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LiFePO,/C composites are synthesized using a simple and inexpensive filtration method. Organic filter
templates composed of porous polycarbonate, mixed-cellulose, and cellulose are used as sacrificial
hard templates. The LiFePO,/C composites are prepared by infiltrating LiFePO, precursor solutions
into the organic filter templates. Once the organic filter templates are removed by calcination, the
LiFePO, featured meso/macroporous and nanowire structures with residual carbon. All samples are
characterized using XRD, SEM/EDS, TEM, EA, BET surface area, CV, EIS, and charge-discharge
tests. The characterization data reveal that the organic filter templates provide a specific pore structure
that can lead to an increase in the conductivity of LiFePO,. The best performing LiFePO,/C prepared
from cellulose (C-700) provides a uniform particle size of 100-150 nm. The particle sizes uniformity
can be ascribed to the effect of the structure of 3D fibers in the cellulose on dispersing the LiFePO,
particles and reducing particle aggregations. LiFePO,/C prepared from cellulose thus has a higher
discharge capacity and improved rate capability, with 157 mAh g at 0.1C and 112 mAh g™ at 10C.
We demonstrate that the LiFePO4/C composites from appropriate organic filter templates can provide
excellent electrochemical performance.
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1. INTRODUCTION

In the past decade, lithium iron phosphate (LiFePO,) has been studied extensively for Li-ion
batteries as a cathode material due to its high theoretical capacity (170 mAh g™), good cyclability,
relatively low cost, and environmental benign nature. These significant advantages make LiFePO, a
good candidate for use in large scale Li-ion batteries for electric vehicle (EV) and hybrid electric
vehicle (HEV) applications [1-4]. However, its poor rate capability places limitations on its practical
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applications. This poor rate performance is mainly caused by its intrinsic low electronic conductivity
(~10° S cm™) and the slow kinetics of Li* diffusion through the LiFePO,/FePO, interface [3, 5-8].
Consiberable efforts have been made over the years to overcome this drawback involving optimizing
synthetic processes [1, 2, 8-13], carbon nanocoating [14-18], particle-size minimization[6, 16, 17, 19],
the addition of metal powders [8, 20, 21], doping with supervalent ions [1, 3, 22-24] or carbothermal
formation of the surface conducting phase [8, 15, 19, 25-27].

The electrochemical properties of LiFePO,4can be improved by the coating with carbon to form
LiFePO,/C composites [8, 27-29]. The performance of LiFePO4/C composites relies on the
morphology and particle size of the active material, the structure of the carbon precursor, the amount
of carbon content, the form of carbon contact, and the mixing and sintering recipe. Previous studies
have been examined the behavior of LiFePO,/C composites in terms of their carbon structural
parameters originate in the Raman studies [30-34], finding that the choice of suitable organic
precursors as a carbon source is very important for tailoring the final properties of carbon coated
composite powders. In this study, various organic templates were used as carbon sources to synthesize
the LiFePO,/C composites.

Hard template synthesis has been widely applied to many metal oxide systems for the
preparation of high-surface area metal oxide derivatives (nanoparticles or nanostuuctures) [32, 33, 35-
39]. The synthetic manipulation includes three major steps: (i) infiltration of the template porosity with
a precursor solution; (ii) heat treatment of the impregnated template; (iii) removal of the template
framework to form the product. Sakatomo et al. [40] first reported the synthesis of V,Os electrode
materials with pores ranging from 10 ~ 30 nm for lithium ion batteries via the hard-template method in
2002. They demonstrated that the small pores of V,0s exhibited higher capacities at higher discharge
rates owing to improved charge transport. Since then, a number of studies have investigated the use of
silica or carbon hard-templates to prepare many other electrode materials with a range of pore sizes
including SnO,, LiNiO,, TiOy, LisTisO1,, LIMN,04, LiFePO4, and porous carbon for use in batteries or
capacitors [41-46]. Moreover, several recent review articles have described the preparation of electrode
materials for lithium-ion batteries using the template method [47-49]. This work applied the concept of
exotemplating. Exotemplates are extended structures that contain voids which provide space for the
formation of a divided solid. This technique is also called “confined space synthesis” or “compartment
solidification” [37].

Sol-gel and nanocasting templating methodes were used to prepare LiFePO,/C composites.
Usually, both porous silica and carbon are used as hard-templates through a wetness impregnation
technique [42]. However, LiFePO, could not be templated directly through a silica monolith because it
dissolves when washed with HF during the silica template removal, or chemically reacts when washed
with NaOH. In addition, LiFePO, could not be templated with a carbon monolith because removal of
the carbon template in the presence of oxygen caused the LiFePO, to oxidize into LisFe,PO, and other
impurity phases [42]. Therefore, various organic templates were selected as sacrificial hard templates
to form porous LiFePO4/C composites, allowing for the specific tailoring of the pore size. This permits
to make study of the effects of morphological changes on the electrochemical performance in
relationship to the organic templates. The LiFePO,/C composites were synthesized by infiltrating the
lithium iron phosphate precursor solutions into the organic templates. While the organic templates



Int. J. Electrochem. Sci., Vol. 10, 2015 8060

were removed by calcination, the LiFePO, featured meso/macroporous and nanowire structures with
residual carbon from the decomposition of the organic template. Recently, Jugovic et. al [46] reported
the preparation of a LiFePO,4/C composite using the cellulose matrix-assisted method. They used filter
paper as a template and a carbon source to synthesize LiFePO,/C composites. In their report, the
filtration method offered a new examination of the crystal growth of LiFePO, and a fast preparation
for LiFePO,/C powders.

In the present work, we applied the filtration method and used various organic filters of porous
polycarbonate, mixed-cellulose and cellulose fibers as sacrificial hard templates for the preparation of
LiFePO,/C particles. A series of morphological changes of LiFePO,4/C composites originating from the
various organic hard templates were documented and characterized. Electrochemical properties of
composites were evaluated from cyclic voltammogram (CV) and charge-discharge cycling tests.

2. EXPERIMENTAL

The sol-gel method was applied for the synthesis of the electrode precursor solution.
Accordingly, LiOH*H,O (TEDIA), Fe(NOs3)3*9H,O (Riedel-deHaen), H3PO, (J.T. Baker), and
Ethylene Glycol (J.T. Baker) were used to create the LiFePO, precursor solution. The LiFePO4
solution was prepared using water-based solution chemistry, and the precursors were selected so that
the solution would not precipitate prior to infiltration. The precursor solution was prepared using ferric
nitrate, lithium hydroxide and phosphoric acid in proportions for a 1:1:1 molar ratio. Commercially
available porous polycarbonate (Millipore, pore diameters of 100 nm), mixedcellulose (ADVANTEC,
pore diameters of 200, 450 and 800 nm) and cellulose (Whatman, pore diameter of 700 nm) filters
were used as hard templates for the synthesis of LiFePO,/C composites. These hard templates were
impregnated with the precursor solution of 1M LiFePO, until incipient wetness was attained. The
impregnated sample was dried at 100 °C. The impregnation-drying cycle was repeated up to four times
with a vacuum filtration apparatus to increase the amount of active material in the sample. The
impregnated samples were dried in air at 350°C for 30 minutes and then calcined in a reducing gas
atmosphere (Ar/H, = 95/5) at 600°C for 12 h to yield LiFePO4/C composite powders. This procedure
yields the Fe(ll) oxidation state necessary for LiFePO, and decomposes the template into the residual
carbon for improved conductivity.

The structures of the as-prepared samples were observed by powder X-ray diffraction (XRD)
analysis performed using a Rigaku-D/MaX-2550 diffractometer with Cu K, radiation (A=1.54 A).
Sample morphology was examined using a scanning electron microscope (SEM, S-4300, Hitachi Co.)
and transmission electron microscope (TEM, JEN-2010, JEOL Co.). Nitrogen adsorption-desorption
isotherm was measured using ASAP2020 (Micromeritics, USA). The specific surface area was
calculated by the Brunauer-Emmett-Teller (BET) method. The pore size distribution was analyzed
using the Barrett-Joyner-Halenda (BJH) method from the adsorption branch. The residual carbon
content for the samples was determined by an automatic elemental analyzer (Elementar vario, EL I11).

Electrode fabrication and coin cell assembly were carried out as reported in our previous work
[50]. In brief, the as-prepared LiFePO,/C was mixed with 5wt% acetylene black, 5wt% SFG-6
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synthetic flake graphite (Timcal Ltd.), and 10wt% polyvinylidene fluoride (PVDF) binder (MKB-212C,
EIf Atochem) and then was stirred for 20 minutes at room temperature with a magnetic bar, and then
with a turbine for 5 minutes at 2000 rpm. The cathode was achieved by coating the mixture onto a
piece of aluminum foil and then dried at 120°C for 40 min. Electrodes were dried in a vacuum oven at
120°C for overnight before cell assembly. Coin cells were assembled with the prepared cathode,
lithium anode, Celgard 2400 polypropylene separator and 1 M LiPFg in an ethylene
carbonate/dimethyl carbonate (EC/DMC) electrolyte. The CV test was performed at a scan rate of 0.1
mV st in voltage range from 4.2 to 2.5 V. The galvanoststic charge-discharge measurements were
carried out at a constant current of 0.5C in the potential range from 2.5 to 4.2 V at room temperature. It
is noted that the specific capacity was calculated based on the mass of active material in the electrode.

3. RESULTS AND DISCUSSION

According to previous reports [12, 22, 25, 51, 52], the preparation of carbon-coated LiFePQO,
(LiFePO4/C) with small particle sizes could improve the capacity and the limited rate capability of
LiFePO,. Here we report the preparation of nano-crystalline LiFePO,/C composite powders obtained
using the hard template technique. Three different organic filter templates, polycarbonate (P-100),
mixed-cellulose (M-200), and cellulose (C-700), were used as sacrificial hard templates to produce
porous LiFePO,/C composites with the specific pore structures as shown in Table 1.

Table 1. LiFePO,/C samples processed with various templates and their corresponding specifications.

Template type Template Samples Pore size of templates
photograph[53, 54] (nm)
Polycarbonate P-100 100
Mixedcellulose M-200 200
Cellulose
C-700 700

The effects of morphological changes on the electrochemical performance and the physical
properties of the LiFePO,/C composites were studied. Photographs of these organic templates and their
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pore diameters are presented in Table 1. The color of all prepared LiFePO,/C powders exhibited deep
black, in contrast to the gray color of LiFePO,4 powders.
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Figure 1. X-ray diffraction patterns of (a) theoretical LiFePO4(JCPDS card no.40-1499)); (b) P-100;
(c) M-200; (d) C-700.

Fig. 1 shows XRD patterns of the LiFePO,/C synthesized powders with different organic
templates. All peaks can be indexed as pure and well-crystallized LiFePO, phase with an ordered
olivine structure and a space group of orthorhombic Pnmb. As can be seen from the XRD curves
shown in Fig. 1, there are no any evidence of the formation of crystalline or amorphous carbon. It
seems that organic templates were used as carbon source most likely remains amorphous or as low
crystalline carbon in the final product.

The morphology of the LiFePO4/C composites prepared using P-100, M-200, and C-700 as
temples were examined using SEM and TEM, as shown in Fig. 2.
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(f) C-700

Figure 2. SEM images of LiFePO,/C (a) P-100; (b) M-200; (c) C-700 and TEM images of LiFePO,/C
(d) P-100; (€) M-200; (f) C-700.

The general appearance of LiFePO,4/C composites prepared using the P-100 template displays a
fibrous morphology with smooth surface and uniform diameter of 150 nm (Fig. 2(a), (d)). The porosity
of P-100 polycarbon template is made up of mesopores measuring 100 nm in diameter. Obviously, the
LiFePO,/C nanofibers are a replica of one-dimensional (1D) channeled mesoporous P-100. The
diameters of the LiFePO,/C nanofiber replicas (~150 nm) are larger than that of the host P-100 (100
nm), which may result from the decomposition of the organic filter templates into residual carbon,
which is then coated on the surface of LiFePO, fibers during pyrolysis. The typical morphology of the
mixed-cellulose and cellulose is three-dimensional (3D) interconnected mesopores and macropores.
The morphology of LiFePO,/C prepared from M-200 and C-700 hosts exhibits well-developed
interconnected mesopores and macropores (Fig. 2(b)-(c), (e)-(f)). These meso- and macro-pores allow
the organic electrolyte to enter the material and access the high interfacial areas, which may improve
the charge transport and power capability. The particle size of the LiFePO,/C produced from M-200 is
in the 70 — 200 nm range, which is in good agreement with the cavity size of M-200 mixed-cellolose
(about 200 nm). Although the porosity of the C-700 cellulose template has a larger pore size of about
700 nm, the LiFePO,/C prepared from C-700 provides a uniform particle size within the 100-150 nm
range (Fig. 2(f)). The uniform particle sizes can be ascribed to the effect of the structure of 3D fibers in
the cellulose in dispersing the LiFePO, particles and reducing the particle aggregations. Fig.3 exhibits
SEM images of the prepared LiFePO,/C composites and the corresponding EDS spectra. It can be seen
from the SEM images that the particles for all samples could be composed of a secondary particle
containing many smaller sized particles.



Int. J. Electrochem. Sci., Vol. 10, 2015 8064

a8 1 1%
ul Seabe £76 cls Cursor 0000

Figure 3. SEM images of LiFePO,/C and the corresponding EDS spectra for (a) P-100; (b) M-200; (c)
C-700.
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Figure 4. Schematic of the synthesis of (a) nanowires LiFePO,/C by using polycarbonate template and
(b) porous LiFePO,/C by using mixed-cellulose or cellulose templates.



Int. J. Electrochem. Sci., Vol. 10, 2015 8065

The EDS spectra result of LiFePO,/C composites unambiguously confirmed that the particles
in the selected region possessed Fe, P, O, and C components.

To prepare the various shapes of LiFePO4/C, a clear solution consisting of LiFePO, precursors
was incorporated into the different morphologies of organic filter templates using an impregnation
method. The specific morphology of LiFePO,/C composite was then obtained by calcinating the
organic filter templates at 600°C.

From the above experimental analysis, a possible mechanism of the formation of LiFePO,/C
replicas can be proposed as shown in Fig. 4. Two types of 1D channeled polycarbonate (P-100) and 3D
interconnected meso- and macro-porous mixed-cellulose and cellulose (M-200 and C-700) were used
as templates. Fig.4 shows the three major steps in the syntheses process: (i) infiltrating the LiFePO,
precursor solution into the templates; (ii) heat-treatment of the impregnated template under a
controlled atmosphere to respectively convert the organic template and precursor solution into residual
carbon and amorphous LiFePOg; (iii) removal of the template framework and crystallization of
LiFePO, to form the LiFePO,/C composites by calcination. In the final step, while the organic filter
template was removed by calcination, the LiFePO, featured the nanofiber (P-100) and
meso/macroporous (M-200 and C-700) structures with residual carbon from the decomposition of the
organic template.

Due to the difficulty of synthesizing P-100 and extremely low yield of P-100, studies of this
composite focused only on morphological analyses such as XRD, SEM and TEM. Thus, the following
discussions regarding BET surface area and electrochemical tests will be limited to the M-200 and C-
700 composites. The pore structure of the LiFePO,/C produced from M-200 and C-700 was
determined by nitrogen adsorption-desorption isothermal measurements. As shown in Fig. 5, the
adsorption isothermal curve of the samples have a well-defined step as the typical IV classification
with a Hs-type hysteretic loop in the p/p, range of 0.50 — 1.0, indicating mesoporous material character.
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Figure 5. Nitrogen sorption isotherms for samples M-200 and C-700; filled and open markers
respectively denote the adsorption and desorption branches of the isotherm. The insert is the
BJH desorption pore size distribution.
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The pore size distributions for both samples calculated from the adsorption branch of the
isotherms based on BJH model, as shown in the insert of Fig.5. The result confirms the significant
presence of mesopores for C-700. The pores prepared from the smaller template (M-200) may have
partially broken down due to crystal growth thus reducing the pore volume. A similar occurrence was
reported by Doherty et al. [41]. Therefore, the pore size is mainly a consequence of the micropores.
These findings suggest that the LiFePO,/C composite samples do not contain framework-confined
pores but are rather made up of individual nanoparticles. This observation is also supported by the
TEM images. Moreover, the BET specific surface area of M-200 and C-700 are respectively 18 and 24
m? g™. Generally, a larger surface area is important to improve the electrochemical performance of
LiFePO,4 materials.

Table 2. EA, DLS, TEM, BET surface area, morphology, and discharge capacities for various

samples.
Carbon BET
Morphology TEM Size surface Capacity at 0.1C rate
Samples amount
(nm) area (mAh/qg)
(Wt%) 2
(m7/g)
P-100 . 0.79 150 nm N/A N/A
nanofibers
M-200 . 2.3 70-200 18 135
nanoparticles
C-700 . 2.1 100-150 24 152
nanoparticles

Table 2 lists the residual carbon content, morphology, BET specific surface area, morphology,
and discharge capacity for various samples. The carbon content of the carbon coated LiFePOy in the
as-prepared LiFePO,/C composites was confirmed using an elemental analyzer (EA). The measured
residual carbon content for all samples was about 0.79 ~ 2.3 wt%.
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Figure 6. CVs of Li/IM LiPFs, EC-DMC/LiFePO, cells were recorded during the 3rd cycle at a
scanning rate of 0.1 mV s for samples M-200 and C-700.
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Fig. 6 represents the CV plots of the LiFePO4/C composites prepared from M-200 and C-700
cycled between 2.5 and 4.2 V at a scan rate of 0.1 mV s™. In the CV curves of both samples, the
oxidation-reduction peaks of both samples appear between 3.5-3.6 V and 3.3-3.4 V, respectively,
corresponding to the two-phase charge-discharge reaction of the Fe?*/Fe®* redox pairs at roughly 3.5 V.
No other peaks were observed, suggesting the absence of electro-active iron impurities. According to
the measurement of CV profiles (3rd cycle), both samples exhibit a similar coulombic efficiency of 98-
99%. However, the peak intensities or discharge capacities are variable. The C-700 revealed a higher

capacity than that with M-200.

500

400

300

Z"lohm

200

100

C-700

- = M-200

100 200 300
Z'lohm

400

400
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The difference in cell capacity can be assigned to the higher surface area of C-700. Moreover,
the difference in electrochemical performance is more obvious in ac impedance. The curves of
electrochemical impedance spectra (EIS) present the typical Nyquist plot of the LiFePO,/C prepared
from M-200 and C-700, as shown in Fig. 7. The plot has a combination of a depressed semicircle in
the medium-to-high frequency region and an inclined line in the low frequency region. The intercept at
the Z’ axis in the high frequencies region represents the ohmic resistance (R.) of the electrolyte and the
electrical contact. The semicircular plot in the medium frequency range is corresponding to the charge
transfer resistance (R.;) of the electrochemical reaction and the inclined line in the low frequency
region represents the Warburg impedance, which related with Li* diffusion in the LiFePO,/C particle.
As represented in Fig.7, C-700 has a smaller charge transfer resistance (R¢t ~ 135 Q) and a larger
diffusion of lithium ions than M-200 (R¢ ~ 150 Q). These results are in agreement with the high
electrochemical performance of C-700 at a high discharge rate.

Fig. 8 plots capacity versus cycle number for the LiFePO./C prepared from M-200 and C-700.
Both cells exhibit good discharge capacity retentions after 30 cycles. However, the C-700 capacity is
significantly higher than the M-200 due to the increased presence of mesopores and greater surface
area. The particle morphology and surface area are obvious to have a significant effect on
electrochemical performance. The 5" charge-discharge voltage profiles of Li/LiFePO, cells for M-200
and C-700 at 0.1C rate between 2.5 and 4.2 V are shown the insert in Fig. 8. A wide flat charge-
discharge plateau could be seen at approximately 3.4 V (vs. Li/Li"), which implies that a two-phase
Fe**/Fe®* redox reaction proceeds via a first-order transition between FePO, and LiFePO,. The small
voltage difference between the charge-discharge plateaus demonstrates its good Kkinetics. The C-700
cell delivers a discharge capacity of 157 mAh g™ in the 5™ cycle, which corresponds to ~93% of the
theoretical capacity of LiFePO, (170 mAh g™). The coulombic efficiency of all samples was at least
99%, which is in good agreement with the CV measurements.
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Figure 9. Cycle stability of samples C-700 and M-200 with various C rates. The insert is the
charge/discharge curves of sample C-700 at different current rates.
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Cycle stabilities of the cell at various discharge current rates are given in Fig. 9. At higher
discharge rates, the C-700 has significantly higher capacities than the M-200. At a rate of 10C, a
reversible capacity of 112 mAh g™ can be achieved, which is ~ 71% of the initial capacity at 0.1C rate.
This retention of the high rate capacity indicates the C-700 possesses an excellent rate capability and
good cycle life, which can be attributed to the lower charge transfer resistance and greater diffusion of
lithium ions for the C-700 materials. We find C-700 to be suitable for use as an organic filter template
to produce a LiFePO,/C composite with a good particle morphology and a uniformly coated carbon
conductive layer, exhibiting better electrochemical performance. From the experimental results, the
LiFePO,/C composites prepared from appropriate organic templates have smaller particle sizes, larger
specific surface areas, and highly uniform carbon distribution on the surface of the particles, which is
consistent with the findings in other studies [10, 41, 42, 47-49, 51]. These characteristics provide
composites with better electrochemical performance.

4. CONCLUSION

LiFePO,/C composites were prepared using porous polycarbonate, mixed-cellulose, and
cellulose as sacrificial hard templates. The nature of the organic filter templates was found to greatly
affect the formation of the specific pore structure with various morphologies. Although the porosity of
the C-700 (700 nm) cellulose template has a larger pore size, the LiFePO,/C prepared from C-700
provides a uniform particle size within the 100-150 nm range, which can be ascribed to the effect of
the structure of 3D fibers in the cellulose in dispersing the LiFePO, particles and reducing particle
aggregations. The LiFePO,/C prepared from the C-700 gave both high specific surface area and better
access to the active LiFePO, material, thus this sample possesses a higher discharge capacity and
better rate capability, with 157 mAh g™* at 0.1C and 112 mAh g* at 10C. LiFePO,/C powders
synthesized from the appropriate organic filter templates clearly can provide excellent electrochemical
performance.
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