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a b s t r a c t

Nanosized particles of cobalt ferrite CoFe2O4 incorporated into multi-walled carbon nanotubes (CNT)
have been studied as anode material for Li-ion batteries. In order to evaluate the benefits of CNT shells,
the results are compared to bare CoFe2O4 nanoparticles. Electrochemical measurements by means of
cyclic voltammetry and galvanostatic cycling show typical redox activity associated with the ferrite
conversion reaction which implies that the filled nanomaterial is electrochemically active. Galvanostatic
cycling measurements reveal better cycling stability of the CNT-incorporated compared to the bare
ferrite nanoparticles. The data imply that embedding nanoparticles inside the protective and conductive
shells of CNTs opens a way to utilize high theoretical capacities of CoFe2O4 for electrochemical energy
storage.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

First row transition metal oxides have been known to be
promising materials for energy storage in lithium ion batteries
(LIBs) [1,2]. This is due to their large theoretical specific capacities
based on conversion mechanisms involving the reduction to their
metallic constituents and Li2O [3]. One of these promising con-
version materials is the here studied spinel-structured cobalt
ferrite CoFe2O4 which exhibits a theoretical capacity as large as
914 mA h g�1 if full conversion to Co and Fe is assumed, i.e.,
insertion of 8 Liþ/f.u. However, CoFe2O4 suffers from typical
drawbacks of oxide conversion materials such as bad conductivity
[4] and large volumetric changes upon the reaction with lithium
[1,5]. This causes mechanical degradation of thematerials including
its electrical insulation and associated poor cycle life. The resulting
capacity losses upon electrochemical cycling are the main reason
cs, Heidelberg University, INF
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that CoFe2O4 cannot be utilized as an electrode material in LIBs, yet.
One approach to overcome the material’s drawbacks has been the
fabrication of nano-porous morphologies, thereby compensating
for volumetric changes as well as improving the ionic conductivity
[6,7]. The impact of porosity on the cycling stability has been
demonstrated, e.g., by Fu et al. [8]. Highly improved reversible ca-
pacities have been reported for thin films [9], nanorods [10], and
nanospheres [11], among others [12e14]. Another approach em-
ploys embedding of the ferrite material inside highly conductive
carbon matrices in order to prevent CoFe2O4 from becoming elec-
trically insulated. Successful attempts have been done by using
CoFe2O4/C-fibers [15], coated graphene sheets [16], reduced gra-
phene oxide composites [17] and coated carbon nanotubes [18,19].
For this work, a composite of CoFe2O4 and multi-walled carbon
nanotubes (CNTs) is created by filling CNTs with iron and cobalt
nitrite and subsequent conversion of the filling to CoFe2O4.
Encapsulation of functional fillings into CNT for improving the
stability is a known strategy to obtain improved materials proper-
ties. It is widely used and finds application in various fields such as
electrocatalysis [20,21], magnetic data storage technologies [22,23],
nanomedicine [24,25], and sensors for magnetic force microscopy
[26]. Here, it is exploited to obtain a CoFe2O4 nanoparticle-based
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material where the active nanomaterial is wrapped by the protec-
tive carbon-shells of CNT which form a conducting network
[27e29]. The electrochemical performance of cobalt ferrite incor-
porated in CNTs (CoFe2O4@CNT) is investigated and compared to
that of bare CoFe2O4 nanoparticles.
2. Experimental

2.1. Synthesis of filled CNTs

Multi-walled carbon nanotubes of the type PR-24-XT-HHT
(Pyrograf products) have been used as template for filling them
with cobalt ferrite. The filling procedure is an extension of a re-
ported solution based filling approach for CNTs with ZnFe2O4 [30].1
M standard aqueous solutions of the following nitrates have been
prepared: Fe(NO3)3$9H2O (grade: ACS 99.0e100.2%) and Co(N-
O3)2$6H2O (grade: ACS 98.0e102.0% metal basis) supplied by VWR
Chemicals and Alfa Aesar GmbH & Co KG. The nitrate salts were
used as provided and no further purifications have been performed.
The nitrate solutions were combined in a stoichiometric ratio with
respect to the metal ions (i.e., Fe:Co ¼ 2:1), about 50 mg of CNTs
were added, and the mixturewas treated in an ultrasonication bath
for 60 min at room temperature. The mixture was then vacuum-
filtered and washed with about 20 ml washing agent of acetone
and distilled water with a volumetric ratio of 1:1. Subsequently, the
solid residue was dried for 24 h at a temperature of 108 �C and
afterwards calcinated under argon flow atmosphere (100 sccm) at a
temperature of 500 �C for 4 h to convert the nitrates into the cor-
responding cobalt ferrite according to the following equation:

Co(NO3)2(s) þ 2Fe(NO3)3(s) CoFe2O4(s) þ 8NO2(g) þ 2O2(g)

Commercial CoFe2O4 nanopowder with a particle size of 30 nm
have been obtained by Sigma Aldrich.
2.2. Characterization

The resulting CoFe2O4@CNT nanocomposite was investigated by
scanning electron microscopy (SEM) with a Nova 200 NanoSEM
(FEI Company, Hilsboro, Oregon, U.S.) operating at 15 kV, combined
with an energy dispersive X-ray (EDX) analyzer (AMETEK, Berwyn,
Pennsylvania, U.S.). The SEM sample was prepared by placing a tiny
amount of powder sample on carbon tape. Crystal structure ana-
lyses were carried out by means of an X’Pert Pro MPD PW3040/60
X-ray diffractometer (XRD, PANalytical, Almelo, Niederlande) with
Co Ka radiation (l¼ 1.79278 Å) in reflection geometry at a scanning
rate of 0.05� s�1 in the 2q range of 10�e80�. Thermogravimetric
analysis (TGA) was performed with an SDT-Q600 (TA instruments,
Waters Corporation, Milford, Massachusetts, U.S.). In detail,
approximately 5 mg of the material were heated to a temperature
of 900 �Cwith a heating rate of 5 Kmin�1 followed by an isothermal
dwelling for 15 min under air atmosphere with a flow rate of
100 ml min�1. The magnetic field dependence of the magnetization
at 5 K and 300 K in external magnetic fields up to ± 5T was
measured by means of a superconducting quantum interference
device (MPMS-XL5 SQUID)magnetometer by QuantumDesign (San
Diego CA, USA). Transmission electron microscopy (TEM) and high-
resolution transmission electron microscopy (HRTEM) measure-
ments were performed using a Tecnai F30 (FEI Company, Hilsboro,
Oregon, U.S.) instrument operated at 300 kV. The TEM samples
were prepared by adding a few drops of the sample suspension in
acetone on a copper grid with a carbon coating on one side.
2.3. Electrochemical measurements

Electrochemical measurements were performed using
Swagelok-type cells. Working electrodes were prepared from the
active materials as follows [31]. The CoFe2O4@CNT composite was
mixed with 10 wt% of polyvinylidene fluoride (PVDF) in N-methyl-
2-pyrrolidinone (NMP) and stirred for 24 h before the resulting
slurry was applied to copper net current collectors. The CoFe2O4
nanoparticles weremixed in amortar with 5wt% of PVDF and 10wt
% of carbon black in order to enhance electric conductivity, before
adding NMP to fabricate the electrode slurry. The as-prepared
electrodes were dried in a vacuum oven (80 �C, <10 mbar) over
night, pressed at 10 MPa, and dried again. Subsequently, Swagelok-
type cells were prepared in a glove box under dry argon with
lithium counter electrodes pressed onto nickel plates. Two sheets of
fiber glass separatorwere soakedwith 200 ml of a 1M LiPF6 solution
dissolved in a 1:1 mixture of ethylene carbonate and dimethyl
carbonate acting as the electrolyte. Cyclic voltammetry (CV) at a
scan rate of 0.1 mV s�1 and galvanostatic cycling (GCPL) at specific
currents of 100 mA g�1, both in the voltage range of 0.01e3.0 V vs.
Li/Liþ, were carried out on a VMP3 potentiostat (BioLogic) at 25 �C.

3. Results and discussion

3.1. Morphology and structure

The morphology and geometry of the filling material and its
location inside or outside the CNTs were examined by SEM and
TEM, as illustrated by the images in Fig. 1. SEM overview images in
secondary-electron (SE) mode (a) and back-scattered-electron
(BSE) mode (b) for CoFe2O4@CNT show, that the filling material is
distributed along the inner cavity of the hollow CNTs. Different
morphologies of the filling particles (spherical, short rods, etc.)
have been observed for the ferrites inside the CNTs. These obser-
vations also have also confirmed by TEM measurements as shown
in Fig. 1(cef). HRTEM confirms the crystallinity of the core material
as highlighted by the appearance of the lattice fringes shown in
Fig. 1 (f).

Elemental mapping reveals that Co and Fe are uniformly
distributed within the particles/rods (Fig. S1). Line scans along and
across the filling confirm the correlation between the Co and Fe
concentration which is consistent with the oxide formation. The C
and CoeFe concentration profiles anti-correlate, indicating that the
metal is located inside the tube cores. Quantitative analysis of the
respective spectra reveals Fe and Co filling material with atomic
percentages of 66(2) and 34(2) w%, respectively, thereby confirm-
ing the Fe/Co ratio of 2:1 (Table S1).

3.2. Structural characterization

The XRD pattern of the CoFe2O4@CNT nanocomposite presented
in Fig. 2 confirms the presence of CoFe2O4. In addition to the
characteristic peaks of pristine CNT, the pattern exhibits further
reflections which agree with reference data for CoFe2O4 (cubic
space group Fd3m) from the Crystallography Open Database
#1533163 [32]. Pronounced peak broadening indicates the pres-
ence of nanosized CoFe2O4 crystallites, whose grain size is esti-
mated to be 20(5) nm bymeans of the Scherrer equation applied to
the Bragg peak at 41.5�. Note, that other contributions to XRD peak
broadening have been neglected for this estimate. TGA data of
CoFe2O4@CNT (see the inset of Fig. 2) show a residual mass of 11(1)
wt% after heating the compound to 900 �C in air. This mass content
is ascribed to CoFe2O4 particles, which are the only crystalline
constituent besides the CNTs, according to the XRD analysis.

The magnetization of CoFe2O4@CNT measured in external



Fig. 1. Electron microscopy images of the CoFe2O4@CNT nanocomposite by means of
(a) SE mode, (b) BSE mode, (ced) TEM, and (eef) HRTEM.

Fig. 2. Powder XRD patterns of CoFe2O4@CNT and of pristine CNT. Vertical ticks label
Bragg positions of bulk CoFe2O4 (space group Fd3m) [32]. Inset: TGA data of
CoFe2O4@CNT.

Fig. 3. Magnetization data of CoFe2O4@CNT, measured in external magnetic fields up
to m0H ¼ ±5 T at constant temperatures of 5 K and 300 K, respectively.
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magnetic fields up to m0H ¼ ±5 T is displayed in Fig. 3. Both at
temperatures of T ¼ 5 K and 300 K, hysteresis loops with a
consistent average saturation magnetization of 1.6 erg G�1 g�1 are
observed. This observation agrees with previous reports of the
ferromagnetic behavior of CoFe2O4 nanoparticles [33,34], where
the magnetic properties are found to be highly size-dependent
[35e37]. Taking the mass fraction of the CoFe2O4 in the studied
CoFe2O4@CNT nanocomposite of ~11wt% into account, the detected
saturation magnetization concurs with saturation values of
CoFe2O4 nanoparticles reported in Ref. [37].
3.3. Electrochemical performance

The electrochemical performance of the CoFe2O4@CNT nano-
composite was studied in comparison to bare CoFe2O4 nano-
particles by means of CV and GCPL. Fig. 4 shows the 1st, 2nd and
10th cycles of CVmeasurements for bothmaterials, initially starting
with reductive scans at 0.1 mV s�1. For the bare CoFe2O4 nano-
particles (Fig. 4(a)), in the initial half cycle reduction peaks occur at
1.5 V (R0),1.1 V, and 0.55 V (R1/SEI) with a shoulder at 0.95 V, before
ending in an active range at 0.01 V (R2). In all subsequent reductive
half cycles the most pronounced reduction peak occurs at 0.85 V
(R1*). While R0 completely vanishes after the first cycle, the in-
tensities of all other reductive features gradually decrease until
cycle 10. In all oxidative scans a broad oxidation double peak is
observed between 1.5 V and 2.5 V with a maximum intensity
around 1.65 V (O1), which also ceases until cycle 10.
The electrochemical lithium storage in CoFe2O4 of up to 8 Liþ/f.u.

is supposed to follow a conversion mechanism according to Eq. (1),
which can be preceded by initial intercalation of Liþ-ions into the
original ferrite structure [38]. In the first CV cycle of the CoFe2O4
nanoparticles, the latter may be indicated by R0. The pronounced
reduction peak R1most likely signals both the conversion to Co and
Fe, which leads to an irreversible decomposition of the ferrite
starting compound [9,38], and the formation of a solid electrolyte
interphase (SEI) [39]. The reductive activity R2 originates from the
intercalation of Liþ-ions into the added carbon black [40]. After the
reductive decomposition of CoFe2O4 in the initial half cycle, sepa-
rate oxidation of Co and Fe to CoO and Fe2O3, respectively, at O1 is
supposed to take place, followed by the corresponding conversion
processes at R1* (Eq. (2)) [1,3,9,10,12,15,18].

CoFe2O4 þ 8 Liþ þ 8 e� - > Co þ 2 Fe þ 4 Li2O (1)



Fig. 4. Cyclic voltammograms of (a) CoFe2O4 nanoparticles, and (b) CoFe2O4@CNT
obtained at a scan rate of 0.1 mV s�1. R0 to R2 and O1 to O2 label reduction and
oxidation features, respectively, as described in the text.

Fig. 5. (a) Dis-/charge capacities at 100 mA g�1 of CNTs and CoFe2O4@CNT as well as
corresponding coulombic efficiencies. (b) Capacity contribution of only CoFe2O4 in
CoFe2O4@CNT and capacities of bare CoFe2O4 nanoparticles.
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Co þ 2 Fe þ 4 Li2O <�> CoO þ 2 Fe2O3 þ 8 Liþ þ 8 e� (2)

The CoFe2O4@CNT nanocomposite’s CV in Fig. 4(b) can be un-
derstood considering both the electrochemical response of bare
CoFe2O4 nanoparticles (see Fig. 4(a)) and of pristine CNTs [41e44].
In particular, the redox pair R2/O2 around 0.1 V indicates the
intercalation/deintercalation of Liþ-ions between the graphitic
layers of the CNTs [45,46]. It seems dominant due to the small mass
content of CoFe2O4 of 11 wt% in the composite material. The
reduction peaks attributed to CoFe2O4 are now observed at 1.6 V
(R0), 1.2 V, and 0.7 V (SEI) with a distinct shoulder at 0.8 V (R1) in
the initial half cycle, and subsequently at 1.6 V (R0) and 0.9 V (R1*).
Reversible oxidation peaks again occur in the range between 1.5 V
and 2.0 V reaching maximum intensity around 1.55 V (O1).
Generally, compared with the bare CoFe2O4 nanoparticles, the
corresponding reduction and oxidation peaks in CoFe2O4@CNT
appear at slightly higher and lower potentials, respectively. This
indicates smaller over potentials and thus improved energy effi-
ciency in the compound. Furthermore, cycling stability is superior,
yielding yet noticeable redox activity in the 10th cycle. Both im-
provements can be attributed to benefits of the CNTs in the
CoFe2O4@CNT composite, i.e., to enhanced overall conductivity and
better structural integrity.

Fig. 5(a) shows specific charge and discharge capacities of the
CoFe2O4@CNT nanocomposite and of pristine CNTs, respectively,
observed in GCPL measurements at 100 mA g�1. Over the course of
60 dis-/charge cycles the CoFe2O4@CNT nanocomposite
consistently retains higher capacities than the pristine CNTs. In
both materials, a large initial discrepancy between charge and
discharge capacity of 571/322 mA h g�1 and 508/281 mA h g�1,
respectively, is to a large extend attributed to SEI formation.
However, irreversible capacity losses continuously occur during the
first couple of cycles resulting in moderate coulombic efficiencies
that in case of the CoFe2O4@CNT nanocomposite exceed 97% only
after the 15th cycle. After 60 cycles 243 mA h g�1 can still be dis-
charged from the nanocomposite which corresponds to an overall
capacity retention of 76%. The specific contribution of the ferrite
nanoparticles to the capacities of the CoFe2O4@CNT composite are
evaluated by subtracting the measured capacities of pristine CNTs,
weighted with the mass ratio of 89:11 (CNTs: CoFe2O4). The
resulting capacities of the CoFe2O4 nanoparticles in CoFe2O4@CNT
are depicted in Fig. 5(b) in comparison to those of bare CoFe2O4
nanoparticles. The initial charge capacities, 1173 mA h g�1 for the
nanoparticles and 1103 mA h g�1 for the composite, are signifi-
cantly higher than the theoretical expectation of 914 mA h g�1. This
can be attributed to SEI formation at the CoFe2O4/electrolyte
interface. In both cases, there are significant capacity losses upon
cycling, which are yet much more severe for the pure CoFe2O4
nanoparticles. After 20 cycles, the bare nanoparticles’ discharge
capacity has decreased to 190 mA h g�1, corresponding to a loss of
78% of the initial discharge capacity. In the CoFe2O4@CNT electrode,
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on the other hand, 475 mA h g�1, i.e. 71% of the initial discharge
capacity, are retained after 20 cycles, that corresponding to a loss of
only 29%. This demonstrates that embedding nano sized CoFe2O4 in
a conductive matrix of carbon by filling it into CNTs can partly
compensate for the typical capacity fading associated with the
conversion reactions upon electrochemical de-/lithiation known
for ferrite materials.

4. Conclusions

CoFe2O4-filled multi-walled carbon nanotubes have been
investigated by means of their lithium storage ability as an anode
material for lithium ion batteries. The involved conversion mech-
anism known for nanosized CoFe2O4 was confirmed in cyclic vol-
tammetry measurements. In comparison to bare CoFe2O4
nanoparticles, CoFe2O4@CNT nanocomposite shows smaller over-
potentials and hence improved energy efficiency. We attribute this
mainly to enhanced conductivity induced by the linked CNT
network. Further, the ferrite’s capacity retention over the first 20
dis-/charge cycles is improved from 22% in the pure nanoparticles
to 71% in CoFe2O4@CNT. The data hence demonstrate that
embedding nanoparticles inside the protective and conductive
shells of CNTs opens a way to utilize high theoretical capacities of
CoFe2O4 and other transition metal oxides for electrochemical en-
ergy storage.
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