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HIGHLIGHTS

o Experimental heat capacity of LiFePO4 agrees well with first principle calculation.

e Thermal diffusivity of carbon pitch coated LiFePOy is factor of two higher.

e LiFePO4—carbon—binder electrode compositions have lower thermal diffusivity.
e Binder and carbon coated LiFePO,4 have similar thermal reactivity in electrolyte.
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We report heat capacity, thermogravimetry and thermal diffusivity data for carbonized mesophase pitch
coated LiFePO4 (LFP) cathodes. The results are compared with the thermophysical properties of a con-
ventional LFP-based electrode having a poly (vinylene) difluoride (PVDF) binder and conductive carbon
diluents. The measured heat capacity of LFP as a function of temperature is in good agreement with
model calculations based on first-principles methods. Thermal diffusivity data indicate that the meso-

phase pitch coated LFP compositions have a factor of two higher thermal diffusivity than the conven-
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ature and heat evolution.

tional electrode composition, suggesting that the coatings improve heat transfer. In the presence of an
electrolyte mixture (1.2 M lithium hexa-fluorophosphate), differential scanning calorimetry (DSC)
analysis of the LFP—pitch composite and LFP—PVDF—carbon composites showed similar onset temper-

© 2013 Published by Elsevier B.V.

1. Introduction

Increases in the capacity of modern lithium (Li) batteries
continue to be made possible by improvements in the electronic
conductivities and ionic diffusivities of the anode and cathode
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materials [1]. LiFePOg4 (LFP) is a promising and well-known cathode
material for high-power rechargeable lithium-ion batteries [2]. At
present, the primary flaws of LFP that limit its application are low
electronic conductivity and slow lithium diffusion [2,3]. Conse-
quently, several approaches are being explored to improve its
transport properties [2,3]. For example, the use of nanoparticles as
the active material improves kinetics due to the reduction in
diffusion length for ionic transport; furthermore, the relatively high
surface area of the nanoparticulate morphology promotes fast
interfacial charge transfer. Common approaches to address the
inherently low electronic conductivity of LFP include [2,3] the
addition of conducting diluents such as graphitic carbon or fibers,
and/or coating the surface of LFP powders with a thin amorphous
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carbon layer. These approaches significantly improve the electronic
conductivity between particles and also improve capacity
retention.

Our recent research on petroleum pitch (P-pitch) coated carbon
grids has demonstrated another pathway for improving the per-
formance of LFP-based batteries. These materials can potentially
replace Al foil current collectors in lithium batteries, without
compromising electrochemical performance [4,5]. In this approach,
a slurry composition of mesophase pitch and LFP particles is coated
on micron sized (diameter) graphitic carbon fiber mats and
carbonized to 700 °C under argon atmosphere. This process allows
for free-standing electrodes that do not require a metal current
collector or polymeric binders, resulting in further increases to the
energy density of the electrodes. The carbon fibers exhibit a range
of thermal and electrical conductivities, some even comparable to
current collectors such as aluminum [6]. In addition, the electro-
chemical performance of carbon fiber based mats and individual
carbon fiber coated electrodes showed excellent capacity retention
and rate capability, providing a practical route toward fiber based
electrode architectures. [4] Specifically, using Toray carbon fiber
paper derived from poly-acrylonitrile (PAN) based precursor and
Pyrograf-1 carbon fiber mats as current collectors the P-pitch
coated LFP electrodes demonstrated capacities exceeding to
160 mAh g~ ! between C/20-2C current rate. Further, the cycle life
performance of these electrodes compared well with the conven-
tional electrodes (Al current collector) with similar active materials
loading [4,5]. The electrochemical impedance spectroscopy (EIS)
study of only carbon fiber electrodes and the annealed P-pitch
coated electrodes clearly showed that the presence of carbonized P-
pitch makes good electronic contact along and between the fibers.

In addition to revealing transport properties, understanding the
thermophysical properties of electrical energy storage materials is
important because thermal stability directly influences safety
during continuous charge—discharge cycling. [1,7—9]. These issues
are paramount for lithium-ion chemistries where lithium plating,
over potential, and potential exothermic reactions [10,11] between
charged electrodes, electrolytes and other cell components can lead
to safety concerns [12]. In this study we report thermophysical
properties of conventional LFP electrode compositions and
compare them with their P-pitch coated LFP counterparts. The first
part of our analysis discusses heat capacity and thermogravimetric
analysis (TGA) of components of the electrodes, including meso-
phase pitch, LFP, and binder—LFP mixtures. The results are then
discussed in the context of the thermal diffusivity behavior of
composite electrodes. Specifically, we compare the thermal diffu-
sivity of the LFP-carbonized pitch composition with a commercial
electrode composition comprised of LFP, polyvinylidene fluoride
(PVDF) binder, and conductive carbon diluents. Further, we report
experimental heat capacity values of LFP as a function of temper-
ature and compare with heat capacity values from density func-
tional theory (DFT) calculations. We find that the mesophase pitch
coated LFP compositions exhibit a factor of two increase in thermal
diffusivity compared to the conventional electrode composition,
implying better heat transfer properties.

2. Methods: experimental and computational

Carbon coated LiFePO4 (LFP) powders (3 wt.% carbon) were
obtained from Hydro-Québec, Canada and pure LFP was provided
by MTI Corporation, USA. The MTI LFP powders were carbon-free
and were used as received. The particle size of both the LFPs was
in the range 100—150 nm. Because of the air sensitivity of LFP, all
samples were handled and stored under argon/vacuum atmo-
sphere. Thermophysical measurements such as TGA, heat capacity
and thermal diffusivity studies were carried out on pressed pellets.

Slurries of LFP, PVDF, and C-black at desired compositions were
prepared in N-vinylpyrrolidone (NVP) and dried at 80 °C. The
powders were pressed into 1.27 cm diameter pellets with a pres-
sure of 10 Ton for 2 min. The LFP and Pitch slurries were prepared
with 95:5 wt.% compositions in NVP and dried at 80 °C followed by
pressing with the above protocol. The pitch and LFP pellets were
heated at 700 °C under Ar atmosphere for 5 h to carbonize the
petroleum pitch. For TGA measurement the pellet dimensions were
4 mm in diameter and 1 mm thick. For thermal diffusivity mea-
surements the pellet diameter was 1.27 cm with a thickness be-
tween 0.3 and 0.4 mm (for better accuracy, thin samples are
preferred). Transmission electron microscopy (TEM) study reveals a
uniform carbonaceous coating around LFP particles in the range of
5—10 nm. The degree of carbonization of P-pitch depends on the
annealing temperature. In the work reported here it was about
700 °C. Raman spectroscopic study of the annealed P-pitch elec-
trodes showed both disorder carbon peak (D band) at around
1350 cm~! and the graphitic peak at 1590 cm~! (G-band) implying
we have mixed sp? and sp> binding environment. This was reported
by us in an earlier publication [13].

Thermogravimetric analyses (TGA) of samples were carried out
using a Stanton Redcroft TGA instrument (model STA 1500) under
argon atmosphere. For this purpose, samples were loaded in plat-
inum crucibles and the data were collected at 10 °C min~! between
25 and 800 °C upon an Ar gas flow at 50 cc min~.

An Anter FL5000 laser flash system was used to obtain ther-
mal diffusivity of the specimen. The system uses an Nd—Yag laser
to deposit a short heat pulse on the sample surface and an InSb
IR detector to record the back surface temperature rise. Thermal
diffusivity was obtained using the ASTM 1461 flash diffusivity
setup. Diffusivity measurements were carried out from 25 °C to
500 °C in a graphite furnace with 50 °C increments. The testing
was performed under flowing Ar. In this technique the sample
pellet is heated using a temperature-controlled furnace. The
system is equipped with a six-sample carousel. Once the tem-
perature is stabilized to the desired value, the laser is fired at the
front face of the sample. The heat pulse due to the incident laser
energy travels through the thickness of the sample and the
temperature at the back surface is monitored using an infra-red
detector. Three measurements were performed at each set
point. The diffusivity values are calculated based on the sample
thickness and temperature rise curve based on the Clark and
Taylor method [14].

Differential scanning calorimetry (DSC) experiments were per-
formed using NETZSCH DSC 404C calorimeter. The heating rate
used was 20° min~!. For DSC measurements the electrode and
electrolyte were hermetically sealed in stainless steel pressure pans
sealed with a gold gasket using a torque driver. The ratio of elec-
trode material to electrolyte was about 1:2 wt./wt.

The theoretical heat capacity of LFP was calculated using density
functional theory (DFT) within the PBE GGA [15] as implemented in
the VASP code [16—19]. The simplified on-site Coulomb interaction
U of Dudarev et al. [20] was used, with U = 3.71 eV for LiFePO4 and
4,90 eV for FePOg4, as calculated from linear response theory by
Zhou et al. [21]. The projector augmented wave method [22,23] was
used with a 0.1 eV Gaussian smearing of electronic occupancies,
and an antiferromagnetic magnetic ordering was assumed. The
lattice constants were optimized on a conventional unit cell with a
12 x 12 x 12 Monkhorst—Pack mesh [24] and a 600 eV planewave
cutoff, and found to be 10.42, 6.06, and 4.74 A; this compares well
with the experimentally reported values of 10.33, 6.01, and 4.69 A
[25]. The same parameters were used for heterosite FePO4 (heter-
osite FePOy is the delithiated form of LiFePOg4), whose lattice con-
stants were found to be 9.92, 5.86, and 4.85 A, in good agreement
with the experimentally reported values of 9.76, 5.75, 4.76 A [26].
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The heat capacity was calculated within the harmonic approxi-
mation [27]:

1 0 h&),‘
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The vibrational frequencies w; were determined using finite-
differences to compute the dynamical matrix in a 1 x 2 x 2
supercell of mass M (112 atoms for LiFePO4 and 96 atoms for FePOy4)
with a 2 x 2 x 2 Monkhorst—Pack k-point mesh and a 400 eV
planewave cutoff. We assume the volume to be independent of
temperature (i.e. Cp = G).

3. Results and discussion

Thermophysical characterization of the individual electrode
components such as the mesophase carbon pitch, LFP and LFP—
binder, was undertaken first (Figs. 1 and 2). These experimental
values were then used as an input for calculating the heat transfer
properties such as thermal conductivity (K). As reported by Klett
et al. the mesophase pitch undergoes a carbonization process to
form an electrically conducting coating around the LFP at approx-
imately 700 °C. Interestingly enough, when heat treated alone
under argon atmosphere the pitch transforms into a porous, foam-
like structure as shown in Fig 1(a). Fig. 1(b, c) shows the TGA and
Fig. 1(d) heat capacity results for the mesophase P-pitch sample.
Experiments on three sets of pitch sample were carried out in order
to ascertain the accuracy of the measurements. Mesophase pitch
precursors soften and then form a low density foam as gases are
released [28]. The carbonization occurs between ~400 and 600 °C
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Fig. 2. Heat capacity versus temperature (between 25 and 600 °C) of LiFePO,4 obtained
from two suppliers, Hydro-Québec and MTI respectively. Data are shown for both
heating and cooling cycle. The sample from Hydro-Québec has between 2 and 3 wt.%
carbon content.

as shown in Fig. 1(b, ¢), and is conductive even with a relatively low
temperature treatment. However, the crystallinity and electronic,
thermal transport continue to improve with higher temperature
treatments. The heat flow peak showed an endothermic peak
centered around 600 °C with an onset beginning close to 350 °C
(Fig. 1(b, c)). The noise or peaks in the range of 350—450 °C arise
mostly because of the evolution of gaseous by-products (hydro-
carbons) as the pitch undergoes heating. The beginning mesophase
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Fig. 1. (a) SEM image of P-pitch annealed at 700 °C indicating open-cell foam or honey comb structures. (b) TGA data of pure P-pitch upon heating at 10 °C min~' under argon
atmosphere between 25 and 700—1200 °C. (c) Heat flow versus weight loss in milligram during TGA under argon atmosphere between 25 and 700—1200 °C. (d) Heat capacity
versus temperature result for P-pitch between 25 and 350 °C. Data are shown for heating (red) and cooling (blue) cycle. (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)
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pitch has a liquid crystalline phase that undergoes a pseudo order
phase transition peaking at above 500 °C, similar to that observed
in polymeric materials at the glass transition temperature. [29] This
foaming process continues until the temperature climbs above
600 °C. The heat flow result closely correlates with the weight loss
behavior of the mesophase pitch shown in Fig. 1(c). The weight loss
rate slows as the temperature climbs above 700 °C, consistent with
the heat flow data. From the TGA data we observe a net 17% weight
loss (Fig. 1(b)) upon heating due to the slow decomposition of the
hydrocarbon residues yielding partially graphitized domains. The
pitch losses about 27% of its initial mass if heated to higher tem-
peratures of 1200 °C.

3.1. Heat capacity

The variation in specific heat capacity of mesophase carbon
pitch versus temperature is shown in Fig. 1(d). Based on the heat
flow data we limit the heat capacity measurement to 350 °C, above
which the mesophase pitch undergoes gas evolution and foaming.
The heating and cooling curves are shown in Fig. 1(d). The heating
data shows a small depression near 200 °C which is not present
during the cooling cycle. This could be caused by decomposition of
low melting point hydrocarbon derivatives present in the meso-
phase pitch.

The heat capacity data for the pure phase of LFP (MTI Corp., USA)
and carbon coated LFP (2—3 wt.% carbon, Hydro-Québec, Canada)
are compared in Fig. 2. The measurement was performed in the
range of 25—600 °C under an argon atmosphere. We observe hys-
teresis between the heating and cooling data due to evolution of
extrinsic materials in LFP like moisture and impurities. These pro-
cesses appear as an endothermic peak in the heating curve, and are
absent during the cooling cycle. The behavior of the heat capacity
data versus temperature for both LFP samples shows similar trends
and the experimental values are within the experimental accuracy
of the measurement (about 2%).

Fig. 3 compares the heat capacity (C,) results of pure phase LFP,
pitch-coated LFP, and LFP—carbon—binder composites. Since the
PVDF melting temperature is approximately 165 °C, we limit the
heat capacity measurement to 150 °C for the binder phases. The
pure LFP and the pitch-coated LFP have similar heat capacity values
since addition of an extra few percent carbon does not affect the
heat capacity values appreciably. Since the carbonized pitch is only
<3 wt.% of the total composition it will not appreciably contribute
to the heat capacity values across this temperature range. The
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Fig. 3. Heat capacity versus temperature of LiFePO4 (cross) from Hydro-Québec,
LiFePO4 + pitch (solid circle) and LiFePO4 + PVDF + carbon black (solid squares and
diamond). The binder compositions are limited to 120 °C due to the low melting point
of PVDF.

binder compositions tend to have a higher heat capacity compared
to pure LFP as one approaches higher temperature. This is
explained by the presence of lower atomic weight elements such as
hydrogen, carbon and fluorine in PVDFE. The nominal binder amount
used during this measurement was 7.5 and 10 wt.%. The experi-
mental heat capacity values for pure phase LFP varies between 0.4
and 1.05 ] g~! °C~! between the measured temperature ranges
of —140—500 °C. There appears to be a parabolic dependence of
Gy with respect to temperature. The C, increases with T to until
300—350 °C and remains steady after that.

In order to investigate further we compare the calculated and
experimental heat capacity of LFP as a function of temperature as
reported in Fig. 4. Overall, the calculated specific heat is in very
good agreement with the experimental data: at temperatures
below 300 °C the calculated values overestimate those from
experiment by at most 8%. We note that our assumption of fixed
volume in the calculation cannot explain this minor discrepancy,
because C, in general is larger than G, [30]. The small bump in the
experimental data at about 400 °C could be due to the presence of
impurities or a non-stoichiometry in the sample. To examine the
latter possibility, we have calculated the heat capacity assuming a
two-phase mixture of 70 mol % LiFePO4 and 30 mol % heterosite
FePO4 (heat capacities obtained using the lower energy rodolicoite
FePOy4 structure are similar). As can be seen in Fig. 4, this two-phase
model shows slightly better agreement with the experimental data
below 300 °C. (FePO4 has a somewhat lower heat capacity than
LiFePO4 due to the removal of the lighter weight lithium atoms.) We
note that the LiyFePO4 system is known to undergo a phase tran-
sition from a two-phase region to a disordered state; at a compo-
sition of x = 0.7, this transition has been experimentally observed to
occur at a temperature of approximately 200—250 °C [31,32]. Such
a transition could also explain the variation between theory and
experiment at higher temperatures. Of course, the evolution of
extrinsic species, such as moisture, could also be a factor.

3.2. Thermal diffusivity

Fig. 5 shows the thermal diffusivity (D) versus temperature for
both pitch-coated and binder based LFP compositions. Through
plane diffusivity measurements were performed using the laser
flash method. In the case of the pitch—LFP mixture the diffusivity
measurements were performed at temperatures up to 500 °C,
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Fig. 4. Calculated heat capacity using DFT and comparison with experimental data for
Hydro-Québec LFP as a function of temperature. Solid line shows the calculated heat
capacity of pure LiFePOy4, while the dashed line shows that of a two-phase mixture of
70 mol % LiFePO4 and 30 mol % FePOy,.
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to colour in this figure legend, the reader is referred to the web version of this article.)

while for the binder compositions we limit the measurements to
between 120 and 140 °C to avoid any thermal decomposition.
Thermal diffusivity values for all compositions showed a linear
decrease with increasing temperature within the measured range.
The diffusivity plot for the 10% binder composition shows two data
points measured at 125 and 150 °C, respectively, which is close to
the temperature where PVDF begins to melt. The jump in the values
could be a manifestation of this effect. Therefore, diffusivity was
measured only up to 100 °C for the 7.5% binder composition.

Several interesting observations can be made from the thermal
diffusivity measurements at different temperatures for the LFP
electrode compositions. The temperature dependence of diffusivity
for all cases seems to be linear and falls with increasing T. This is
expected since diffusivity values drop due to an increased phonon
scattering rate at higher temperature. [33]| The binder (PVDF) LFP
has approximately a factor of two lower diffusivity compared to the
pitch coated samples, implying that PVDF—CB has lower thermal
transport compared to carbonized pitch. For example, as
illustrated in Fig. 6 at 100 °C one of the LFP—PVDF—CB compositions
D was in the order of 0.0016 cm? S~ the corresponding value for
the LFP—pitch was 0.0032 cm? S~

Between the two PVDF—CB compositions we notice higher
diffusivity for the composition that has higher PVDF content
(10 wt.%). This is could be mostly due to higher carbon black con-
tent (10 versus 7.5 wt.%) and a relatively lower LFP content (80%
instead of 85%).

From the experimentally measured values of heat capacity,
thermal diffusivity and densities we can estimate the thermal
conductivity (K) for each compositions using the relation K = pCpD;
where p is the density, G, is the heat capacity and D is thermal
diffusivity. The density values of the pellets were estimated from
their respective weights and dimensions. Table 1 summarizes the
comparison between the thermal conductivity values at 25 °C of
pitch—LFP and the LFP—binder compositions. From Table 1 it is clear
that LFP—pitch compositions exhibit a factor of 2 increase in ther-
mal conductivity compared to the conventional LFP—binder (PVDF)
plus conductive diluents (CB) electrode. This signifies that heat
transfer across pitch—LFP materials occurs at a higher rate than
across LFP—PVDF—CB composite materials.

Electrolyte

—— LFP 80%- PVDF 10%- CB 10% + Electrolyte
20 4 —— LFP 85%- PVDF 7.5%- CB 7.5% + Electrolyte
4 —— LFP-P-pitch + Electrolyte

0 100 200 300 400
Temperature / °C

Fig. 6. DSC result of LFP electrode compositions with electrolyte mixture (1.2 M
LiPFg + EC + DMC). Black line: electrolyte mixture only. Blue line: LFP electrode
composition, 80% LFP + 10% C-black + 10% PVDF. Green line 85% LFP + 7.5% C-
black + 7.5% PVDF. Red line: LFP + 5 wt.% coated pitch only. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)

3.2.1. DSC study of pitch coated LFP

Fig. 6 shows DSC data for various LFP compositions in the
presence of an electrolyte consisting of 1.2 M LiPFg in 1:2 wt./wt.
proportion to an Ethylene Carbonate (EC)—Dimethyl Carbonate
(DMC) mixture. The ratio between the active electrode material and
electrolyte was 1:2 wt./wt. DSC analysis of carbonate solvents with
and without LiPFg salt has been reported by several groups [10,34].
The intensity, onset temperature, and peaks of the various endo-
thermic and exothermic features in DSC depend on variety of fac-
tors such as, heating rate, reactivity between individual
components of the mixture and relative concentration of solvents
or molar ratios. [ 10] The goal of the present study is to compare the
reactivity of a standard electrolyte mixture (1.2 M LiPFg) with pitch-
coated LFP to that of a standard LFP—binder—CB composite. The
heat of reaction curve for the electrolyte by itself is shown by the
solid black line of Fig. 6. The data indicates an endothermic peak
around 240 °C (most likely arising from the LiPFg), followed by a
relatively large exothermic peak from EC—DMC decomposition.
Compared to the pure electrolyte, the DSC peak for samples con-
taining both the electrode and electrolyte is reduced in intensity,
most likely due to lower carbonate concentration. Also the peak
onset is moved toward slightly higher temperatures. From the DSC
results it appears that the heat of reaction for LFP—Pitch and the
LFP—PVDF—CB composition are similar for this particular electro-
lyte mixture with only subtle differences at higher temperatures
(>300 °C).

4. Conclusion

We report a comprehensive set of thermophysical measure-
ments for Li-ion cathode materials comprised of pure LFP, meso-
phase pitch coated LFP, and “conventional” compositions based on
LFP—binder—carbon diluents. Thermal Diffusivity results reveal
that pitch-coated LFP has approximately a factor of two higher
diffusivity compared to LFP—binder compositions. The experi-
mental LFP heat capacity values agree very well with models based
on DFT calculations. Temperature dependent diffusivity measure-
ment over the region of interest showed a linear dependence for
LFP—pitch as well as binder compositions. Based on the experi-
mentally measured thermophysical properties we calculate the
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Table 1

Room temperature thermal conductivity (K) values calculated from thermophysical measurements at 25 °C.

Sample Description wt.% LiFePO4 wt.% carbon wt.% PVDF Measured Measured heat Measured thermal Calculated thermal
density (p) capacity (Gp) diffusivity conductivity
(gcc) Jg'-°0) (cm?s71) (W m™"'-K) K = pC,D

LiFePO4—Pitch-annealed at 700 °C 95 5 0 2.06 0.741 0.0035 0.53

LiFePO4 80%—CB 10%—PVDF 10% 80 10 10 1.65 0.778 0.0021 0.27

LiFePO4 85% —PVDF 7.5%—CB 7.5% 85 7.5 7.5 2.31 0.778 0.0015 0.27

thermal conductivity values for each of these compositions.
Furthermore DSC results demonstrate that the thermal reactivity
behavior of pitch and binder based LFP composition are similar
with respect to LiPFg—carbonate mixtures. Our result shows that
pitch based LFP carbon fiber electrodes can provide better heat
conduction properties compared to the conventional binder based
aluminum electrodes. We anticipate that this approach can also be
applied to other high capacity electrode materials used in lithium-
ion batteries.
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