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Controlling Size, Amount, and Crystalline Structure of
Nanoparticles Deposited on Graphenes for Highly Efficient
Energy Conversion and Storage

Bong Gill Choi® and Ho Seok Park*™!

A facilitated electrochemical reaction at the surface of electro-
des is crucial for highly efficient energy conversion and stor-
age. Herein, various nanoparticles (NPs) including Au, Pt, Pd,
Ru, and RuO,, were synthesized in situ and directly deposited
on the ionic liquid (IL)-functionalized reduced graphene oxides
(RGOs) in a controlled manner. The size, amount, and crystal-
line structures of discrete NPs were readily controlled, giving

Introduction

At the central part of energy conversion and storage systems,
such as fuel cells, solar cells, batteries, and supercapacitors
(SCs), are electrode materials, which transfer electrons generat-
ed at the interfaces.? Along with a facilitated electronic con-
duction through the electrodes, efficient redox reactions occur-
ring at the electrode/electrolyte interface are highly desirable
for high performance electrochemical devices.”’ Moreover, the
electrode materials used as electrocatalysts contribute to en-
hancing the redox reaction of chemicals such as hydrogen and
methanol for energy conversion, whereas the electroactive ma-
terials directly participate in the faradaic process occurring at
the surface of electrode for energy storage. For a breakthrough
in energy conversion and storage, conventional electrodes
should be replaced by a nanostructured material, which have
a large accessible area, short diffusion lengths, and an unusual
quantum effect."”!

Recently, graphene-based nanohybrids have received consid-
erable attention as an emerging class of nanomaterials for mul-
tifunctional systems owing to their potential applications in
catalysis, optoelectronics, sensors, hydrogen storage, energy
conversion, and storage.®” Graphene itself can also be a func-
tional nanomaterial due to its large surface area, high electrical
and thermal conductivity, and chemical and mechanical stabili-
ty.®? More importantly, hybridization with other nanoparticles
(NPs) has been suggested as a useful and alternative technolo-
gy in terms of offering a synergistic effect and expanding the
applicative fields of graphenes, especially for energy conver-
sion and storage.'” The integration of carbon nanomaterials
and NPs is governed by three main issues: the size, uniformity,
and amount of the decorated NPs must be controlled to pro-
duce high performance hybrids."! To date, direct (in situ) de-
position of NPs on the surface of graphenes has been widely
used to synthesize such nanohybrids, as the uniform distribu-
tion of discrete NPs is readily achieved in a controllable
manner."? Another important challenge, the transformation
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rise to enhanced methanol oxidation and pseudocapacitance.
The well-defined nanostructure of decorated NPs and the fa-
vorable interaction between ILs and RGOs (or NPs) facilitated
the electrochemical reaction, where NPs acted as electrocata-
lysts for energy conversion and played the role of redox-active
electrodes for energy storage.

into different crystalline structures, must be resolved to accom-
plish the optimum performance of electrochemical systems.

lonic liquids (ILs) have been studied extensively in recent
years for the functionalization of carbon nanomaterials starting
with the fabrication of bucky gels as reported by Aida’s
group. The electrochemical applications of IL-functionalized
carbon nanotubes (CNTs) were promoted by the unique prop-
erties of ILs, including high ionic conductivity and electro-
chemical stability." Moreover, various NPs have been synthe-
sized in situ and directly deposited on CNTs using ILs as the
active sites.""' Inspired by these intensive efforts on the func-
tionalization of CNTs by ILs,"* this concept has been applied
to the functionalization of graphenes,"®' but there are still
very few reports regarding the different chemistries and geo-
metries of graphenes and CNTs. For instance, the utilization of
ILs has been limited to the enhancement of the dispersion of
graphenes and to the deposition of Pt NPs.'"™'® Neither the
versatile and controllable synthesis of NPs nor the fundamental
understanding about the correlation between structure and
property of NPs for energy conversion and storage have been
explored.

Herein, NPs including Au, Pt, Pd, Ru, and crystalline RuO, are
synthesized in situ and directly deposited on the IL-functional-
ized reduced graphene oxides (RGOs) for highly efficient
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energy conversion and storage. In particular, the size, amount,
and crystalline structures of uniform NPs are readily regulated
by controlling synthetic parameters through solution chemis-
try. As a result, the as-obtained hybrids showed 43 and 25%
higher performance compared to conventional RGO-based ma-
terials for energy conversion and storage.

Results and Discussion

The synthesis of NP/IL-RGO hybrids is illustrated in Figure 1.
The synthetic route is based on the supramolecular assembly
of RGOs with 1-butyl-3-methylimidazolium tetrafluoroborate
([bmim][BF,]) ILs, which is a facile, effective, and straightfor-
ward method for the modification of graphene. The GOs, pre-
pared by using a modified Hummers method," were function-
alized with ILs through solution chemistry. After the chemical
reduction, IL-RGOs remain dispersible and stable in aqueous
solutions. The functionalization of RGOs by ILs was attributed

self-assembly with ILs

o> A

Y

reduction

thermal treatment in air

RuO2/IL-RG
@ RuO2

hybrids

Figure 1. Fabrication process of NP/IL-RGO hybrids and the post-thermal treatment for the transformation of RuO,

crystalline structures.

to the m—m stacking and cation—mt interactions between the re-
stored conjugated structures of RGOs and imidazolium cations
of ILs."*"') The anions of the ILs coated on the surface of RGOs
can offer activated sites to assist the growth and deposition of
NPs while preventing the reaggregation of the RGOs in an
aqueous solution. NP precursors, interacting with ILs coated
on the surface of RGOs, were nucleated by ultrasound irradia-
tion, and then nanocrystals were grown on the surface of IL-
RGOs. To apply nanohybrids in capacitive electrodes, crystalline
structures of RuO./IL-RGO were prepared by post-thermal
treatment of Ru/IL-RGO hybrids. Furthermore, the as-obtained
NPs/IL-RGOs were readily dispersed in aqueous solutions due
to the hydrophilic nature of the ILs.

The functionalization and reduction of RGOs was confirmed
by means of FTIR and X-ray photoelectron spectroscopy (XPS,
see the Supporting Information, Figure S1). The characteristic
bands of the FT-IR spectra of GO were assigned as follows:
3431 ecm™ for Foy syere 1720 cm™" for $c_, 1627 cm™' for
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Pro,adsr 1396 €M™ for 96y gerorms 1227 cm™' for ¥ic oy, and

1089 cm™ for ¥ o aewen>" The characteristic oxygen moiety
bands of IL-RGOs exhibited lower intensities compared to
those of GOs. In addition, IL-RGOs revealed the emergence of
the strong bands at 1569 cm™' for g, 1167 cm™' for
Vimidazolium rings @NA 1053 cm ™" for ¥, indicating the presence of
ILs.2Y This result was supported by the C1s XPS spectra. The
C1s spectrum of GOs could be deconvoluted into four peaks:
O—-C=0 (289.1), C=0 (288), C—0O (286.5), and C—C (284.5 eV),
which is in accordance with a previous report.”? In comparison
to the C1s spectrum of GOs, IL-RGOs clearly showed an in-
crease in the intensity of the C—C peak and a corresponding
decrease in the intensity of the C—O peak, imparting the resto-
ration of large domains of st-conjugation in the structure of IL-
RGO:s.

The quality of NPs deposited on IL-RGOs was evaluated by
means of TEM, XRD, and XPS as shown in Figure 2. Discrete Pt
NPs were uniformly distributed on the surfaces of fully exfoliat-
ed IL-RGOs. High resolution (HR)-
TEM images clearly show the
narrow size distribution of NPs
with an average diameter of
2.14£0.17 nm, which was calcu-
lated by measuring diameters of
> 100 samples. In contrast, RGOs
prepared without the modifica-
tion of ILs showed irregular size
and non-uniform, broad distribu-
tion of Pt NPs with an average
diameter of approximately 4.4+
0.62 nm (see the Supporting In-
formation, Figure S2). These re-
sults indicate that the ILs regu-
lated the growth of NPs through
electrostatic interactions, giving
rise to high quality hybrid mate-
rials. The molecular structures of

IL-RGOs
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Figure 2. a,b) TEM images of Pt/IL-RGO (inset shows size distribution for Pt/
IL-RGO hybrids.). c) XPS and d) XRD spectra of Pt/IL-RGO hybrids.
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Pt/IL-RGO nanohybrids were further investigated by using XPS
and XRD data. Two characteristic peaks at 74.9 eV for Pt (4f,)
and 71.4 eV for Pt (4f,,) in XPS spectra of the hybrids are indi-
cative of the presence of a metallic form of Pt NPs.”®! More-
over, the XRD pattern of Pt/IL-RGO hybrids was assigned to
the face-centered cubic structure, which consists of four main
peaks corresponding to the (111), (200), (220), and (311) planes,
indicating the construction of nanocrystalline structures.*!
Along with controlling the size, the amount of Pt NPs deposit-
ed on IL-RGO hybrids was manipulated by changing the con-
centration of the NP precursors. As shown in the scanning TEM
(STEM) images (Figure 3), the Pt signal of the hybrid relative to
the C signal increased with respect to the concentration of
precursors. This result was confirmed by thermal gravimetric
analysis (TGA) data (see the Supporting Information, Figure S3).

The versatility of this strategy was confirmed by the synthe-
sis of other NP/IL-RGO hybrids, including Au, Pd, and Ru. Au,
Pd, and Ru NPs were directly nucleated onto the IL-RGO surfa-
ces using a procedure identical to that for Pt/IL-RGO hybrids
(Figure 4). Three NPs were readily nucleated and simultaneous-
ly grown on the binding sites of a IL-functionalized RGO sur-
face. The average diameters were calculated to be 4.34+0.42,
2.3+0.26, and 1.94+0.21 nm for Au/IL-RGO, Pd/IL-RGO, and Ru/
IL-RGO, respectively. The identity of the NPs was confirmed by
means of energy dispersive X-ray spectroscopy (EDX, see the
Supporting Information, Figure S4). The morphologies and
sizes of the NPs were dependent on the type of NPs, because
of the interactions between NPs
and IL-RGOs and the growth ki-
netics of NPs." The superior fea-
tures of Pt/IL-RGO nanohybrids
arising from the control in the
size and uniformity were demon-
strated by applying them to the
electrooxidation of methanol.
Methanol oxidation was chosen
in this work as a model redox re-
action because the electrocataly-
sis for this reaction is required in
high performance fuel cells.””
All of the Pt/IL-RGO and Pt/RGO
nanohybrids were prepared fol-
lowing identical protocols and
then investigated by electro-
chemical measurements  as
shown in Figure 5. In addition,
commercial Pt black (E-Tec) was
used as a control sample. The
electrochemical surface areas
(ESAs) of E-tec, Pt/RGO, and Pt/
IL-RGO catalysts were evaluated
by performing cyclic voltamme-
try (CV) measurements using the
hydrogen adsorption—-desorption

method and Equation (1):?%

FULL PAPERS
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Figure 3. STEM images of Pt/IL-RGO hybrids at the concentration of a) 2 and
b) 4x 1073 mmol of Pt precursors. Top left panel corresponds to TEM image,
top right panel to an overlay image, bottom left image to carbon signal,
and bottom right image to the Pt signal.

ESA = Qu/(Lp x 0.21) (1)

in which Q, is the charge passed through H-adsorption, L, is
Pt loading (mgcm™) in the electrode, and 0.21 (mCcm™) is
the charge required to oxidize a monolayer of H, on a Pt sur-
face. The ESA of Pt/IL-RGO was calculated to be 237 cm?’mg™",
which was larger than that of E-Tec (162) and Pt/RGO
(181 cm?mg™"). The large ESA of the Pt/IL-RGO was responsible
for the facilitated electrocatalytic reactions because of the easy
accessibility to the reaction sites and the large surface area of
discrete NPs. Figure 5b shows typical CVs of the electrocata-
lysts for the electrooxidation of methanol in a N,-saturated so-

Figure 4. TEM images of a-c) Au/IL-RGO hybrids, d-f) Pd/IL-RGO hybrids, and g-i) Ru/IL-RGO hybrids.
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Figure 5. CV curves of Pt/IL-RGO (—), Pt/RGO (—--), and E-Tec (-----) elec-
trocatalysts at 50 mVs™' in a) N,-saturated 0.5m H,SO, and b) N,-saturated
0.5M CH;0H/1 ™ H,S0O, at 50 mVs™". Inset is a Tafel plot for the Pt/IL-RGO,
Pt/RGO, and E-Tec electrocatalysts obtained from the CV data.

lution of 0.5m H,S0,/1m CH;OH at a scan rate of 50 mVs™".
The peak current of Pt/IL-RGO for the electrooxidation of
methanol was 238 mAmg™ s, which is approximately 43 and
63% higher than that of Pt/RGO (167) and E-Tec
(146 mAmg,, ), respectively. Furthermore, the onset potential
of Pt/IL-RGO for the electrooxidation of methanol appeared at
0.131V, which is lower than that of Pt/RGO (0.176) and E-Tec
(0.180 V) due to the interaction of ILs between the NPs and
RGOs. It is worth noting that the elaborate performance of Pt/
IL-RGO nanohybrids for the electrocatalysis was attributed to
the well-defined structures, such as small size and narrow size
distribution, of discrete NPs.

In this study, RuO,/IL-RGO hybrids were chosen as electrode
materials for electrochemical energy storage, as both RuO, and
RGOs are currently regarded as potential materials for pseudo-
capacitors and electrical double layer capacitors (EDLCs), re-
spectively.””* However, the control in the crystalline struc-
tures of RuO, deposited on RGOs has been too elusive for un-
derstanding the effect of molecular structures on energy-stor-
age performance. Crystalline structures of RuO, deposited on
IL-RGO were readily obtained through the post-thermal treat-
ment of Ru/IL-RGO. As shown in Figure 6, crystalline RuO./IL-
RGO hybrids showed the rutile phase through transformation
from metallic Ru. In an analogous manner to Pt/IL-RGO, RuO,
NPs were uniformly deposited on the surface of IL-functional-
ized RGOs as shown in STEM and SEM images (see the Sup-
porting Information, Figure S5).
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Figure 6. a) STEM images of RuO,/RGO-IL hybrids. Top left panel corresponds
to TEM image, top right panel to the carbon signal, bottom left image to
the Ru signal, and bottom right image to the oxygen signal. b) XRD pattern
of RuO,/RGO-IL hybrids.

As shown in the cell configuration of Figure 7a, we used
RuO./IL-RGO hybrids as electrodes, 1M H,SO,-immersed What-
man glass microfiber filter as electrolytes and separators, and
Ti substrate as the current collector. Also shown in Figure 7b
and c are the galvanostatic charge-discharge and CV curves.
The specific capacitances (C) of all samples were calculated by
using Equation (2):

C=1/[m(AV/At)] (2)

in which I is the applied current, AV/At is the slope of the dis-
charge curve, and m is the mass of the electrodes.®” Accord-
ingly, the specific capacitance of RuO,/IL-RGO SCs was mea-
sured to be 149 Fg~', which is higher than that of RuO,/RGO
SC (128) and IL-RGO SC (119 Fg™"). Despite the pseudocapaci-
tive behavior of RuO,/RGO SCs, their lower specific capacitance
compared to that of RuO,/IL-RGO SCs was attributed to the in-
teraction of ILs with RGO and RuO, and different crystalline
structures of RuO,. This finding elucidates that the control in
the crystalline structure of RuO, decorated on the RGO sub-

ChemSusChem 2012, 5, 709-715
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2 (Figure 8a), whereas g;* can be
evaluated from the extrapolation
of g* to v=0 from the plot of 1/
g* vs. v'? (Figure 8b). g* can be
calculated from the difference
between g;* and g,*. The ratio
of g,*/g:* for RuO,/IL-RGO hy-
brids (0.95) was higher than that
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Figure 7. a) Diagram of RuO,/IL-RGO-based SCs. b) CV curves of RuO,/IL-RGO SC (—), RuO,/RGO SC (—--), and
IL-RGO SC (----- ) at a scan rate of 10 mVs™'. c) Galvanostatic charge—discharge curves (inset are specific capacitan-
ces obtained at current densities of 0.1, 0.25, 0.5, 1, 1.5, 2, 3,and 5Ag~', respectively.) and d) long-term cycling
stabilities of RuO,/IL-RGO SC (0), RuO,/RGO SC (0), and IL-RGO SC (2) at 100 mAg~".

strate is crucial for improving the energy storage of SCs. Pseu-
docapacitive crystalline materials give rise to low-cycle SCs;
hence, to confirm the cycle stability of IL-RGO SCs, galvanostat-
ic charge—discharge tests of up to 1000 cycles were analyzed
along with the galvanostatic charge-discharge curves. Crystal-
line RuO,/RGO- and IL-RGO-based SCs were used as a control
sample to verify the influence of RuO, and ILs on the capacitor
performance. At a scan rate of 10 mVs™', RuO,/IL-RGO and
RuO,/RGO SCs showed redox peaks contributing to the pseu-
docapacitance of RuO,, whereas IL-RGO SCs exhibited only
electrical double layer capacitance. This result was consistent
with stability tests owing to intrinsic mechanical and chemical
deformation; RuO,/IL-RGO SCs retained 97 % of maximum spe-
cific capacitance, which is close to that of EDLC-type RGO-
based SCs, even after 1000 cycles of charge—discharge cycles.
In contrast, RuO,/RGO revealed the typical trend of pseudoca-
pacitive materials, giving rise to a reduction of specific capaci-
tance (89% retention) during 1000 cycles. It is evident that
nanoscale hybridization of IL-RGO and RuO, led to synergistic
effects, high specific capacitances and cycle stabilities because
of the well-defined structure of RuO, and the interaction of ILs.

To interpret the enhancement of capacitive performance of
RuO,/IL-RGO, the ion diffusion behavior of the RuO,/IL-RGO
and RuO,/RGO hybrids was investigated (Figure 8). On the
basis of previous reports by Trasatti et al.,*"3? the stored total
charge (g:*) is composed of the outer charge (g,*) related to
more accessible active surface and the inner charge (g*), corre-
sponding to less accessible active surface. g,* can be obtained
from the extrapolation of g* to v=o00 from a plot of g* vs. v

ChemSusChem 2012, 5, 709-715
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We have demonstrated the facile
synthesis of nanostructured elec-
trodes, integrated with NPs and
RGOs, suitable for high perfor-
mance electrocatalysts (energy
conversion) and pseudocapaci-
tive materials (energy storage). The synthetic method devised
herein is versatile for use with various NPs including Au, Pt, Pd,
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Figure 8. Linear extrapolation of a) g* to v=o00 and b) g* to v=0 for RuO,/
IL-RGO (o) and RuO,/RGO (o) electrodes. The dashed and continuous
straight lines correspond to the respective linear regressions.

713

www.chemsuschem.org


www.chemsuschem.org

CHEMSUSCHEM

Ru, and RuO, and can be used to tune the size, amount, and
crystalline structures of discrete NPs. The excellence of the re-
sulting NP/IL-RGO hybrids has been illustrated by applications
in methanol oxidation and supercapacitors, giving rise to en-
hanced methanol oxidation and pseudocapacitance. For the
electrocatalysts, Pt/IL-RGO show larger ESAs and give rise to
43% and 63% higher efficiencies for methanol oxidation than
those of Pt-RGO and E-tec, respectively. For the supercapaci-
tors, RuO,/IL-RGO, prepared through simple thermal treatment
of Ru/IL-RGO, reveals higher specific capacitance and cycle sta-
bility compared to RuO,/RGO and IL-RGO. These results have
been attributed to the well-defined nanostructure of NPs and
the favorable interaction at the interface. These materials have
an important and immediate impact on energy conversion and
storage as well as the related electrochemical systems.

Experimental Section
Synthesis of GOs

Graphene oxides (GOs) were prepared from graphite powder
(Sigma-Aldrich, <20 pm) by using the modified Hummer
method."” In brief, graphite powder (2 g) was added to H,SO,
(10 mL) at 85°C, and then the mixture was continuously stirred for
5 h to yield the pre-oxidized graphite, which was then mixed with
K,S,04 (2 g) and P,0; (2 g). At the end of the reaction, the resultant
mixture was cooled to room temperature, washed with deionized
(DI) water in a filter, and dried overnight under vacuum at room
temperature. The as-obtained product was put into a cold H,SO,
solution (100 mL, 98 wt%), and KMnO, (10 g) was slowly added
over 1 h with continuous stirring and cooling in an ice-water bath.
The mixture was heated at 30°C for 5 h in a stirred system and fur-
ther stirred for 24 h at room temperature. The reaction was then
terminated by addition of DI water (500 mL) and 30% H,0,
(20 mL), turning the color of the mixture from dark brown to
bright yellow. The resulting mixture was filtered with a membrane
and washed with an aqueous HCl solution (1 L, 10 wt%) to remove
residual oxidant and metal ions. The resulting mixture was further
washed with a large volume of DI water until pH was neutral. The
filter cake was redispersed in DI water and purified by means of di-
alysis against water to completely remove impurities. After the pu-
rified GO was filtered, the solid product was dried and stored at
60°C in a vacuum oven. Prior to preparation of the IL-RGO, the
dried GO (5 mg) was dispersed in DI water (10 mL) by using an ul-
trasonic system (Fisher Scientific Model 500 ultrasonic, 350 W) for
30 min to obtain the fully exfoliated GOs.

Syntheses of IL-RGO and NP/IL-RGO hybrids

An aqueous solution of exfoliated GOs (0.5 mgmL™") was mixed
with 1-butyl-3-methylimidazolium tetrafluoroborate ([bmim][BF,],
0.5 mg) and immediately stirred for 30 min. This mixture was treat-
ed with a bath-type sonicator for 1 h to obtain a highly homoge-
neous solution of IL-GOs. After the reduction of the mixture with
hydrazine (100 pL, 35 wt% in water, Aldrich), a homogeneous black
dispersion of IL-RGOs was obtained. The resulting mixture was pu-
rified by means of filtration and dialysis for one week to remove
excess [bmim][BF,] and residual hydrazine, and then dried over-
night under vacuum at 60 °C. To obtain the Pt/IL-RGO hybrids, the
IL-RGO hybrids (1 mg) and H,PtCls (2x 107 mmol) were added to
a mixture of DI water (2 mL) and ethanol (2 mL) and sonicated in
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an ultrasonicator for 3 min under controlled conditions. The as-ob-
tained Pt/IL-RGO hybrids were purified by means of dialysis, fil-
tered, and dried at 60°C under vacuum. Various NP/IL-RGO hybrids
were prepared through procedures identical to the preparation of
IL-RGO/Pt by controlling the types of metal precursor including
HAuCl,-3H,0, Pd(C,H;0,),, RuCl;-H,0. To prepare pseudocapacitive
hybrids, Ru/IL-RGO hybrids were annealed in air at 200°C for 2 h to
yield RuO,/IL-RGO hybrids.

Fabrication of Pt/IL-RGO hybrid electrode

The electrocatalytic activity of Pt/IL-RGO hybrids for energy conver-
sion was investigated by using a conventional three-electrode elec-
trochemical cell using a Pt/IL-RGO catalyst-modified glassy carbon
disk as a working electrode, a KCI-Ag/AgCl reference electrode,
and a Pt wire counter electrode. The working electrode was fabri-
cated by casting Nafion-impregnated catalysts onto a glassy
carbon disk electrode. Prior to the surface modification, glassy
carbon electrodes were pre-treated by polishing with alumina
powders (0.05 pm), and cleaned with DI water through ultrasonica-
tion, and dried at room temperature. Pt/IL-RGO hybrids (5 mg)
were ultrasonically dispersed in a 2-propanol (2 mL)-containing
Nafion solution (5 wt%, DuPont) for 30 min. An aliquot (10 pL) of
Pt/IL-RGO hybrid solution was drop cast onto the glassy carbon
electrode and allowed to dry at room temperature.

Fabrication of RuO,/IL-RGO hybrid-based supercapacitor

Electrocapacitive properties of RuO./IL-RGO hybrids for energy
storage were investigated in a two-electrode system. The electro-
des were prepared by modification of Cu foil as current collector
with a mixture of RuO,/IL-RGO hybrids and polytetrafluoroethylene
(PTFE, 10 wt%) binder. A Whatman glass microfiber filter was used
as the separator, containing H,SO, (1 ™). The supercapacitor devi-
ces were assembled using two RuO./IL-RGO-modified Ti substrates
separated by the aqueous-electrolyte-soaked separator. As-ob-
tained supercapacitor devices were dried at room temperature
before the performance measurements of the devices.

Characterization

TEM measurements were performed by using a JEM-2100F HR-TEM
at an acceleration voltage of 200 kV. An STEM was operated with
a probe focused to 0.2 nm and camera length of 20 cm. The scan
raster was 512x512 points with a dwell time of 8.5 seconds per
scan. Chemical analysis was performed using a VG Electron Spec-
troscope (ESCA 2000) at high vacuum (10 ' torr) equipped with
monochrometer (quartz), twin X-ray source (Mg/Al target) and
hemispherical analyzer. SEM images were obtained by using a field
emission scanning electron microscope (FEI Sirion model)
equipped with an in-house Schottky emitter in high stability. XRD
data were obtained by using a Rigaku D/max IlIC (3 kW) with a g/q
goniometer equipped with a CuK, radiation generator. The diffrac-
tion angle of the diffractograms was in the range of 26 =2-90°.
XPS data were obtained by using a VG multilab 2000 (Thermo VG
Scientific) with a monochromatic MgK, X-ray source (hv=
1253.6 eV) in an analysis chamber at 1.33 pPa vacuum. The high
resolution scans of C1s were analyzed for each sample at at least
two separated locations. FTIR spectra were collected by using
a JASCO FT-IR 470 plus. Each spectrum was recorded from 7=
4000 to 50 cm ™' using 30 scans at a resolution of 4 cm™". Cyclic
voltammograms were analyzed by using a CHI 760D electrochemi-
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cal workstation (CH Instruments). Galvanostatic charge-discharge
measurements were carried out by using a Solartron 1260 at RT.
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