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Towards Ultrathick Battery Electrodes: Aligned Carbon
Nanotube—Enabled Architecture
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Development of high-energy-density, long-lasting Li-ion bat-
teries is desirable for portable applications, such as electronics
and electric vehicles.l!l Both increasing the specific capacity of
the battery electrodes and minimizing the relative weight and
volume of inactive components (separators and metal foils)? by
increasing the thickness of electrodes from the currently used
50-100 um to hundreds of micrometers and above are attrac-
tive routes to achieve this goal.

Conventional electrodes contain active material mixed with
conductive additives and a polymer binder. They commonly
suffer from poor control over the resulting porosity, inhomoge-
neity,B}] tortuous electrolyte diffusion paths, and high electrical
and, more importantly, high thermal resistance caused by point
contacts between individual particles. These issues become par-
ticularly critical for nanopowder or thicker electrodes. Other
challenges that need to be overcome for increasing the elec-
trode thickness include formation of cracks within electrodes
during the slurry drying process caused by the slow and uneven
solvent evaporation throughout the thick layer, poor adhesion
between the thick electrodes and metal current collectors, and
the brittle behavior of thick electrodes. As a result, the overall
progress on the development of thick electrodes has been very
limited.!

Several interesting routes have been reported to decrease
the electrode resistance by changing the current collector or
electrode architecture. For example, the three-dimensional
(3D) Dattery architecturel overcomes most of the limita-
tions of the conventional technology, but its applications may
likely be limited to microbatteries. Electrodeposited Cu or Al
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nanorods/nanowires have been successfully used as conduc-
tive supports for anodes® and cathodes.[*d The use of vapor-
deposited nanowires®l have also shown potential for reduced
electrode resistance and improved stability. However, the rela-
tively high cost of these processes and slow nanowire growth
rates impose some limitations on these technologies for thick
electrode formation. Highly conductive vertically aligned
carbon nanorods and C-Si nanotubes produced by pyrolysis
of photoresist’! and template-assisted vapor depositions,®!
respectively, have shown promising electrochemical behavior.
However, the overall electrode thickness and the cost of the
proposed process could similarly be a limiting factor for large
size battery applications.

Here, we present an alternative scalable method to produce
ultrathick, yet highly conductive and stable, Li-ion battery elec-
trodes using vertically aligned carbon nanotubes (VACNTSs) uni-
formly coated with a vapor-deposited active material layer. The
recent developments in the rapid growth of VACNTs!! allow
low-cost formation of 1 mm or longer highly conductive tubes
within minutes. The vapor deposition of anode (e.g., Si)® and
cathode (e.g., LiV,05)"% materials may allow for the formation
of uniform coatings on the CNT surface. The proposed archi-
tecture may offer unique benefits for the scalable formation
of ultrathick electrodes, such as: 1) straight and aligned pores
for rapid ion transport, 2) high thermal and electrical conduc-
tivity for high stability and long cycle life, 3) high structure
uniformity combined with precise control over the dimensions
of individual coated CNTs for predictable and reproducible
performance, 4) a very smooth electrode surface which allows
for thinner separators, 5) control over the electrode porosity
achieved by electrode compression for the optimization of volu-
metric capacity and power characteristics, and 6) the absence of
binder giving rise to improvements to the specific capacity and
power performance.

For our proof-of-concept studies we selected a 1 mm thick
VACNT electrode coated with Si and a thin C surface layer and
demonstrated specific capacity in excess of 3000 mAh-gg~! and
cross-plane thermal conductivity in excess of 400 W.m™!. KL,
Our selection of Si was motivated by its high specific capacity
and the tremendous interest in Si anode technology.*>¢811]
The nano-dimensions of the Li-Si alloy coating minimize
mechanical stresses.'?l In addition, the pores remaining within
the VACNT electrode are needed for Si expansion during Li
insertion. In contrast to a prior work on short VACNT-coated
electrode,!3] we have demonstrated dramatically enhanced sta-
bility. To the best of our knowledge we report for the first time
both the successful application of electrodes of large thickness
for Li-ion batteries and the experimental demonstration of the
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Figure 1. Cross-sectional SEM (a—c,e) and TEM (d,f) images of: synthesized VACNTs (a,b), Si coated VACNTs (c,d), and C and Si coated VACNTs (e,f).

Schematic image of the final individual tube morphology (g).

VACNTs-enabled enhancements of their thermal and electrical
conductivities by two-to-three orders of magnitude.

VACNTs were synthesized at 820 °C via a low pressure
(~1000 Pa) chemical vapor deposition process (CVD) by using
iron (II) chloride catalyst and acetylene gas precursor, as pre-
viously described.®d This method produces a high yield of
VACNTs along the reaction chamber with measured growth
rates in excess of ~0.1 mm-min~!. In addition, this method
does not require catalyst pre-deposition which reduces the
process cost and sample preparation time. Scanning electron
microscopy (SEM) images taken in cross-section show the high
degree of alignment of the as-produced VACNTs at both low
and high magnification (Figure 1a,b). A nano-Si coating was
deposited onto VACNTS films by low pressure (500 °C, ~100 Pa)
decomposition of SiH,. Representative SEM and transmission
electron microscopy (TEM) images show that the resulting Si
forms rather uniform ~ 70 nm coating along the CNT length
(Figure 1c,d). The deposited Si is amorphous, as indicated by
the absence of crystallites in the TEM images (Figure 1d). Fol-
lowing, we utilized atmospheric pressure decomposition of

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

C3Hg gas at 700 °C to deposit a thin C outer coating on the Si-
coated VACNTs (Figure le) to improve the high rate perform-
ance, stability, and solid electrolyte interphase (SEI) layer. The
importance of an outer C layer to achieve stable performance
has been reported elsewhere.''“*l TEM images of the C and
Si coated VACNTs show the formation of crystallites in the Si
structure (Figure 1f). A schematic illustrating the final mor-
phology and composition of individual nanotubes within the
VACNT: film is shown in Figure 1g. The final Si:C composition
and thickness ratios can be tailored by adjusting the reaction
time for both deposition processes.

Raman spectroscopy (Figure S1, Supporting Informa-
tion) and X-ray diffraction (XRD, Figure S2) studies followed
the sample evolution. The Raman spectra of the as-produced
VACNTs showed the characteristic G and D peaks with a low
D band intensity thus indicating a small number of defects
are present.) After Si deposition, a peak corresponding to
Si emerged. After C coating, the Si band was still observable;
however, the relative intensity in comparison with the D and
G bands decreased thus confirming deposition (Figure S1).
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measurements procedures were reported else-

where.[?% The system used for this study was
calibrated with other techniques for meas-
uring thermal conductivity such as transient

planar source and 3-omega techniques.l20¢21]
The K values measured for given samples are
associated with the thermal conductivity along
the VACNT-Si—C length and perpendicular to
the electrode plane. Thermal conduction via
CNT arrays dominates all other contributions
to thermal transport owing to the extremely
i high intrinsic thermal conductivity of CNTs.[2?
.1 The heat losses via air are negligible for the
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Figure 2. Comparison of the thermal conductivities of the conventional (bottom) and VACNTs-

enabled (top) thick electrodes.

The XRD pattern of the as-produced VACNTs showed peaks
corresponding to graphitic materials. After Si coating, the dis-
tinct graphitic peaks were no longer visible, rather broad peaks
attributed to amorphous Si were observed (Figure S2) in agree-
ment with the TEM observations (Figure 1d). Following C
coating, the XRD pattern showed sharp peaks associated with
crystalline Si and weaker peaks corresponding to C were visible
(Figure S2).

High thermal and electrical conductivity of electrodes is
desired for the majority of applications because most of the
battery degradation mechanisms are thermally activated and
related to processes on individual particles within electrodes,
such as metal dissolution in cathodes or degradation of the SEI
on the anodes.'>7] Therefore, local heating caused by mod-
erately high current pulses may severely diminish the battery
cycle life, particularly if thick and more resistive electrodes are
utilized.'>1718] Additionally, localized thermal and electrical
gradients within electrodes give rise to highly undesirable
unbalanced charging and discharging, which may lead to faster
degradation and under-utilization of the available electrode
capacity.'®!)l The importance of heat removal and thermal
management of the batteries has been extensively discussed
in recent literature.l'®!”l Sophisticated methods of thermal
management that employ microfluidic channels incorporated
within the battery to transport cooling fluids were proposed to
address this issue. These approaches, unfortunately, dramati-
cally increase the cost and complexity of the battery production.
Therefore, designing thick electrodes with very high thermal
conductivity is of critical importance.

The thermal conductivities of VACNT-Si—C electrodes were
measured using a noncontact optical laser flash technique.
According to the established protocol, 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 a nitrogen-cooled InSb infrared detector. The thermal-
wave travel time allowed measurement of the thermal diffu-
sivity o. The thermal conductivity K is related to o as K = opC,
where p and C are the mass density and specific heat of the
material, respectively. Details of the experimental setup and
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transient method of measurements used in
this work.

Figure 2 shows the results of the measure-
ments for the coated VACNT-based electrodes
compared with the conventional electrode
of similar thickness composed of densely
packed Si (<80 nm) and CNT powder (20 wt.%
CNT) bonded with 10 wt.% polyvinylidene fluoride (PVDF).
Although Si electrodes with porosity insufficient to accommo-
date Si expansion upon electrochemical alloying with Li show
rapid degradation,''®1'8l we wanted to compare the novel elec-
trodes with that of a dense sample (which we will call “refer-
ence”), having the highest thermal conductivity achievable by
using conventional electrode preparation methods. The effec-
tive thermal conductivity K determined for the CNT-containing
reference powder electrode is ~0.4 W-m™'K™!. In sharp con-
trast, the VACNT-Si-C electrode shows a three-order of magni-
tude improvement with K values in excess of 400 W.m™!. K%
The increase in K translates to ~1000 times reduction of the
thermal resistance t/K of the electrode (here ¢ is the electrode
thickness). The key reason for such a major improvement in
the thermal properties of the electrodes is the extremely high
intrinsic thermal conductivity of CNTs, which was reported
to exceed 2000 W-m™!.K™! and approach that of graphene.?’]
The high degree of MWCNT alignment, their extension over
the whole electrode thickness and the C shell coating the Si
surface likely contribute to the very high thermal conductivity
achieved. Our electrical measurements using a two-probe tech-
nique revealed ~100 times reduction of the electrical resistance
of the VACNT-based electrode compared to our reference
electrode (Figure S3).

Electrochemical measurements of the VACNT-Si-C elec-
trode were performed in a 2016 coin cell configuration with
a metallic Li foil counter electrode in the potential range of
0.01-1 V vs. Li/Li*. Prior to cell assembly the active materials
were adhered to a thin copper foil (Figure 3a) through thermal
processes that created a conductive carbon interface with good
adhesion. The VACNT-Si—C anode demonstrated very good sta-
bility for over 250 cycles (Figure 3b) and high specific capacity
approaching theoretical limits (4200 mAh-gg™!), which indicates
efficient electrical connectivity within the electrode and access
of the electrolyte to all the deposited Si. The average values
of dealloying capacities of the electrode at C/5 and C/2 were
~3300 mAh-gg! and ~2000 mAh-gg;?, respectively (Figure 3b).

We found that the outer C coating on the Si surface is crit-
ical to achieving good capacity retention and high Coulombic

wileyonlinelibrary.com

535

0
]
S
=
G
=
0
5
)
Z




2
o
<
2
=
5
=
=
o
L%/

536 wileyonlinelibrary.com

ADVANCED
MATERIALS

www.advmat.de

Mk

www.MaterialsViews.com

-% (17747 wr,.um L 1 OO

o :w
o< 3000 -:D 90 g o
S E ] o 2
o — 2000 “—80 e 35
T = ] g 3
o © ] g
O g 10004 C/20 C/5 Cr2 .70 3 ©

© o e -~ R

© 0 . T T T T T T T — 60

50 100 150 200 250
Cycle Index

Figure 3. SEM image of a VACNT-based thick electrode adhered onto a thin copper foil (a). Dealloying capacity and Coulombic efficiency versus cycle
number for the VACNT-Si-C electrode at three different current densities (b). The capacity is reported for the Si contribution only.

efficiencies (CE), confirming our prior studies.®11<¢l Without
the C layer, Si-coated VACNT electrodes showed a notice-
able decline in specific capacity at the rate of ~1% per cycle
(Figure S4a). In addition, the unprotected Si showed relatively
low values of CE < 98% (Figure S4b). In contrast, C-coated elec-
trodes showed CE steadily increasing close to 100% (Figure S4b)
and very stable performance with no signs of degradation
(Figure S4a). The shape of the charge—discharge profiles
(Figure S5a) and cyclic voltammograms (Figure S5b) of
VACNT-Si-C electrode were very similar to our prior observa-
tions in various nanoSi-based anodes.® 11l

Although the observed rate capability of our 1 mm thick
electrode was not very high, we expect that patterning of the
electrode (for the formation of small interpenetrating channels
for faster electrolyte access) as well as the modification of the
electrolyte solvent may improve the high current/high power
performance. In addition, we expect that substitution of Li foil
with an actual cathode may further improve the rate capability.

In summary, we reported on the scalable formation of
ultrathick electrodes that utilize VACNTs as a structured
nanoscale platform with unique performance advantages. For
example, the application of the VACNT architecture resulted in
three and two orders of magnitude improvements in the elec-
trodes’ thermal and electrical conductivities, respectively. We
have also shown that, when protected with a C layer, ultrathick
Si-coated VACNTS electrodes can demonstrate stable perform-
ance at multiple current densities with reversible capacities
significantly greater than graphite. Since the utilized structure
allows for the stable performance of a commonly unstable

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

material, we consider VACNTS as an attractive substrate for the
deposition of other high capacity or low electrical or thermal
conductivity materials to provide high energy and power char-
acteristics, high electrical and thermal conductivities, and stable
cycling for both cathodes and anodes.

Experimental Section

Si nanoparticles (98+%; US Research Nanomaterials, Inc., USA), CNTs
(Arkema, USA) and PVDF (Sigma Aldrich, USA) were mixed by mortar
and pestle and formed into a pellet using a pellet die (International
Crystal Laboratories, USA) and hydraulic press (Carver Inc., USA)
operating at ~8 Ton (applied pressure ~0.5 GPa). Each pellet contained
Si:C:PVDF at the weight ratio of 7:2:1 with an average thickness of
~1 mm. Pellets of equivalent composition and thickness consisting of Si
nanoparticles, Pure Black (Superior Graphite, USA), and PVDF were also
formed using the previously described technique.

Microscopy images of the material morphology were captured by
SEM (LEO 1530 and 1550, Germany; Hitachi S-4700, Japan) and TEM
(JEOL 100 CX, Japan). SEM images were taken using several accelerating
voltages (3-10 kV) and working distances (4-12 mm). An accelerating
voltage of 100 kV was used for TEM imaging. For elemental and
structural characterization Raman spectroscopy (WlTec Instruments
Corp., Germany) and XRD (PANalytical X'Pert PRO Alpha-1, USA)
were utilized. Raman spectroscopy was performed using a 514 nm
laser, 20x objective, and 600 grating with a 10 s integration time for
15 accumulations. XRD studies were conducted with a Cu Ka source with
a monochromator using the following parameters: 45 kV accelerating
voltage, 40 mA current, 0.033° 26 step size, and 80-90 s record time. For
diffraction analysis, Jade version 8 software (Materials Data, Inc., USA)
with ICDD PDF-4 database was used.

Adv. Mater. 2012, 24, 533-537
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The electrical measurements utilized a two probe technique in the
cross-plane direction of the electrode (parallel to the VACNTSs axis) using
an Agilent B1500A analyzer. Tungsten metal probes with a tip radius of
0.5 um were used. The electrical measurements were taken as a function
of temperature by sweeping the voltage from -1 V to 1 V in 20 mV
increments.

The ratio of Si to C for the electrodes was calculated from mass
differences after each CVD reaction using a balance with 0.01 mg
accuracy. Electrodes were spot-welded to 2016-type coin cells and
degassed under vacuum at 70 °C overnight prior to assembly into half
cells with a Li foil counter electrode (battery grade; Alfa Aesar, USA)
in an Ar filled glovebox (<1 ppm H,0, O,). The electrolyte consisted
of 1.0 m LiPFg in carbonates (Novolyte Technologies, USA). The cells
were cycled between 10 mV and 2 V for VACNT-Si and 10 mV and
1V for VACNT-Si—C on an Arbin BT2000 (Arbin Instruments, USA). The
charge—discharge procedure utilized both constant current and constant
voltage (at 10 mV to 20% of the initial current) regimes on the alloying
step to ensure high degree of lithiation. The Coulombic efficiency was
calculated as the percent ratio of the capacity after Li dealloying to
after Li alloying. Cyclic voltammetry measurements were performed at
a scan rate of 0.1 mV-s™' using a multi-channel Solartron potentiostat
(Solartron Analytical, USA).

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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