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ABSTRACT: Freestanding LiCoO,/multiwall carbon nanotube/nanocellulose fibril (LCO-MWCNT-NCF) electrodes are
fabricated by a vacuum filtration technique. The electrode has a high LCO loading of 20 mg/cm” with excellent flexibility,
uniform material distribution, and low surface resistivity. When coated with 2 ALD cycles of AlF;, LCO-MWCNT-NCF has a
high specific capacity of 216 mAh/g at 4.7 V. The freestanding AlF;-coated electrode preserves 75.7% of its initial capacity after
100 cycles and 70% after 160 cycles of charge discharge. In contrast, electrodes coated with 2 ALD cycles of Al,O; cannot be
cycled above 4.5 V. By elimination of the unnecessary weight of current collector, and increasing in the working voltage
simultaneously, this freestanding LCO-MWCNT-NCE electrode can significantly improve the gravimetric and volumetric energy

density of lithium ion batteries.
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Bl INTRODUCTION

The development of flexible electronic devices requires
advanced lithium ion batteries (LIBs) with significant flexibility
and high energy densities, including specific gravimetric and
volumetric energy densities. There are two common routes to
increase the energy density of a flexible LIB. The first method is
to eliminate unnecessary weight, so-called “dead weight”. The
traditional electrode architecture contains active materials,
conductive additives, polymeric binders, and current collectors,
the last three of which do not contribute capacity to the battery.
Significant efforts have been made to fabricate freestanding
electrodes that do not require current collectors.' " In our
previous study, we successfully developed a freestanding
electrode with an active material mass loading of 40 mg/ cm?
with only 8% carbon nanotube (CNT).® This electrode
achieved a specific volumetric energy density of 400 mAh/
cm’, the highest reported value in the literature to date.
However, CNTs are still very expensive. The CNT content of
commercial cells is typically less than 2%. Therefore, there is an
obvious demand to lower CNT content in freestanding
electrodes in order to realize commercial feasibility.
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The second common method used to increase energy density
is to use high-capacity cathode materials stable at high voltages.
Currently, LiCoO, (LCO) is the most widely used cathode
material for consumer electronics due to its easy synthesis, high
operating voltage, and high theoretical specific capacity.
Recently, significant progress has been made to stabilize LCO
at higher voltages, allowing more than 0.5 Li* to be extracted
during the charging process.

Recently, atomic layer deposition (ALD) has been used as an
advanced coating method for a variety of LIB electrodes.”” ">
ALD is a coating technique that relies on sequential, self-
limiting surface reactions to grow conformal thin films, most
typically oxides, with angstrom-level thickness control."* Some
of the most striking LIB improvements with ALD have been
achieved with Al,O; coatings, demonstrating specific capacities
up to 180 mAh/g when cycled to 4.5 V.*'>"" However, above
4.5 V LCO electrodes show significant performance degrada-
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Figure 1. Schematic illustration of freestanding electrode preparation.
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tion, indicating that Al,O; is not suitable for voltages higher
than 4.5 V. These metal oxide coatings are susceptible to attack
by HF, a common LIB impurity, causing partial conversion of
the coating to metal fluoride, producing H,O, and effecting
long-term cycling stability.'*"'® While ALD metal oxide
coatings have contributed greatly to the enhancement of
LIBs, the observed maximum voltage limit and the HF
reactivity restrict the overall effectiveness of these coatings.
Therefore, ALD coatings on electrodes that can enable higher
voltage limits and do not exhibit reaction with HF are needed.

AlF; has shown promise as a protective electrode coating in
LIBs.' "' Coatings of AlF; a wide band gap (>10 eV)
material,’”?*° have been studied on both cathodes and anodes,
demonstrating increased cycling stability.”’lg’21 Additionally,
AlF; coatings may improve the thermal properties of cathodes
by suppressing oxygen evolution at elevated temperatures.””
Studies of AlF; ALD coatings on battery electrodes have been
limited. Jackson et al. studied AlF; ALD deposited with TMA
and TaF; as an electrode coating; however, their films had high
impurity levels (>4%) and capacities well below those seen in
Al,O;-ALD-coated electrodes.” J. S. Park et al** reported
aluminum—tungsten—fluoride (AIW,F,) films on LCO electro-
des by ALD using TMA and tungsten hexafluoride (WFy).
Again, these ALD films did not exceed the performance of
ALO; ALD coatings, with a maximum voltage of 4.4 V.
Recently, Y. Lee et al.” reported a facile and low-impurity
(<2%) AlF; ALD using trimethylaluminum (TMA) and HF
from an HF—pyridine solution. This AIF; ALD coating is
promising as an electrode protector, potentially allowing higher
voltage ranges and higher energy densitites. To our knowledge,
no other study has used this ALD method for battery coating
studies.

In this work, we fabricated a freestanding LCO-MWCNT-
NCF (LiCoO,/multiwall carbon nanotube/nanocellulose
fibrils) electrode with 2% of CNT and 5% of NCF. We then
coated freestanding electrodes with AlF; ALD using the ALD
system described by Y. Lee et al.”® Several thicknesses of AlF,
coatings were investigated to optimize LIB performance. The
highest capacity observed in this study was 216 mAh/g at 4.7 V
with a coating of 2 ALD cycles of AlF;, corresponding to a
volumetric density of 720 mAh/cm®. After 100 cycles, the
electrode still maintains 75.7% of its initial capacity after 100
cycles and 70% after 160 cycles at 4.7 V, indicating excellent
cycling stability.

B EXPERIMENTAL DETAILS

LCO was used as received from Sigma-Aldrich (99.8% trace metals
basis). MWCNTs were purchased from NanoTechLabs Inc. with a
large aspect ratio ~10*. NCF was purchased from NingBo ATMK
Lithium Ion Technologies, Inc. It has a small diameter of ~50 nm and
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a length up to 700 pm. AlF; and Al,O; ALD films were grown on
freestanding LCO-MWCNT-NCEF electrodes using a hot wall ALD
reactor employing static exposures of the reactants.

The AIF; ALD process using TMA and HF derived from HF—
pyridine solution as precursors was employed for the AlF; coating on
the electrode:*

AIE—HF* + Al(CH,), — AIE—AIF(CH,),* + CH, (A)

(B)

For the AlF; ALD, TMA (97%) and HF—pyridine (70 wt % HF) were
obtained from Sigma-Aldrich.

The AlF; ALD reaction sequence follows: (i) dose TMA to 2.0
Torr; (ii) hold TMA pressure static for 30 s; (iii) evacuate reaction
products and excess TMA for 60 s; (iv) flow 50 sccm N, for 360 s; (v)
evacuate N, for 60 s; (vi) dose HF to 1.0 Torr; (vii) hold HF pressure
static for 30 s; (viii) evacuate reaction products and excess HF for 60 s;
(ix) flow 50 scem N, for 360 s; (x) evacuate N, for 60 s. This sequence
constitutes one cycle of AlF; ALD. This AlF; ALD was conducted at
150 °C.

An AL,O; ALD process utilizing trimethylaluminum (TMA) and
H,0 as precursors™® was employed for AL,O; coating on electrode.

AIOH* + Al(CH,); — AlO-AI(CH,),* + CH, (©)

(D)

Al,O; ALD used the same conditions except with H,O instead of HF.

The electrodes were punched off from a 13 cm X 13 cm
freestanding electrode, and then pressed to different thicknesses by a
roll presser. All of the coin cells were assembled in an argon-filled
glovebox with Li metal as the counter electrode. A Celgard separator
2340 and 1 M LiPFg electrolyte solution in 1:1 w/w ethylene
carbonate/diethyl carbonate (Novolyte) were used. The galvanostatic
charge/discharge characteristics were analyzed using an Arbin BT-
2143 Battery Station.

AIF(CH,),* + HF — AIE—HF* + CH,

AICH,* + H,0 — AIOH + CH,

B RESULTS AND DISCUSSION

Freestanding electrodes were made using vacuum filtration with
LCO particles as active material, 2% of MWCNTSs as
conductive additive, and 5% NCF as binder. A fabrication
scheme is shown in Figure 1, and a more detailed description of
the fabrication _/procedure can be found in previous
publications.”™>**"*” The freestanding electrode used in this
paper is 13 cm X 13 cm (Figure 2a), though vacuum filtration
fabrication confers easy scale-up. The whole filtration time
takes about 2 min. Without NCF, LCO with 2% MWCNT
cannot be peeled off of the filtration membrane without mass
loss due to the weak mechanical strength. When CNT content
is increased to 8%, it is easy to peel off the electrode as a
whole;® however, the cost is prohibitive. When 5% NCF is
added with 2% CNTs, no residue is seen on the surface of the
filtration membrane due to the strong hydrogen bond among
nanocellulose fibers. This electrode is flexible enough to be
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Figure 2. (a) A 13 cm by 13 cm freestanding paper electrode; (b)
paper electrode that can be readily rolled; (c, d) SEM images of LCO
uniformly embedded in a MWCNT matrix before and after
compression.

easily rolled onto a pencil, as shown in Figure 2b. The scanning
electron microscopy (SEM) images before and after
compression (Figure 2c,d) show the uniform distribution of
LCO particles in the continuous MWCNT and fibrillated
nanocellulose network and the well-developed porous structure
of the composite cathode. In Figure 2¢, LCO particles are
loosely tangled with MWCNTs and NCF, presenting an
abundance of mesopores. After compression, the electrode
thickness is greatly reduced from 220 to 60 ym, and LCO has
much more contact with MWCNT and NCF. This corresponds
to a compact density of 3.33 g/cm’, slightly lower than that
used in commercial products around 3.8—4.0 g/cm®, but much
higher than all of the freestanding electrodes previously
published."™?° A low surface resistance of ~3Q/[] with
only 8 wt % of MWCNTs is observed after compression,
compared to ~50 €/[] before compression. With 2% CNT
and 5% NCF, the surface resistance reduces from 100 Q/[]
before compression to 30 €/[] after compression. This
difference may deteriorate the electrode’s C-rate capability.
We also noticed that the thickness and surface resistance
uniformity of freestanding electrodes are greatly improved to
+5% after compression.

AlF; ALD coatings on LCO-MWCNT electrodes were
deposited in a hot wall reactor.”> Al,O5 ALD coatings were also
deposited in the same reactor. XPS analysis was performed to
confirm the exsistence of the AIF; coating on the LCO-
MWCNT electrodes. Figure 3a shows an XPS surface scan of
an LCO-MWCNT electrode coated with 2 ALD cycles of AlF;.
XPS signals of C, O, F, Al, Co are observed with atomic
percentages of 61.9, 24.4, 9.4, 4.1, and 0.3, respectively. The C
peak arises from both carbon in the MWCNT and adventitious
carbon. The Al and F peaks are assigned to the AIF; ALD
coating. The Co peak is assigned to LCO. Figure 3b shows the
XPS spectrum of the Al 2p peak located at 75.2 eV. The peak
position consists of a main peak at 75.2 eV and a small peak at
73.2 eV. The Al 2p peak at the higher binding energy of 75.2 eV
is in good agreement with the Al 2p peak at 74.80 eV obtained
from an 82 nm AlF; film grown on Si with similar conditions.
The additional Al 2p peak at a lower binding energy of 73.2 eV
may be attributed to the Al-O bond resulting from the
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Figure 3. (a) XPS surface scan of an LCO-MWCNT electrode coated
with 2 ALD cycles of AlF;; (b) the XPS spectrum of the Al 2p peak;
(c) the XPS spectrum of the F s peak.

interaction between the AIF; film and moisture. Figure 3c
shows the XPS spectrum of the F 1s peak at 685.2 eV. The F 1s
peak at a higher binding energy of 685.2 €V is consistent with
the F s peak at 685.2 eV observed in an 82 nm thick AlIF; ALD
film. The additional F 1s peak at a lower binding energy of
682.2 eV may be attributed to the Co—F or Li—F bonds
resulting from the reaction of HF with LCO during the AlF;
ALD film growth. These Al and F XPS signals from the AlF;
coating increased due to the increased thickness of the AlF;
coating.

LCO-MWCNT-NCEF coated with 2 cycles of Al,Oj is tested
under 1 C rate at 4.6 and 4.7 V, respectively, in Figure 4. Figure
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Figure 4. LCO-MWCNT coated with 2 cycles of Al,O; is tested under
1 C rate at (a) 4.6 V and (b) 4.7 V; LCO-MWCNT coated with 2
cycles of AlF; is tested under 1 C rate at (c) 4.5 Vand (d)47V.1C=
160 mA/g.

4a shows dramatic capacity loss of 82% of its initial capacity
after 100 cycles at 4.6 V, and Figure 4b shows an even faster
drop at 4.7 V. In our prevous work,” LCO-MWCNT-NCF with
2 cycles of Al Oj still preserves 95% of its initial capacity after
85 cycles at 4.5 V. This indicates that the AL, O; coating
provides limited protection on LCO-MWCNT-NCEF up to 4.5
V. Above 4.5 V, the Al,O; coating either reacts severely with
HF in the electrolyte or the organic electrolyte decomposes
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rapidly and forms a thick insulating film on the surface of LCO-
MWCNT, preventing lithium ion diffusion.

In comparison to the Al,O; coating, a coating of 2 cycles of
AlF; on LCO-MWCNT-NCF shows a great improvement at
47 V. At 4.5 V, AlF; shows cycling performance stability
comparable to that of Al,O; in Figure 4c. When the upper
voltage limit is increased to 4.7 V, AlF;-coated LCO-MWCNT-
NCEF preserves 75.7% of its initial capacity after 100 cycles and
70% after 160 cycles at a rate of 0.5 C, as shown in Figure 4d.
We would like to point out that the electrolyte used in this
work is not designed for voltages above 4.5 V. The initial
coulombic efficiency (CE) is 91.6%, and soon improves to
above 99% after S cycles. In order to achieve 80% capacity
retention after 400 cycles, CE should reach above 99.95%.
Adding high-voltage additives should reduce electrolyte
decomposition and further improve CE and cycling perform-
ance. The significant enhancement in capacity retention of AlF;
at 4.7 V is likely due to increased HF resistance and stability at
high voltage. AlF; has a lower Gibbs free energy than that of
AlL,O,,*" which indicates intrinsically more stable nature. AIF;
can also effectively suppress the fast %rowth of the solid
electrolyte interphase film upon cycling.”> The half-cell was
disassembled after cycling, and no crack or electrode peeling
was observed, indicating the excellent mechanical stability of
the freestanding electrode. The surface of LCO after cycling is
shown in SI Figure 1. No significant surface coating is observed
compared to Figure 2d.

A flexible pouch cell was assembled with freestanding LCO-
MWCNT-NCF as cathode and graphite/MWCNT-NCF as
anode. The mass loadings of LCO and graphite were 20 and 10
mg/cm?, respectively. Two pairs of electrodes were used. A
video showing that the battery delivers a stable output voltage
while bending can be found in SL

The charge—discharge voltage profiles of AlF;-ALD-coated
LCO-MWCNT-NCF at 4.7 V are shown in Figure 5. The
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Figure S. Charge—discharge voltage profile of LCO-MWCNT coated
with 2 cycles of AlF; from 3.3 to 4.7 V. The current density is 0.5 C.

discharge curve of AlF;-coated LCO-MWCNT displays a wide
potential plateau near 3.9 V due to the coexistence of two
pseudophases of a Li-dilute a-phase and a Li-concentrated f-
phase.”> LCO-MWCNT with 2 cycles of AlF; has a high
specific capacity of 216 mAh/g at 4.7 V, and a corresponding
volumetric energy density of 720 mAh/cm®. The gravimetric
and volumetric energy densities of the freestanding electrodes
are 18% and 21% higher, respectively, than an electrode with
the same mass loading and a 16 pm Al current collector. That
improvement can be even more profound for the anode due to
the high density of Cu current collectors. By eliminating
current collectors and increasing the charging voltage, one can
significantly improve the energy density of batteries.
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In order to study the optimum AIF; coating thickness,
freestanding LCO-MWCNT-NCE electrodes coated with 2, S,
and 8 cycles of AlF; were tested under a 1 C rate shown in
Figure 6. The voltage increases sequentially from 4.3 to 4.5, 4.6,
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Figure 6. Freestanding LCO-MWCNT electrodes coated with (a) 2,
(b) S, and (c) 8 cycles of AlF; were tested under a 1 C rate. The
voltage increases sequentially from 4.3 to 4.5, 4.6, and 4.7 V.

and 4.7 V. In Figure 6a, LCO-MWCNT-NCEF with 2 cycles of
AlF; displays the highest capacity at all voltages, While LCO-
MWCNT-NCF with 8 cycles of AlF; has the lowest, shown
Figure 6c. Although the 5 cycle AlF;-coated electrode has a
limited capacity of 160 mAh/g at 4.7 V, it shows very stable
cycling after 4.5 and 4.6 V for 10 cycles of charge/discharge.
High-voltage stability of AIF; may be due to its larger band gap
(10 eV for AlF; vs 6.2 eV for AL,O,)."”**** As the thickness of
the AlF; coating is increased, more energy is required to drive
lithium ions across it. Therefore, we conclude that 2 cycles of
AIF; strikes the balance between high-voltage protection and
capacity realization.
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B CONCLUSIONS

A 13 cm X 13 cm freestanding LCO-MWCNT-NCF paper
electrode with high areal mass loading was fabricated by
vacuum filtration. The electrode has a low CNT content of 2%,
with 5% NCF, and a high LCO mass loading of 20 mg/ cm? In
addition, the electrode has excellent flexibility, uniform material
distribution, and low surface resistivity. LCO particles are
uniformly archored within a continuous three-dimensional
conducting MWCNT and NCF matrix with significant
mesoporous structure. After compression, LCO has better
electrical contact with MWCNT and NCF and a reduced pore
size. When coated with 2 cycles of Al,O; by ALD, LCO-
MWCNT-NCEF cannot sustain cycling stability above 4.5 V and
loses 82% of its initial capacity in the first 100 cycles at 4.6 V.
When coated with 2 cycles of AlF; by ALD, LCO-MWCNT-
NCEF preserves 75.7% of its initial capacity after 100 cycles and
70% after 160 cycles at 4.7 V. This high capacity retention
indicates that AlF; ALD coatings create exceptional high-
voltage protection on cathodes, and deserve further exploration
as battery coatings. The freestanding AlF;-coated LCO-
MWCNT-NCEF electrode has a high capacity of 216 mAh/g
at 4.7 V, and a correspondingly high volumetric energy density
of 720 mAh/cm®. With the combined effect of eliminating
unnecessary weight and volume, and increasing charging
voltage to offer more capacity, this freestanding electrode has
an 18% higher gravimetric and 21% higher volumetric energy
density than conventional electrodes with Al current collectors.
To the best of our knowledge, our freestanding electrodes have
the highest energy density in the literature, indicating great
potential for flexible batteries with high energy density.
Continuous production of a freestanding electrode is currently
under study by BattFlex Technologies, Inc.
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