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Thermal management remains one of the major challenges in the design of safe and reliable Li-ion
batteries. We show that composite electrodes assembled from commercially available 100 pm long
carbon nanotubes (CNTs) and LiCoO, (LCO) particles demonstrate the in-plane thermal conductivity of
Keywords: 205.8 W/m*K. This value exceeds the thermal conductivity of dry conventional laminated electrodes by
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about three orders of magnitude. The cross-plane thermal conductivity of CNT-based electrodes is in the
same range as thermal conductivities of conventional laminated electrodes. The CNT-based electrodes
demonstrate a similar capacity to conventional laminated design electrodes, but revealed a better rate
performance and stability. The introduction of diamond particles into CNT-based electrodes further
improves the rate performance. Our lightweight, flexible electrode design can potentially be a general
platform for fabricating polymer binder- and aluminum and copper current collector-free electrodes
from a broad range of electrochemically active materials with efficient thermal management.
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© 2017 Published by Elsevier Ltd.

1. Introduction

Since the first demonstration of Li-ion batteries based on
layered TiS; cathode and metallic lithium anode in 1976 [1], it took
about 15 years to release the first rechargeable commercial Li-ion
battery [2]. Now rechargeable Li-ion batteries became common in
consumer electronics and their popularity continues to grow for
electric vehicle and aerospace applications. Such batteries have a
number of attractive properties. They are lightweight; provide high
energy density; and have low self-discharge. Recent progress in
battery materials research allowed significant improvement in
design of high energy density and high power Li-ion batteries
[2—6]. However, the safety aspects of Li-ion batteries are still not
properly addressed [2,7]. Transportation and grid-scale energy
storage applications require high energy density battery systems
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that are realized via assembly of large format cells into packs. Even
though Li-ion batteries have high efficiency (~85—90%) in con-
verting of the stored chemical free energy into electric work, still a
certain amount of energy will be lost as a result of ohmic heating
owing to the current flow through the internal resistance during
operation of any battery [8—10]. In addition, thermodynamics of
the chemical reactions during charging and discharging cycles,
especially within the cathode materials can also contribute to
heating events in Li-ion batteries [ 11—13]. While dendrite growth is
a concern for anodes, especially in Li-metal batteries [14], the low
thermal stability of the cathode material and its tendency to release
pure oxygen, promoting combustion, when over-charged [2,15]
impose safety problems for cathodes in Li-ion batteries. Over-
heating of the battery results in the performance degradation,
decreased battery life, and more seriously, increased risk of fire or
explosion. Another problem of the Li-ion battery is their
temperature-dependent performance [12,16—19]. Therefore, ther-
mal management becomes a serious issue that impedes the
spreading of high energy density batteries for large-scale


mailto:eshevchenko@anl.gov
http://crossmark.crossref.org/dialog/?doi=10.1016/j.carbon.2017.12.061&domain=pdf
www.sciencedirect.com/science/journal/00086223
www.elsevier.com/locate/carbon
https://doi.org/10.1016/j.carbon.2017.12.061
https://doi.org/10.1016/j.carbon.2017.12.061
https://doi.org/10.1016/j.carbon.2017.12.061

E. Lee et al. / Carbon 129 (2018) 702—710 703

applications [15].

The thermal management at the pack level can be achieved via
circulating air or liquid heat transfer media around the battery
packs. This active cooling approach is mainly applied to large scale
electric automotive and aerospace applications since it requires
complex, large, heavy, and expensive universal active cooling sys-
tems. For smaller electric vehicles and devices, it is more appro-
priate to utilize a passive cooling strategy that does not require
cumbersome additional cooling systems. For example, cells can be
surrounded by phase change materials (PCM) that absorb the
generated heat in Li-ion cells and melt up upon heating. When cells
cool off, the PCM hardens releasing the heat into the outside media.
However, the poor thermal conductivity of PCM can result in slow
heat dissipation which can create unfavorable thermal regime for
battery operation [20]. Combination of PCM and aluminum heat
transfer matrix is suggested to improve the low heat conductivity of
the PCM.

Besides thermal management at the pack level, there are more
direct approaches to improve the safety of batteries at the indi-
vidual cell level. It has been known that the poor heat transfers
across the interface of a cathode and a separator limits the heat
dissipation, and the heat built up at the interface region causes the
decomposition of solid electrolyte interface and shortage of the
circuit as a result of separator failure [21]. Therefore, multilayer
separators, ceramic particle coatings and thermoresponsive poly-
mers that decrease conductivity due to expansions upon heating
have been adopted to prevent the catastrophic failures by perma-
nent shut down of the battery in the event of overheating [7].
Therefore, a great number of interesting ideas have been consid-
ered to minimize the consequences of battery failure with the
assumption that the conventional design of the electrodes remains
unchanged.

The conventional design of the electrodes in Li-ion battery is
based on the laminated composite film, which consists of electro-
chemically active material, carbon black conducting agents, and
polymer binder, coated on metal foil current collector [22]. Such
electrode design is proved to be effective for achieving good elec-
trochemical performance and for mass production. Even with small
mass loadings, the carbon black takes large volume fraction in the
structure of conventional cathode electrodes and plays a critical
role in creating good electrical connections between the active
material particles and the aluminum current collector. However,
the carbon black is a poor thermal conductor. The low thermal
conductivity of the carbon black, which is typically in the range
between ~0.1 and 1 W/m*K at room temperature, is the main
reason for the overall low heat dissipation property of the con-
ventional cathode electrodes [23,24]. Moreover, the electrodes
fabricated via conventional laminate process have high porosity
and a granular microstructure that are not optimal for fast thermal
conduction. Poor thermal conductivity may also create thermal and
electrical gradients within the electrodes that can lead to locally
unbalanced states of charging and discharging (i.e., local over-
charging and discharging) [25]. It is noteworthy that the dry con-
ventional cathode electrodes demonstrate thermal conductivity in
the range between 0.27 W/m*K and 0.79 W/m* [26—28]. The
wetting of the dry electrode with electrolyte and interfacing it with
aluminum foil can increase the thermal conductivity up to 8.23 W/
m*K [27]. In the light of raising concerns of thermal management
for safer Li-ion batteries, it is imperative to consider alternative
approaches of electrode assembly that can provide material-level
thermal management solution without compromising the elec-
trochemical performance.

A possible approach for addressing the low thermal conduc-
tivity issue is to replace the carbon black with other carbon allo-
tropes that have better intrinsic thermal conductivity. In this

scenario, graphene [29] and carbon nanotubes (CNTs) [30,31], have
become promising alternatives for the design of the electrode
matrix [32]. The concept of using different carbon allotropes such
as graphene, CNTs and fibrous carbon aerogels has been explored in
order to fabricate binder free, flexible electrodes for Li-ion batteries
[33,34] and Zn-air batteries [35]. The high quality single layer
graphene reveals thermal conductivity in the range from 2000 W/
m*K to 5000 W/m*K [29]. The graphene based structures obtained
by annealing of graphene oxide demonstrated thermal conductiv-
ities of ~61 W/m*K [36]. The thermal conductivity of the reduced
graphene oxide is lower than that of graphene owing to the high
concentration of defects, structural disorder and relatively small
size of sp?> domains. However, composites assembled from
extended graphene monolayers can present a challenge for elec-
trolyte diffusion due to the lodging of the pores [37]. In turn,
thermal conductivity of individual CNTs was experimentally re-
ported to be in the range from 1750 W/m*K to 5800 W/m*K [38].
The electrical conductivity of compacted CNT structures was found
to be even higher than that of the compacted graphene structures
[39]. Generally speaking, both CNTs and graphene offer excellent
electrical and thermal conductivities attractive for Li-ion battery
applications. However, most of the studies on the alternative
electrode designs utilizing carbon allotropes focus mainly on the
electrochemical and mechanical aspects of the batteries and only
limited number of studies discuss the thermal management aspects
[32,34].

Previously, various types of binder-free electrode designs have
been suggested. However, most of them are only applicable to
nano-scale active materials, such as nanoparticles [40,41], nano-
wires [42—44], and hierarchical structures [45,46]. Hasegawa et al.
[47] demonstrated moderate performance of binder-free LiCoO,
electrode prepared with CNT (less than 10 wt%). However, their
LiCoO,/CNT composite electrodes without current collector indi-
cated significant rise in cell impedance particularly at high current
density. Herein, we report on thermal conductivity and electro-
chemical performances of free-standing LiCoO,/CNTs composite
electrodes without using carbon black, polymeric binder, and Al foil
current collector. The novel composite electrodes demonstrated
excellent lateral thermal conductivity up to about 205.8 W/m*K,
which is three orders of magnitude higher than the thermal con-
ductivity of the conventional laminated electrodes, without
compromising specific capacity of LiCoO,. The rate capability and
deep cycling stability of the composite electrodes are even better
than those of the conventional laminated electrode. We also discuss
the effect of micron sized diamond particles and diamond nano-
particles on the thermal conductivity and electrochemical proper-
ties of the LiCoO,/CNT composite electrodes.

2. Experimental section
2.1. Materials and sample preparation

LiCoO; (LCO) particles were purchased from Sigma-Aldrich and
used without any further modification/optimization. We used c-
grade multi-walled CNTs purchased from NanoTechLab (>95% pu-
rity, 100 um long, diameter of CNTs is in the range of 5—30 nm). The
nanosized (~2.3 nm) diamond and micron-sized (~8—16 um) dia-
mond powder samples were obtained from International Tech-
nology Center, Raleigh and NC Diamond Innovations, respectively.
All samples for thermal conductivity and electrochemical tests
were obtained by vacuum filtration of corresponding solutions
through the filter such as microporous glass fiber filter (Wachman
GF-F). Table 1 provides the information on the amounts of materials
used for different types.

Corresponding amounts of materials were dispersed in 250 mL
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Table 1
Description of the control CNT and composite CNT-based LCO electrodes.

Description of electrodes

Abbreviation Composition and weight, mg

Control CNT electrodes

Three-layered electrodes. LCO is mixed with CNTs and sealed between two layers of CNTs. CNT-LCO

Three-layered electrodes. LCO is mixed with CNTs and sealed between two layers of CNTs. CNT-LCO-

Each layer contains similar amount of nanodiamonds.

Three-layered electrodes. LCO is mixed with CNTs and sealed between two layers of CNTs. CNT-LCO-

Each layer contains similar amount of micron sized diamonds.

CNT

4.1575
51.7033+1.9770
3.9595

4.2467+1.3800
D 51.7573+2.0268+1.3949
3.7902+1.5041

ND

3.9954+1.5508
D 51.7800+2.0598+1.4598
4.1151+1.4258

MD

of isopropyl alcohol (IPA) and sonicated for 20 min. CNT-LCO, CNT-
LCO-ND and CNT-LCO-MD samples have three-layered design in
which the middle layer containing LCO particles was sandwiched
between two layers of CNTs papers. Control CNT sample was ob-
tained via filtration of suspension of 10.2783 mg of CNTs dispersed
in 250 mL of isopropanol. After that the suspension of CNTs was
filtrated by vacuum forming a black CNT paper on the filter. After
the filtration, all samples were annealed in an oven at 200 °C for
12 h and further used in electrochemical tests without any addi-
tional processing. Typical LCO loading was 5.4 mg/cm?. The SEM
imaging of the samples was carried out using JEOL 7500F scanning
electron microscope.

For comparison, conventional laminated electrodes were pre-
pared by coating aluminum foil (20 pm thick) with a slurry con-
taining 84 wt% of LCO (Sigma-Aldrich) powder, 8 wt% of carbon
black powder (Super-P, Cabot Co.), and 8 wt% of polyvinylidene
fluoride binder (binder) in a N-methyl-2-pyrrolidone (NMP) sol-
vent. The typical LCO loading was 5.0 mg/cm? and the thickness of
electrode film (excluding Al foil) was 50 pm.

2.2. Electrochemical testing

In all electrochemical tests, the samples were used directly after
annealing. Electrochemical tests were conducted on 1.27 cm in
diameter samples punched from 3.5 cm in diameter samples ob-
tained by filtration. The battery cycling tests were performed with
the 2032 coin type cells with Li metal foil as the counter electrodes
and 1.2 M lithium hexafluorophosphate (LiPFg) in ethylene car-
bonate/ethyl methyl carbonate (3:7 weight ratio) electrolyte
(Tomiyama). Half-cell cycles were operated at 0.5 C-rate (1C-
rate = 140 mA/g) between 2.75—4.2 and 2.75-4.5V vs. Li/Li*
voltage ranges, using an automated Maccor 2000 battery tester. The
rate performance study on electrodes was conducted with cycling
the coin cells between 2.75 and 4.2 V vs. Li/Li" voltage range at 0.2C,
0.5C, 1C, 2C and 3C discharge rates while the charge rate was kept at
0.2 C. All of the coin cell tests were conducted in environment
chamber set at 25 °C.

2.3. Thermal measurements

The in-plane thermal conductivity was measured using the
transient planar source technique (Hot Disk, TPS2500). For these
measurements, an electrically insulated flat nickel sensor with a
radius of 0.5 mm is sandwiched between two identical parts of the
same sample. The sensor acts as the heat source and temperature

monitor, simultaneously. Thermal conductivity (K) of the material
is determined by recording the temperature rise asa function of
time wusing the equation AT(r)=P(mrK) D(r), where
T = (tma/r?)"/2, o is the thermal diffusivity, t;,, is the transient
measurement time, r is the radius of the sensor, P is the input
heating power, and D(7) is the modified Bessel function. The time
and the input power were chosen so that the heat flow is within the
sample boundaries and the temperature rise of the sensor is not
influenced by the outer boundaries of the sample. The TPS system
was calibrated with the 3-w method, a widely known standard
technique for thermal conductivity measurements of thin films.
Before each test, TPS system was also calibrated by testing a
referenced silicon wafer.

The cross-plane thermal conductivity was measured using an
optical “laser flash” technique (LFA, Netzsch LFA 467). The method
is compliant with the international standards ASTM E-1461, DIM E-
821 and DIN-30905. In this technique, in order to measure the
thermal diffusivity, each sample is placed into a stage, a xenon flash
lamp produces shots with an energy of 10 J/pulse on the sample
surface while the temperature rise is monitored at the other end
with an infrared detector. The thermal conductivity is determined
from the equation K = paCp, where p is the mass density, and G, is
the specific heat of the sample measured separately. The details of
the thermal measurement procedures were previously reported
[36,48,49]. Prior to the measurements on CNT-based samples
thermal conductivities of the standards were measured by Hot Disk
and LFA (Table 2). The thermal conductivities obtained for stan-
dards at room temperature are in agreement with their tabulated
values. Note, that Hot Disk and LFA require different materials as
standards.

3. Results and discussion

As described in the experimental section, all electrodes tested in

Table 2
Thermal conductivity of different materials (standards) measured by LFA and Hot
Disk at 25°C.

Test Material kW/m*K +

LFA Pyroceram 4.01 0.04
LFA Pyrex 1.01 0.03
LFA Poco-graphite AXM-5Q 91.7 0.02
Hot disk Stainless Steel 13.48 0.03
Hot disk Silicon 143.86 0.03




E. Lee et al. / Carbon 129 (2018) 702—710 705

CNTLCO

. 4

ENTLCOND CNTLCOMD

Fig. 1. SEM images of cross-plane (top) and lateral plane (bottom) of control CNT and composite CNT-LCO, CNT-LCO-ND and CNT-LCO-MD electrodes.

our study were obtained via filtration of suspensions of CNTs and
CNTs mixed with LCO particles [50—52]. The suspensions were
prepared via sonication of solid precursors in isopropanol. The
formation of a stable suspension is a critical step that further de-
termines the thermal and electrochemical performance of the
fabricated electrodes. It is worth mentioning that in our previous
work while the electrochemical performance of electrodes poly-
disperse CNT-based composites of iron oxide nanoparticles was
good, the electrochemical performance of CNT-based electrodes
assembled from commercially available Li[Nij;3C01;3Mny3]02 was
significantly compromised. As we recently figured out it could be a
result of poor dispersibility of Li[Nij;3C01;3Mny3]02 particles in
isopropanol that limited the interfacing of CNTs and particles of
electrochemically active materials. In order to address this issue, we
increased the volume of isopropanol and duration of sonication up
to 250 mL and 20 min, respectively. We found that these conditions
were sufficient to obtain a relatively stable CNTs and CNTs mixed
with LCO dispersions resulting in more uniform electrodes. No
conductive agents, polymer binders and metal current collectors
were used to fabricate the composite electrodes and CNT matrix
served as a current collector. Sandwiching of electrochemically
active cathode layer (in this study, LCO mixed with CNTs) between
two thin layers of CNTs is important for the robust performance of
the composite electrodes in electrochemical tests. In case when
electrochemically active material interfaces the electrolyte directly
(no external CNTs layers), the fading of the performance was
observed as a result of delamination of LCO particles from the
electrode matrix.

In our previous work, we observed high thermal conductivities
for composite electrode based on polydisperse CNTs [51]. Taking
into account that nowadays CNTs of controlled length are
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commercially available, we decided to explore the effect of the CNT
length on the thermal conductivity and electrochemical perfor-
mance. Since the electrochemical performance of electrodes
fabricated from short, 5—20 um long CNTs was fading abruptly, we
focused on electrochemically stable composite electrodes assem-
bled from long, 100 pum CNTs.

Expecting that the cross-plane thermal conductivity in CNT-
based composite LCO electrode (CNT-LCO sample) can be limited
by the relatively small number of the CNTs contacts across the
electrode we explored the possibility of cross-plane heat transfer
enhancement by the introduction of particles of materials with
high thermal conductivity. Bulk diamond has an excellent thermal
conductivity of 2200 W/m*K [30,31], and hence we investigated the
effect of nano- and micron-sized diamond particles on the in-plane
and cross-plane thermal conductivities in composite electrodes
(samples CNT-LCO-ND and CNT-LCO-MD, respectively). While the
thermal conductivity of micron and nanosized diamond may be
lower than that of bulk diamond due to the phonon-boundary
scattering [53—55], it is expected to be still much higher than the
thermal conductivities of conventional electrode materials. The
detailed description of the LCO/CNT composite electrodes is given
in Table 1.

The scanning electron microscopy (SEM) analysis revealed that
CNTs were rather entangled and randomly oriented in lateral
planes; however, the majority of CNTs have preferred in-plane
orientation (Fig. 1). The average thicknesses of the CNT, CNT-LCO,
CNT-LCO-ND and CNT-LCO-MD samples were ~30um, 45 pum,
35 um and 33 pm, respectively. In case of three layered electrodes
such as CNT-LCO, CNT-LCO-ND and CNT-LCO-MD samples the
thickness of top and bottom CNT layers was ~7—8 pm. The indi-
vidual CNTs were predominantly aligned parallel to the filter.
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Fig. 2. Comparison of the room temperature in-plane (a) and cross-plane (b) thermal conductivities of CNT only sample and those of LiCoO,/CNT composite electrodes as is (CNT-
LCO) and with incorporated nano- and micro-sized diamond particles (CNT-LCO-ND and CNT-LCO-MD, respectively).
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Fig. 3. (a) SAXS patterns measured on composite CNT-LCO, CNT-LCO-ND and CNT-LCO-MD and control CNT samples; (b) structure factors from individual components CNTs, LCO

particles and nanodiamonds.

Fig. 2 gives the in-plane and cross-plane thermal conductivities
for the CNT-based LCO electrodes and reference CNT sample. The
in-plane thermal conductivity was measured using Hot Disk tech-
nique that allows fast and consistent measurements of thermal
transport properties data without the influence of thermal contact
resistance and well suited for samples with high degree of anisot-
ropy in the sample structure. However, since the thicknesses of the
samples was close to the lowest limit for sample thickness imposed
for Hot Disk technique, the cross-plane thermal conductivity was
measured using Laser Flash technique (Netzsch LFA 467) that al-
lows to measure thermal conductivity of thin films [48].

The CNT-LCO sample showed excellent in-plane thermal con-
ductivity of 205.8 W/m*K. According to the recent studies the
thermal conductivity of a conventional electrode is in the range of
0.27—-0.79 W/m*K, which is much lower than that of the CNT-based
electrodes observed here [26—28]. Despite of the high thermal
conductivity of Al foil used as current collector, the overall thermal
conductivity of the electrode interfacing with aluminum has been
measured to be around 8 W/m*K [27]. Even lower thermal con-
ductivity of 3 W/m*K has been reported for whole cell [20].
Therefore, the in-plane thermal conductivity of CNT-LCO sample is
up to three orders of magnitude higher than the thermal conduc-
tivity of dry conventional laminated electrodes, and as high as that
of bare aluminum (205.0 W/m*K) that is used as a heat transfer
matrix in the PCM-based passive cooling systems. Note, the ther-
mal conductivity of LiCoO; is around 5.4 W/m*K m~ 'K~ [56].

The cross-plane thermal conductivity of CNT-LCO was 0.18 W/
m*K that is in the range dry conventional laminated electrodes [25].
The significant difference in the in-plane and cross-plane thermal
conductivities observed for CNT-based samples is expected for
highly anisotropic materials [31,32]. Interestingly, both the in-plane
and cross-plane thermal conductivities of the composite CNT-LCO
sample were significantly higher than that of control sample con-
sisting of CNT bundle only. Although the analysis of mass density of
the samples and their microstructure have not allowed us to
establish a strict correlation of these parameters with the thermal
conductivity, it is presumed that higher thermal conductivity
values in the CNT-LCO sample results from the lower disorder,
better in-plane alignment of CNTs in these specific samples and
coupling between individual CNTs and LCO particles. One should
note that individual CNTs have the thermal conductivity in the
range from 3000 W/m*K to 3500 W/m*K at room temperature [38].
The thermal conductivity of CNT bundles can vary in a wide range
depending strongly on the sample microstructure and method of

preparation.

Aiming to further improve thermal conductivity (especially the
cross-plane one) we investigated the effect of nano- and micron-
sized diamond particles on the thermal conductivity in the CNT
based composite electrodes. We added the same amount of nano-
(ND) and micron- (MD) sized diamonds to the corresponding
samples. However, we observed the decrease in the in-plane
thermal conductivity in both CNT-LCO-ND and CNT-LCO-MD sam-
ples as compared to CNT-LCO sample (Fig. 2). The reduction in the
in-plane thermal conductivity can be explained by additional
scattering for phonons propagating in individual CNTs by attached
diamond particles [57]. However, in the case CNT-LCO-ND, we
observed an increase in the cross-plane thermal conductivity most
likely due to better coupling in the cross-plane direction introduced
by the diamond particles. The obtained results suggest that the
arrangement of CNTs and their connectivity are the key factors that
determine the thermal conductivity. The cross-plane thermal
conductivities of the composite electrodes fabricated from long,
100 um CNTs in this study are substantially lower than the cross-
plane thermal conductivity of previously reported CNT based
electrodes that were assembled from polydisperse CNTs [51].
Therefore, we attribute the low cross-plane thermal conductivity
observed in this study to more pronounced lateral arrangement of
nanotubes in the samples prepared from longer CNTs. Our results
do not completely rule out the use of nano- and micro-diamond
particles for improvement of the thermal management of the bat-
tery electrodes but rather emphasize the need in optimization of
the diamond particles size and their coupling to other filler
materials.

Small-angle X-ray scattering (SAXS) was used to evaluate the
morphological nature of the CNT-based structures. The results
indicated that all three composite electrodes have similar scat-
tering patterns (Fig. 3a). According to SAXS data, the average radius
of individual multiwall CNTs is 12.4nm. The radius of nano-
diamonds is found to be 2.3 nm with 1 nm distribution width. In all
samples no structure factor of CNTs is found indicating that CNTs
are separated from each other and no bundles of CNTs are formed.
Fig. 3b shows the scattering from LCO, CNTs and nanodiamonds in
the composite electrodes. We estimated from scattering data the
number ratio of CNTs and nanodiamonds (ND), assuming their
densities as 1.5 and 3.52 g/cm® [58], respectively, as ~420 nano-
particles per 1 nm length of single CNT. This number is supported
by good agreement of the experimental scattering data and simu-
lated curve based on individual scattering factors in the CNT-LCO-
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Fig. 4. Electrochemical performance of Li/CNT-LCO cell cycled between 2.75 and
4.2V at 0.5C-rate (70mA/g): (a) cycle performance, and voltage profiles for (b) initial
10 cycles and (c) after the 10th cycle. Inset of (b) shows shift of dQ/dV peak during
initial 10 discharge cycles.

ND sample. The scattering from macrodiamonds (MD) is not
noticeable in the SAXS data, indicating that their concentration is
marginal as compared to LCO or CNTs. This, in turn, confirms that
the same amount of nano-sized particles leads to the huge differ-
ence in the number ratio between CNTs diamond particles
depending on their size. The absence of the structure factors for all
components in composite electrodes confirms their random mixing
without any phase separation. The SAXS data indicating the good
mixing of CNT and LCO particles are also supported by the fact that

CNTs facilitate the dispersion of LCO in isopropanol indicating the
interactions between CNTs and LCO particles. Indeed, being mixed
with isopropanol, micron sized LCO particles tended to transition
into suspension more efficiently in the presence of CNTs.

Fig. 4a shows the electrochemical cycling data of the CNT-LCO
composite electrode. The CNT-LCO sample demonstrates good
specific capacity (~130 mAh/g) and capacity retention when cycled
between 2.75 and 4.2 V at 70 mA/g. Interestingly, the CNT based
composite electrodes require initial formation cycles before the
stable performance was reached (~10 cycles as shown in Fig. 4a).
This effect is likely due to the electrode experiencing decreasing
polarization. Fig. 4b shows the fluctuating specific capacity and
decreasing polarization during the initial 10 cycles of the Li/CNT-
LCO cell. The decreasing polarization during the initial 10 cycles is
clearly represented by the shift of discharge dQ/dV peaks to higher
voltage, as shown in the inset of Fig. 4b. After the conditioning
steps, stable voltage profiles were observed. The gradual capacity
drop was observed mainly in the voltage range between 3.9—3.6 V
(Fig. 4c) while overall capacity of the CNT-LCO retention after 70
cycles was ~98% (Fig. 4a). While all types of electrodes demon-
strated very similar stability in the 2.75—4.2 V cycling range, CNT-
LCO performed the best in 2.75—4.5V cycling range (Fig. 5). The
CNT based electrodes modified with diamond particles revealed
more pronounced decay in the performance as compared to the
CNT-LCO. The electrochemical oxidation (EO) of the organic elec-
trolyte resulting in the growth of thick passivation layer at the
interface of the active cathode material is identified as one of rea-
sons responsible for the capacity loss in Li-ion batteries. Higher
voltage (above 4.1 V) is known to promote EO [59]. Lower stability
in high voltage cycling range of the electrodes modified with dia-
mond particles can be attributed to smaller contact area between
LCO particles and CNTs as a result of diamond particles adhered to
the surface of CNTs, and hence, it can lead to higher degree of LCO
surface degradation during EO in the high voltage range. We as-
sume that interfacing of LCO with CNTs helps to slow down or
minimize the deposition of passivation layer at the surface of LCO.
The lower performance of the CNT based electrodes modified with
diamond particles as compared to the CNT-LCO electrode can be
tentatively attributed to the higher porosity of the diamond
modified electrodes. Since the degradation of LCO takes place from
the particle surface at above 4.2V, higher porosity of the diamond
containing samples may lead to the faster degradation of LCO. It has
been well known that the high voltage stability of LCO particles can
be substantially improved by surface coatings [60—64]. The ca-
pacity retention demonstrated by the CNT-LCO electrode fabricated
from untreated LCO particles is comparable to that of optimized,
coated LCO laminated electrodes [61,65,66]. We presume that the
LCO particles are better electrically connected with CNTs in the
CNT-LCO electrode and, as a result, the CNT-LCO has better current
distribution on the electrode with less locally overcharged regions.
Fig. 6 demonstrates much better rate performance for the CNT-
based electrodes as compared to the conventional laminated elec-
trodes. First principle calculations revealed large charge transfer
between Li-ions and diamond surface resulting in their high-
binding energy toward the diamond surface [14]. Thus we as-
sume that better rate performance of electrodes modified with
diamonds can be associated with strong preferential adsorption of
Li-ions on the nanodiamond surface that results in the concen-
trating of Li-ions in the vicinity of the LCO.

4. Conclusions
In this study we explored the use of multi-walled CNTs, micron

sized diamond particles and diamonds NPs for design of cathodes
with high thermal conductivity and good electrochemical
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performance. We have shown that electrodes fabricated from
commercial LCO particles and long (~100 pm) multi-walled CNTs in
free standing configuration (without Al current collector) demon-
strated excellent in-plane thermal conductivity of 205.8 W/m*K.
This value is comparable to that of aluminum itself and exceeds the
thermal conductivity of dry conventional laminated electrodes by
about three orders of magnitude. The cross-plane thermal con-
ductivity of dry CNT-based LCO electrodes was in the range be-
tween 0.16 W/m*K to 0.23 W/m*K is in the range of thermal
conductivities of conventional laminated electrodes. Furthermore,
the electrochemical performance of CNT-based LCO electrodes is
found to exceed that of conventional electrodes in terms of rate
performance and high voltage cycling stability. It is also revealed
that the length of CNTs and their arrangement are the important
factors that determine the electrochemical performance and

thermal conductivity of the composite electrodes. The addition of
diamond particles did not show significant enhancement in ther-
mal conductivities, however allowed improvement in the rate
performance of the electrodes. This observation in combination
with recently reported suppression of Li dendrite growth in the
presence of diamond NPs [ 14] highlight the promising properties of
carbon allotropes that were not previously considered for energy
storage systems.

There is also a number of additional potential advantages of the
CNT-based electrode design besides the electrochemical perfor-
mance and thermal conductivity discussed in this study. First of all,
the removal of metal foil current collector will allow significant
improvements in gravimetric energy density. For example, Al foil
current collector accounts for up to 24 wt % of the total weight of
the cathode in an automotive Li-ion battery [67]. The CNT-LCO
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electrode tested in this study has LCO loading density of 1.2—1.6 g/
cm?. This number obtained for electrodes in research laboratory is
not much less than that of commercial LCO electrodes with 2.5 g/
cm? LCO loading accounted for 20 pm thick Al current collector
(assuming 3.5 g/cm> LCO loading with no Al foil) [68]. The observed
high rate performance of the CNT-LCO electrode as compared to
that of the baseline laminated electrode (with typical for research
studies LCO loading accounted for Al foil of ~0.7 g/cm?) [63,69,70]
suggests further improvement in the active materials loading
density without compromising performances. Second, the CNT-
based electrode design can be also promising in cases when elec-
trolyte reacts with current collector material or binding agent.
Lastly, the flexibility of the CNT-based electrodes can offer more
freedom in design of Li-ion cells and allows their utilization in
flexible electronic devices.

Mass production of CNTs and graphene with well controlled
properties is currently available and hence there is no barrier to
start considering the replacement of carbon black with other forms
of carbon that can provide advanced functions. We believe that the
CNT-based electrode design is a promising approach towards high-
performance, high-safety Li-ion batteries, and further optimization
is currently being pursued.
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