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Synthesis and characterization of Fe>Os/reduced graphene oxide nanocomposite as a high-
performance anode material for sodium-ion batteries
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Hematite/reduced graphene oxide (Fe203/rGO) nanocomposite was successfully fabricated
via a facile solvothermal reaction of iron precursor solution and GO leading to
simultaneous deposition of iron oxide nanoparticles and in situ reduction of GO without
any reducing agent. Texture and morphology, microstructure, chemical and surface
composition of the nanocomposite were investigated by scanning electron microscopy, X-
ray diffraction, Raman spectroscopy, thermo-gravimetric analysis and X-ray photoelectron
spectroscopy, respectively. Its electrochemical performance as anode material for sodium

batteries ion batteries was preliminarily evaluated via galvanostatic cycling. The results prove that
the Fe203 nanoparticles are uniformly anchored onto the surface of graphene nanosheets
and that the Fe203/rGO nanocomposite shows interestingly higher specific capacities
compared to the bare Fe20s.
1. INTRODUCTION hybrid nanostructured materials because of its large specific

Electrochemical energy storage (EES) is a very important
issue owing to the rapid growth of markets for portable
electronic devices, electric/nybrid vehicles, grid-scale energy
storage systems [1-2]. Rechargeable lithium-ion batteries
(L1Bs) currently represent the most promising EES systems,
due to relative high energy density and long-term cycle life [3-
4].

However, the scarcity of lithium resources in the Planet
limits their large-scale implementation, especially in the
automotive field. Thanks to the greater abundance, lower cost
and similar chemistry of sodium, sodium-ion batteries (SIBs)
are emerging as a more sustainable alternative to LIBs [5-7].

Unfortunately, the larger ionic radius of sodium (0.102 nm)
as compared to that of the lithium (0.076 nm) leads to the
sluggish Na* ions diffusion kinetics into the host materials,
because larger channels for transport and interstitial sites for
sodium ions are required [8].

Therefore, the design of highly performing, sustainable and
environmentally friendly electrode materials is the key factor
for accelerating the commercialization of SIBs.

Different from cathode materials, anode materials still
represent a challenge for the development of SIB technology.
The production of hard carbons, regarded as promising anode
materials, has great environmental impact [9].

Transition metal oxides (TMOs) are gathering attention as
alternative anode materials for SIBs. Among them, hematite
(a-Fe203) is particularly appealing because of its low-toxicity,
environmental friendliness and high theoretical capacity (1007
mAh/g) [10-11].

Graphene, generally obtained by chemical reduction of
graphene oxide (GO), is used as a conducting additive for
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surface area, excellent electrical conductivity, chemical
inertness, and rapid heterogeneous electron transfer [12].

Recently, graphene/TMO-based nanocomposites have
attracted great interest as electrodes due to the positive
synergistic effects between graphene and TMOs. It is well
accepted that compared to bare metal oxides, the hybrid
systems possess better electrochemical performance and limit
detrimental effects of the wvolume expansion/contraction
during charge/discharge process [13-14].

This work deals with the simple synthesis of hematite/
reduced graphene oxide (Fe;Os/rGO) nanocomposite, its
characterization by means of a combination of complementary
techniques, and its electrochemical testing as anode material
in SIBs.

2. EXPERIMENTAL SECTION
2.1 Synthesis of Fe20s/rGO nanocomposite

Graphene oxide was prepared by exfoliation of graphite
powder following a slightly modified Hummers method [15].
In a typical synthesis 2 g of graphite and 1 g of NaNO3 were
mixed with 50 ml of concentrated H,SO, and stirred in an ice
bath. Subsequently, KMnQ, (7 g) was slowly added into the
mixture under stirring and cooling. The mixture was stirred for
2h at 35 <C. The temperature was then increased to about 98 <C
and distilled water (400 ml) was added followed by a slow
addition of 10 ml of H,O, under stirring. The as-obtained
GO was then recovered through centrifugation and thoroughly
washed with HCI aqueous solution and with distilled water, in
sequence. Finally, the solid was dried at 50 <C in a vacuum



oven for 2 days.

The nanocomposite was obtained by simple solvothermal
treatment. 200 mg of GO were dispersed in 60 ml of ethanol
through sonication for 2 h. Then, 10 ml of a 0.2 M solution of
Fe (CH3COO), were added. The reaction mixture was stirred
at 80 <C for 10 h and, subsequently, was transferred in a
stainless steel autoclave for solvothermal treatment at 170 <C
for 3 h. The resulting product was centrifuged, washed with
ethanol and distilled water for several times and then dried in
air. For comparison, Fe,O3 nanoparticles and rGO were also
synthesized by the similar procedure except for the absence of
graphene oxide and Fe (CH3COO),, respectively.

2.2 Material characterization

The sample texture and morphology were investigated by
scanning electron microscopy (SEM). Analysis was
performed using a Phenom Pro-X scanning electron
microscope equipped with an energy-dispersive X-ray (EDX)
spectrometer.

The formation of GO and its subsequent reduction to rGO
upon thermal treatment were ascertained by means of X-ray
powder diffraction (XRD). The crystalline phase of the oxide
was identified by XRD and micro-Raman spectroscopy
(MRS). The XRD patterns were recorded at RT by using the
Ni B-filtered Cu-Ka radiation (A = 0.15404 nm) at 40 KV.
Analyses were registered in the 26 range of 10°-80<at a scan
speed of 0.5° mint. Diffraction-peak identification was
performed on the basis of the JCPDS database of reference
compounds. Raman scattering excited by an Ar-ion laser
operating at 532 nm (2.33 eV) was measured in air at RT with
NTEGRA - Spectra SPM from NT-MDT spectrometer
equipped with a confocal microscope by using a 100X
objective. The use of a very low laser power (250 uW at the
sample surface) prevented local heating of the samples and
annealing effects.

The chemical composition of the resulting composite was
determined by thermo-gravimetric analysis (TGA) in a
NETZSCH STA 449C instrument. The sample was heated
from 25 to 1000 <C in air, and the heating rate was 10 <T/min.
Surface composition of the samples and chemical environment
of the component species were investigated by X-ray
photoelectron spectroscopy (XPS). Spectra were acquired
using a K-Alpha system of Thermo Scientific, equipped with
a monochromatic Al-Ka source (1486.6 ¢V) and operating in
constant analyser energy mode with a pass energy of 50 eV for
high resolution spectra and a spot size of 400 pum. The
elemental concentrations were estimated from the areas under
the photoelectron peaks weighed by the relative sensitivity
factors. Identification and quantification of the surface species
were carried out by decomposing the high-resolution
photoelectron spectra of core levels. The binding energy shifts
were calibrated keeping the C 1s position fixed at 284.5 eV.

2.3 Electrochemical testing measurements

Galvanostatic cycling with potential limitation (GCPL) was
carried out using the BiolLogic VSP-300 multichannel
potentiostat-galvanostat. Two-electrode coin cells CR2032
assembled in an argon filled glove box (MBraun), with sodium
acting both as counter and reference electrode, were cycled at
C/20 (50 mA/g) between 0.01 V and 3.00 V vs Na/Na*.

The electrode of the bare rGO was cycled at the same
current density of the rGO in the nanocomposite. The working
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electrodes with the Fe,O3/fGO composite were prepared
mixing the as prepared active material, the carbon matrix
(Super P, MM Carbon) and the polymer binder (Polyacrylic
Acid Mw ~450000, Sigma Aldrich) in the weight ratio 8:1:1,
respectively. Instead, higher carbon content has been used in
the electrode with the hematite alone to equal the total amount
of carbon of the composite electrode.

The carbon used in the preparation of the electrode was
pretreated at 800<C in argon atmosphere to remove the
adsorbed water and impurities, reducing the typical
irreversibility that occurs during the first charge and discharge
in such systems [16]. The slurry obtained suspending the solid
in N-Methyl-2-pyrrolidone (ACS Reagent, 99%) solvent, was
casted onto a copper foil using doctor blade technique and
dried until complete evaporation of the solvent at 80<C under
vacuum overnight. The working electrode was finally roll
pressed and 16 mm diameter disks were punched out. The load
of active material was ~1 mg/cm?.

3. RESULTS AND DISCUSSION

Figure 1 shows the morphology of the samples, as resulting
from the SEM analysis. All the samples exhibit a porous
structure. No agglomeration of Fe,Os; nanostructures is
observed on the Fe,O3/rGO hybrid (Figure 1d), suggesting that
graphene nanosheets are coated with Fe,Os; nanostructures.
The formation of GO from graphite is ascertained by means of
XRD. The XRD pattern of the sample (curve a in Fig. 2) shows
the sharp and characteristic diffraction peak at 26 = 9.5%
corresponding to the (001) reflection of graphene oxide with
d-spacing of 0.955 nm. Its 26-angle position, matching well
with the values reported in the literature [17], suggests that GO
sheets are loosely stacked due to the presence of oxygen-
containing functional groups (C=0, -COOH, —-OH, C-0-C)
between the layer of graphite formed during oxidation. The
minor reflection at 42.6°suggests a turbostratic disorder in
graphene sheets [18]. After the solvothermal treatment (curve
b in Fig. 2) the characteristic peak of GO disappears,
confirming the occurrence of the thermal reduction to rGO. A
very broad and intense peak around 2 = 24.1°and a weaker
one around at 2 = 43.2<are detected. The latter can be
ascribed to the reflection from (100) planes of rGO. The
former corresponds to the reflection from (002) planes with a
d-spacing value of 0.369 nm. The remarkable decrease of
interlayer spacing confirms the removal of most of the oxygen-
containing functional groups [19].

The same considerations apply to the nanocomposite
sample (curve c in Fig. 2). No typical diffraction peak of GO
is observed in its XRD pattern, proving the successful
reduction of GO to rGO during the solvothermal treatment also
in the presence of the iron oxide precursor. The similarity
between patterns relative to bare oxide and nanocomposite
(curves d and c in Fig. 2, respectively) indicate that the same
crystalline phase of the oxide is formed in the two cases. The
diffraction peaks at 2 = 24.1< 33.2< 35.8< 40.9< 49.5%
53.9 57, 5% 62.6°and 64.1<can be indexed to the (0 1 2), (1
04),(110),(113),(024),(116),(122),(214)and (300)
crystal planes of the rhombohedral (hexagonal) structure of
hematite (JCPDS card no. 33-0664), respectively [20]. No
other peaks are observed suggesting high phase-purity of the
as-synthesized samples. The average size of  -Fe;Os
crystallites, evaluated from the main (104) peak of the
diffractogram by using the Scherrer equation, is 24.1 nm for



bare Fe,O3 and 27.2 nm for Fe;O3/rGO nanocomposite. It is
worth noting that none of typical peaks belonging to rGO are
observed in the XRD spectrum of Fe;Os/rGO. This is probably
due to the low diffraction intensity of rGO.

Figure 1. SEM images: (a) GO, (b) rGO, (c) bare Fe203 and
(d) Fe203/rGO nanocomposite

The content of graphene nanosheets in Fe,O3/rGO
nanocomposite is estimated by TGA in air flow (Figure 3). The
weight loss between 350 and 620 <C is ascribed to the
combustion of rGO and is calculated to be about 48 wt%.

The Raman fingerprint of rGO [17] is fairly visible in the
spectrum of the Fe,Os/rGO nanocomposite (Figure 4), as
evident from the comparison with the spectrum of rGO. The
Raman profile peculiar to highly disordered graphitic carbons
consists of two intense and broad features located at ~1360 cm™
and ~1590 cm* dominating the spectra. The former (D-band)
is generated by finite size effects and by lattice defects
breaking the translational symmetry of graphitic layers [21].
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The latter (G-band) originates from the stretching of C=C pairs
and is the fingerprint of the graphitic crystalline arrangement.
In the higher frequency region of the spectrum, overtones and
combination bands are detected. The D/G integrated intensity
ratio (In/lg) is commonly utilized to monitor the sp? defect
density in the carbon lattice [22]. The frequency position of
the G-band band (wg) monitors the local strength of carbon
bonds [22-23] and is sensitive to charge transfer, local
distortions and hybridization changes of the C—C bonding. In
oxygen-functionalized carbons, the bands upshift as an effect
of the electron transfer from the n-states to the oxygen atoms.

Intensity (a.u.)

30 40 50 60 70

20-angle (deg.)

10 20

Figure 2. XRD patterns of (a) GO, (b) rGO, (c) Fe203/rGO
nanocomposite, (d) bare Fe203 nanoparticles
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Figure 3. TGA profile of Fe;O3/rGO nanocomposite

As for rGO, the comparison with GO (Figure. 4) proves that
the oxidation degree diminishes as an effect of the
solvothermal treatment, and the © network is partly restored.
In fact, the G-band shifts (from 1600 cm™ in GO) down to
1588 cm™, and the D band slightly intensifies relative to the
G-band (Ip/lg increases from 2.75 in GO to 3.01 in rGO). The
decrease of wg is the effect of the smaller oxidation degree of
the sample [23-24], whereas the enhancement of the I/l ratio
indicates that the density of sp? carbon defects (which solely
contribute to the D-band intensity) increases at expenses of
non-sp? defects, with consequent non-sp%/sp? defect density
lowering with respect to GO.

Having a rhombohedral unit cell formed by chains of Fe,Oq
dimers, o-Fe,O; belongs to the crystal space group D3s.
Normal modes predicted by the factor group analysis include
six IR-active vibrations (2Az, + 4E,) and seven Raman-active
vibrations (2Aqg + 5Eg) [24,25]. Actually six peaks, at 224, 244,



293, 407, 496 and 609 cm™, are detected in the lower
frequency region of the Raman spectrum (Figure 4)
corresponding to the Aig(1), Eg¢(1), unresolved E4(2)-Eq(3),
Eyg(4), Aly(2) and Egy5) vibration modes of o-Fex0s,
respectively. In addition, a very intense asymmetric feature
peaking at ~1315 cm and a very weak peak at ~660 cm™ are
detected. The latter feature, typical of nanocrystalline hematite,
originates from the presence of surface defects and/or reduced
grain size which, relaxing selection rules, render Raman active
the IR-active E, mode [26,27]. The former band is ascribed to
two-phonon scattering or two-magnon scattering [27-28]. In
rGO/Fe;03 this band partly overlaps to the D-band arising
from rGO.

Figure 5 displays high-resolution photoelectron spectra
(HRXPS) of the C 1s, O 1s, and Fe 2p core levels in the
Fe»03/rGO nanocomposite.
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Figure 4. Micro-Raman spectra of the investigated samples

By quantitatively analyzing these spectra, the sample
surface composition is estimated, and the resulting weight
percent of the oxide in the nanocomposite is evaluated. The
relative amounts of carbon, oxygen and iron present on the
sample surface are found to be 47.6 at%, 37.5 at% and 14.9
at%, respectively. The relative weight of the a-Fe.Os
component in the nanocomposite, calculated on the basis of
these results, is 59.3 wt%, slightly higher than that inferred
from TGA (52 wt%). Moreover, by subtracting from total
oxygen content the contribution present in iron oxide (22.4
at%), oxygen bonded to carbon is found to be 15.2 at%, which
gives an oxidation degree of the carbon component of the
nanocomposite, as measured by the O/C molar ratio, of 0.32.
Comparable results are obtained for bare rGO.

The results of the compositional analysis on GO (C: 63.9
at%; O: 34.9 at%; S: 1.2 at%) reveal that some sulfonic
(—SOsH) acid functionalities are introduced on the sample
surface during the oxidative treatment of graphite. By
subtracting from total oxygen content the contribution due to
sulphonic groups (3.6 at%), oxygen bonded to carbon results
to be 31.3 at%, which corresponds to a by far higher oxidation
degree (O/C = 0.49). This finding confirms that thermal
reduction of GO to rGO occurs during the solvothermal
treatment, with  35% decrease of the carbon oxidation
degree.

A further incontrovertible evidence of the reduction of GO
to rGO emerges from the comparison between the very
different HRXPS profiles of the C 1s core levels in GO and
Fe,03/rGO nanocomposite (Figure 5a). Both the spectra show
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the contribution arising from C=C/C—C bonds in aromatic
rings at 284.5 eV binding energy (BE). Contributions ascribed
to oxygenated carbon species contribute in the 286-290 eV BE
range. They include C-O species in phenols and ethers (at
286.1-286.3 eV), C=0 species in carbonyls/quinones (at
~287.5 eV), and O-C=0 bonds in carboxylic acid and
anhydrides and esters (at 288.7-289.3 eV) [22-23, 29].
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Figure 5. High-resolution photoelectron spectra of the (a)
C 1s, (b) O 1s, and (c) Fe 2p core levels in (a—c) Fe,O3/rGO
nanocomposite and (a) GO

It clearly appears that solvothermal treatment brings about
a drastic decrease of the C—-O and C=0 species present on the
carbon surface. In addition, the appearance in the HRXPS
spectrum of the nanocomposite of a weak contribution at
290.5-291.0 eV (shake-up n—m* transition [22,29]), absent in
the HRXPS spectrum of GO, indicates the partial restoration
of the m network following the release of oxygenated
functionalities upon thermal treatment.

The HRXPS profile of the Fe 2p core level in the bare oxide
(not shown for briefness) and in the nanocomposite (Figure 5b)
consists of two peaks centered at 711.0 and 724.5 eV BE, and
two weaker and broad structures located at about 719 and 732
eV. The two prominent peaks can be assigned to the two spin-
orbit components (Fe 2ps2 at 719 eV and Fe 2pi at 732 eV)
of Fe* in o-Fe,O3; [30]. The weaker contributions are
ascribable to the satellites peculiar to Fe3* ions. Since in iron
oxides containing reduced Fe?* ions the Fe 2ps» spin orhit
component and the related satellite structure shift at lower BE,
(~709.7 and ~715 eV, respectively) [31], the above findings
prove that no reduction occurs on the oxide surface.



Consistently, the contribution arising from lattice oxygen (OL)
in a-Fe;03 is detected at 530 eV BE in the HRXPS profile
of the O 1s core level of the nanocomposite (Figure 5c),
together with a weaker, broader and asymmetric contribution
peaking at  531.7 eV. Surface-absorbed hydroxyl groups
(—OH, at 531.4 eV), as well as residual oxygen species (e.g.
C=0, C-0 and O-C=0) singly and doubly bound to carbon,
contributing to O 1s core level at 533.2 and 531.6 eV,
respectively [29].
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Figure 6. GDC curve of the 1st, 2nd and 5th cycle
(continuous, dashed and dash-dotted lines) in the investigated
materials

Figure 6 shows the preliminary electrochemical results of
five charge/discharge cycles for Fe,03/rGO, bare Fe,Os, and
rGO. During the first cycle sodiation the nanocomposite shows
a capacity of 610 mAh/g, this value is lower compared to the
theoretical specific capacity (1007 mAh/g) but higher than the
charge obtained from the rGO (415 mAh/g) and the bare
Fe,Oselectrode (485 mAh/g).

Worth to be noted, the nanocomposite and the bare Fe;O3
have a similar amount of total carbon content in the electrode
so the better performance should be ascribed to the better
properties of the nanocomposite, i.e. the presence of the rGO
and the intimate connection between the highly conducting
graphene sheets and the iron oxide nanoparticles. The same
trend is observed in the subsequent de-sodiation and in the
following cycles.

As reported in literature, the coulombic efficiency (CE) of
the first cycle is quite low: 62.9%, 54.3% and 39.16% for the
nanocomposite, the bare Fe;Os, and rGO respectively [32].
These low values have been generally attributed to the
formation of the solid electrolyte interface (SEI) and
irreversible insertion of the sodium into the active material
[33]. In all cases, however, the CE rapidly increases during the
subsequent cycles, reaching a value higher than 95% after five
charge/discharge cycles.

Finally, if we exclude any synergistic effect in the
nanocomposite, from the results of the GCPL on the rGO
electrode is possible to determine the specific capacity in
percentage deriving from the presence of the rGO. This value
is found to be between 20 and 30% of the specific capacity
resulting from the nanocomposite (22.3% in the first cycle).
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4. CONCLUSIONS

In this work, hematite/reduced graphene oxide (Fe,03/rGO)
nanocomposite, successfully synthesized via a solvothermal
process, has been characterized by means of a combination of
complementary techniques and evaluated as anode material in
Na-ion rechargeable batteries.

The solvothermal process allows the thermal reduction of
GO without the addition of a reducing agent. The a-Fe;0s;
nanoparticles are uniformly anchored onto the surface of
graphene nanosheets and the electronic conductivity of the
nanocomposite benefits from such an intimate contact. As a
result, the a-Fe,O3/rGO-based anode exhibits higher specific
capacities compared with that based on the bare a-Fe;Os.

Further electrochemical tests are currently in progress in
order to evaluate the stability and the rate capability of the a-
Fe,O3/rGO-based anode.
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