mAh/geleclrode)

(e)
100 8B=ggn o

§ [00-—00K~g. " -

H Q. N\
o 10} 8\c"o\‘ﬁ
v N
< <,
£ N
g 'f-o-Fwnt <o

—O—Cs-0.68
~[—CS-0.68-MW
01 . 4 i .
0.1 1 10 100

Discharge Rate (A/g

electrode)

View Article Online

Paper

75 100

eleclrods)

50
Q (mAh/g

] | Before Microwave Treatment
B After Microwave Treatment
150

Wl

=
o
o

[
o

FWNT  CS-04 5066
200
() [-o—FwnT
—— CS-0.4-MW

~3 150 L - CS-0.68-MW

¢ Mgm C00Dopoopoooooogoo
o
£ 1% gy VIVVIVYVVYYVYVVYY
=
O 50 ke 000000000000000000

0 3 i , ,
0 2,500 5,000 7,500 10,000

Cycle Number
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lithium cells. (d) Discharge capacity comparisons of the FWNT and composite electrodes at 0.05 A g™* before and after microwave treatments. (e)
Specific capacity comparison of the FWNT, CS-0.68 and CS-0.68-MW as a function of discharge current densities. (e) Specific capacities of the
FWNT, CS-0.4-MW and CS-0.68-MW as a function of cycle number up to 10 000 cycles using an accelerating cycling method.?° Data points indicate
specific discharge capacities of the electrodes measured at a slow rate of 0.1 A g~. Between each slow measurement, the cells were cycled at a

high current density of 10 A g™,

(Table S27). Based on the rule of mixtures, the specific capacity
of the carbon spheres in the CS-0.68-MW was estimated to be
~210 MA h Zearbon sphere > Which is higher than those of pre-
viously reported redox-active polyimides®®>* and carbonyl
compounds.”®®  Microwave treatment significantly
improved the rate capability of the composite electrode
(CS-0.68). The capacities of the CS-0.68 were compared before
and after microwave treatment as a function of discharge rate
(Fig. 4e). The rate dependent capacity curve of the CS-0.68-MW
was almost parallel to that of the pristine FWNT electrode,
while the curve of the CS-0.68 dropped rapidly when the
current densities were higher than 1 A g™' (Fig. 4e). The
CS-0.68-MW retained ~59% of the capacity when the current
density increased from 0.05 to 1 A ¢”', and ~15% at an extre-
mely high current density of 50 A g~ ". The significant enhance-
ment in both capacity and rate performance after the
microwave process can be attributed to the transformation of
isolated carbon spheres into connected peanut-shaped nano-
rods penetrated by FWNTs (Fig. 1e and f), which facilitates elec-
tronic transportation from the FWNT network to redox-active
sites on the carbon spheres.

also

This journal is © The Royal Society of Chemistry 2016

It should be noted that the composite electrodes have
sloped charge and discharge profiles. Our recent density func-
tional theory (DFT) calculation study on similar redox reac-
tions of the reduced graphene oxide showed that various
oxygen functional groups on the graphene oxide have different
redox potentials depending on their oxygen chemistry, as well
as local chemical environments.'® Thus, the sloped profiles of
the composite electrode can be attributed to overlap of double-
layer capacitance and the redox reactions of various oxygen
functional groups on the carbon spheres.

Cycling stability of the electrodes was evaluated at 0.1 A g~*
for up to 100 cycles (Fig. S8f), which showed no obvious
capacity fading. In order to evaluate the long term stability of
the electrodes, an accelerated cycling method was also con-
ducted according to our previous works.'®*° Specific capacities
displayed in Fig. 4f were measured at a slow current density
of 0.1 A g', while the cells were accelerated at a high
current density of 10 A g~ between each measurement. The
pristine FWNT and composite electrodes exhibited a negligible
capacity decrease, up to 10000 cycles (Fig. 4f and S97%).
The excellent cycling stability of the composite electrodes,

Nanoscale, 2016, 8, 3671-3677 | 3675
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which is superior to most of the organic electrode
. 9,11,13,15-17,53,54 .

materials, can be attributed to the covalently

bonded redox-active oxygen functional groups on the carbon
spheres.

Conclusions

In summary, redox-active carbon spheres were synthesized
from an aqueous glucose solution via the HTC process. The
free-standing composite electrodes were fabricated by mixing
the carbon spheres with sub-millimeter long FWNTs using a
vacuum-filtration process. The composite electrodes exhibited
broad redox peaks in the voltage range of 2.2-3.7 V vs. Li, and
delivered high specific capacities up to ~155 mA h gelectmde_l
in lithium cells. In addition, these electrodes maintained their
high capacity up to 10 000 cycles. Moreover, we demonstrated
that microwave treatment can improve the utilization of
carbon spheres for effective charge storage. The simple HTC
conversion process from an earth-abundant biomass source to
redox-active electrode material enables the development of
high-performance lithium-ion storage systems, which can
provide a sustainable solution towards clean and renewable
energy storage.

Experimental
Carbon sphere synthesis

3 mg mL™" of p-(+)-Glucose (Sigma Aldrich) were dissolved in
DI-water by sonication for 30 min. The mixture was sealed in a
Teflon-lined autoclave and maintained at 200 °C for 18 h for a
hydrothermal carbonization (HTC) process, forming carbon
spheres. The autoclave was naturally cooled down to room
temperature as the HTC process was completed.

Few-walled carbon nanotube (FWNT)

FWNTs were synthesized by a chemical vapor deposition
method according to previous papers.”>?® The FWNTs were
dispersed in a mixture of ethanol and DI-water (1:1 volume
ratio) by short sonication. Pristine FWNT films were prepared
by a vacuum-filtration process.

Composite film fabrication

The aqueous dispersion of carbon spheres was mixed with
different amounts of FWNTs by short sonication for ~10 min.
Composite films were fabricated via vacuum-filtration of the
mixture. The films were dried in a vacuum oven at 70 °C over-
night. Microwave treatment was carried out for 30 s at a power
of 1250 W under Ar protection using a commercial microwave
(Panasonic).

Characterization

The microstructures of the films were characterized using a
scanning electron microscope (SEM) (Hitachi SU8010, oper-
ated at 5 kv). The Raman spectra were collected by a Thermo

3676 | Nanoscale, 2016, 8, 3671-3677
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Nicolet Almega XR Dispersive Raman Spectrometer using a
488 nm wavelength laser. X-ray photoelectron spectroscopy
(XPS, Thermal Scientific K-alpha XPS instrument) was
employed to analyze the chemical composition of the films.
High-resolution C 1s peaks were fitted using XPSPEAKS 4.1
software. Electrical conductivities of the films were measured
by a standard four-point probe configuration (Signatone).

Electrochemical measurements

Swagelok cells were assembled in an Argon filled glovebox
(MBraun). The carbon (FWNT or composite) films and pieces
of Li foil were used as the positive and negative electrodes,
respectively. The negative and positive electrodes were separ-
ated by two pieces of Celgard 2500 separators. 1 M LiPF; in a
mixture of ethylene carbonate (EC) and dimethyl carbonate
(DMC) (3:7 volume ratio, BASF) was used as an electrolyte.
The electrochemical characteristics of the carbon films were
evaluated using a Bio-Logic VMP3 potentiostat/galvanostat at
room temperature. The voltage window was kept at 1.5-4.5 V
vs. Li for cyclic voltammetry and galvanostatic charge/
discharge tests. Current densities were controlled from 0.05 to
100 A g~ during the galvanostatic tests. At the end of each
charging or discharging process, the voltage was held for
30 min at either 4.5 V or 1.5 V vs. Li. The cycling stability of
the carbon electrodes were tested via an accelerated cycling
method up to 10 000 cycles based on a previous report.>’ The
loading density of the positive electrodes was in the range of

0.9-3 mg cm ™2,
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