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Hydrothermal sisal fiber carbon (HSFC) was synthesized by a two-step hydrothermal modification
with sisal fiber as raw material. Then Fe3O4/HSFC nanocomposites were prepared by combining
HSFC with nanostructures of Fe;O,4 via a hydrothermal process assisted by calcinating. The structure
and morphology of FesO4/HSFC nanocomposites were characterized by powder X-ray diffraction and
scanning electron microscopy(SEM), and their electrochemical performances were tested by constant
current charge-discharge tests. The first coulomb efficiency of resulted Fe30,/HSFC nanocomposite is
64% at the current density of 50mAg™ and the calcination temperature of 600°C. The reversible
capacity can maintain 610mAhg*and 480mAhg™ at the current densities of 50 and 500mAg™ after 50
cycles, respectively. The results show that modification with Fe;O4 nanoparticles is an effective
method to improve the electrochemical performances of the HSFC-based materials.
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1. INTRODUCTION

Biomass carbon is expected to become a new type anode material for lithium-ion
batteries(LIBs) due to its low cost, abundant reserves, pollution-free and high capacity, which may
replace commercialized graphite carbon materials[1-2]. In many biomass raw materials, sisal fiber
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extracted from the leaf of sisal plant, has been proved to be a good precursor for preparing high-quality
biomass carbon, due to its porous structure and high relative strength [3-5]. In our previous
investigation, hydrothermal sisal fiber carbon(HSFC) was synthesized and showed a good reversible
capacity of 728 mA h g* in the first discharge, which much higher than the theoretical specific
capacity of graphite carbon (372 mA h g™), which can be potential anode of LIBs. However, its
relative low first coulomb efficiency (about 52%) and reversible capacity at the stable stage (305
mAhg™after 50 cycles) still fail to meet the need for commercial applications [6]. The reason is
probably that, compared with stable commercial graphite structure, the structures of biomass
carbons(such as HSFC) are easy to collapse[7-11]. Thus, it is still a great challenge for HSFC to be a
good anode material with high coulomb efficiency and reversible capacity at high current densities.

It has been proved that, the modification of carbon materials by using transition metal
compounds can improve their conductivity, reversible capacity and cycle capacity [12-13]. Among
many transition metal anode materials, iron oxides have received a lot of interest due to their
advantages of high theoretical capacity (up to 800~1000mA h g™), low cost, facile preparation and
environment-friendly [14-15]. Thus, the combination of carbon and iron oxide can compensate the
poor conductivity of iron oxide and inhibit the volume expansion of iron oxide in the electrochemical
reaction process. On the other hand, iron oxide can relieve the mechanical fatigue of the carbon
material caused by Li* embedding and stripping in the charging and discharging process, and
significantly increases the reversible capacity of the carbon material. For example, He et al reported
the synthesis of CNTs/FesO4 nanocomposites by coprecipitation method with (NH;).Fe(SO,),:6H.0
and NH4Fe(S04),-12H,0 as raw materials, The initial discharge and charge capacity of the CNTs-66.7
wt.%Fe;0, nanocomposite electrode are 988 mAh g ‘and 661 mAh g%, respectively. The recharge
capacity retention after 145 cycles remains 645 mAh g, which is significantly higher than that of the
commercial graphite material[16]. Han et al prepared FeO,/carbon/graphite composites in one step by
using the solution combustion synthesis method, the FeOx/carbon/graphene(31.4 wt.% graphene)
delivered a higher discharge capacity of 824 mAh g after 100 cycles at 0.4 A g, in comparison to
the value of 301 mAh g * for the composite without graphene[17]. Chang et al. successfully connected
Fe30,4 nanospheres with rGO flakes to form rGO-Fe;04 composites using the simple and effective
hydrothermal method, which exhibited a stable reversible capacity of 668 mAh g™ up to 200 cycles by
comparison of the results with those from bare FesO, nanospheres(capacity declined to 117 mAh g*
only at the 200th cycle)[18] .

It can be expected that, modified HSFC with iron oxide nanostructures can be a good strategy
to obtain better anode materials for LIB. In our recent investigation, nano iron oxide/SFCs composites
were fabricated by hydrothermal method, the composites consisted of a-Fe,O3; and a-FeOOH mixture
phase prepared at 120°C delivered a reversible capacity of 359 mA h g™ at a current density of 50
mAg™ after 40 cycles[19]. Subsequently, nanostructures of Fe,0s/SFC composites were successfully
synthesized, which showed a better electrochemical performances with a first coulomb efficiency of
61.5% and a reversible capacity of 500 mAhg™ after 50 cycles[20].

Hydrothermal reaction is a simple and efficient approach to synthesis of transition metal
related compounds[21]. In this work, in order to further explore the modification of HSFC-based
materials, using HSFC, urea and iron trichloride (FeCls-6H,0) as raw materials, nanostructures of
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Fe3sO4/HSFC composites were successfully prepared via hydrothermal reaction. The effects of
calcination temperature and raw material ratio on the morphology of Fe;O,/HSFC nanocomposites
were investigated. The Fe3O4/HSFC nanocomposites display good electrochemical performances,
which can be a potential anode material of LIB.

2. EXPERIMENTAL

2.1 Synthesis of Fe3O4/HSFC nanocomposites

Fig. 1 shows a schematic illustration of the synthesis procedure of Fe;O04/HSFC
nanocomposites, which includes two main steps, the synthesis of HSFC matrix and Fe3;O4/HSFC
nanocomposites.

Synthesis of HSFC: The sisal fibers (SFs) were purchased from Guangxi Sisal Group Co., Ltd.
The maize-yellow SFs were washed with deionized water to remove the impurities, cut into small
pieces (~2cm in length) and dried in the oven at 80°C.

And then the SFs were treated by a two-step hydrothermal reaction. A mixtures of 2.0g SFs
and 75mL 1M hydrochloric acid (HCI) was placed in a 100 mL Teflon-lined stainless steel autoclave.
The mixture solution was heated at 160°C for 12 h, and then cooled to room temperature. The tawny
prepare materials were collected and washed by deionized water until the pH dropped to 7, dried in the
oven at 80°C, and placed in another 100 mL Teflon-lined stainless steel autoclave. The hydrazine
hydrate (75 mL) was added into the autoclave, and then heated at 120°C for 12 h. The reaction product
was washed with deionized water to neutral again, and then put into a nickel crucible, calcined in a
tube furnace at 700°C for 0.5 h under nitrogen atmosphere (the heating rate kept at 3°C min™). After
that, the carbonaceous product was cooled down to room temperature naturally, collected, and ground
fully (~200 meshes) in an agate mortar. The obtained product is denoted as HSFC.

Preparation of Fe304/HSFC nanocomposites: The Fe3O4/HSFC nanocomposites were
synthesized by a hydrothermal method. According to the raw material formulation (shown in Table 1),
FeCl3-6H,0, CO(NH>), and HSFC were mixed in a 100 mL Teflon-lined stainless steel autoclave. 75
mL of deionized water was added and stirred with a magnetic stirrer for 0.5 h. And then, the autoclave
was sealed and heated at 130°C for 12 h. The reaction mixture was cooled to room temperature,
washed by deionized water, dried in an oven at 80°C for 12 h to afford Fe,O3/HSFC nanocomposites.
The resulted Fe,O3/HSFC nanocomposites were placed in a tube furnace and calcined under nitrogen
atmosphere with a heating rate of 3°C/min. The calcination temperatures were set as 500°C, 600°C,
650°C, 700°C, respectively, and the calcination time was 0.5 h. After calcination, black powders of
Fe304/HSFC nanocomposites were obtained.

Table 1. The raw material formulation for preparing Fe;04/HSFC nanocomposites.

Sample FeCl3-6H,0(g) CO(NH,)2 (9) HSFC (g) Content of Fes04 (%)

C-1 0.85 0.3 0.75 25
C-2 1.7 0.6 0.50 49
C-3 2.55 0.9 0.25 74
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Figure 1. Schematic illustration of the synthesis procedure of Fe30,/HSFC nanocomposites

2.2 Characterization

The surface morphology and composition of the samples were observed by scanning electron
microscopy (SEM, S-4800, Hitachi High-Technologies Co.), operated at 5 KV. The crystal structures
of the Fe3O4/HSFC composites were characterized by powder X-ray diffraction (XRD, X'Pert PRO,
PANalytical B.V.), using Cu Ko (A=1.54056A\) as radiation source in the 26 range of 10~80°.

2.3 Electrochemical measurement

To evaluate the electrochemical performance, coin-type half-cells were assembled using the as-
prepared samples as anode materials for lithium-ion batteries. The working electrodes were prepared
by mixing the as-synthesized Fe3O4/HSFC nanocomposites, conductive carbon black, and poly
(vinylbenzene fluoride) binder dispersed in a N-methyl-2-pyrrolidone solution at a weight ratio of
80:10:10, respectively. The as-prepared active material slurry was uniformly spread onto Cu foil and
dried in a vacuum oven at 110°C for 12h prior to coincell assembly. The electrochemical experiment
were performed using LIR2025-type coin cells, which were assembled in an argon-filled dry glove box
(Super 1220/750, Mikrouna) with Fe;04/HSFC nanocomposites as the working electrode, pure lithium
foil as the counter and reference electrodes, polypropylene membrane film as the separator, and 1M
LiPFs in ethylene carbon (EC)-dimethyl carbonate (DMC) as electrolyte. Galvanostatic charging-
discharging (GCD) measurements were carried out under different current densities in the voltage
range between 0.01V and 3.0V on a Neware GCD system. Cyclic voltammetry (CV) was conducted on
an electrochemical analyzer (CHI-760D) in the voltage range of 0.01~3.0V (vs. Li*/Li) at a scan rate
of 0.2mVs™. Electrochemical impedance spectroscopy (EIS) was tested on the CHI-760D in the
frequency range of 0.01~10 KHz. All electrochemical measurements were performed at room
temperature.
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3. RESULTS AND DISCUSSION

3.1 Structure and Morphology

The crystallographic structure and phase purity of FesO4/HSFC nanocomposites calcined at
500°C, 600°C, 650°C, 700°C, respectively were examined by XRD. As shown in Fig. 2, The weak,
broad diffraction peak at around 24° can be attributed to (002) plane of HSFC, which belongs to the
amorphous carbon with noncrystalline structures[6]. Additionally, the peaks at 18.31°, 30.11°, 35.46°,
43.10°, 53.47°, 57.00°, 62.60°, and 74.05° correspond to (111), (220), (311), (400), (422), (511), (440),
and (533) lattice planes of molybdenite (JCPDS no.89-0691; space group Fd 3m; a=8.387 A), which
was close to the reported data[22]. It is also implied that the as-prepared composites were successfully
converted to Fe3O4 during the calcination treatment. Compared with those at other calcination
temperatures, the Fe304/HSFC nanocomposites calcined at 550°C displays slightly weaker diffraction
peak intensity, which indicates that relatively low calcination temperature may result in low crystalline
Fe3O4 in the composites. Meanwhile, it can be observed that the Fe;O, diffraction peaks become
narrower and higher with calcination temperature increasing, which indicates that the crystallinity
increases and the grains become bigger at the higher temperatures.
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Figure 2. XRD patterns of Fe;0,/HSFC nanocomposites calcined at different temperatures.
The SEM images of Fe3O4/HSFC nanocomposites calcined at different temperatures are shown in

Fig. 3. The sample calcined at 600°C shows a homogeneous morphology, in which the HSFC is
uniformly coated with Fe3O4 nanoparticles with a size of ca. 100 nm (See Fig. 3b). Lower calcination
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temperature (550°C) can result in an incomplete coating of Fe3O, particles to HSFC (See Fig. 3a) . At
higher calcination temperature (650°C and 700°C), obvious agglomeration of Fe3O, particles is
discovered, forming congeries with much larger particle sizes (See Fig. 3c-3d). The results show that
the calcination temperatures have a great influence on the morphology and particle dispersity of the
Fe304/HSFC nanocomposites. The reason is due to the thermal stress concentration at local region in
nanocomposites during the heat treatment process[22].

1.00um 5.0kV 8.1mm x50.0k SE(M
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Figure 3. SEM images of Fe30,/HSFC nanocomposites calcined at: (a) 550°C; (b) 600°C; (c) 650°C
and (d) 700°C.

The effects of different Fe3O,4 content on the morphology of Fe3O4/HSFC nanocomposites were
also investigated. Fig. 4(a-c) shows the SEM images of Fe3O4/HSFC nanocomposites containing
different weight ratio of Fe3sO, which are illustrated in Tab. 1 (C-1, C-2, C-3, which corresponds to the
content of Fe;0,4as 25%, 49%, 74%, respectively). With the increase of the proportion of FeCls-6H,0
in raw material formulation, the particle sizes of Fe;O,4 particles significantly increase, and the
morphology of FesO, change from small, dispersed particles to large congeries. Obvious
agglomeration of Fe;O, particles is observed in the SEM image of C-3 sample(seen in Fig. 4c).
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Figure 4. SEM images of Fe3O,/HSFC nanocomposites with different Fe3O, content (a) C-1 (25%
Fes0,); (b) C-2 (49% Fe304); (c) C-3 (74% Fe30,).

3.2 Electrochemical properties

To identify electrochemical behavior of the Fe;04/HSFC nanocomposites, cyclic voltammetry
(CV) of the half-cell was performed in the range from 0.01 to 3.0 V at a scanning rate of 0.2 mV s™
(seen in Fig. 5). Being similar to the literature[23-27], the first reduction peak appears at around
0.266V, which may be due to the transformation of Fe** and Fe** to elemental Fe® [23,27]. Compared
with the second and third cyclic voltammetry curves, an irreversible electrochemical reaction occurs in
the first discharge process, which increases the irreversible capacity, the reason is due to the formation
of a solid electrolyte inter phase (SEI) layer that is related to the reaction of electrolyte and electrode
material during the first charge/discharge process. In the second and third cyclic voltammetry curves,
the reduction peak at around 0.50 V, which can be due to the conversion of Fe** to Fe° [24-25]. In
addition, an oxidation peak is observed at about 1.85V for the first time, corresponding to the
oxidization of Fe’ to Fe** and Fe*" . It is suggested that, structural reorganization and new phase
formation of iron oxide are occurred in the first cycle, which results in the shift of first oxidation peak
and reduction peak compared with the corresponding peaks in the subsequent cycles.
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Figure 5. CV curves of Fes04/HSFC nanocomposites calcined at 600°C

Fig. 6a shows the cycle performance curves of Fe;O4/HSFC nanocomposites calcined at
different temperatures at a current density of 50mAg™. The composites calcined at 550°C and 600°C
display a good reversible capacity (nearly 1200 mA h g) in the first discharge, The composites
calcined at 600°C can maintain a good reversible capacity of 605 mAhg™after 50 cycles, and show a
first coulomb efficiency of 64%, which is higher than those of the Fe,O3s/MSFC nanocomposites (the
initial discharge is 1020 mA h g™, the stable reversible capacity is 500 mA h g™ after 50 cycles, the
Coulombic effciency is 61.5%)[19], which is also great higher than theoretical capacity of Fe3O, (928
mA h g™) and the commercial graphite (372 mA h g™*). However, the reversible capacity of composites
calcined at 550 °C decreases dramatically with the cycle number increase, which is only 380mA h g*
after 50 cycles. The reason is probably that, the structure of composites calcined at 550 °C showed a
relatively low crystallinity, which tends to be destroyed and results in the decrease of specific capacity.
On the other hand, the stability specific capacity of the composites calcined at 650°C and 700°C after
50 cycles is 480mA h g™ and 465mA h g, respectively, which is lower than that of the composites
calcined at 600°C. It is suggested that, the increase of calcination temperatures may lead to the
decrease of the interfacial force between the phases, resulting in the large-scale agglomeration and
obstructing the insertion and extraction of lithium ions.

Fig. 6b shows the cycling performance of FesO4/HSFC nanocomposites at a higher current
density of 500 mAg™. The composites calcined at 600°C still display the best cycling performance
among the four calcination temperatures. They show a first specific capacity of 1053mA h g™, and a
stabile reversible capacity of 465mAhgafter 50 cycles, which is much higher than many previously
reported values, such as pure HSFC (305 mAhg™)[28], activated sisal carbons[6], nano iron
oxide/SFCs composites[19], and FezO4-carbon composite[29]. The remarkable lithium storage
properties of Fe 30 4/HSFC composite are likely related to the synergetic effect of the Fe3O,
nanostructures and the HSFC composition. The results prove that the combination of Fe3Oq4
nanoparticles is an effective method to improve the electrochemical performance of HSFC, especially
in multiple cycling performance tests at high current density.
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Figure 6. Cycling performances of Fe;O,/HSFC nanocomposites prepared at different calcination
temperature. Current density: (2)50mAg™; (b) 500mA/g™.

Fig. 7a shows the Nyquist plots of the Fe3sO4/HSFC nanocomposites calcined at four different
temperatures, and Fig. 7b is the simplified equivalent circuit that was use to interpret the measured
results. As shown in Fig. 7a, the slope of the four samples in the low frequency region is similar,
indicating that the Fe;O4,/HSFC nanocomposites calcined at different temperatures have similar
diffusion resistance. In the high frequency region, the Fe304/HSFC nanocomposites calcined at 550 °C
have the largest charge transfer resistance (Rct), indicating a weak electronic conductivity, which may
due to that relatively low calcination temperature can result in low crystallinity structure and blocking

the lithium ion transfer process[30].
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Figure 7. (a) Nyquist plots of the Fe304/HSFC nanocomposites at different calcination temperatures.

(b)Equivalent circuit model
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The composites calcined at 600°C-700°C have a smaller charge transfer resistance, at the same
time, the samples have a better crystallinity. By comparison, we can see that the calcination
temperature has a great impact on the impedance.

Fig. 8a shows the cycle performance of Fe3O4,/HSFC nanocomposites with different content
FesO4 (C-1, C-2, C-3) at the current density of 50mAg™. With the increase of the proportion of
FeCl;-6H,0 in raw material formulation, the first specific capacity will escalate, while the stable
reversible capacity decreases dramatically after multiple cycles. For example, the C-1 sample shows a
reversible capacity of 1260 mA h g™ at the first discharge, and maintains a reversible capacity of 610
mA h g after 50 cycles, a similar result was observed by the sulfur sisal fiber carbons composites (the
initial discharge specific capacity is 1223 mA h g ), but it only can maintain 400 mA h g™ after 30
cycles[27]. By contrast, the C-3 sample shows a higher capacity at the first discharge(1380 mA h g™),
but its reversible capacity retains only 420 mA h g™ after 50 cycles. Under high current density of 500
mAg™ (Seen in Fig. 8b), the C-1 sample still shows the best electrochemical performances, with a
reversible capacity of 1030 mA h g* at the first discharge and 482 mA h gafter 50 cycles. It is
suggested that, suitably introducing Fe;O, nanoparticles is an effective way to improve the

electrochemical properties of HSFC-based materials, but the proportion of FeClz-6H,0 in raw material
formulation should be controlled.
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Figure 8. Cycling performances of Fe3O4/HSFC nanocomposites with different content of Fe;04 (C-1,
C-2, C-3). Current density: (2)50mAg™; (b) 500mA/g™.

Fig. 9 shows the Nyquist plots of Fe;O4,/HSFC nanocomposites prepared at various ratios of
raw materials. With the increase of the proportion of FeClz-6H,0 in raw material formulation, the Rct
of the composites gradually increases, mainly due to the poor conductivity of iron oxide[31,32]. The
C-1 sample (with the fewest Fe3O, combination) has the smallest Rct, indicating that its structure has a
better electrical conductivity and is favourable to the lithium ions insertion and extraction.
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Figure 9. Nyquist plots of Fe304/HSFC nanocomposites at various content of FezOa.

5. CONCLUSIONS

In summary, nanostructures of Fe;04/HSFC composites have been successfully prepared with
the hydrothermal method. The morphological and electrochemical properties of the composites are
investigated. The results show that the samples calcined at 600°C and introducing appropriate amount
of Fe3O4 nanoparticles can afford a novel nanocomposites with good electrochemical performances,
which is better than that of HSFC and Fe,O3/HSFC nanocomposites reported previously, which can
provide a significant strategy for the modification of commercial lithium ion anode materials and novel
biomass carbon based materials.
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