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A B S T R A C T

We report a nanocomposite material exhibiting ultra-small Fe3O4 nanoparticles uniformly decorated on hollow
carbon spheres (Fe3O4@HCS). The unique hierarchically-structured material displays excellent electrochemical
cycling performance that exceeds the theoretical bulk capacity of Fe3O4 when used as an anode in lithium-
ion batteries. In particular, it features increasing reversible capacity upon cycling yielding 1050 mAh g−1at
0.1 A g−1 in cycle 250. Comprehensive scanning and transmission electron microscopy images combined with
detailed electrochemical analysis demonstrate that the outstanding electrochemical performance can be traced
back to the formation and decomposition of a capacitative surface layer during dis/charging.
1. Introduction

Over the past three decades, due to their high energy density,
high Coulombic efficiency, and long cycle life, rechargeable lithium-ion
batteries (LIBs) have been widely used in portable electronic devices,
stationary energy storage devices, and electric vehicles. However, there
is still a gap between existing batteries as well as their active electrode
materials and, the enormous demand for batteries with ever higher
energy density, cycle stability and environmental compatibility. There-
fore, the development of alternative battery materials is imperative.
Transition metal oxides (TMOs), with their attractive theoretical (bulk)
capacities due to the multiple-electron transfer conversion reaction
taking place with Li+ ions are considered a promising alternative anode
material for LIBs [1–8]. Among them, based on its low cost, environ-
mentally friendly nature, and high theoretical capacity of 926mAhg−1,
Fe3O4 is one of the most promising anode materials for the next-
generation of LIBs [1,9–11]. However, large volume changes of Fe3O4
anodes during cycling, leading to particle cracking, electrode pulver-
ization and premature electrode collapse, prevent full exploitation of
Fe3O4 as a LIB anode material [12]. To address these issues, several
strategies have been developed to improve the structural integrity
of Fe3O4-based anode materials, like the fabrication of Fe3O4-carbon
composites and particle size reduction to the nanometer-scale [13].
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E-mail addresses: lennart.singer@kip.uni-heidelberg.de (L. Singer), klingeler@kip.uni-heidelberg.de (R. Klingeler).

Particularly, downsizing of Fe3O4 particles into the few nanometer
regime has been found to result in further positive effects such as
the possibility to even exceed the proposed theoretical bulk capac-
ity [10,14,15]. For the observed extra capacity, two different scenarios
are discussed in the literature: (1) surface side reactions including the
SEI [1,16] and/or (2) storage of spin polarized electrons at the surface
of the formed iron metal particles [17] described by interfacial charge
storage theory [18–20]. In both scenarios, the amount of additional
stored charges strongly depends on the size and surface area of the
electrochemically formed iron particles. The smaller the formed iron
particles, the greater their combined surface area and surface to vol-
ume ratio, leading to more possible reaction sites. The size of the
electrochemically formed iron particles in turn strongly depends on
the size of the pristine Fe3O4 particles in the material [10,14,17].
Beyond the amount of additional capacity of nanoscaled Fe3O4, most
of the materials do not reach maximum capacity directly, they instead
exhibit an increasing capacity during cycling. The phenomenon of
the increasing capacity during cycling is even less understood and
discussed in literature as the origin behind the extra capacity of Fe3O4.
One powerful way to investigate both, the origin and the rise of the
extra capacity is electrochemical impedance spectroscopy (EIS). EIS
allows to study complex electrochemical processes and kinetics with the
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ability to deconvolute them into elementary processes according to the
difference in the specific relaxation time constants [21–24]. This can
particularly be used to invisible interfaces and surface layer, like the
SEI and the double-layers [21–24]. Following the theories concerning
the extra capacity EIS promises to be an ideal tool to get a deeper
insight into the phenomenon of extra capacity and the rise of it. We
report the hybrid material Fe3O4@HCS exhibiting exceptionally small
Fe3O4 particles uniformly distributed on hollow carbon spheres. The
presented Fe3O4@HCS impress not only with a compelling electro-
chemical performance of 1050 mAh g−1 at 0.1 A g−1 in cycle 250,
it also displays an distinctive extra capacity with a constant increase
during cycling. Our detailed electrochemical studies on Fe3O4@HCS
combined with deep in situ electrochemical impedance spectroscopy
measurements which are completed wit ex situ SEM und TEM images
enabled to clarify the picture behind the extra capacity of Fe3O4 and
ts rise. Our results demonstrate, that the reversibly, growing extra
apacity, reaching values well beyond the theoretical capacity can be
raced back to an gradual formation and decomposition of a capacitive
urface layer.

. Experimental section

ynthesis of SiO2–NH2 template

To begin, a template for the growth of the final structure was
repared. For that, 6 ml of tetraethoxysilane (TEOS) was added drop
ise, to a ethanol (200 ml), NH3⋅H2O (10 ml) mixture and stirred at

oom temperature for 24 h. In order to attach NH2 groups to the sil-
ca, additional functionalization with (3-Aminopropyl)triethoxysilane
APTES) was performed. This was done by adding 0.6 ml of APTES to
he prepared mixture and stirred for the next 4 h. Finally, the obtained
ample was centrifuged and the sediment was dried at 60 ◦C overnight.

ynthesis of carbon spheres from glucose (HCS)

In order to cover the SiO2-NH2 with a glucose layer, 0.6 g of the
SiO2-NH2 prepared in the previous step and 0.6 g of glucose were added
to 100 ml of water and sonicated for 30 min. Coating was then done
in an Teflon-lined autoclave at 180 ◦C for 12 h. After, the glucose-
oated silica was placed in a tube furnace, carbonization was carried
ut at 800 ◦C for 2 h under nitrogen atmosphere. Finally, the silica was
emoved with HF to obtain hollow carbon spheres based on glucose.

ynthesis of carbon spheres functionalized with iron oxide nanoparticles
Fe3O4@HCS)

Functionalization of hollow carbon spheres with iron oxide nanopar-
icles was performed by mixing 100 mg of HCS and 50 mg of iron(III)
cetylacetonate in 30 ml triethylenglycol followed by sonication for
0 min. The mixture was then heated under reflux and nitrogen
tmosphere to 278 ◦C at a heating rate of 3 ◦C/min. After cooling
he mixture to room temperature, the product was precipitated with
thanol, washed and dried at 60 ◦C overnight.

haracterization

X-ray diffraction (XRD) patterns were acquired on a Bruker AXS D8
dvance Eco using Cu K𝛼 radiation with a step size of 2𝜃 = 0.02◦. The
arbon content was determined by CHN analysis on a Elementar Vario
ICRO Cube. The morphology of the powder was studied using a JEOL

SM-7610F scanning electron microscope (SEM) and a transmission
lectron microscope with EDS attachment (TEM, Tecnai F30). Raman
pectra were measured using a Via Raman Microscope (Renishaw) with
n excitation wavelength of 785 nm. X-ray photoelectron (XP) spec-
ra were measured with a MAX200 (Leybold-Heraeus) spectrometer
quipped with a non-monochromatized Mg K𝛼 X-ray source (200 W)
2

and a hemispherical analyzer. The powder materials were pressed into
clean indium foil and thinned by a brush to suppress charging effects,
following established methodology [25]. Magnetic measurements were
performed on Fe3O4@HCS powder samples using an MPMS3 magne-
tometer (Quantum Design). Magnetization was measured by varying
the temperature between 2 and 300 K using zero-field-cooled (ZFC) and
field-cooled (FC) protocols at 0.05 T. Isothermal magnetization was
studied at 2 and 200 K in magnetic fields up to ±7 T.

Electrochemical measurements

Electrochemical measurements were performed on a VMP3 po-
tentiostat (BioLogic) at 25 ◦C. Working electrodes were prepared by
mixing the active material 80%wt, carbon black (TIMCAL SUPER
C65) 10%wt, and polyvinylidene fluoride (PVDF) 10%wt in N-methyl-
2-pyrrolidinone (NMP). The mixture was then stirred for 24 h be-
fore spreading the resulting slurry on (Ø=10mm, thickness=0.25 mm,
weight=53.8 mg) copper mesh current collectors (see [26]). The as-
prepared electrodes were dried in a vacuum oven (80 ◦C, 10 mbar)
overnight, then pressed and dried again. The active material mass
loading of the prepared electrodes ranged between 0.9 and 1.7 mg
cm−2. Glass fiber (Whatman GF/D, 675 μm thickness) was used as
the separator and pure lithium metal foil (Aldrich) as the counter
electrode. As electrolyte 120 μl of 1 M LiPF6 in a mixture of ethylene
carbonate and dimethyl carbonate (1:1 by weight) was used. CR 2032
coin cells were used for cyclic voltammetry and galvanostatic cycle
measurements with potential limitation (GCPL). For potentiostatic elec-
trochemical impedance measurements (PEIS), a 3-electrode PAT-Cell
from EL-CELL was used, with a ring-shaped lithium metal reference
electrode close to the working electrode. Cell assembly was performed
in an Ar-filled glovebox with controlled humidity and oxygen concen-
tration. Cyclic voltammetry was performed at a scan rate of 0.1 mVs−1,
GCPL at specific currents, each in the voltage range of 0.01–3.0 V vs.
Li∕Li+. For the normalization of the specific capacity, the mass of all
electrochemically active materials is taken into account, i.e. carbon
black plus Fe3O4@HCS. For the PEIS measurements, the small dis-
turbance of 10 mV in the frequency range from 200 kHz to 1 mHz
was selected. To ensure time invariance of the measurement as well
as a steady state, a 16 h OVC (open circuit voltage) was performed
before each PEIS measurement, and a second control PEIS measurement
was performed directly afterwards. For monitoring the micro-structural
changes of Fe3O4@HCS during cycling, ex-situ SEM, TEM images were
acquired using a JEOL JSM-7610F scanning electron microscope and a
Tecnai F30 TEM, respectively. The cycled electrodes were disassembled
in an argon glove box, washed with ethylene carbonate, and then dried
overnight.

3. Results and discussion

3.1. Structure, morphology, and composition of Fe3O4@HCS

Fig. 1 shows X-ray diffractograms of the synthesized materials,
i.e., Fe3O4@HCS and pure HCS. For HCS, a broad diffraction peak
is observed around 2𝜃 ≈ 23.5◦, which is characteristic of graphite
nd can be attributed to the (002) planes of graphitic carbon. This
road shoulder is also seen in the XRD pattern of Fe3O4@HCS, where
dditional Bragg reflections are observed, signaling a cubic spinel iron
xide structure, namely Fe3O4 (magnetite) or 𝛾 − Fe2O3 (maghemite).
ince the XRD patterns of magnetite and maghemite are very similar,
he XRD data alone do not distinguish these structures [29,30]. We
lso note that the respective Bragg peaks are rather broad and of low-
ntensity which may be attributed to small crystal size and/or low
rystallinity of Fe𝑥O𝑦-particles present in the composite [31]. The aver-
ge primary crystallite size of the as-synthesized samples was estimated
sing Scherrer’s equation [32],

ℎ𝑘𝑙 =
𝐾𝜆 (1)
𝛥(2𝜃ℎ𝑘𝑙) cos 𝜃ℎ𝑘𝑙
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Fig. 1. XRD patterns of HCS and Fe3O4@HCS as well as indexed reference patterns
for 𝛾 − Fe2O3 COD No. 9006316 [27] and Fe3O4 COD No. 9006247 [28].

Fig. 2. Fe2𝑝 XP spectra of Fe3O4@HCS and HCS. The red solid lines show a binning of
the data points. The peak marked by the asterisks originates from the used In substrate
(In 3𝑝1∕2).

where 𝐷 is the average crystal grain size based on the respective
reflective crystal face direction (ℎ𝑘𝑙), 𝐾 a shape factor that can be ap-
proximated to 0.9, 𝜆 is the wavelength of the applied Cu 𝐾𝛼 radiation,
𝛥(2𝜃ℎ𝑘𝑙) the full width at the half maximum of the diffraction peak, and
𝜃ℎ𝑘𝑙 the Bragg angle. The analysis of the (311) and (440) reflections
yields the crystallite size 𝑑XRD ≃ 11(3) nm.

Elemental analysis of the sample Fe3O4@HCS shows a weight per-
centage of carbon of about 53.7(5) w%, as well as residuals of nitrogen
of 2.7(5) w% and 1.5(5)w% of hydrogen. We hence conclude that the
remaining mass fraction of 42.1w% amounts to the iron oxide content
in the composite.

For the unambiguous determination of the iron oxide phase present,
XPS measurements were performed which can differentiate the pres-
ence of Fe2+ and Fe3+ ions. Fig. 2 shows the XP spectra of Fe2𝑝 of
Fe3O4@HCS and HCS. The spectra on Fe3O4@HCS display broad peaks
at 710.6 (2p3∕2) and 724.2 eV (2p1∕2) which are typical of Fe3O4 [30].
In addition, Fe O can be excluded since the characteristic satellite
3

2 3
peak at 719.2 eV is not perceptible [33]. These findings clearly rule
out the presence of Fe2O3 and imply that the formed oxide in the
hybrid nanomaterial is Fe3O4. Note, that an additional peak at around
704 eV which is visible in both pure HCS and Fe3O4@HCS spectra
is the characteristic In 3𝑝1∕2 line of the indium substrate used. Com-
plementary XPS data can be found in the Supporting Information. In
particular, the survey spectrum in S1a displays the presence of O, C, In
and Fe without any detectable impurity. The comparison of C1s spectra
of pure HCS and Fe3O4@HCS (S1b) as well as the respective Raman
spectra (S2) show moreover no change of the carbon structure during
the functionalization of HCS with the iron oxide nanoparticles, which
demonstrates the HCS as a well-preserved, well-conducting carbon
buffer matrix for the ultra-small magnetite nanoparticles.

The typical spherical shape of both as-synthesized HCS and
Fe3O4@HCS is confirmed by SEM and TEM studies which visualize
the morphology and micro-structure of the materials (see Fig. 3). In
Fe3O4@HCS, in addition to bare HCS (Fig. 3a,b) which are about
50 nm in diameter, the images Fig. 3c to f show the presence of
venly dispersed nano-sized iron oxide particles. High-resolution TEM
mages (shown in Fig. 3f,h) additionally highlight that the iron oxide
articles, are not loosely deposited on the HCS, they are embedded in
he HCS framework. The observed crystalline region in Fig. 3h marked
n red, displays a d-spacing of 0.25 nm an can hence be attributed to
he (311)-plane of Fe3O4.

Additionally the TEM-EDX measurements (see Fig. S3 in the Sup-
lement) furthermore prove the uniform distribution of Fe, O, and C.
e note the exceptionally small size of the nanoparticles which display
maximum diameter well below 20 nm. This agrees to the results of

he XRD analysis which implies crystallites with an average diameter
f 𝑑XRD ≃ 11 nm. One can hence conclude that most of the iron oxide
articles are single crystalline.

.2. Magnetic properties

The presence of ferromagnetism in Fe3O4 renders magnetic studies
meaningful tool to further investigate iron oxide nanoparticles in a

ybrid nanomaterial [34]. While the weak diamagnetic contribution of
arbon can be neglected, the magnetization curve in Fig. 4b confirms
he overall ferromagnetic response of Fe3O4@HCS. Quantitatively, the
bserved saturation magnetization amounts to about 18 erg/gFe3O4
hich is much lower than that of bulk Fe3O4 (𝑀𝑠 = 92 erg/gFe3O4

) [35].
educed saturation magnetization of iron oxide nanoparticles is a
nown phenomenon and is attributed to surface effects, which, in
anoparticles, can dominate the properties due to the large surface to
ulk ratio [30,36].

The difference in field-cooled (fc) and zero-field-cooled (zfc) mag-
etization data which is observed upon cooling below about 100 K
onfirms the presence of superparamagnetism in Fe3O4@HCS (Fig. 4b).
his is also visible in the 𝑀 vs. 𝐵 curves in Fig. 4a which display
significant increase of the hysteresis, i.e., of the critical field, upon

ooling to 2 K. The data allow to read-off the characteristic blocking
emperature 𝑇B which is particularly evident when the derivative of the
ifference of 𝑀fc and 𝑀zfc is considered (see the inset in Fig. 4b) [37,
8]. The peak in 𝜕(𝑀fc−𝑀zfc)∕𝜕𝑇 at 𝑇B ≈ 5 K implies the characteristic
locking temperature. Note, that the observation of a small hysteresis
bove 𝑇B suggests that few particles remain blocked up to about 100 K,
hich is also the maximum of the zfc curve and therefore implies
nother characteristic blocking temperature. As the blocking temper-
ture depends on the particle size, this suggests a certain distribution
f particle sizes with however a clear signature attributed to the mean.
rom 𝑇B, the mean particle volume can be estimated as [39]

=
𝑇B25𝑘B

𝐾𝑢
(2)

with 𝑘B the Boltzman constant and 𝐾𝑢 the magnetic anisotropy con-
4 −3
stant. Using the anisotropy constant of bulk Fe3O4 of 1.35×10 Jm [40]
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Fig. 3. TEM images of HCS (a,b) as well as SEM (c,d) and TEM (e-h) images of Fe3O4@HCS. The red color used marks a crystalline region.
Fig. 4. (a) Magnetization of Fe3O4@HCS vs. magnetic field, at 2 K and 200 K and (b)
vs. temperature at 𝐵 = 0.05 T. The inset shows the derivative of the difference between
field-cooled (fc) and zero-field-cooled (zfc) magnetization.

and the two characteristic temperatures, the average particle diameter
can be roughly estimated to ∼10 nm which agrees to the analysis of
the TEM data and 𝑑XRD. The sharp low-temperature peak at 5 K in
particular indicates particles of 6 nm in diameter in the material.

3.3. Electrochemical studies

The hierarchical structure of Fe3O4@HCS featuring nano-sized par-
ticles of the oxide conversion material embedded in a hollow carbon
matrix was studied by cyclic voltammetry and galvanostatic cycling
(GCPL) in the voltage range of 0.01 – 3 V vs. Li/Li+. In order to assess
the effects of the carbon matrix, measurements were performed on
pristine HCS under the same conditions. The complete electrochemical
reaction path of bulk Fe3O4 can be expressed as follows [10,17,41]:

Fe3O4 + 2Li+ + 2e− ←←→ Li2Fe3O4 (3)

Li2Fe3O4 + 2e− + 2Li+ ↔ 2(Li2O ⋅ FeO) + Fe (4)

FeO + 2e− + 2Li+ ↔ Fe + Li2O (5)

Fe3O4 + 8Li+ + 8e− ←←→ 3Fe + 4Li2O (6)
4

Fig. 5. Cyclic voltammogramms of cycle 1, 2, 5, and 10 of (a) Fe3O4@HCS and (b)
HCS measured at a scan rate of 0.1 mV s−1. The labels 𝑅∕𝑂 mark distinct reduction
and oxidation features.

Various processes can be identified in the cyclic voltammogramms
(CVs) presented in Fig. 5. For pristine HCS (see Fig. 5b) the data
indicate the formation of a passivating SEI (solid electrolyte interface)
on the carbon surfaces as evidenced by the first-cycle reduction peak
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(𝑅SEI) at 0.6 V [42]. Correspondingly, the SEI peak disappears upon
further cycling. In addition, the data show a reduction/oxidation pair
at 0.01/0.2 V (𝑅C/𝑂C) attributed to the reversible de-/lithiation into
the carbon structures. Both the evolution of the features upon cycling,
as well as tiny peaks around 0.8 V (reduction) and 1.2 V (oxidation),
originating from lithium insertion/extraction into/from defects in the
carbon structure, are typical for pristine HCS [43–47]. For Fe3O4@HCS,
here are several additional features indicating the electrochemical
ctivity of iron oxide (Fig. 5a). The first cycle is fundamentally different
rom the following ones and displays the irreversible transformation
f Fe3O4 during the first lithiation in agreement with previous re-
orts [9,10,41,48,49]. The first peak at 1.4 V is assigned to the initial
ncorporation of Li+ cations into the Fe3O4 structure (Eq. (3)), the
econd peak at 1.0 V corresponds to the phase change from spinel Fe3O4
o rock salt FeO during additional Li+ incorporation (Eq. (4)), and the
hird peak at 0.6 V is assigned to both the conversion reaction FeO to
lemental Fe (Eq. (5)) and the formation of the SEI. Upon subsequent
elithiation, Fe3O4 does not reappear but the FeO structure is formed in
he O1 region [1,9,10]. In the subsequent cycles the reversible Fe2+ ↔
e0 reaction is the remaining reaction happening in the R*/O1 region,
eading to a theoretical reversible bulk capacity of Fe3O4 after the first
ycle of 694 mAhg−1 [10].

The galvanostatic cycling performance of Fe3O4@HCS with respect
o pristine HCS-based electrodes is shown in Fig. 6a where dis-/charge
apacities are presented. Fe3O4@HCS shows an initial discharge ca-
acity of 1620 mAh g−1. In contrast, the first charge yields only 600
Ah g−1. The reason for the significantly higher discharge capacity

an be traced back to firstly, the irreversible formation of the SEI and
econdly, the irreversible conversion of Fe3O4, both taking place in the
oltage region below 1 V (see the potential profile of the first cycle
n Fig. 6b), which results in an irreversible capacity component of the
irst discharge cycle. In the next 20 cycles, a further slight decrease
n the converted specific capacity towards 520 mAh g−1 is observed.
hereafter, the converted capacity increases steadily up to 1050 mAh
−1 in cycle 240 and then levels off slightly. Note, that the measured
pecific capacity of Fe3O4@HCS-based electrodes after 250 cycles sig-
ificantly exceeds the postulated theoretical reversible capacity even
or pure iron oxide of 694 mAh g−1. As it will be discussed below,
he exceedingly small size of the initial Fe3O4 nanoparticles presented
ere may be advantageous for the effect of additional capacity [10].
t is noteworthy that over the entire number of cycles, discharging
onverts more capacity than charging. The same trend is reflected in
he Coulombic efficiency (see Fig. S4a), which displays an increase
ver the entire 250 cycles. The sharp increase in the first cycles is due
o the step wise decrease of the irreversible components of the first
ischarge cycles. In the almost constant capacity range up to cycle 50,
he coulombic efficiency increases to 96%, which is also clearly visible
n the reduced gap between discharge capacity and charge capacity.
n the next 200 cycles, the increase becomes smaller and smaller
ntil finally a coulombic efficiency of 98.5% is reached in cycle 250.
eanwhile, pure HCS shows initial irreversibility and rather constant

apacity upon cycling similar to previous reports [50,51]. An estimate
f the contribution of only the Fe3O4 component in Fe3O4@HCS to the
onverted specific capacity can be made by subtracting the capacity of
CS according to its mass fraction. The resulting capacity of the ultra-

mall Fe3O4-nanoparticles in the hybrid materials is shown in Fig. 6a.
fter a few cycles, it displays a reversible capacity of about 820 mAh
−1

Fe3O4 . As already qualitatively seen by the rather constant cycling
erformance of pure HCS, the increase in capacity of Fe3O4@HCS
s due to the Fe3O4-subsystem which reaches more than 2000 mAh
−1

Fe3O4 after 250 cycles. This value by far exceeds the theoretical
eversible capacity associated with the electrochemical reactions shown
bove, clearly insinuating an enormous additional mechanism of charge
torage.

Further insight into this phenomenon is gained by considering the
5

orresponding potential curves in cycles 50, 100 and 200 shown in c
Fig. 6. (a) Specific charge/discharge capacities of Fe3O4@HCS and HCS electrodes at
100 mA g−1 between 0.01 and 3 V. (b) Selected corresponding potential profiles of
Fe3O4@HCS electrodes. (c) Rate capacities with different cycling rates of Fe3O4@HCS
nd HCS electrode. (d) Rate capacities obtained at different cycling rates of Fe3O4@HCS
fter 120 cycles at 0.05 Ag−1. Full/open markers indicate de/lithiation.

ig. 6b. The potential curves of the discharge cycles imply due to the
arge overlap of the curves at high voltages that the increase in the
chieved specific capacity upon cycling is mostly achieved in the low
oltage range below 1 V. Since a low average discharge potential is
onsidered as the main criterion for the positive prospect of industrial
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a

application, the result that the pronounced additional storage process
occurs at low voltages is of utmost importance [52]. The low average
discharge potential of our Fe3O4@HCS of about 0.5 V makes it again
stand out compared to other Fe3O4 composites whose average discharge
potential is around 1 V [9,53–56] and demonstrates its outstanding
properties also from this point of view. From the charge curves it
becomes apparent that strong differences upon charging in different
cycles appear only in the range of more than one volt. These findings
indicate a large voltage hysteresis of the underlying process, which is
a common phenomenon in conversion based materials [57].

In Fig. 6c the superior performance of Fe3O4@HCS is shown by the
rate capability test. It yields a reversible capacity of 400, 310, 250
and 200 mAh g−1, respectively, for Fe3O4@HCS and 230, 170, 130,
100 mAh g−1 for HCS at currents of 0.1, 0.25, 0.5, 1 A g−1. When the
current density is set again to 0.1 A g−1, the reversible capacity reaches
400 mAh g−1 demonstrating excellent reversibility of the Fe3O4@HCS-
based electrode. Notably, as cycling continues, the capacity begins to
immediately increases. Just shortly before the 300th cycle, the capacity
hardly increases further and remains constant at a value of around
1000 mAh g−1 for the next 40 cycles.

To investigate the rate capability of Fe3O4@HCS in the regime
where the capacity has increased upon cycling, a rate capability study
was performed after 120 cycles at 0.05 Ag−1 when the reversible
capacity reached 900 mAh g−1 (see Fig. 6d). The achieved capacity in
the entire current range is about twice as high as compared to the rate
measurements done in the beginning of cycling, so that at 0.1, 0.25,
0.5, 1 and 2 A g−1 a capacity of 750, 550, 400, 300 and 220 mAh
g−1 is achieved, respectively. While the attained capacity increased
significantly due to the decrease at higher current rates, the kinetic
behavior remains similar to that observed in the initial cycles. Fig. S4a
in the Supplement further shows that, at a consistently high current rate
of 1 A g−1, there is no large increase in capacity over 500 cycles. This
indicates that the process which yields increasing capacity has slow
kinetics or is unable to take place at high current rate. In contrast, in
a constant current constant voltage (CCCV) measurement, the capacity
gain per cycle significantly increases to around 20 mAh g−1 as shown in
Fig. S4b. Note, that in this measurement the difference between charge
and discharge is larger, too. In order to study whether and to which
extent the capacity increases in the low voltage range alone, the voltage
was limited from 0.01 to 1 V after the lithiation in cycle 13. The data in
Fig. S4b after 13 cycles show that the capacity only increases minimally
in the limited potential range from 0.01 to 1 V. The increase in capacity
during cycling is therefore taking place over the entire voltage range.

Electrochemical impedance measurements on Fe3O4@HCS provide
further insights into the electrochemical processes and their kinetics.
The measurements have been performed at specific states of charge at
frequencies between 200 kHz and 0.1 Hz (see Fig. S5). In Fig. 7 the
corresponding Nyquist diagrams are displayed as well as fits to the
data performed using the function Z Fit of the software EC-Lab (Bio-
Logic) and the equivalent circuit shown in Fig. S6. The obtained fitting
parameters are shown in Table S1.

After OCV, the Nyquist plot features a depressed semicircle in the
high to medium frequency range reflecting the charge transfer (CT)
resistance between electrolyte and electrode material. This is followed
by a steep increase in the low-frequency range which slope represents
the Li+ diffusion impedance. The EIS after the first discharge displays
an elevated high-frequency semicircle and in addition, a further, clearly
visible semicircle starts to appear in the medium frequency range. Upon
first charging, the 2nd semicircle disappears. The same trend, with an
even more pronounced effect, is also detected after 10 cycles. Here
again, it is evident that when fully charged, only a small semicircle is
visible, whereas after complete discharge, two, now very pronounced
semicircles are present. A quantitative analysis by fitting the data with
the appropriate equivalent circuit (see Fig. S6) yields the enables to
assess the effect of cycling on the electrolyte and CT resistances (𝑅E
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nd 𝑅ct), and double layer capacitance (𝑄ct) ( Table S1). The results
Fig. 7. Nyquist plot for Fe3O4@HCS measured at different state of charge. Solid lines
show fits according to the equivalent circuit used (see the text). The arrows/asterisks
mark the measured impedance at the frequency 10 Hz.

confirm and specify the qualitative conclusions. In particular, the data
yield 𝑅E ∼ 3 Ω while the CT resistance amounts to around ∼50 Ω
and 𝑄ct ∼5 μF. 𝑅ct as well as 𝑄ct are of the same magnitude as
reported in Ref. [48]. A main observation in the EIS profiles is the
appearance of the additional depressed semicircle in the discharged
state which in the equivalent circuit is modeled by 𝑅2 and 𝑄2. Such
a feature is normally attributed to an additional capacitance surface
layer. Our data imply that this surface layer is successively formed
and disappearing as well as growing upon cycling. This scenario is
corroborated by the fact that it is associated with a much slower process
as can be nicely seen when considering the impedance response at a
certain frequency, i.e., here 10 Hz, which is illustrated by the asterisks
in Fig. 7. Specifically, the impedance response at 10 Hz always is in
the minimum following the first semicircle. This observation allows
two conclusions: (1) The newly appearing 2nd semicircle clearly is
associated with a distinct and slower process with an innate time
constant. (2) For all states under study, the high-frequency semicircle
is characterized by a similar kinetics and can be assigned to the same
layer. In addition, the observation that the 2nd semicircle becomes
much more pronounced upon cycling indicates a possible explanation
for the increase of converted specific capacity because the associated
capacitance 𝑄2 increases from 0.4 mF in the first cycle to 12 mF in
cycle ten. The slower time constant of the evolving 2nd semicircle may
also be the reason behind the observed slow-down of the observed
rate-dependence of extra capacity at higher current rates in the GCPL
and GCPL rate measurements. As will be further discussed below and
following the literature, the second semicircle can be either associated
with reactions including the SEI [1,16] or with deposited spin-polarized
electrons at the iron nanoparticles surfaces [17], or both. Our results
render the usual SEI as the sole explanation for the respective process
very unlikely. Firstly, the fact that the 2nd semicircle largely recedes
upon charging would indicate nearly complete regression of the SEI
which is not very plausible. SEI-related processes are usually in the
high-frequency regime while the 2nd semicircle at hand appears at
intermediate time scales. Exemplarily, graphite shows two semicircles
in the fully charged state which do not regress and from which the
distinct high frequency semicircle corresponds to the SEI [58]. In
Fe3O4@HCS, the PEIS response of the SEI may be merged in the first
semicircle but a distinct process cannot be extracted from the data
which we attribute to similar kinetics of both processes. Though usual
SEI formation can be ruled out, surface side reactions of the SEI and
the formed iron metal nanoparticles which may result in the reversible
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Fig. 8. (a) Ex-situ SEM and (b) ex-situ TEM images of a discharged Fe3O4@HCS-electrode.
Table 1
Electrochemical performance of various Fe3O4/carbon nanocomposites in LIBs.
Active material Current

(A g−1)
Cycle
number

Capacity
(mAh g−1)

Ref.

Fe3O4 nanoflakes-RGO 0.1 150 900 [60]
Yolk-double shell Fe3O4@C@C 0.5 250 800 [61]
Fe3O4@-tubular mesoporous carbon 0.2 60 850 [56]
Fe3O4@-N-doped porous carbon nanospheres 0.1 100 1240 [15]
Hierarchical 3D Fe3O4@porous carbon matrix 0.2 C 100 1077 [54]
Fe3O4 hollow nanospheres in honeycomb
macroporous carbon

0.2 150 1050 [62]

Fe3O4@graphene quantum dots 0.1 200 900 [63]
Cake-like porous Fe3O4/C 0.1 100 600 [64]
Ultra-small Fe3O4@hollow carbon spheres 0.1 250 1050 This work
growth of a polymeric gel-like film are a possible explanation of the
observed second semicircle [59].

A scenario involving interfacial storage theory suggests charge stor-
age at the surface/contact area between the ionically conducting Li2O-
matrix (Li+ storage) and the electrically conducting iron centers (e−
storage). In this scenario, an additional semicircle appearing in the
mid frequency range of the EIS spectrum is proposed to signal such a
capacitative storage mechanism [65,66]. Qualitatively, our observation
of the mid-frequency extra semicircle only after charging seem to
support this assignment. However, a rough estimate of the associated
capacity based on geometrical considerations [67] questions this hy-
pothesis, too (for details see the Supplemental Information, section Sd).
Our measurements show that the reversibly accessible specific capacity
associated with Fe3O4-nanoparticles in our material is about 1300 mAh
g−1 larger than the postulated bulk capacity of Fe3O4. Since our data
show that the formed iron nanoparticles are at least 𝑑 ∼ 6 nm in
diameter, in a surface charge model the measured extra capacity would
be associated with a surface capacitance of more than 10 mF cm−2. This
value is orders of magnitude larger than the maximum double layer
capacitance of pure iron which is about 100 μF cm−2 [65,68]. We
hence exclude a significant impact of the interfacial storage mechanism
and, therefore, as an explanation for the observed strongly enhanced
capacity [65,69]. We hence must conclude that surface side reactions
of the formed iron metal nanoparticles and the SEI are most likely the
dominant effect behind the high extra capacity as well as the observed
additional medium frequency semicircle.

The effect of cycling on the materials microstructure is illustrated
by Fig. 8 and Fig. S7 which displays ex-situ SEM and TEM images
of Fe3O4@HCS-based electrodes after complete discharge. The SEM
images (see Figs. 8a and Fig. S7a-d) show that the HCS substructure
is practically unchanged even after 70 cycles, which confirms that the
HCS matrix forms a very stable framework. The iron oxide nanopar-
ticles on the contrary are no longer recognizable in the SEM image
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(Fig. 8a). We conclude that the formed iron nanoparticles are too small
to be resolved by SEM. Instead, a new layer is observed which may
be SEI and/or Li2O [54] that spans over the HCS and even connects
them (see Fig. S7c,d). This is also visible in corresponding TEM images
in Fig. 8b and Fig. S7e,f which illustrate the material at complete
discharge and a converted capacity of 800 mAh g−1. Here, the formed
iron particles are visible (black dots) and their size can be estimated
to well below 10 nm. It is again noticeable that the iron particles are
covered by some kind of layer, i.e., SEI or Li2O, as was already seen
by SEM. The layer even connects distant HCS with each other (see Fig.
S7e).

To relate the electrochemical performance of Fe3O4@HCS presented
here with other state-of-the-art Fe3O4 carbon composites from the
literature, Table 1 shows the electrochemical properties of different
Fe3O4 carbon composites. The table shows compatible or superior elec-
trochemical performance of the Fe3O4@HCS composite as compared to
other state-of-the-art Fe3O4 carbon composites.

4. Conclusions

In summary, a Fe3O4@HCS carbon composite is achieved by
straightforward low-temperature synthesis, which avoids Oswald ripen-
ing of the ultra-small Fe3O4-particles (∼10 nm) and furthermore yields
a uniform dispersion of the nanoparticles on the stable HCS structure.
The resulting hierarchical structure not only effectively prevents the
disadvantages of Fe3O4 such as pulverization due to the large volume
expansion upon electrochemical cycling, but moreover provides access
to extra capacity resulting from the nano-nature of Fe3O4. As a result,
the designed Fe3O4@HCS exhibits a high specific capacity of 1050 mAh
g−1 at 0.1 C and a stable cycling performance well above 300 cycles.
Furthermore demonstrates our detailed electrochemical analysis com-
bined with ex situ imaging that the process of the extra capacity and
its increase originates from a gradual formation and disappearance of
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a capacitive surface layer, hinting to reversible reactions between the
formed iron metal particles and the SEI. Notably, the design strategy
and the synthesis route have great potential to be extended to construct
other remarkable transition metal based carbon composites.
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