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Nanostructured phosphate/multi-walled (FePO4/MWCNTs)

composites have been synthesized by a mechano-chemical process using 1-butyl-3-
methylimidazolium tetrachloroferrate (bmimFeCl;) and (NH,);PO,4-3H,O as precursors in
the presence of 1-butyl-3-methylimidazolium chloride (bmimCl). The bmimFeCl, serves not
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only to provide the necessary Fe-ion source, but also as a co-dispersant for the MWCNTSs
and as a soft co-template for structure control of the FePO, nanoparticles, together with the
bmimCl. The obtained FePO,/MWCNTs composites were characterized by Fourier
transform infrared spectroscopy (FTIR), X-ray diffraction (XRD), scanning electron
microscopy (SEM), transmission electron microscopy (TEM), thermogravimetric and
differential scanning calorimetry analysis (TG-DSC). As cathode materials for rechargeable
lithium-ion batteries, the composites exhibited capacity of 171 mAh g™ at a current density
of 40 mA g, which is close to theoretical capacity for this material, and good cycle

erformance, with a reversible capacity of 135 mAh g™ after 100 cycles at a rate of 50 mA

-1

g .
Introduction

Rechargeable lithium-ion batteries (LIBs) are the leading power
sources for portable electronic devices, electric vehicles and
hybrid electric vehicles owing to their high energy density, light
weight, and long service life.' Electrode materials operating in
these devices are important components in determining their
performance. Amorphous FePO, nH,O (0<n<4) has been
actively investigated as a potential cathode material because it
can provide charge-discharge capacity as high as 178 mAh g
in its dehydrated state.* > However, the practical specific
capacity of FePO, is quite low due to the sluggish kinetics of
the lithium intercalation-extraction process and the low
electronic conductivity.® Consequently, nanoengineering,” '
morphology control ''"'* and mixing the particles with various
carbon additives'*'® have all been investigated in the literature
to improve the reversible capacity and rate capability of FePO,
electrodes. Amorphous FePO, hollow nanospheres with tunable
shell thickness were synthesized by a simple hydrothermal
approach.'”” The electrodes exhibited good electrochemical
performance with high specific capacity, rate capability, and
excellent cyclablilty in lithium ion batteries. Porous FePO,
nanotubes have been prepared by an oil-phase synthesis using
Fe,O; nanotubes as new precursors and templates.
Galvanostatic discharge-charge cycling showed that the porous
nanotubes could maintain a reversible specific capacity of
130.3 mAh g 'after 35 cycles at a current density of 0.2C." Cai
et al." reported a graphene-amorphous FePO, composite as a
cathode for lithium ion batteries. The electrode showed initial
discharge capacity of 174 mAh g' and maintained
approximately 98% capacity at a current density of 20 mA g™\,

This journal is © The Royal Society of Chemistry 2014

Moreover, FePO, has recently been investigated as promising
candidates in  sodium-ion  batteries. @A  maize-like
FePO,@MCNT nanowire composite delivered a capacity of
157.2 mAh g after 70 cycles at a current of 0.1C, and also
exhibited high rate capability.'” Hu er al. % reported a simple
hydrothermal method to produce a networked nanocomposite
of single-wall carbon nanotubes/amorphous porous FePO,
nanoparticles, which showed a discharge capacity of 120 mAh
g'at 10 mA g' as cathode for sodium ion batteries. Very
recently, mesoporous amorphous FePO, nanospheres have been
synthesized through a simple chemically induced precipitation
method ?'. When tested as cathodes for sodium storage, the
materials demonstrate a high initial discharge capacity of 151
mAh g ' at 20 mA g and excellent cyclablilty with 94%
capacity retention after 160 cycles.

Various synthetic methods have been reported for the
preparation of FePO,* ** 2> 2* However, many of these
procedures suffer from complex processing and low production
rates. As mostly reported in the literature, FePO, is usually
prepared by a precipitation route via addition of a solution of
phosphate to that of an iron (III) salt. The as-prepared product
is the hydrated FePO,, which delivers lower capacity and needs
to be further calcined at high temperature to form a dehydrated
product.**** Furthermore, since Fe** is prone to hydrolysis, the
reaction has to be carried out at very low pH (1.5), which
makes the synthesis time consuming, even up to a week. Also
the use of strong acid and base causes not only the corrosion of
the facilities in industry, but also potential environmental issues.
Therefore, it is highly desirable to prepare FePO, with
improved electrochemical performance using a simple and
environmentally benign synthesis process.
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Imidazolium-based ionic liquids were discovered to be
capable of effectively disentangling carbon nanotubes (CNTs)
clusters via interaction between the imidazolium cations and the
n-electrons of the CNTs surface, resulting in the formation of
gelatinous materials.’> ?7 Inspired by these advantages, a new
facile and environmentally benign synthesis of nanostructured
FePOy/multi-walled carbon nanotubes (FePOy/MWCNTSs)
composites has been developed in the present work by
mechanical ball milling using 1-butyl-3-methylimidazolium
tetrachloroferrate (bmimFeCly) ionic liquid and
(NH,4);PO4-3H,0 as precursors in the presence of 1-butyl-3-
methylimidazolium chloride (bmimCl) ionic liquid. The
bmimFeCl, serves not only as reagent to provide the necessary
Fe-ion source, but also as a co-dispersant for the MWCNTs and
a co-soft template for nanostructure control of the FePO,,
together with bmimCl. The lithium storage performance of the
FePO,/MWCNTSs materials as cathodes was also studied. The
short solid-state pathway for Li" diffusion, as well as the three-
dimensional MWCNTs network for electron transfer, enables
rapid lithium ion de/intercalation. The resultant material
exhibits a reversible discharge capacity of 171 mAh g at a
current density of 40 mA g as well as excellent cycling
stability with 93.3% capacity retention over 100 cycles.

Results and discussion
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Scheme 1 Schematic illustration of the synthesis mechanism of
the FePO,/MWCNTs.

Scheme 1 shows a possible synthesis mechanism of the
nanostructured FePO,/MWCNTSs composites. The MWCNTs
are dispersed into the ionic liquid mixture of bmimFeCl,; and
bmimCl via “cation-n” interaction between the imidazolium
cations and the m-electrons of the MWCNTs surface, resulting
in the formation of a Bucky-gel.26’ 27 The (NH4)3PO4-3H,0 is
incorporated into the gel via ion interaction by mechanical ball
milling.?® ?° Equilibrium between FeCl,” and Fe®', allows the
precipitation of FePO, from the mixture, where the nano-grains
are well separated due to the interfacial tension.*® '
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Fig. 1 FTIR spectroscopy of FePO,/MWCNTs.

The composition of the as-obtained material was identified
by Fourier transform infrared spectroscopy (FTIR) and X-ray
diffraction (XRD). In the FTIR spectroscopy of the
FePO,/MWCNTs composites shown in Fig. 1, a strong
absorption peak at around 1052 cm™ can be assigned to Fe-O-P
bonding, indicating the formation of FePO,, which is in
agreement with previous reports.'"” ** No intense peak can be
detected in the XRD pattern of the FePO,/MWCNTs
composites shown in Fig. 2, which suggests the amorphous
nature of the sample. This is critical to its electrochemical
properties since amorphous FePO, is electrochemically active
while the crystalline FePO, is less active.”® Diffraction peaks
from the MWNTs also cannot be detected, which may be
attributed to the small content of MWNTSs in the composites.

FePOJ/MWCNTs (calcined)
FePO /MWCNTs
—— MWCNTs
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Fig. 2 XRD patterns of MWCNTSs, FePO,/MWCNTs and
calcined FePO,/MWCNTs.

After calcination at 800°C for 5 h, the XRD pattern of the
FePO,/MWCNTs composite shows the characteristic
diffraction peaks located at 20.37°, 25.86°, 35.68°, 38.04°,
39.20°, 41.37°, 48.56°, 53.13° and 58.33°, indicating the
hexagonal FePO, (JCPDS card No. 29-0715). A tiny diffraction
peak at 29.02 can be ascribed to Fe;PO; (JCPDF card No. 00-
050-1634) which might come from the hydrolysis of
bmimFeCl, residue absorbed on the surface of the
FePO,/MWCNTs composites. A small amount of bmimFeCl,

This journal is © The Royal Society of Chemistry 2014
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residue could hydrolyze to produce Fe(OH); when washed with
distilled water; in the process of calcination, Fe(OH);
dehydrates to form FeOOH and then Fe,O; which could
continue to react with FePO, to yield Fe;PO,. 3 The average
crystallite size of the calcined FePO,/MWCNTs deduced from
Scherrer's equation for the strongest peak (102) can be
estimated to be 49 nm.
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Fig. 3 TG and DSC curves of FePO, (a) and FePO,/MWCNTs
composites (b).

The thermogravimetric (TG) analyses were carried out to
investigate the behavior of the FePO, and FePO4/MWCNTs
materials during heating treatment, as presented in Fig. 3. In
Fig. 3a, the weight loss of about 3% from 30-105°Ccan be
ascribed to the loss of retained water in the FePO, The

endothermic peak around 150°C with a weight loss of about 11%

from 105-250°C corresponds to the elimination of one water
molecule per formula wunit. This indicates a chemical
composition of FePO4,-H,O, which could deliver a higher
theoretical capacity than FePO, obtained by co-precipitation in
solution which typically has at least two hydrate waters per
mole of compound. Because the obvious decomposition of
bmimCl appears at about 250°C** * | a slight weight loss of
about 2% from 250 to 300 °C might be attributed to the
elimination of residual components of bmimCl absorbed on the
surface of the FePO,/MWCNTs composites.26’ 2730 At 530 °C, a
small exothermic peak appears which can be attributed to the
structural transformation from amorphous to hexagonal

FePO,.***" In Fig. 3b, the weight loss of about 13% below 300 C

corresponds to the removal of absorbed and structural water,

and decomposition of residual bmimCl in the FePO,/MWCNTs.

This journal is © The Royal Society of Chemistry 2014
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The MWCNTs content in the composites is estimated to be
approximately 25.6% according to the sharp weight loss
between 500 °C and 700 °C, which is similar to that of
FePO,/CNTs composites reported in the literature.'>*

Fig. 4 SEM images of FePO,/MWCNTs.

The detailed structure and morphology were analyzed by
field emission scanning electron microscopy (SEM) and
transmission electron microscopy (TEM). The SEM images of
the FePO,/MWCNTs shown in Fig. 4 indicate that small FePO,
nanoparticles appear to be interconnected with each other to
form porous agglomerates. The MWCNTs uniformly disperse
into the agglomerates of FePO, forming a highly conductive
network. TEM images of the FePO,/MWCNTs are illustrated in
Fig. 5. The light regions in Fig 5a and 5b clearly reveal the
presence of the interparticle voids in the loose agglomerates,
which is beneficial to electrochemical utilization and facilitates
electrolyte penetration. The HR-TEM image shown in Fig. 5c
shows no discernible lattice fringes. The selected area electron
diffraction (SAED) pattern in Fig. 5d further confirms the
amorphous state of the nanoparticles.

Fig. 5 TEM and HRTEM images of FePO,/MWCNTs.

The electrochemical performance of the as-prepared
FePO,/MWCNTs composites were evaluated by cyclic
voltammetry (CV) and galvanostatic charge/discharge tests
shown in Fig. 6. The CV curve in Fig. 6a shows a pair of
reduction/oxidation peaks at about 2.63 and 2.98 V within a
wide voltage range from 2.0 to 4.2 Vina 1 M LiPF4 EC/DMC
electrolyte solution at a scan rate of 0.1 mV s™', corresponding
to the Li insertion/extraction processes in the FePO,/MWCNTs.
The initial ten  discharge-charge profiles of the
FePO,/MWCNTs electrode at a current density of 40 mA g
are presented in Fig. 6b. The potential increases (or decreases)
smoothly with the evolution of lithium ion insertion and
extraction, showing the well-known signature of voltage trends
for the FePO, electrode. The initial discharge capacity is 143
mAh g™, and the reversible capacity increases to approximately
171 mAh g after 9 cycles. This is very close to its theoretical

J. Name., 2014, 00, 1-3 | 3
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value of 178 mAh g, indicating full utilization of the active
material.
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Fig. 6 Electrochemical performance of the FePO,/MWCNTs as
cathode materials for Li ion batteries in the voltage range of
2.0-4.2 V: (a) the CV curve at a scan rate of 0.1 mV s™, (b)

charge/discharge curves at a current density of 40 mA g, (c)
cycling performance and Coulombic efficiency at a current
density of 50 mA g', (d) EIS spectra of the FePO, and
FePO,/MWCNTs.

Due to the presence of ionic liquid residue on the surface of the
FePO/MWCNTs, the slightly increasing capacity for the
FePO,/MWCNTs found during several initial cycles may be
caused by the electrode-electrolyte interface activation®® and Li
channel development due to the repeated lithiation/delithiation
reaction.’” *° Fig. 6c shows the cycling performance and
Coulombic efficiency at a current density of 50 mA g™'. At this
higher rate the FePO,/MWCNTs deliver charge/discharge
capacities as high as 145/145 mAh g in the second cycle. A
reversible capacity of 135 mAh g is still achieved after 100
cycles, corresponding to 93.3% of the second cycle discharge
capacity. In addition, the Coulomb efficiency remains at almost
100% during all the cycles, thus indicating excellent cycling
stability and reversibility. It should be noted that the lithium
storage properties of the FePO,/MWCNTs in terms of specific
capacity and cycling performance are comparable or even
superior to the reported FePO, cathode materials in the
literature.> 40+

The outstanding lithium storage properties of these
FePO,/MWCNTs can be attributed to the unique structure of
the material. The ultrafine FePO, nanoparticles create shorter
distances for transportation of Li ions within the material
ensuring full and uniform utilization of the material. The porous
agglomerate of FePO, nano-particles also facilitates electrolyte
infiltration, optimizing the ion diffusion characteristics of the
electrode. The carbon nanotube network facilitates fast electron
transfer, leading to a lower material resistance. Fig. 6d shows
the EIS spectra of the FePO, and FePO,/MWCNTSs. The
diameter of the semicircle for the FePO,/MWCNTSs composites
in the high-medium frequency region is much smaller than that
of pure FePO,, revealing lower contact and charge transfer
resistances.'® This indicates that the electronic conductivity of
the FePO,/MWCNTs is significantly improved by the
MWCNTs nets, giving the FePO4/MWCNTs high specific
capacities and good cycling performance. In addition, we also
compared this work with other FePO,/CNTs composites

4| J. Name., 2014, 00, 1-3

reported in the recent literature, and the results are shown in
Table S1.

Conclusions

In this work, nanostructured FePO,/MWCNTs composites were
successfully prepared through a mechano-chemical ball-milling
process using bmimFeCl, as a Fe-ion source in the presence of
bmimCl. Both bmimFeCl, and bmimCl can serve as dispersants
for MWCNTSs and soft templates for structural control of the
FePO, nanoparticles. The as-prepared FePO,/MWCNT
performed very well as a cathode material for rechargeable Li
ion batteries in terms of specific capacity and capacity retention.
Furthermore, compared with conventional methods used in the
synthesis of transition metal phosphate nanostructures, our
approach utilizing a Fe-containing ionic liquid is somewhat
more environmentally friendly as it requires no additional
reagents.

Experimental

Material Synthesis

The ionic liquid bmimCl (=95%) was produced by Badische
Anilin-und-Soda-Fabrik  (Germany). The ionic liquid
bmimFeCl, was synthesized according to a reported
procedure.** MWCNTs with the diameter of 20-40 nm and
length of less than 2 um were purchased from Shenzhen
Nanotech Port Co., Ltd (China) and purified according to the
previous report ** with some modification: 2 g of the MWCNTs
was refluxed in 60 mL of HNOj; (65 wt.%) at 80 C for 24 h.
Afterward, the acid treated MWCNTSs were rinsed with distilled
water until a neutral pH value, collected by filtration, and then
dried in vacuum at 60 “C for further use. No further calcination
or annealing was required, except for samples for XRD analysis,
which we calcined at 800°C. Other chemicals are of analytical
grade and employed directly without further purification.

The FePO4/MWCNTs composites were synthesized by
mechanical ball milling using bmimFeCl, and (NH,4);PO,4-3H,O
as precursors in the presence of bmimCl. Initially, MWCNTs
(57 mg) were milled with bmimFeCl, (1 mmol) and bmimCl (1
ml) at 120 rpm for 2 h using a high-energy mechanical mill
(FRITSCH, PULVERISETTE 6). After that, (NH,);PO,-3H,0
(1 mmol) was added into the mixture and milled at 300 rpm for
3 h. The product was collected by centrifugation and washed
with absolute ethanol and then de-ionized water several times.
The as-obtained FePO,/MWCNTs composites were dried in
vacuum at 60 °C for 12 h. In addition, pristine FePO,
nanoparticles were also prepared through the same procedure
without adding any MWCNTs.

Material Characterization

The chemical composition of the as-prepared products was
characterized by powder X-ray diffraction (Bruker D8 advance)
using Cu K, radiation. The calcination of the samples was
performed in air atmosphere for 5 h after heating to 800 C
from room temperature at a heating rate of 10 ‘C min"'. The
morphology of the samples was investigated by field-emission
scanning electron microscopy (FESEM, LEO 1430VP,
Germany) and transmission electron microscopy (TEM, JEOL
JEM-2100). Thermogravimetric and differential scanning
calorimetry analysis (TG-DSC) was conducted simultaneously
on a TG-DSC instrument (NETZSCH STA 409 PC) under air
flow from room temperature to 800 C at a heating rate of 10 C

This journal is © The Royal Society of Chemistry 2014
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min’!. Fourier transform infrared spectroscopy (FTIR) spectrum
was recorded on a Nicolet 750 Fourier transform infrared
spectrometer using the KBr pellet method.

Electrochemical Tests

The electrochemical measurements utilized a 2016-type coin
cell with pure lithium metal as the reference electrode. The
working electrodes were prepared by mixing active material,
acetylene black and polyvinylidenedifluoride (PVDF) in a
weight ratio of 80:10:10 in N-methyl pyrrolidinone (NMP). The
slurry was then spread onto an aluminum foil and dried under
vacuum at 110 °C for 12 h. The cell assembly was performed in
an argon-filled glove box. The electrolyte used was 1 M LiFPg
dissolved in a mixture of ethylene carbonate (EC) and dimethyl
carbonate (DMC) (1:1 v/v). Cyclic voltammetry (CV) was
studied using an electrochemical workstation (CHI 750D) in the
potential range 2.0-4.2 V at a scan rate of 0.1 mV s’
Galvanostatic charge/discharge tests were performed using a
Land Battery Test System (Wuhan, China) over a potential
range of 2.0-4.2 V vs. Li'/Li. Electrochemical impendence
spectroscopy (EIS) was obtained by using a CHI 750D
electrochemical workstation with amplitude of 5 mV in the
frequency range from 100 kHz to 0.01 Hz.
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