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Introduction

Hierarchical networks of redox-active reduced
crumpled graphene oxide and functionalized
few-walled carbon nanotubes for rapid
electrochemical energy storagef

Byeongyong Lee,® Chongmin Lee,”< Tianyuan Liu,® Kwangsup Eom,®
Zhongming Chen,® Suguru Noda,® Thomas F. Fuller,? Hee Dong Jang*°< and
Seung Woo Lee*®

Crumpled graphene is known to have a strong aggregation-resistive property due to its unique 3D mor-
phology, providing a promising solution to prevent the restacking issue of graphene based electrode
materials. Here, we demonstrate the utilization of redox-active oxygen functional groups on the partially
reduced crumpled graphene oxide (r-CGO) for electrochemical energy storage applications. To effectively
utilize the surface redox reactions of the functional groups, hierarchical networks of electrodes including
r-CGO and functionalized few-walled carbon nanotubes (f-FWNTs) are assembled via a vacuum-filtration
process, resulting in a 3D porous structure. These composite electrodes are employed as positive electro-
des in Li-cells, delivering high gravimetric capacities of up to ~170 mA h g‘1 with significantly enhanced
rate-capability compared to the electrodes consisting of conventional 2D reduced graphene oxide and
f-FWNTSs. These results highlight the importance of microstructure design coupled with oxygen chemistry
control, to maximize the surface redox reactions on functionalized graphene based electrodes.

studied to improve the performance of electrodes in both LIBs
and ECs.°® In particular, nanocarbons, including graphene

The rapid penetration of portable electronic devices and
electric vehicles into our daily lives increasingly demands
multi-functional electrochemical energy storage devices having
high energy, high power and long-lasting lifetime." Recharge-
able lithium-ion batteries (LIBs) meet these demands of high
energy density and efficiency, but their power density and
cycling life are limited.>* On the other hand, electrochemical
capacitors (ECs) can provide significantly higher power and
longer cycling life than LIBs, but their energy density is
limited."” Numerous nanostructured materials have been
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and carbon nanotubes (CNTs), have been intensively investi-
gated for high-performance electrode materials utilizing their
high electrical conductivity and surface area.’**

Meanwhile, recent progress in the large scale synthesis of
graphene oxide (GO) dispersion from graphite’*'* has stimu-
lated the investigation of reduced graphene based
electrodes.”>">™"” Reduced graphene films can be prepared
through a vacuum-filtration (VF) process'® of a GO dispersion
and subsequent reduction process,">*® yielding mechanically
stable free-standing electrodes. However, a critical hurdle of
graphene based electrodes prepared from GO dispersions is
the irreversible restacking of graphene sheets during the
preparation of electrodes due to the strong n-n interaction,
decreasing the electrochemically accessible surface area.'”>"?
Various methods have been investigated in order to prevent
the restacking issues of graphene based electrodes.** *® Nano-
composite electrodes with physical ‘spacers’, such as carbon
black,?” nanodiamond,*® and CNT,** were employed to separ-
ate the graphene sheets, thereby securing the active surface
area. In addition, 3D graphene assembly was developed by
hydrothermal reduction®® or freeze-drying®" processes of GO
dispersions, providing larger accessible surface with an inter-
connected network structure.***

This journal is © The Royal Society of Chemistry 2016
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Recently introduced crumpled graphene has a strong aggre-
gation-resistive characteristic owing to its unique 3D ball mor-
phology, proposing a promising solution to prevent the
restacking problem.**** The crumpled graphene was employed
as electrode materials for the electrochemical double layer
capacitor (EDLC), a type of ECs, demonstrating enhanced
capacitance and rate-capability.>> However, the energy density
of the crumpled graphene based EDLC is still significantly
lower than those of pseudocapacitors or LIBs utilizing redox
(Faradaic) reactions.*>*® A rising strategy to improve the
energy density of carbon based electrodes is introducing
redox-active functional groups to support pseudocapacitance
(surface redox reaction) on top of double layer capacitance.**™*>
Previous studies showed reversible redox reactions between Li
ions and oxygen functional groups, such as carbonyl groups,
on the various carbon supports, including CNTs,>**0*
reduced graphene,'®"” and biomass derived carbon spheres,*®
at high redox potentials of ~3 V vs. Li/Li". Thus, we envision
that if these redox reactions are introduced onto the partially
reduced crumpled graphene oxide (r-CGO), the energy density
of the r-CGO based electrodes can be considerably improved
while maintaining their high rate-capability.

In this study, we demonstrate the redox-active properties of
the r-CGO for electrochemical energy storage applications.
We assemble free-standing composite electrodes consisting of
oxygen functionalized few-walled carbon  nanotubes
(f-FWNTs)** and r-CGO (f-FWNT/r-CGO) via a VF process.
We show that the f-FWNT/r-CGO has a hierarchical network
structure confirmed by scanning electron microscopy (SEM)
and high resolution transmission electron microscopy
(HRTEM). The composite electrodes exhibit high gravimetric
capacities of up to ~170 mA h g~* in Li-cells with superior rate-
capability compared to that of a compositionally similar elec-
trode consisting of conventional 2D reduced graphene oxide
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(rGO) and f-FWNTs. By correlating the microstructure and
surface chemistry of the electrodes with their electrochemical
performance, we reveal that the enhanced performance of the
f-FWNT/r-CGO electrode can be attributed to the 3D hierarchi-
cal network structure, facilitating ion and electron transport for
the effective utilization of the surface redox reactions between
copious oxygen functional groups on the carbon supports and
Li ions. These results provide important insights on the micro-
structure design of the functionalized carbon electrodes for the
effective utilization of their surface redox reactions.

Results and discussion

Previously, the crumpled graphene was prepared by an aerosol
spray evaporation of aqueous GO droplets at a high tempera-
ture of 800 °C followed by a chemical reduction process,
resulting in very low oxygen contents. In this study, the par-
tially reduced crumpled graphene oxide particle was prepared
at a mild temperature of 300 °C without further chemical
reduction process to maintain the oxygen functional groups
on the surface of the r-CGO. Scanning electron microscopy
(SEM) and high resolution transmission electron microscopy
(HRTEM) images of the as-synthesized r-CGO displayed a
wrinkled particle shape with the size range of 300-700 nm
(Fig. S1a and S1bf¥). High-magnification HRTEM images of the
r-CGO particle displayed distorted ridges with thicknesses of
several tens of nanometers (Fig. Sic and S$1d+).>* The f-FWNTs
were also prepared by chemically oxidizing FWNTSs via pre-
viously reported protocols.*"*>*® The HRTEM investigation
clearly showed that the smooth outer surface of the pristine
FWNTs (Fig. S1ef) has roughened after the oxidization process
(Fig. S1ff). This surface structural change is ascribed to the
introduction of the oxygen functional groups on the surface of

H,SO,/HNO,
idization

Free-standing, hierarchical
f-FWNT/r-CGO composite

Scheme 1 Fabrication process of the f-FWNT/r-CGO electrode; the nebulized GO dispersion was crumpled in a furnace at a mild temperature of
300 °C, producing partially reduced crumpled graphene oxide (r-CGO) particles. The f-FWNTs were prepared by oxidizing FWNTSs in a mixture of
acids, H,SO4/HNOs3. The mixture of the r-CGO and f-FWNTs dispersion was vacuum-filtered, producing the free-standing f-FWNT/r-CGO compo-

site electrode.
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the FWNTs.** The composite, f-FWNT/r-CGO, films were pre-
pared by filtering the mixture of the f-FWNTs and r-CGO
dispersion with varied mass ratios, yielding free-standing,
additive-free electrodes with a density of ~0.4 g cm™®
(Scheme 1). It should be mentioned that the assembly of the
r-CGO only free-standing electrode is impossible owing to its
strong aggregation resistant property. Therefore, sub-milli-
meter long FWNTs*® were employed as a conductive binder to
prepare a free-standing composite electrode. The f-FWNT/rGO
composite electrode was also prepared using the mixture of
the f-FWNTs and conventional GO via a VF process.** In the
mixture of the f-FWNTs and GO, same mass of the f-FWNTSs
and GO was used. The GOs within this electrode were further
thermally reduced at 200 °C for 2 h under an Ar environment,
finally producing the f-FWNTs/reduced GO (rGO) composite
electrodes. The microstructures of the f-FWNT/r-CGO and
f-FWNT/rGO composite electrodes were compared (Fig. 1).
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The f-FWNT/r-CGO electrode with a 1:1 mass ratio between
the f-FWNTs and r-CGO showed a 3D hierarchical porous
structure, where the r-CGO was randomly entangled with
f-FWNTs (Fig. 1a-d). We can envision fast ion and electron
transport through this 3D porous network structure, enabling
fast charge storage. In contrast, the f-FWNT/rGO electrode
displayed a 2D alternating layered structure, where rGO sheets
are separated by the inserted f-FWNTs (Fig. 1e and f). In this
2D structure, electrolyte ions can be readily transported along
the in-plane direction, but their fast transport through the per-
pendicular direction can be restricted, potentially limiting the
rate-capability of the electrode.

The f-FWNT/rGO and f-FWNT/r-CGO electrodes showed
both a D band at ~1370 cm™" and a G band at ~1600 cm™*
(Fig. S21).>" The D band arises from disorder of sp*-hybridized
carbon in graphene, while the G band originates from the in-
plane stretching mode of the carbon-carbon bond in graphitic

Fig. 1

(a, b) Scanning electron microscopy (SEM) cross-section view images of the f-FWNT/r-CGO electrode. (c, d) High resolution transmission

electron microscopy (HRTEM) images of the f-FWNT/r-CGO electrode. (e, f) SEM cross-section view images of the f-FWNT/rGO electrode.
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materials.”® The relative intensity of D to G band (Ip/lg) of
the f-FWNT/r-CGO electrode was slightly higher (Ip/Ig =
0.98) than that of the f-FWNT/rGO electrode (Ip/Ig = 0.82),
indicative of the greater number of defect sites in the f-FWNT/
r-CGO electrode. X-ray diffraction (XRD) analysis was used to
further investigate the structure of the assembled electrodes
(Fig. 2a and S3f). The fFWNT/GO electrode showed an
intense peak at 20 = 11.6° (an interlayer distance of 0.76 nm),
which is similar to that observed in stacked graphene oxide
sheets (Fig. 2a).>® This indicates that some of the GO sheets
are still locally restacked, as opposed to the fully separated
structure resulting from the inserted f-FWNTs. A layered struc-
ture of graphitic materials can be characterized by a (002) peak
at the 20 = 26.2°.*° Previous study showed that graphite or
restacked graphene sheets exhibit sharp (002) peaks at 26 =
26.2° due to their 2D layered structures, whereas the 3D gra-
phene hydrogels display broad and weak (002) peaks owing to
the poor ordering along the stacking directions and their
porous structure.>® After the thermal reduction process from
the fFWNT/GO to the f-FWNT/rGO, the intense peak at 26 =
11.6° of the f-FWNT/GO electrode disappeared and the broad
peak at 26 = 25.7° (d-spacing of 0.35 nm) increased, which can
be attributed to the removal of oxygen groups with the con-
comitant formation of the loosely packed rGO structure.>”* In
contrast, the fFFWNT/r-CGO electrode showed negligible peaks
compared to those of other films, further illustrating its dis-
ordered structure (Fig. 1).

The surface oxygen chemistry of the carbon materials was
examined by XPS. Wide survey scan peaks with atomic ratios
of oxygen to carbon (O/C) were compared for GO, r-CGO,
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f-FWNTs, and the assembled electrodes (Fig. S4af). The GO
had the highest O/C ratio of 0.41, while the r-CGO showed an
O/C ratio of 0.26, indicative of its partially reduced structure.
The O/C ratio of FWNTSs (0.13) is lower than those of GO and
r-CGO and thus the composite electrodes showed decreased
O/C ratios for f-FWNT/GO (0.28) and for f-FWNT/rGO (0.17).
The f-FWNT/rGO also showed an O/C ratio of 0.17, indicating
compositional similarity of the oxygen functional groups to
the f-FWNT/r-CGO. The density normalized electrical conduc-
tivities of the f-FWNT/GO, f-FWNT/rGO, and f-FWNT/r-CGO
electrodes were found to be 22.7, 74.9 and 67.1 S cm?® g7,
respectively, showing a correlation with the O/C ratios of the
electrodes.”>*” The main components of the oxygen functional
groups were investigated by the high resolution C 1s spectra
(Fig. 2b-d, S4b, S4c and S4df). The peaks were fitted with sp*-
hybridized carbon at 285.2 + 0.2 eV, hydroxyl or epoxide (-C-O)
at 286.5 + 0.2 eV, carbonyl (-C=O0) at 288.2 + 0.2 eV, and car-
boxyl group (~COOH) at 290.2 + 0.2 eV by setting the sp*-hybri-
dized carbons at 284.5 eV as the basis.”">**® The high
resolution C 1s spectra of the r-CGO (Fig. 2b) displayed con-
siderably reduced hydroxyl or epoxide group (-C-O) peak
intensity and negligible change of carbonyl (-C=0) and car-
boxyl (-COOH) group peaks compared to those of the GO
(Fig. S4bt) owing to the partial reduction process at a mild
temperature.** The high resolution C 1s spectra of the
f-FWNTs electrode showed similar oxygen functional
group peaks yet slightly decreased intensities compared to
those of the r-CGO (Fig. S4ct). It is worth mentioning that the
f-FWNT/r-CGO and FWNT/rGO are compositionally similar as
supported by the same O/C ratio of 0.17 (Fig. 2¢ and d), pro-
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(a) X-ray diffraction (XRD) spectra of the composite electrodes. Surface chemistry investigation by high resolution C 1s spectra of the (b) par-

tially reduced crumpled graphene oxide (r-CGO), (c) f-FWNT/r-CGO and (d) f-FWNT/rGO.
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viding good model systems to compare the electrochemical
performance of the 2D and 3D nanostructured carbon
electrodes.

Electrochemical charge storage characteristics of the com-
posite electrodes were investigated by cyclic voltammetry (CV)
tests in the voltage range of 1.5-4.5 V vs. Li/Li" in Li-cells
(Fig. 3a, b and S5t). Comparison of CV scans at a slow scan
rate of 1 mV s™' showed that the fFWNT/r-CGO electrode
exhibited higher gravimetric current density compared to that
of the f-FWNT/rGO electrode (Fig. 3a). The f-FWNT/GO elec-
trode displayed negligible redox peaks despite its high oxygen
content (Fig. S5at), due to the poor electrical conductivity of
the GO.'” After the reduction process, the f-FWNT/rGO elec-
trode showed indistinct redox features in the broad voltage
range of 2.5-4 V vs. Li/Li'. On the other hand, the f-FWNTs/
r-CGO electrode displayed significantly enhanced redox peaks
centered at ~3 V vs. Li/Li*, that are ascribed to the redox
reactions between oxygen functional groups and Li
ions.*®*1444759 The difference of the gravimetric current
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density between f-FWNT/r-CGO and other electrodes became
prominent at a high scan rate of 5 mV s™' (Fig. 3b). The
f-FWNT/r-CGO electrode still maintained its redox peaks with
the increased gap between oxidation and reduction peak
potentials, while other f-FWNT/rGO and {-FWNT/GO electrodes
only showed a skewed CV shape with negligible redox be-
haviour. Since the O/C ratios and electrical conductivities of
the f-FWNT/r-CGO and f-FWNT/rGO electrodes are similar,
the enhanced charge storage performance of the f-FWNT/
r-CGO can be attributed to its unique microstructure facilitat-
ing the surface redox reactions of the oxygen functional
groups. We postulate that the 3D hierarchical structure of the
f-FWNT/r-CGO can provide a continuous ion transport
pathway into the inner space of the electrode for effective util-
ization of the oxygen functional groups, while the 2D layered
structure of the f-FWNT/rGO have limited ion accessibility
through the rGO layers. Galvanostatic rate capability tests were
carried out for the assembled electrodes, showing sloped dis-
charge and charge curves (Fig. 3c, d, and S5b¥). The sloped
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Fig. 3 Cyclic voltammetry (CV) scans in the voltage range of 1.5-4.5 vs. Li/Li* at scan rates of (a) 1 mV s™ and (b) 5 mV s™* of the composite elec-
trodes. Galvanostatic rate-dependent discharge and charge profiles of (c) the f-FWNT/r-CGO and (d) f-FWNT/rGO at the varied current densities of
0.1-10 A g% (e) Gravimetric discharge capacity comparisons of the f-FWNT/r-CGO and f-FWNT/rGO as a function of current density. (f) Electro-
chemical impedance spectroscopy (EIS) investigation of the f-FWNT/r-CGO and f-FWNT/rGO electrodes. Nyquist plot of the composite electrodes
was analysed by an equivalent electrical model, Randles circuit. —Z),, and Zg. were multiplied by electrode area.
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Fig. 4 (a) Gravimetric discharge capacities and coulombic efficiencies of the electrodes (at a current density of 0.1 A g™) as a function of cycle
number. (b) Comparisons of the galvanostatic discharge and charge voltage profiles at the 100th and 3000th cycles of the f-FWNT/r-CGO

electrode.

discharge and charge profiles of the functionalized carbon
electrodes can be attributed to the coupling of the charge
storage mechanisms: double-layer capacitance and the surface
redox reactions of various oxygen functional groups, as
reported in a previous study.*” At a slow discharge rate of
0.1 A g™, the fFFWNT/r-CGO electrode exhibited a gravimetric
capacity of ~154 mA h g™, which is higher than those of the
f-FWNT/GO (~95 mA h g~', Fig. S5bf) and f-FWNT/rGO
(~126 mA h g7) electrodes. As the current density increased to
1 A g7', the capacity of the fFWNT/rGO rapidly decreased to
~40 mA h g7', whereas the fFWNT/r-CGO still retained a
high capacity of ~100 mA h g~'. The difference in gravimetric
discharge capacities between the composite electrodes gradu-
ally increased with increasing current density (Fig. 3e). At a
high current density of 10 A g™, the fFWNT/r-CGO exhibited
~68 mA h g, while the f-FWNT/rGO showed negligible gravi-
metric capacity. Consistent with the CV results, the trend in
the galvanostatic discharge further supports faster charge
storage performance of the f-FWNT/r-CGO electrode compared
to the f-FWNT/rGO electrode owing to its unique 3D structure
than can facilitate ion transport.

We employed electrochemical impedance spectroscopy
(EIS) to further understand the difference of the rate-capability
between the electrodes. Fig. 3f shows Nyquist plots and
the Randles equivalent circuit of the f-FWNT/r-CGO and
f-FWNT/rGO electrodes. Charge transfer resistance (R.) typi-
cally gives information about the kinetics of the redox reac-
tions occurring at the electrode surface.®® The values of R, for
the f-FWNT/r-CGO and f-FWNT/rGO are ~1000 and ~2350
Q cm?®, respectively, indicating much faster redox reactions of
the f-FWNT/r-CGO than f-FWNT/rGO. At the low frequency
region, the f-FWNT/r-CGO electrode exhibited a steeper slope
compared to that of the f-FWNT/rGO, implying that the hier-
archical porous structure can efficiently support fast ion
diffusion to keep up with the change of frequency.”®*®" It is
worth mentioning that the tested f-FWNT/r-CGO had the
optimum mass ratio (f-FWNT/r-CGO = 1:1) which showed
the best electrochemical performance. We compared rate-
dependent discharge and charge profiles of the f-FWNT/
r-CGO electrodes with various mass ratios (1:0,3:1,2:1,1:1,

This journal is © The Royal Society of Chemistry 2016

1:2 and 1:3) (Fig. S61). The f-FWNT/r-CGO electrode with
the 1:1 mass ratio showed highest gravimetric capacity and
rate-capability, indicating the optimal structure for maximiz-
ing the accessible active surface area and facilitating electron
and ion transport to support the fast redox reactions. The
assembled electrodes showed stable cycling stability for up to
3000 cycles with their coulombic efficiency values close to
~100% (Fig. 4a). During the initial several hundred cycles, the
specific capacities slightly increased, approaching a stable
capacity of ~170 mA h g'. This capacity is comparable or
higher than those of the reported carbon based free-standing
positive electrodes (117-160 mA h g™') (Table S17).**™*"°* The
increased capacity during the initial several hundred cycles
may be attributed to the gradual electrolyte diffusion into the
electrode surface and the activation of functional groups
within the electrode. Comparison of the voltage profiles of the
electrodes showed no dramatic change between the 100th and
3000th cycles (Fig. 4b).>*”®* During the cycling process, the
electrode maintained its initial hierarchical structure well
(Fig. S7at). In addition, the main oxygen functional groups on
the cycled electrode showed negligible difference compared to
the initial surface chemistry before cycling (Fig. S7bf and
Fig. 2¢). The cycling stability can be attributed to the surface
limited charge storage mechanisms, including both double-
layer capacitance and surface redox reactions.

Conclusions

In summary, we have demonstrated the effective utilization of
the surface redox reactions on the r-CGO for enhanced electro-
chemical energy storage. The r-CGO was assembled as free-
standing electrodes with the f-FWNTs via a VF process. The
assembled f-FWNT/r-CGO electrode showed a 3D hierarchical
porous structure, enabling fast ion and electron transport
through the electrode. The f-FWNT/r-CGO electrode exhibited
higher gravimetric capacity and significantly enhanced rate-
capability compared to those of the compositionally similar,
yet geometrically different f-FWNTs/rGO electrode. Thus, the
superior electrochemical performances of the f-FWNT/r-CGO
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electrodes can be attributed to the 3D hierarchical nano-
structures, which can provide not only efficient electron path-
ways but also facilitate fast ion diffusion to support fast
surface redox reactions. These results provide meaningful
insights on the microstructure design of functionalized carbon
electrodes for the effective utilization of their surface redox
reactions, which can be directly incorporated for the develop-
ment of high-power Li-ion capacitors or LIBs.

Experimental
Preparation of GO, r-CGO and f-FWNTs

Colloidal GO solution was prepared using the modified
Hummers’ method."**" Partially reduced crumpled graphene
oxide (r-CGO) was synthesized from sprayed droplets of the col-
loidal GO solution by aerosol spray pyrolysis.>*®* The 0.5 wt%
of the GO solution was nebulized in an ultrasonic atomizer
(Htech Co, model US-06) to generate sprayed water droplets
containing GO nanosheets. The droplets were carried by Ar gas
with a flow rate of 10 L min™" into a pre-heated (~300 °C)
tubular furnace. The as-fabricated r-CGO via evaporation of
water in the droplets and concomitant thermal reduction was
collected from a filter located at the end part of the tubular
furnace, and the gathered r-CGO was dispersed in deionized
water and ethanol (volume ratio, 1 : 1) for 10 min in a sonicator
bath. FWNTs were prepared by a chemical vapor deposition
method.”*® The FWNTs were oxidized by an acidic treat-
ment.*! In brief, 100 mg of the pristine FWNTs were refluxed
in a mixture of 150 mL of H,SO, and 50 mL of HNO; at 80 °C
for 2 h. The f-FWNTs were obtained after rinsing the mixture
with 5 vol% of HCI solution in deionized (DI) water followed
by rinsing with DI water. Finally, the f-FWNTs dispersion was
obtained by ultrasonication of f-FWNTs in a water and ethanol
mixture (volume ratio, 1: 1) for 40 min.

Preparation of free-standing, hierarchical composite electrode

The free-standing f-FWNT/r-CGO films were obtained by a
vacuum filtration process.”® The f-FWNTs and r-CGO disper-
sions were mixed and agitated for 30 min. The mixture was
vacuum-filtered with a polypropylene separator (Celgard 2500)
as a filtration membrane. After an air-drying process for 1 h,
the film was detached from the membrane followed by
vacuum drying overnight at 70 °C. The f-FWNTs, GO and
f-FWNT/GO electrodes were also obtained by the same prepa-
ration process of the f-FWNT/r-CGO. The f-FWNT/rGO was
prepared by thermally reducing the f-FWNT/GO in a tube-
furnace at 200 °C for 2 h under an Ar environment.

Characterization

The morphology of the electrodes was investigated by cold
field emission scanning electron microscope (SEM) (Hitachi
SU8010, operated at 3 kV). Transmission electron microscopy
(TEM) was carried out using a JEOL JEM-ARM200F. The
elemental analysis of the films was examined by X-ray photo-
electron microscopy (XPS, Thermal Scientific K-alpha XPS
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instrument) and C 1s peaks were fitted by XPSPEAKS 4.1."
The relative intensity of D and G bands was examined by
Raman Spectroscopy (Thermo Nicolet Almega XR Dispersive
Raman Spectrometer). X-ray diffraction (XRD) was investigated
using an X'Pert Pro Alpha-1. The electrical conductivity was
measured by Lucas Lab Pro 4-point systems. Electrochemical
impedance analysis was carried out using AutoLab Metrohm.

Electrochemical measurements

The prepared electrodes were cut into a small piece with a
razor blade and directly used as positive electrodes without
binders or conductive additives in Swagelok-type cells. A piece
of pure lithium foil was used as the negative electrode. Celgard
2500 and 1 M LiPFs in a mixture of ethylene carbonate (EC)
and dimethyl carbonate (DMC) (volume ratio, 3 : 7, BASF) were
adopted for separator and electrolyte, respectively. The Li-cells
were assembled in a glove box (MBraun), maintaining O, and
H,O0 <0.1 ppm. The electrochemical performances of the Li-
cells were investigated with a potentiostat/galvanostat (Bio-
Logic VMP3) in the voltage range of 1.5-4.5 V vs. Li/Li". The Li-
cells were discharged or charged with varied galvanostatic
current densities (from 0.1 A g”' to 10 A g7'), and the cell
voltage was held constant for 30 min, 1.5 V and 4.5 V at each
end of discharge and charge, respectively. The cycling stability
was examined by an accelerated cycling test.””>® After complet-
ing 99 cycles at 10 A g~ without holding the voltage, the Li-
cells were discharged/charged at 0.1 A g~ for one cycle
holding the voltage for 30 min.
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