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ABSTRACT As batteries become more powerful and utilized in diverse applications, thermal management

becomes one of the central problems in their application. We report the results on thermal properties of a set of
diﬀerent Li-ion battery electrodes enhanced with multiwalled carbon nanotubes. Our measurements reveal
that the highest in-plane and cross-plane thermal conductivities achieved in the carbon-nanotube-enhanced
electrodes reached up to 141 and 3.6 W/mK, respectively. The values for in-plane thermal conductivity are up to
2 orders of magnitude higher than those for conventional electrodes based on carbon black. The electrodes were
synthesized via an inexpensive scalable ﬁltration method, and we demonstrate that our approach can be
extended to commercial electrode-active materials. The best performing electrodes contained a layer of
γ-Fe2O3 nanoparticles on carbon nanotubes sandwiched between two layers of carbon nanotubes and had
in-plane and cross-plane thermal conductivities of ∼50 and 3 W/mK, respectively, at room temperature. The obtained results are important for thermal
management in Li-ion and other high-power-density batteries.
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wing to their superior power density, Li-ion batteries are used in
a wide variety of applications.1 At
the same time, this and similar types of
batteries have a serious drawback, which is
overheating and related safety concerns.2
The heat is generated during the operation
of any battery as current ﬂows through the
internal resistance of the battery whether
it is being charged or discharged.2,3 In the
case of discharging, the temperature rise is
limited by the energy stored in cathode
material. No such limit exists in the charging cycle when energy can be pumped
even after full charging of the battery.3
In addition to Ohmic heating, chemical
reactions that take place during charging
and discharging in Li-ion batteries can also
contribute to overheating. If overheating
of the battery is not properly addressed,
thermal runaway may cause a catastrophic
destruction of the battery. From the
other side, eﬃcient heat removal from the
battery allows for higher electrical currents
to be achieved resulting in faster charging rates. These considerations explain
the importance of thermal management
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for operation and safety of any kind of
high-power batteries.
There are a number of commonly used
methods for removal of the excessive heat
from the batteries, e.g., increasing the air ﬂow
around the battery or maximizing the surface
area of the electrodes.4 It has been also
shown that the thermal eﬀects associated
with Li-ion intercalationdeintercalation
can be eﬃciently addressed by the certain
combinations of the cathode and anode
materials.5 However, implementation of sophisticated engineered control methods for
active cooling via enhanced air ﬂow signiﬁcantly increases the complexity of the battery
design and its weight. The system level
approaches cannot help with the localized
hot spots and thermal gradients in the case
of thick electrodes. The thermal and electrical
gradients within the electrodes can lead to
unbalanced charging and discharging resulting in lower energy storage capacity.6
Improving the thermal conductivity of
the electrodes themselves is an essential
step toward proper thermal management
of the batteries. The latter is particularly
important for Li-ion batteries because their
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RESULTS AND DISCUSSION
In the proposed approach, MW-CNTs were utilized as
a matrix for encapsulation of electrochemically active
cathode materials to fabricate electrodes for Li-ion
batteries. The electrode material is prepared by the
scalable and inexpensive filtration method, previously
developed for sandwiching of nanometer-scale electrochemically active materials.31,32 The ﬁltration of the
CNT suspension and the active cathode materials is
carried out in isopropyl alcohol.31 For the present study,
a set of CNT-enhanced samples with variable layered
structure were synthesized. The sample nomenclature
and description are presented in Tables 1 and 2, correspondingly. The structures of the samples are illustrated in Figure 1.
Scanning electron microscopy (SEM) inspection indicates that the typical average thickness of the threelayered electrode;CNTs/cathode material/CNTs;is
∼140 μm (see Figure 2a). The average thickness of
each CNT layer was determined to be ∼35 μm. The
individual MW-CNTs were predominantly aligned parallel to the substrate. The latter has important implications for thermal transport. In addition to electrode
materials that exhibited the best electrochemical
performance, such as active material sandwiched
between two layers of CNTs, thermal conductivity
measurements for reference samples in diﬀerent conﬁgurations were also performed (Figure 1). The variations in the sample layered structure and reference
samples allowed the search for an optimum design
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performance strongly depends on the electrode
temperature.79
Conventional design of the electrodes involves
mixing of the active materials with carbon black,
conductive additives, and polymer binders that provide the integrity for the electrodes and electrical
connectivity.10 The problem with the carbon blackbased electrodes, when used in high-power-density
batteries, is their very low thermal conductivity of
K ∼ 0.12 W/mK at room temperature (rt).11 Such
low values stem from poor heat conduction properties
of amorphous carbon, which is K ∼ 0.11 W/mK near
rt,11,12 and the mechanical mix type structure of the
electrodes, which introduces high thermal boundary
resistance. The low thermal conductivity of the carbon
black-based electrodes leads to their degradation as
a result of the undesired thermally activated metal
dissolution in cathodes or degradation of the surface
electrolyte interface layer at anode.1315 Here, a
scalable and inexpensive method for synthesis of the
battery electrodes with signiﬁcantly enhanced thermal
conductivity is proposed.
Graphene and carbon nanotubes (CNTs) have
the highest thermal conductivities of all known
materials.1619 According to molecular dynamic calculations, the large phonon mean free paths in isolates
single-walled CNT results in unusually high thermal
conductivities up to ∼6600 W/mK at room temperature that is comparable to the thermal conductivity of
an isolated graphene monolayer or graphite.20 Experimentally, thermal conductivity of single-walled CNT
was found to be in the range of 17505800 W/mK.21
The thermal conductivity of individual multiwalled
(MW) CNTs at room temperature can be as high as
3000 W/m K.21 Thus, the thermal conductivities of CNTs
are larger than the thermal conductivity of high-quality
diamond crystals (K ∼ 2300 W/mK)22 that are used in
semiconductor industry to prevent semiconducting
materials from overheating.23 However, unlike diamond, which is an electrical insulator, graphene and
CNTs are electrical conductors and, as such, do not
deteriorate electrical conductivity of composite materials. CNTs used as ﬁllers were reported to improve
the electrical conductivity of both anodes24 and
cathodes.25 Recent studies indicated that CNTs and
graphene can be also used as heat conducting ﬁllers in
composite materials.2629 Surface functionalization of
CNTs, e.g., attachment of certain chemical groups or
nanoparticles, can improve their thermal coupling to
the composite base material.29 It was also demonstrated that CNTs by themselves can be used as the
anode material in Li-ion batteries showing capacities
up to 1000 mAh/g.30 However, such electrodes suﬀer
from large hysteresis in the voltage proﬁles between charge and discharge states and absence of
the voltage plateau that limits their utilization in Li-ion
batteries.30

TABLE 1. Nomenclature of the Tested Samples
sample

layered structure

tests performed

NP-1

CNTs/{γ-Fe2O3 NPs on CNTs}/CNTs

NP-2
NP-3
NP-4
MP-1

CNTs/{γ-Fe2O3 NPs þ CNTs}/CNTs
CNTs/{γ-Fe2O3 NPs þ CNTs}
CNTs/γ-Fe2O3 NPs
CNTs/{Li[Ni1/3Co1/3Mn1/3]O2þCNTs}/
CNTs
CNTs/{Li[Ni1/3Co1/3Mn1/3]O2þCNTs}
CNT bundle

battery capacity; in-plane K;
cross-plane K
battery capacity; cross-plane K
in-plane K; cross-plane K
in-plane K; cross-plane K
battery capacity; cross-plane K

MP-2
REF-1

in-plane K; cross-plane K
cross-plane K

TABLE 2. Composition of the Tested Samples
composition (mg)
sample

layered structure

NP-1
NP-2
NP-3
NP-4
MP-1
MP-2
REF-1

CNTs/{γ-Fe2O3 NPs on CNTs}/CNTs
CNTs/{γ-Fe2O3 NPs þ CNTs}/CNTs
CNTs/{γ-Fe2O3 NPs þ CNTs}
CNTs/γ-Fe2O3 NPs
CNTs/{Li[Ni1/3Co1/3Mn1/3]O2 þ CNTs}/CNTs
CNTs/{Li[Ni1/3Co1/3Mn1/3]O2 þ CNTs}
CNT bundle
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Figure 1. Schematic of the layered structure of the CNT enhanced battery electrodes. Dots and rectangles depict the hollow
γ-Fe2O3 NPs and Li[Ni1/3Co1/3Mn1/3]O2 MPs, respectively. In sample NP-1, hollow γ-Fe2O3 NPs were synthesized on the surface
of CNTs and sandwiched between two layers of CNTs. In samples NP-2, NP-3, MP-1, and MP-2, active particles were mixed with
CNTs and further used to make a layer of active material. In sample NP-4, the layer of hollow γ-Fe2O3 NPs was deposited
directed on the formed layer of CNTs. Vacuum ﬁltration of corresponding solutions was applied to fabricate electrode
structures.

Figure 2. (a) Scanning electron microscopy image of the
cross-section of the CNT enhanced battery electrodes. Note
that CNTs are predominantly oriented along the sample
plane. (b) Scanning electron microscopy image showing
nanoparticles grown on CNTs.

from the storage capacity and thermal management
points of view.
One type of the electrodes contained the hollow
γ-Fe2O3 nanoparticles (NPs) synthesized directly on
CNTs (Figure 2b). The hollow NP refers to structures
that have a void inside the iron oxide nanoshell. This
void is formed as a result of the coalescence of the iron
vacancies during the oxidation of iron.33 The hollow
γ-Fe2O3 NPs are ∼15 nm large with ∼4 nm thick
shell. The γ-Fe2O3NP-on-CNT layer was sandwiched
between two layers of CNTs forming the CNTs/
{γ-Fe2O3NPs on CNTs}/CNTs structure. This structure
was measured to have ∼187 mAh/g capacity when
cycled in cathode regime (4.51.5 V), excellent stability
(no fading during 300 cycles), and 99.9% Coulombic
eﬃciency (Figure 3). No current collectors were used in
electrochemical tests. The results of the tests indicated
that this electrode (sample NP-1) was the best in terms
of its battery cathode performance.
KOO ET AL.

Figure 3. Charge (ﬁlled symbols) and discharge (open
symbols) capacities versus cycle number for CNT-enhanced
electrode structures. The cycling rate was 300 mA/g.

The cycling of the electrode is accompanied by
thermal eﬀects, and heat removal may depend on
the coupling between the CNTs and electrochemically
active γ-Fe2O3 NPs. In order to study the eﬀects of
coupling of NPs and CNTs on the battery capacity
and thermal conductivity, a sample where NPs were
mixed with CNTs (not synthesized on them) was also
analyzed. The mixed CNT-NP layer was sealed between
two layers of CNTs forming CNTs/{hollow γ-Fe2O3
NPs þ CNTs}/CNTs structure (sample NP-2). As seen
in Figure 3, the electrochemical performance of these
electrodes (capacity 130 mAh/g) was not as good
as that of the electrodes that contained γ-Fe2O3 NP
synthesized on CNTs (130 mAh/g vs 187 mAh/g).
A distinctively diﬀerent type of electrode utilized
Li[Ni1/3Co1/3Mn1/3]O2 microparticles (MPs).34 The mixture of CNTs and Li[Ni1/3Co1/3Mn1/3]O2 MPs was sandwiched between two layers of CNTs by the ﬁltration
method forming CNTs/{Li[Ni1/3Co1/3Mn1/3]O2 þ CNTs}/
CNTs layers (sample MP-1). The thickness of the layers
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Figure 4. Cross-plane thermal conductivity for CNT enhanced electrode structures.

Figure 5. Comparison of the in-plane and cross-plane thermal conductivity of the CNT-enhanced battery electrodes at
room temperature.

was similar to that in the NP-based electrodes. The
electrochemical tests indicated that such electrodes
have a lower capacity (Figure 3) as compared to
electrodes fabricated via conventional approach.30
However, their cycle stability was signiﬁcantly higher.
No capacity fading was observed up to 800 cycles while
∼2528% capacity loss after 50 cycles was reported for
the same cathode material fabricated via a conventional method.34 The capacity of this battery increased
upon cycling up to 50 cycles and then stabilized. The
stable performance is another attractive feature of
CNT-enhanced electrode designs.
The thermal conductivity of the samples was determined using two diﬀerent techniques: “laser ﬂash” and
“hot disk”. Owing to the complicated structure of the
samples and the “hot disk” equipment limitations, the
in-plane thermal conductivity was measured at rt only.
The cross-plane thermal conductivity was determined
in the range from 290 to 350 K using the “laser ﬂash”
method. The details of the measurement procedures
are given in the Experimental Section. The cross-plane
thermal conductivity as a function of temperature
for a set of examined electrodes is shown in Figure 4.
The cross-plane thermal conductivity deﬁnes the heat
transport through the electrode, i.e., perpendicular to
the sample substrate. It can be seen that the cross-plane
thermal conductivity values are in the range from
∼0.5 to ∼3.6 W/mK. Although the overall values are
not signiﬁcantly enhanced, many of them are higher than
those in conventional electrodes.11 The strong increase in
cross-plane thermal conductivity is not expected because CNTs are predominantly oriented in-plane (along
the substrate). In addition, the layered structure of the
electrodes results in substantial thermal interface resistance between the layers, e.g., between the CNT layer
and the {γ-Fe2O3 NPs þ CNTs} layer or between the
CNT layer and the substrate. The thermal conductivity
increases slightly with the temperature or stays approximately constant. Such dependence is expected for
material systems with large degree of disorder.

Figure 5 shows in-plane and cross-plane thermal
conductivity for a set of diﬀerent samples at rt. The
in-plane thermal conductivity is substantially higher
than the cross-plane conductivity. This is explained by
the predominantly in-plane (along the substrate)
orientation of CNTs. The in-plane values range from
50 to 141 W/mK. The NP-1 sample, which had the best
electrochemical performance, revealed the thermal
conductivity of 50 W/mK. This value is about 2 orders
of magnitude higher than a thermal conductivity of
the conventional carbon black-based electrodes35 and
at least two times higher than the in-plane thermal
conductivity of the Sony Li-ion electrodes with engineered controls for heat removal such as copper
current collector.11
Interestingly, the measured in-plane thermal conductivity values for these electrodes were typically
even higher that the reported data for CNT bundles
of the comparable thickness, i.e., K ∼ 15 W/mK36 that
is likely to be attributed to diﬀerences in density and
orientation of CNTs in the electrodes obtained by the
ﬁltration method. In fact, the thermal conductivity of
NP-4 electrode, K = 141 W/mK, is by almost an order of
magnitude higher than the values typically reported
for the CNT bundles.36 Such high thermal conductivity
is most likely attributed to the sealing of CNTs during
the ﬁltration of the suspension of γ-Fe2O3 NPs.
The cross-plane thermal conductivity is in the range
from 1.6 to 3.6 W/mK. The electrode with the best
electrochemical performance revealed a thermal conductivity value of 3.1 W/mK at rt. This value is about
1 order of magnitude higher than that of the carbon
black-based electrode materials.35 It is also higher than
the cross-sectional thermal conductivity of the electrodes of commercial Sony Li-ion batteries, i.e., 2.33
and 0.89 W/mK, for positive and negative electrodes,
respectively.11 The measured data indicate that all
tested CNT electrodes revealed substantially enhanced
in-plane and cross-plane thermal conductivities as compared to electrodes synthesized by the conventional
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CONCLUSIONS
In conclusion, the thermal properties of Li-ion
battery electrodes enhanced with multiwalled CNTs
are reported. The electrodes were synthesized via an

EXPERIMENTAL DETAILS AND METHODS
Materials Synthesis and Electrochemical Testing. The CNTs used in
this work were purchased from Aldrich (g95% purity, product
and CAS nos. are 636487 and 308068-56-6, respectively).
The dimensions (o.d.  i.d.  L) of multiwalled CNTs were
2030 nm  510 nm  0.5200 μm, respectively. Hollow
γ-Fe2O3 NPs and γ-Fe2O3 NPs on CNTs were synthesized
according the synthetic protocols described in ref 32. In order
to fabricate CNT-based electrodes 4.0 mg of multiwalled CNTs
was dispersed in 150 mL of isopropyl alcohol (IPA) and sonicated for 5 min. After that, the suspension of CNTs was filtrated
by vacuum through the filter (microporous polyolefin separator
Celgard 2325) that served as a separator in electrochemical
tests. As a result, a black paper made of CNTs was formed
onto the filter. The active layer was fabricated in the same
manner: 12.0 mg of electrode material (hollow γ-Fe2O3 NPs or
Li[Ni1/3Co1/3Mn1/3]O2) mixed with 3 mg of CNTs in IPA were
vacuum-filtrated forming a uniform layer. In the case of hollow
γ-Fe2O3 NPs synthesized on the surface of CNTs, 15 mg of the
material that contained 12.0 mg of γ-Fe2O3 NPs and 3 mg of
CNTs were used (see Table 2 for sample composition details).
After the evaporation of the solvent residue, the CNT-based
composite electrodes were annealed in an oven at 200 °C for
12 h and further used in electrochemical tests without any
additional processing. The TEM and SEM inspection of the
samples was carried out using JEOL 2100F and JEOL 7500F
instruments, respectively. The electrochemical tests were performed with the 2032 coin type cells with Li metal foil as the
counter electrodes and 1.2 M LiPF6 in ethylene carbonate/ethyl
methyl carbonate (3:7 weight ratio) electrolyte (Tomiyama).
Half-cell cycles were operated at 300 mA/g between 4.51.5 V
vs Li/Liþ using an automated Maccor battery tester at ambient
temperature. The voltage range for hollow γ-Fe2O3 NPs and
Li[Ni1/3Co1/3Mn1/3]O2 were 4.51.5 and 4.52.0 V, respectively.
Thermal Measurements. The cross-plane thermal conductivity
was measured using a noncontact optical “laser flash” technique
(Netzsch LFT). LFT is a transient method that directly measures
thermal diffusivity. In order to perform LFT measurements, each
sample was placed into a special stage, a xenon flash lamp
produced shots with an energy of 10 J/pulse on the sample
surface, while the temperature rise was measured at the other
end with an InSb infrared (IR) detector. The thermal conductivity
was determined from the equation K = FRCp, where F is the mass
density of the sample and Cp is the specific heat of the sample
measured with Netzsch instrument separately. The in-plane
thermal conductivity of the samples was measured using the
transient planar source (TPS) 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 acted as the heat source
and temperature monitor simultaneously.3739 The surfaces of
the specimens were flattened and cleaned to reduce the thermal
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inexpensive scalable filtration method. The measurements indicate that the CNT enhanced electrodes
reveal up to 2 orders of magnitude enhancement of
the thermal conductivity. The in-plane thermal conductivity in some electrodes reached ∼141 W/mK at rt.
The described approach for increasing the thermal
conductivity can be extended to commercial electrode-active materials. The obtained results are important for thermal management of Liþ-ion and other
high-power-density batteries. The proposed method
of electrode fabrication could allow further improvements of the thermal conductivity of the electrode
structures in Li-ion batteries by incorporation of graphene or diamond nanoparticles.
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techniques, even though the enhancement is not as
high as in the electrodes based on ordered CNT arrays.12
However, the proposed electrodes were fabricated by the
inexpensive scalable ﬁltration method,32 which can be
extended to commercial electrode-active materials while
the fabrication of ordered CNT arrays is still prohibitively
expensive. The systematic study of thermal properties of
CNT enhanced samples did not show a clear correlation
with the speciﬁcs of the layered structure.

conduct resistance at the sensor-sample surfaces. Thermal properties of the material are determined by recording the temperature rise as a function of time using the equation ΔT(τ) =
P(π(3/2)rK)1D(τ), where τ = (tmR/r2)1/2, R is the thermal diffusivity,
tm is the transient measurement time, r is the radius of the sensor,
P is the input heating power, and D(τ) is the modified Bessel
function. The time and the input power are 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.3739
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