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ABSTRACT

The new functional FeO/C composite carbon materials are successfully fabricated by
controlling the adding amounts of Fe;0, particles in mixtures of coal tar pitch and Fe;04
particles. The structures of prepared FeO/C composite carbon materials were verified by
XRD measurements. The excellent electrochemical performances of FeO/C composite
carbon materials were evaluated in detail. For instance, the prepared materials show the
high cycling performances at 679 mAh/g after carrying out charge-discharge 100 cycles.
Meanwhile, the high rate performances and long cycle life characteristics of FeO/C com-
posite materials were also observed. As a result, it is palpable that the carbon contents and
specific area are the vital factors to improve the electrochemical performances of FeO/C
composite materials, which effectively provides the reference to design the transition
metal oxide/carbon composite materials as Li* ion storage materials.

© 2019 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

Introduction

Graphitized carbon is exceedingly successful commercial-
ization anode materials, for they have remarkable advantages
on aspect of cost [7]. However, the relatively low charge effi-

With the development of electric vehicle and hybrid electric
vehicle, the technologies about energy storage are becoming
important than ever before. Therefore, how to increase the
storage capacity of batteries is becoming imminent by now.
The research subjects of lithium ion batteries (LIBs) as a one of
significant new energies mainly show on the aspects which
increase the energy densities, charge capacity and cycling
effects [1-6].
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ciency and energy density limit the application of graphitized
carbon in fabrications of anode materials. Thus, a great many
of research groups pay attention to the transition metal oxides
such as Fe,03, Fe;04, NiO, CoO, Co304, Cu,0, CuO, RuO, and
Cr,03, as they have the high theoretical capacity (600—1000
mAh/g). Nevertheless, the intercalation and deintercalation of
Li* ions easily give rise to the collapsing of lattice structure of
transition metal oxides, causing the storage capacity and
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cycling property become worse than before [8—12]. As a
consequence, how to maintain the structural integrity and
attenuate the volume expansion of transition metal oxides is
essential consideration to fabricate anode materials. A lot of
groups adopt the way to use the graphene oxide (GO) and
carbon nanotube (CNT) to cover the transition metal oxides, in
order to maintain the lattice structure of transition metal
oxides [13—16]. Although these methods are effective way to
solve the defects of transition metal oxides, the high cost of
GO and CNT very restrain their actual applications in fabri-
cations of anode materials. In light of mentioned descriptions,
choosing the suitable carbon materials to fabricate hybrid
transition metal oxides/carbon electrode materials is
becoming the urgent subject now.

Based on the concept about coal chemistry, the coal tar
pitches containing a lot of polycyclic aromatic hydrocarbons
(PAHSs) attract us significantly, for they are able to become the
carbon materials having network structures, causing that
these materials possess the excellent conductivity [17—19].
Meanwhile, the special characteristic such as low softening
temperature of coal tar pitch leads it to cover the transition
metal oxides easily.

Iron oxides (Fe,05, Fe30,4 and FeO) are attracted to fabricate
anode materials usually, for they have the some advantages,
such as low cost, environment-friendly and high theoretical
charge capacities. In spite of the fact that the theoretical
charge capacity of FeO showing at 744 mAh/gis lower than the
Fe,03 (927 mAh/g) and Fe304 (1007 mAh/g) respectively, the
excellent conductivity and small expansion of volume of FeO
crystals lead it to can achieve the high capacity and cycling
stability when they are used as Li* ion storage materials
[20—23]. Petnikota et al., prepared the EG/FeO complex mate-
rials with the relative low specific surface area using the
exfoliated GO (EG) and Fe,05 as crude materials, and reported
their electrochemical performances when these materials
were used as electrodes of LIBs. However, the descriptions
about electrochemical properties are insufficient. For
example, the evaluations about rate performances of pre-
pared EG/FeO composite materials are not enough in pre-
sented reports [23].

In our studies, the coal tar pitch based C/FeO composite
carbon materials were firstly fabricated through controlling
the adding amounts of Fe;0, particles in mixture of coal tar
pitches and Fe;0, particles, and their excellent electro-
chemical performances such as high cycling performances,
high rate performances and long cycle life were investigated
in detail. Moreover, associating with the low cost of coal tar
pitches, the excellent electrochemical performances of fabri-
cated C/FeO complex materials indicate that they have the
high ability in fabrication of LIBs as anode materials.

Experimental section
Materials

Coal tar pitches were obtained from Ansteel Group Corpora-
tion, Anshan, China. Polyvinyl alcohol (PVA), pyridine and
Fe;04 nano-particles were purchased from Aladdin Industrial
Corporation. Ethylene carbonate (EC), Dimethyl carbonate

(DMC), Ethyl methyl carbonate (EMC) and Lithium hexa-
fluorophosphate (LiPFs) were purchased from Beijing Chemi-
cal Reagent Research Institute Co., Ltd.

Characterization

The FT-IR results were determined by the instrument of
Nicolet Company, USA. The measurements of X-ray diffrac-
tion (XRD) were carried out by the X'pert Powder instrument
from  PANalytical, Holland. Electrochemical Work-
stationCHI660E, (CHI instruments, China) was used to conduct
electrochemical experiments. The evaluations about charge
and discharge are performed by the LAND battery test system
(LAND CT2001A, China). The scanning electron microscope
( SEM ) images were detected by the Carl Zeiss AG, Germany.
The Brunauer-Emmett-Teller (BET) measurements about
specific surface area were evaluated by AutosorbIQ made in
Quantachrome instruments, USA.

Preparation of composite carbon materials

Firstly, the pyridine solvent (100 mL) containing coal tar
pitches were obtained by soxhlet extraction method using the
pyridine solvent (100 mL) and coal tar pitches (1 g). After
adding the obtained pyridine solvent into the solution which
was prepared by dissolving the PVA in the water with weight
ratio of 1.5 wt%, the Fe;04 nano particles (0.2 g, 0.4 g, 0.6 g,
0.8 g, 1.0 g and 1.2 g) were respectively added into the same
mixture solution. Then the obtained mixture was carried out
ultrasonic dispersion for 5 min, the temperature of mixture
was rose to 85 °C and maintained at this temperature for
20 min under stirring. After filtering the mixture, the Fe30,
particles covered coal tar pitches were obtained successfully.
Thus, for easy description as follows, according to the adding
amounts of Fe;0, particles, we named the obtained solids as
0.2/C, 0.4/C, 0.6/C, 0.8/C, 1.0/C and 1.2/C, respectively.

Oxidative stabilization and carbonization of composite
carbon materials

Based on the reports about oxidative stabilization and
carbonization of coal tar pitches, we firstly performed the
oxidative stabilization of iron oxide composite carbon mate-
rials (0.2/C~1.2/C) [5,17,24]. The temperature of 0.2/C~1.2/C
was rose to the 300 °C with heating rate at 0.15 °C/min under
following air and maintained the temperature at 300 °C for
180 min. After oxidative stabilization process, the tempera-
ture of 0.2/C~1.2/C was rose to the 700 °C with heating rate at
3 °C/min under following the N, gas and maintained at 700 °C
for 180 min. As consequence, the novel composite carbon
materials of 0.2/C~1.2/C were prepared successfully via the
carbonization process.

Electrochemical experiment

To prepare the electrodes used for the electrochemical per-
formance measurement, the iron oxide containing carbon
materials (0.08 g) were mixed with acetylene black (0.01 g) and
polyvinylidine fluoride (PVDF) binder (0.01 g) in a weight ratio
of 80:10:10 in N-methyl-2-pyrrolidone (NMP) solution. Then
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the obtained mixture solutions were stirred to ensure the
homogeneity, the obtained slurry was coated on Cu foil and
dried in vacuum drying oven at 80 °C for 1 h to remove solu-
tion. Subsequently, the Cu foil with the active materials were
dried at 120 °C for 12 h in the same vacuum drying oven and
cut into round shape strips of ¢ 11 mm in size. The two-
electrode electrochemical cells were assembled in a glove
box filled with high-purity argon, where the lithium metal foil
(¢ 15.60 mm x 0.45 mm) was used as cathode, fiberglass was
used as separator, and 12—13 wt% of LiPF¢ in the mixture of EC,
DMC, EMC was used as electrolyte. Charge-discharge test was
carried out by LAND battery test system. The same electro-
chemical cells were also used to carry out measurements of
cyclic voltammetry (CV).

Results and discussion

First of all, the conversions about contents of composite ma-
terials (0.2/C~1.2/C) were evaluated by measurements of XRD.
According to the reports of Petnikota et al. [23], the similar
reactions about Fe;O4 with carbon also existed in our studies.
As shown in the Fig. 1la and b, according to the JCPDS
No0.06—0696 and JCPDS No.06—0615, it is verified that the new
peaks of Fe and FeO appeared clearly, which indicated the
Fe;0, reacted with the carbon completely when the carbon-
ization was carrying out continuously. Interestingly, with
increasing the contents of Fe;O,4 in reactive mixture, the in-
tensity of Fe disappeared and intensity of FeO became stron-
ger (Fig. 1c—f), for the Fe subsequently reacted with CO and
CO, which were produced from reaction of Fe;0, with carbon
[25]. These results clearly indicated the contents of 0.2/C~1.2/C
could be controlled by adding amounts of Fe;0, in reactive
mixtures.

The morphologies of 0.2/C~1.2/C were illustrated in the
Fig. 2.Itis observed that a lot of circular structures appeared in
the 0.8/C, 1.0/C and 1.2/C when the FeO formed largely. Ac-
cording to the report of He et al. [16], and associating with the
results of Fig. 1c—f, we naturally consider that circular struc-
tures are attributed to the formation of FeO covered by carbon.

It is acknowledged that suitable carbon contents in com-
posite mixture of transition metal oxides and carbon are able
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Fig. 1 — XRD results of composite materials (0.2/C~1.2/C) are
illustrated.

to improve their electrochemical performances, for they can
increase the conductivity and restrain the volume expansion
of transition metal oxides [26—29]. However, the overmuch
carbon generally diminishes the storage capacity of these
materials. Therefore, we need to investigate the thermogra-
vimetric analysis, in order to compare the final residue carbon
contents and found the relationships between the residue
weights and adding amounts of Fe3O4. As shown in Fig. 3,
when rising the temperature from 25 °C to 360 °C, the samples
0f 0.2/C, 0.4C/, 0.6/C, 0.8/C, 1.0/C and 1.2/C showed the slightly
increased weights at 1.4%, 5.0%, 6.0%, 6.5%, 8.0% and 2.7%,
respectively, which was attributed to the contents of Fe, and
FeO in composite materials were oxidized to the Fe,03 [23]. On
the contrary, samples exhibited the obvious losing weight
when the temperature was at range from 450 °C to 600 °C.
However, the obvious losing weight was not observed when
the temperature was rose to the range from 600 °C to 1000 °C.
Consequently, the final carbon contents of 0.2/C, 0.4C/, 0.6/C,
0.8/C, 1.0/C and 1.2/C showed at 76.8%, 44.2%, 33.6%, 23.1%,
17.9% and 7.6%, respectively, which reveals the 1.0/C and 1.2/C
possessed the lower carbon contents than other composite
materials. These results strongly indicate that increasing the
adding amounts of Fe;04 could decrease the residue carbon
contents in composite materials.

Furthermore, based on the measurement results of BET,
the 1.0/C possessed the high specific surface area at 113.5 m?/g
which was higher than the 0.2/C, 0.4/C, 0.6/C, 0.8/C, and 1.2/C
respectively showed at 1.7 m%g, 6.0 m%g, 16.7 m¥g,
103.6 m?%g, and 110.0 m%g, respectively. The reactions of
Fe;0, with carbon caused the formations of substantial holes,
for the CO and CO, were produced from these reactions,
which possibly leaded to the 1.0/C possessed high specific
surface area. Besides, it is possible that the relative low carbon
contents reduced the specific surface area of 1.2/C slightly.

Based on the general evaluations about electrochemical
properties, the CV measurements were carried out three cy-
cles firstly in our studies [8,27]. As shown in Fig. 4, the char-
acteristic peak attributing to the carbon materials was also
clearly observed in Fig. 4a, and peak intensity remarkably
decreased from 0.2/C to 1.2/C. Simultaneously, oxidative po-
tentials of 0.2/C, 0.4/C, 0.6/C, 0.8/C, 1.0/C and 1.2/C were
observed at 1.62V, 1.64V, 1.67 V,1.66 V, 1.65 V and 1.62 V in
first cycle, which leaded us to consider these differences
related to the contents of composite materials. For instance,
the existing of Fe elements in 0.2/C and 0.4/C leaded to the 0.2/
C and 0.4/C were oxidized easily [30]. On the other hand, the
strong reductive peaks were observed at 0.43V, 0.33V, 0.41V,
0.50V, 0.55 V and 0.35 V in first cycle, respectively, which was
attributed to the formations of solid electrolyte interface (SEI)
layers. Similar to the general reports about iron oxide mate-
rials, the broad oxidative potential peaks were observed, after
first cycle [22,23,33]. Meanwhile, the reductive peaks were
observed at 0.95 V, 0.93 V, 0.93 V, 0.93 V, 0.94 V and 0.54 V,
respectively. Especially, the remarkably different reductive
potential of 1.2/C shown at 0.54 V was possibly attributed to
the unusually low carbon contents in 1.2/C comparing with
that in the other composite materials, which caused the
crystal lattice to be easily broken at process of intercalation
and deintercalation of Li* ions, leading to low reductive ability
of the 1.2/C.
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Fig. 2 — SEM images of composite materials (0.2/C~1.2/C).

Fig. 5 illustrated the charge-discharge measurements of
iron oxide/carbon materials under voltage range of
(0.05—3.00 V) and current density of 100 mA/g. All composite
materials (0.2/C~1.2/C) showed the distinct plateaus around
0.75 V in the first cycle, which was ascribed to the
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Fig. 3 — Thermogravimetric results of composite materials
(0.2/C~1.2/C).

transformation from Fe?" to Fe® and formation of Li,O. After
first cycle, another distinct plateaus were observed at 1.0 V,
which responded to the reductive potentials around 1.0 V in
CV [22,23]. The slightly high plateaus of 1.0 V also show the
advantage, which is able to diminish the risk about Li* plating
at end of recharge [30].

The cycling performances of 0.2/C~1.2/C were illustrated in
the Fig. 6a. Firstly, the carbon materials obtained by carbon-
ization of coal tar pitches showed the exceedingly poor Li" ion
storage capacity at 122 mAh/g, after cycling the Li* ions
charge-discharge 100 times. Additionally, it is observed that
0.2/C~1.2/C showed the similar tendency that first cycle
showed high capacity around 505 mAh/g, 675 mAh/g, 821
mAh/g, 921 mAh/g, 1010 mAh/g, 1080 mAh/g, whereas since
the second cycle the capacity rapidly decreased to the 305
mAh/g, 452 mAh/g, 553 mAh/g, 600 mAh/g, 692 mAh/gand 630
mAh/g respectively. These phenomena are also naturally
attributed to the general explanation that SEI layers formed
during the first cycle [31—33]. At the same time, the similar
tendency was also reflected on the measurement results of
coulombic efficiency. Namely, the coulombic efficiencies of
0.2/C~1.2/C were at 63%, 69%, 68%, 66%, 69% and 59%,
respectively, at first cycle. However, from the second cycle,
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they were able to be recovery quickly. As a result, the
coulombic efficiencies maintain the high level at 97%—100%,
even though the cycling numbers were changed. In particular,
the 1.0/C possessed the relative high first coulombic efficiency
than other materials and EG/FeO composite materials which
were reported by Petnikota et al. [23].

On the other side, after being carried out the charge-
discharge 100 cycles, the Li* ion storage capacity of 1.0/C
showed the relative high capacity at 679 mAh/g, which was
higher than the 0.2/C (311 mAh/g), 0.4/C (605 mAh/g), 0.6/C
(610 mAh/g), 0.8/C (628 mAh/g) and 1.2/C (82 mAh/g), respec-
tively (Fig. 6a). Associating with the measurement results of
thermogravimetric experiments (Fig. 3), we consider that the
suitable carbon contents in 1.0/C remarkably influenced the
electrochemical properties about cycling performances.

Similar to the report of Yu et al.,, the Li* ion charge capacity
of 0.4/C and 0.6/C showed the tendency that Li" ion charge
capacity slowly increased after cycling of 20 times, which was
possibly attributed to the carbon contents existing in the 0.4/C
and 0.6/C were more than that in 0.8/C, 1.0/C and 1.2/C
remarkably [26]. Moreover, the 1.2/C showed the really low Li*
ion storage capacity at 82 mAh/g, for the FeO lattice of 1.2/C
was easily collapsed in charge-discharge process, which was
attributed to 1.2/C has the lower carbon contents than other
composite materials (Fig. 3). Consequently, the aforemen-
tioned analyses firmly supported that 1.0/C possessed the
relatively excellent cycling performances.

Fig. 6b illustrates the rate performances when the current
density was changed from 100 mA/g to 5000 mA/g. Namely,

we carried out the charge-discharge cycles 10 times at
different current densities, such as 100 mA/g, 200 mA/g,
500 mA/g, 1000 mA/g, 2000 mA/g, 5000 mA/g, respectively. As
a result, the all cells showed the similar tendency that
charge and discharge capacity decreased with increasing the
current density, which was ascribed to the general reasons
that polarization increases when increasing the current
density. Nevertheless, the 1.0/C showed the relatively
stronger capability against the polarization. For example, the
Li* ion storage capacities of 1.0/C showed at 653 mAh/g, 606
mAh/g, 536 mAh/g, 471 mAh/g, 420 mAh/g and 324 mAh/g,
when the current densities were adjusted to 100 mA/g,
200 mA/g, 500 mA/g, 1000 mA/g, 2000 mA/g, 5000 mA/g,
respectively, which are higher than other composite mate-
rials remarkably in the same investigations, which is con-
nected to the 1.0/C owned the relative high specific surface
area and suitable carbon contents than other composite
materials [16,37].

In addition, Li* ion storage capacity of cell fabricated by the
1.0/C stayed at 673 mAh/g when adjusted the current density
to the 100 mA/g again, after being carried out the charge-
discharge cycles 10 times at different current densities, such
as 100 mA/g, 200 mA/g, 500 mA/g, 1000 mA/g, 2000 mA/g,
5000 mA/g, respectively (Fig. 6b). This storage capacity of 673
mAh/g was also higher than the other composite materials
which were detected in the same investigations with the 1.0/
C. As a consequence, we consider the 1.0/C shows that
remarkable improvement capability against the polarization
and excellent electrochemical stability.


https://doi.org/10.1016/j.ijhydene.2019.04.148
https://doi.org/10.1016/j.ijhydene.2019.04.148

INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 44 (2019) 25199—25206

25205

Furthermore, it is really interest that 1.0/C has the excel-
lent long cycle life at high current density (Fig. 7). For example,
the 1.0/C still showed the Li" ion storage capacity at 524 mAh/
g and 292 mAh/g, when the charge-discharge measurements
were performed 1000 times at the current densities adjusted
to the 2000 mA/g and 5000 mA/g, respectively. In view of the
report of Zhang, the uneven curves were also observed in our
studies (Fig. 7) [34,35]. The reasons about this analogous
phenomenon were reported and explained in other systems
[6,27,36 37].

Finally, Fig. 8 exhibits the electrochemical research-
impedance results of 0.2/C~1.2/C. As a result, the diameter
of the semicircle in medium frequency of anode electrodes
using 1.0/C was much smaller than that of anode electrodes
fabricated using other composite materials, which has been
considerable that 1.0/C electrode possesses lower charge-
transfer impedances. Additionally, according to the reports
of Guo et al. [38,39], the equivalent circuit fitting to the plots
was also described. For example, the R, values of 0.2/C~1.2/C
were calculated to the 31 Q, 32 Q, 54 Q, 43 Q, 26 Q and 474 Q,
respectively, indicating the 1.0/C has the relatively lower R,
than other composite materials [38].

As mentioned above, the existing Fe element in 0.2/C and
0.4/C plays the main role to increase the conductive properties
remarkably. In contrast, the FeO composite carbon materials
as 1.0/C also showed the excellent conductivities, which lea-
ded us easily to consider this effect is attributed to 1.0/C
possessed the relatively high specific surface area and suitable
carbon contents.

Conclusions

The FeO/C composite carbon materials were fabricated using
the coal tar pitches and Fe;0, particles. The carbon contents
and specific surface area can be controlled by controlling the
adding amounts of Fe;0, particles which were verified by
measurements of thermogravimetric and BET. As a result,
the suitable carbon contents and relative high specific sur-
face area contribute the remarkable improvement effects of
electrochemical performances of FeO/C composite carbon
materials, which was determined by electrochemical mea-
surements. For example, the 1.0/C exhibits the high cycling
performances at 679 mAh/g after carrying out the charge-
discharge 100 times, high long cycle life under heavy cur-
rent such as 2000 mA/g and 5000 mA/g, respectively.
Considering the coal tar pitches are the general industrial
products, these FeO/C composite carbon materials show the
significant prospects in fabrications of anode of LIBs.
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