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HIGHLIGHTS

e Magnetite-graphite hybrids were prepared by a simple and inexpensive synthesis.
e Graphite’s flake size defines the edge density and the amount of immobilized Fe3Oa.
e Fe304-G films’ morphology controls the electrochemical properties of the anodes.
e The deposition of FesO4 plays an important role in the electrochemical performance.

e The anode with the smallest graphite particle size delivers a capacity of 845 mAhg™.

Abstract

Graphite, the usual anode material for current technology of lithium ion batteries (LIB), has great
advantages and its processing is widely known and industrially feasible. For improving the anode’s
capacity, recent research has focused in using nano-carbons as an overcoming strategy rather than
including cheap, conversion-type oxide metals. Here, we present the application of in-situ synthesized
hybrid LIB active anode materials composed of magnetite nanoparticles (FesO4 NPs) and graphite of

different sizes. The results show that the graphite's flake size plays an important role in the FezsOs NPs



deposition and loading, and therefore in the morphology of the resulting laminate film. The
electrochemical performance (evaluated by cyclic voltammetry, galvanostatic charge/discharge cycles
and impedance spectroscopy) is determined not only by the edge density of graphite flakes and Fe3O4
loading but also by the porosity of the anode films. The hybrid material electrode with smallest graphite
particle size shows the highest reversible capacity of 845 mA h g, good rate capability and great
cycling performance. This remarkable improvement in graphite’s capacity is reached by only adding

16 wt% of magnetite to the carbon material.
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1. INTRODUCTION

Li-ion batteries (LIB) have an unmatchable combination of high energy and power density,
making them the first choice in technology for portable electronics, power tools, energy harvesting
and hybrid/full electric vehicles [1,2]. To meet these requirements, current LIB technology must
increase its energy density, which can be straightforwardly accomplished by developing high-voltage
cathodes or high-capacity anodes [3]. Commercially available LIB anodes use graphite as active
material, whose 372 mA h g'* capacity needs to be increased for such applications. In this sense, nature-
abundant transition metal oxides have been investigated as promising high-capacity anodes [1,4-6].
Among them, magnetite (FesO4) has a special interest for being low cost and environmentally friendly.
This metal oxide undergoes a conversion reaction with Li* ions which results in a theoretical capacity

of 924 mA h g%, almost 3 times larger than the industry-standard graphite [5,7,8].

During lithiation, Fe3O4 undergoes a complex process involving multiple phase transitions that

are strongly dependent on the electrochemical environment and Li* diffusion through the channels of



the dense crystalline structure of magnetite [9,10]. Besides, the almost electric insulant nature of bulk
Fe304 makes its use as anode highly disadvantageous due to large polarization and sloping voltage
profiles. In fact, structural change and volume expansion are associated with the Fe3O4 conversion
mechanism, eventually leading to pulverization and loss of contact between active material particles
[5,8,11]. To circumvent these issues, the use of FesO4 nanoparticles [8,12] and nanometer scale Fe3Oas-
based structures in combination with conductive material substrates (mainly carbon-based) are almost
mandatory to attain exceptional high capacity and high cyclability properties of magnetite [5,8,11,13—
16]. In this way, FesO4 nanocrystalline structures such as hollow spheres [17,18], nanowires [19,20],
pomegranate/hierarchical structures [21-23] and different polyhedra [12,24,25] have been used for the
development of LIB anodes. These varied structures were also combined with nano-allotropes derived
from carbon, including carbon nanotubes [26—28], graphene-derived materials [29-33], nano-onions

[34] and nanoshells [13,35,36].

Although the benefits of using nano-carbons/magnetite hybrids are truly remarkable and
widespread, the excellent properties of current graphite battery grade technology as anode for LIB
should not be underestimated. Graphite’s high volumetric capacity, low average voltage and voltage
hysteresis, good rate capability, good thermal stability when low surface area is maintained, low
volume expansion during lithiation, and excellent densification properties in electrode coatings makes
it almost a “miraculous material”, quite difficult to be outmatched from the economic and industrial
points of view [37-39]. In this way, the challenge for immediate commercial application of novel
strategies is how to improve graphite’s lithium-capacity properties without losing considerably its

other advantages.

In this work, we present the in-situ modification of graphite flakes of different sizes with Fe304
nanoparticles (NPs) as hybrid active materials for LIB anodes. Amongst the various strategies of Fe3O4
NPs syntheses [40,41], our methodology is simple, effortless and quite inexpensive. The synthesized

hybrids (reported previously by our group [42]) were further characterized in terms of the carbon



support. The electrochemical performance, cyclability and charge-discharge profiles were compared
taking advantage of the lithiation capacity that both FesOs NPs and graphite have. Electrochemical
impedance spectroscopy in combination with spectroscopic and thermogravimetric analyses revealed
a dependency between Fe3O4 loading, capacity and density of edge in the graphite samples. The hybrid
with the smallest graphite particle size is the one that showed the highest specific capacity and the best

capacity retention, even at high current densities, by only adding 16 wt% of magnetite.

2. EXPERIMENTAL
2.1. Materials and chemicals

Graphite powder (particle size ~17 um) and graphite flakes (particle size ~410 um) were
purchased from Sigma. Graphite Micrograf was from Nacional de Grafito (size ~2 um). Iron (I1)
sulphate heptahydrated was from Sigma and Iron (II1) chloride hexahydrated was from Anedra.
Sodium alginate polymer was from Sigma and TIMCAL carbon superP was from MTI Technologies.

Other reagents were battery grade and were used without further purification.
2.2. Synthesis of FesO4 nanoparticles on graphite substrates

The ultrasound-assisted FesO4 NPs synthesis on different carbon matrices was performed
according our previous work [42]. Briefly, 1.0 mL of 0.20 M FeSOs solution and 4.0 mL of 0.10 M
FeCls solution were mixed and then 0.30 g of the graphitic material was added. The mixed Fe?*/Fe®*
solution was sonicated for 30 min in an ultrasonic bath. Afterwards, 18.0 mL of 0.70 M ammonia were
added drop-wise to the mixture and sonicated for another 30 min. The generated FesOs-graphite
hybrids were collected by magnetic separation, washed, filtered and dried at 80 °C in vacuum for 18
h. The obtained samples were labeled according to the graphite particle size: Fes0s-G2 (graphite

Micrograf), Fes04-G17 (graphite powder) and Fes04-G410 (graphite flakes). Figure S1 (in the



Supporting Information) shows SEM images and the corresponding flake size histograms obtained for

the different graphites, after processing several images.
2.3. Electrodes preparation and electrochemical characterization

The slurry was composed of active FesO4-graphite hybrids (70 wt%), TIMCAL carbon superP
(15 wt%) and sodium alginate binder (15 wt%); the solvent was 0.10 M citric acid buffer solution pH
3.00. All these components were physically mixed in a ball mill before being doctor-blade casted onto
a copper foil. The active material mass loading ranged from 0.62 to 0.80 mg cm™ and the electrode
laminates had an average thickness of 13, 17 and 32 um for Fe304-G2, Fe304-G17 and Fe304-G410,
respectively. For comparative purposes, a slurry was made with FesOs4 NPs alone, without any
supporting graphite, in the same weight proportion than the other samples, by completing with

TIMCAL carbon superP.

The electrochemical performance of the electrodes was characterized in a CR 2032-type coin
cell configuration using Celgard 2325 as the separator and a lithium foil as the counter electrode. The
electrolyte consisted of a 50 %v/v mix of ethylene carbonate and ethyl methyl carbonate, with 1.00 M
LiPFs. Galvanostatic charge-discharge profiles, cyclic voltammetry (CV) and impedance spectroscopy
(EIS) experiments were performed with an Arbin battery cycler (Arbin Instruments, USA) and an
Autolab PGSTAT320N Potentiostat/Galvanostat (Metrohm, The Netherlands), respectively. EIS data
were fitted with ZView software and normalized by the electrode’s geometric area and the active
material mass. Specific capacities (expressed in mA h g) were calculated in terms of the total mass

of graphite-FesO4 active material.
2.4. Physico-chemical characterization

X-ray diffraction (XRD) patterns were obtained in a Philips PW1800/10 diffractometer
operated at 40 kV and 30 mA with a Cu-Ka radiation source. Scanning electron microscopy (SEM)

images were obtained with a field emission scanning electron microscope FE-SEM, Sigma Zeiss



(LAMARX facilities) working at 5 kV. Transmission electron microscopy images (TEM) were
obtained using a JEOL JEM 2100 transmission electron microscope operating at an accelerating
voltage of 200 kV. Several drops of the ethanol solutions of the samples were placed on a 100 mesh
copper grid coated with a Formvar film. The size distribution of the nanoparticles was obtained by
averaging the sizes of several particles directly from the TEM images using the Image-J software.
Thermogravimetric analyses (TGA) of approximately 5 mg of each compound were recorded on a
TGA Q600 (TA Instruments) under air atmosphere, by equilibrating at 100°C, and following a heating

ramp rate of 10°C min~* up to 800°C.

3. RESULTS AND DISCUSSION
3.1. Structure and morphology characterization
[Figure 1]

TEM images for Fe30s-G2, Fe304-G17 and Fe304-G410 are shown in panels A, B and C of
Figure 1, respectively. The photographs show the different graphite flakes covered with (14 + 2) nm
diameter FesO4 NPs (the particles’ image and the corresponding size histogram are depicted in Figure
S2). A higher nanoparticle coverage is observed in the samples with smaller graphite flakes size and a
preferential immobilization at the edges of the structure. In our previous work [42], we determined
through Raman spectroscopy and magnetic measurements that the amount of magnetite deposited on
each substrate depends on the defects density, being the carbon substrates with smaller particle sizes
more effective for Fes04 NPs immobilization. The possible defects include edges, topological defects,
vacancies and substitutional impurities which are all capable of having oxygen-rich groups that could

act as nucleation spots for the Fe3O4 NPs deposition [14].



The effect in the laminates morphology at the Cu foil of the different hybrid materials are shown
in the SEM images of Figure 1 (panel D, E and F). In all of them, the thin irregularly shaped graphite
flakes surrounded by round-shaped carbon superP particles can be observed. The smaller the graphite
flake size, the more randomized its distribution, and the higher the amount of edges exposed.
Tentatively, this would imply a higher cross sectional area for electrochemical processes per 1 cm? of
geometric area of the electrode, as Li ions intercalate through the graphite side rather than the basal
planes. Also, the porosity (taken as the relative number of voids and irregularities) increases according
to Fes0s4-G2 < Fe304-G17 < Fes04-G410: for the latter a highly compact film can be seen with the

appearance of cracks (Figure 1 F).
[Figure 2]

The XRD patterns of Figure 2 for the Fe3s0s4-G2 (a), Fes04-G17 (b) and Fe30s-G410 (c)
slurries further confirm the presence of graphite and magnetite at the anodes. The reflection peaks at
260 = 30.1° and 35.6° correspond to the planes (2 2 0) and (3 1 1) of FesO4 cubic structure. The reflection
peaks at 20 = 26.5° and 54.6° correspond to the planes (0 0 2) and (0 0 4) of graphite’s hexagonal
crystallographic system. The 26 region between 42° and 47° is associated with the (1 0 0) and (1 0 1)
graphite's reflections, and the (4 0 0) planes of magnetite. In this case, due to the peaks overlap, is not
possible to unambiguously index them (Figure S3 in the Supporting Information depicts the XRD
patterns of pure graphite and magnetite). The crystallite sizes of magnetite in the samples were
estimated through the Scherrer formula, giving a value of 11 nm for every sample, in good agreement
with the diameter determined by TEM. By comparing the peaks corresponding to magnetite in the
slurries’ XRD patterns with the as-synthesized FesO4 diffractogram (Figure S3 d), it can be concluded
that the high-energy ball milling procedure used to prepare electrodes does not affect the crystalline
structure of magnetite as active material or generates any other Fe-related crystalline phase (within the

detection limit of this technique).



[Figure 3]

[Table 1]

Figure 3 presents TGA curves, performed in air, for the three graphites (in dashed lines) and
the corresponding FezO4 hybrid materials (in full lines). In the pure graphite samples, the observed
weight loss is due to the oxidation of carbon. Upon decreasing the particle size of the graphitic material,
the edge density increases, therefore decreasing the onset temperature (To), as seen in the first column
of Table 1. In the thermograms of the FezO4-G hybrids, after the weight loss of graphite, the profiles
stabilize as magnetite does not experience any thermal-induced modification in the analyzed
temperature range (Figure S4, in the Supporting Information). This allowed to obtain the FesOs-
loadings for each sample, which are disclosed in the last column of Table 1. As graphite G2 is the one
with the highest defect density, it has the largest amount of immobilized magnetite. It is interesting to
note that the presence of the FesO4 NPs significantly lowers the graphite’s To (Table 1). The decreased
combustion temperature is likely due to the presence of the catalytic FesO4 NPs, and it is an indication
of the intimate interfacing between them and the graphite edges. This effect has also been observed in
other hybrid materials modified with nanoparticles, which act as “hot spots” favoring carbon

calcination [43,44].

3.2. Electrochemical characterization and anodes performance

[Figure 4]

The anodes prepared with the Fes04-G hybrids were assembled into coin-type cells to evaluate
their electrochemical Li-storage performance. Figure 4 A, B and C illustrate the first and fifth
voltammograms for Fez0s-G2, Fe304-G17 and Fes04-G410; respectively. In all the samples and
during the first cathodic scan, a broad peak starts to evolve at ~ 0.800 V. The first process that
contributes to this peak is the formation of the solid electrolyte interface (SEI) [45]. The second one,

is associated to the conversion reaction of magnetite, which consists of an initial irreversible step where



lithium ions insert into the FezO4 structure (equation (1)) and then it further proceeds to the formation

of metallic Fe NPs and Li20 (equation (2)) [10].

FesOs + x Li* +xe— LixFes0s (1)
LixFesO4 + (8-x) Li* + (8-x) e~ 4 Li:O + 3Fe (2)
6C + Li* + e* LiCs ©)

After magnetite fully reacted with Li*, another steep peak appears in all the voltammograms
below 0.200 V, due to the intercalation reaction (equation (3)) of graphite [46,47]. Upon reversing the
scan, the sharp peak of graphite reversible delithiation can be observed and, afterwards, a broad peak
between 0.900-2.400 V appears, corresponding to the redox conversion of lithium oxide and metallic
iron to the LixFe3O4 phase. The initial Fe3O4 is never formed again [8,10,11]. This can be evidenced
in the subsequent cycles, where the cathodic conversion process appears at higher voltages for all the
materials (marked with the red lines) and remains unaltered throughout the cycling (the CV profile of
a FesO4 anode is displayed in Figure S5 A). By comparing the CV profiles of panels A, B and C it is
clear that as the size of graphite particles is reduced, the specific current of lithiation/delithiation
processes increases. This is due to an increase in the edge density of graphite (and therefore the amount

of intercalable regions that uptake Li ions) and in the density of FesO4 active nanoparticles.
[Figure 5]
[Table 2]

Figure 5 shows the representative galvanostatic lithiation profiles of Fe304-G2 (A), Fe304-G17
(B) and Fes04-G410 (C) at a current density of 0.10 A g** between 3.000 and 0.010 V. In consonance
with CV results, the voltage interval between 1.500 and 0.300 V (red-shaded regions in the voltage
and 0Q/0V profiles) corresponds to the reversible FesOg lithiation reaction. In the grey-shaded regions

of the hybrid anodes profiles (below 0.250 V), the intercalation of Li ions into graphite takes place.



For comparison purposes, Figure S5 B and C exhibit the typical galvanostatic charge-discharge

profiles for FesO4 and the three different graphite samples, respectively.

In general, the hybrid materials exhibit good coulombic efficiencies, and Fes04-G2 is the one
that holds the greatest specific capacity (Table 2). The last column of the table displays the
contribution of the FesO4 conversion reaction (i.e., the red-shaded capacity regions of Figure 5) to the
total capacity of each anode. The observed trend in the percentages is associated to the ratio between
graphite’s edges and Fe3O4 loading. As schemed in Figure S6, there is a decrease in graphite size while
the amount of magnetite remains almost unaltered from Fe304-G410 to Fes0s-G17, reducing the
contribution of Fez04 to the total capacity (from 43 to 34%) and increasing the contribution of graphite
to the total capacity, due to the larger amount of edges available for lithiation. In the case of Fe3Os-
G2, the graphite’s edge density is very similar to that of Fes04-G17 but magnetite loading rises,

therefore increasing its contribution to the total capacity.

It is worth noting that, regardless the hybrid material, the contribution to the total capacity of
Fe304 is higher than its mass loading in the hybrids (between 11 and 16%). Specific capacity for FezOa
is 2.5 times larger than graphite, as magnetite can store up to 8 Li per unit formula while carbon only
1/6. This is where the main advantage of adding magnetite to graphite resides: by slightly increasing
the mass of the anode we gain a great boost in the specific capacity. Another intriguing aspect of these
hybrids is the additional reversible capacity shown beyond the theoretical 945 mA h g*. If we take the
capacity solely from FesO4 conversion reaction and normalize it by magnetite’s mass loading, FezOs
specific capacity in G2, G17 and G410 hybrids is, respectively, 1415, 1256 and 1099 mA h g*. These
increased capacities are extensively informed in bibliography, were most of the reported FezO4-based
anodes have similar values [8,15,16]. In a conversion-type anode study [48] it was demonstrated that
the formation of LiOH at the active particles’ surface can provide additional charge storage from the
reaction LIOH + 2 Li ¢ LioO + LiH. The origin of this LiOH comes from either the electrolyte

decomposition (the Fe NPs formed during anode lithiation can catalyse such process) or from the



presence of a native OH layer at FesOs NPs. The presence of OH groups can be evidenced through
Raman and FTIR spectra of the hybrids, as shown in Figure S7. Besides Eg, T2g(2) and Axg first-order
bands of magnetite in the Raman spectra, the FTIR reveals two bands around 880 and 790 cm™. These
can be assigned to Fe-O-H bending vibrations of surface FeOOH groups [49]. Therefore, the presence
of surface hydroxyl groups due to the alkaline conditions of the hybrids syntheses could explain the

formation of LiOH and the corresponding increase in the specific capacity.
[Figure 6]

The Fez04-G hybrid anodes were further tested at different current densities and the resulting
specific capacities and coulombic efficiencies at each rate are depicted in Figure 6. The Fez0s-G2
hybrid exhibits the best rate performance in terms of specific capacity, even at high current densities
such as 2.00 A g%, where the capacity is 485 mA h g* compared to 310 mA h g and 80 mA h g* for
the Fes04-G17 and Fez04-G410 anodes, respectively. Despite the material under analysis, all of them
display a good coulombic efficiency and excellent reversibility, as after heavy testing at various rates
for 150 cycles the capacity is restored to the initial values at a current density of 0.10 A g*. The charge-

discharge profiles corresponding to the different current densities are presented in Figure S8.

In addition, the electrochemical performance of the in-situ synthesized hybrids were compared
to homologous anodes prepared by physical mixture of G2, G17 and G410 with Fe3Os NPs,
maintaining the same weight proportion and preparation methodology as the hybrids (shown in Figure
S9 in the Supporting Information). In all the cases, the anodes based on the chemically prepared
hybrids present a better performance, less capacity fade and greater capacities than the anodes prepared
by physical mixture, indicating that the close contact and selective deposition of the magnetite NPs
near the edges of graphite flakes through the in-situ synthesis is highly beneficial and necessary for

attaining the outstanding cyclability.

[Figure 7]



Figure 7 depicts the EIS spectra of the anodes at 3.000 V (delithiated, panel A) and at 0.010 V
(lithiated, panel B). EIS spectra of delithiaded anodes were modelled with the equivalent circuit shown
in Scheme 1. It consists of an ohmic resistance (Ro) corresponding to the high-frequency zero crossing
in the Nyquist plots, a first parallel circuit (Rsei || Qsei) related to the influence of the SEI on the Li*
migration in the high frequency region, a second parallel circuit (Ret || Qct) ascribed to the charge
transfer reaction due to Li* intercalation/conversion at mid-frequencies, and a Warburg diffusion
element (W) at low frequencies [47]. The EIS spectra of panel B were fitted with the circuit presented
in Scheme 2: in this case, instead of W element a low frequency semicircle appears, corresponding to
the parallel circuit (Rpore || Qpore). This process arises due to the presence of porous sublayers through
the composite electrode, as a consequence of a non-oriented distribution of graphite particles and the

formation of pores [50].
[Scheme 1]
[Scheme 2]

Both Rct and Rsei (depicted in panel A and B of Figure 8, respectively) increase with the
graphite flake size of the hybrids: the amount of FesOs loading and cross sectional area for
electrochemical processes increase for smaller sizes, which favours charge transfer and generates a
more stable and conductive SEI. These conclusions are in agreement with the CV and galvanostatic
charge/discharge previously shown. It is noteworthy that the resistances rise from the delithiated to the
fully lithiated state, by comparing black and red bars in panels A and B. The explanation for this
behavior in the electrodes’ impedance at low potentials is related to an increase in the Li* concentration
in the Fe304-G side, which slows down the rate of Li* migration through the surface films because of

a decrease in the potential drop across the graphite/film/solution interface [47].

[Figure 8]



The porous structure of the anode films on the Cu foil generates the characteristic low
frequency semicircle that gives further insights for understanding the better performance of the smaller
flake size hybrid. Figure 8 C displays Rpore and Qpore for each electrode, showing that upon reducing
the Fe304-G particle size, the resistance diminishes and the capacitance growths. SEM images of
Figure 1 D, E and F (and thickness measurements) revealed that the porosity was higher for Fe3Os-
G2 anodes while Fe304-G410 laminate was very compact. Therefore, the films’ morphology also
controls the electrochemical properties of the anodes, since for the most porous Fe30s-G2 electrode,
Rpore is lower and Qpore is the highest as a consequence of its greater effective electroactive area for Li*

diffusion and charge transfer.

4. CONCLUSIONS

Fez04-G hybrid materials were successfully synthesized using different graphite particle sizes.
The as-synthesized hybrids were used as anode materials for LIBs, exhibiting an excellent cycling
capability and rate performance. It is found that the different graphite flakes sizes determine not only
the amount of immobilized magnetite, but also the film morphology. These aspects modify the
electrochemical performance of the FesO4-G anodes, obtaining the best response with the smallest
graphite size and a percentage of only 16% of the immobilized magnetite. This behavior is explained
considering that the amount of FesO4 loading and cross-sectional area for electrochemical processes
increase when reducing the graphite’s size, favoring the charge transfer and generating a more stable
and conductive SEI, as a result of the great synergy between these two materials. The chemically
obtained hybrids present a better electrochemical performance in comparison with the counterparts
obtained by physical mixing, showing the great connection between magnetite nanoparticles and
graphite. In terms of specific capacity, the best response is obtained using Fes04-G2 as anode, which

had 845 and 485 mA h g at current densities of 0.10 and 2.00 A g, respectively. All these



characteristics make this material a great promise for improving electrochemical performance of

graphite-based anodes in lithium ion batteries.
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FIGURES & TABLES CAPTIONS

Figure 1. TEM images of Fe304-G2 (A), Fe3s04-G17 (B) and Fe304-G410 (C). SEM images of the

anodes of Fe30s-G2 (D), Fes04-G17 (E) and Fe304-G410 (F).

Figure2. XRD patterns for the slurries made of Fe304-G2 (a), Fe304-G17 (b) and Fe304-G410 (c).
Reflection peaks indexed with (*) correspond to the spinel phase of magnetite and the peaks

corresponding to the reflections of hexagonal structure of graphite are indexed with (®).

Figure 3. TGA profiles for G2 (A), G17 (B) and G410 (C) samples, performed in air at a heating rate
of 10 °C min™. The dashed lines correspond to the thermograms of pure graphite samples and the full

lines, to the Fe3s04-G hybrids.

Figure 4. Representative CV curves (scan rate = 0.0001 Vs™) of the 1st (grey lines) and 5th cycle for
the Fes04-G2 (A), Fes04-G17 (B) and Fe304-G410 (C) hybrid anodes. The contribution to the current

of the lithiation/delithiation of Fe3O4 (red lines) and graphite (blue lines) are depicted at the 5th cycle.

Figure 5. Representative galvanostatic lithiation profile (black curve and axes) and the derived dQ/dV
plot (blue curve and axes) at 0.10 Ag™ for the Fes04-G2 (A), Fes04-G17 (B) and Fez04-G410 (C)
anodes. The red-shaded region corresponds to the FesO4 conversion reaction and the grey-shaded one,

to the graphite intercalation reaction.



Figure 6. Rate capabilities (full symbols) and coulombic efficiencies (empty symbols) of Fez0s-G2
(@), Fe304-G17 (m) and Fe30s-G410 (4) hybrid anodes at various current densities. The specific

capacities correspond to the lithiation cycle.

Figure 7. EIS spectra of Fe304-G2 (W), Fe30s-G17 (@) and Fe304-G410 (4A) hybrid anodes taken at
3.000 V (delithiated, A) and at 0.010 V (lithiated, B). The full lines represent the fittings with the
appropriate equivalent circuit. Conditions: Eqc = 0.c.p., amplitude = 5 mV, frequency range = 10° — 10°

2Hz.

Figure 8.Variation of Ret (A) and Rsgi (B) with the graphite flake size of FesOs-G hybrids anodes
obtained from EIS spectra of Figure 7, at delithiated 3.000 V (black bars) and lithiated 0.010 V (red
bars) states. (C) Variation of Rpore (left axis) and Qpore (right axis) with the G flake size of Fez0s-G

hybrids anodes obtained from EIS spectra of Figure 7 B, at lithiated 0.010 V.

Scheme 1. Equivalent circuit for delithiated anodes.

Scheme 2. Equivalent circuit for lithiated anodes.
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Table 1. Onset temperatures (To) for graphites and FesO04-G hybrids, and FesOs-loadings of each

sample. The data were calculated from the TGA profiles of Figure 3.

TABLE 1

Onset temperatures/°C

- . Fe304 content(wt%)
without Fe304 with Fe3O4




Fes04-G2 700 550 16
Fes04-G17 745 666 11
Fes04-G410 874 828 12

Table 2. Specific capacities and coulombic efficiencies for the Fe304-G hybrids anodes and Fe3O4
lithiation contribution to the total specific capacity of each hybrid. The data were obtained from the

charge-discharge profiles presented in Figure 5.

- _ Coulombic Fe304 contribution to
Specific capacity/mA h g* o - ) .
efficiency(%) specific capacity(%)
Fes04-G2 845 98.9 42
Fes04-G17 633 98.1 34
Fe304-G410 348 96.0 43

* Calculated as the ratio between the specific capacity in the FesOx lithiation region (between 1.500 and 0.250
V) and the total specific capacity.



