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he fabrication of robust interfaces between electrodes and

electrolytes that satisfy the application-dependent, electro-
chemical demands of various systems is one of the great
challenges of interfacial science.' > In particular, irreversible
reactions between nonaqueous electrolytes and metal oxides are
often considered to be a rate-limiting step adversely affecting
the overall performance of lithium-ion (Li-ion) batteries.* ® Li-
ion batteries, in general, suffer irreversible capacity losses during
high voltage operation due, in part, to corrosion of active
materials in the acidic electrolyte as well as electrolyte
decomposition. Small levels of moisture (~20—100 ppm)
present in battery-grade electrolytes can react with lithium salts
(e.g., LiPFs) to generate hydrofluoric acid (HF). HF
subsequently attacks the surfaces of electrode materials causing
transition metal dissolution and migration to the negative
electrode.”” Furthermore, surface layers can form as a result of
electrolyte oxidation at high voltages which impede Li-ion
diffusion.

Coating electrode surfaces with metal oxides such as Al,O;,
MgO, ZnO, and TiO, has proven to be effective in mitigating
irreversible side reactions.” ' These metal oxide coatings,
however, are also susceptible to HF attack and may not be
stable over long-term cycling, converting partially to metal
fluorides when scavenging HF as reported earlier.'>"?
Furthermore, byproducts of these reactions generate additional
water in the electrolyte, again making electrode/electrolyte
interfaces unstable. With this limitation in mind, it stands to
reason that metal fluoride coatings might provide Dbetter
stability against the corrosive effects of HF. In addition, the
high electronegativity of fluorine results in strongly bonded
cations relative to oxygen and should be beneficial in limiting
unwanted surface reactions. In particular, AlF;-coated positive
electrodes (LiCoO,, LiNi;;3Mn,,3Co,,30,, Li-
[Lig 1oMng s;Nig 16C00,05] O,, etc.) have demonstrated significant
improvements in cycling stability and safety when AlF; is
applied via solution-based routes.'*”'® However, wet-chemical
processes, as well as standard physical vapor deposition (PVD),
have limitations. Nonuniform thicknesses and/or composi-
tional variation of coating layers can arise from the directional
nature of deposition (PVD) or by the secondary heating steps
required for solution-based routes. Atomic layer deposition
(ALD) is a modified form of chemical vapor deposition (CVD)
that uses the self-limiting nature of specific precursors to
deposit films in a layer-by-layer fashion. ALD is particularly
well-suited for coating electrode surfaces in that a conformal
coating can be applied with precise control of thickness and
composition.'” Previous studies on ALD-coated electrodes have
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primarily focused on metal oxides such as Al,O;, TiO,, LiAlO,,
and LiTaO; because the ALD chemistry of these oxides is well-
known.'*""*7*! Metal fluoride growth by ALD is complex and
challenging, mainly due to the lack of suitable fluorine
precursors. For example, HF, a highly aggressive chemical
etching agent, has been used to deposit CaF,, ZnF,, and SrF,.>
More recently, alternative ALD chemistries have been
developed such as MgF, and LiF ALD using either TaFg or
TiF, as the fluorine precursor for optical applications.”>™>°
However, the substrate temperatures in these cases were 300—
400 °C, high enough to degrade battery electrode laminates
containing polymeric binders. Another potential limitation of
AlF; for Li-ion batteries is that it is a wide-bandgap dielectric
and hence electrically insulating. Although still promising as a
coating, methods to enhance the material’'s conductivity while
maintaining its superb resistance to chemical attack could be
advantageous.

Herein we report the deposition of ultrathin, amorphous,
composite aluminum—tungsten—fluoride (AIW,F,) films on
LiCoO, electrodes via ALD using trimethylaluminum (TMA)
and tungsten hexafluoride (WF;) at 200 °C. These films are
highly conducting but incorporate AlF; in the composite.
Although LiCoO, is the most commercially successful cathode
material for Li-ion batteries, the practical use of LiCoO, is
limited, in part, to surface reactions involving cobalt dissolution
and electrolyte oxidation, as well as structural transformations
occurring at potentials higher than ~4.3 V (vs Li/Li*).>%*” As
such, LiCoO, might be considered as a model system for
surface studies on Li-ion cathodes. Ultrathin AIW,F, coatings
(~1 nm) on LiCoO, are shown to significantly increase
stability relative to bare LiCoO, when cycled up to 4.4 V. These
results reveal new possibilities for designing ultrathin and
electrochemically robust coatings of metal fluorides via ALD,
and potentially other techniques, to enhance the stability of Li-
ion electrodes.

ALD of AIW.F, was accomplished using alternating
exposures of WF4 and TMA. Although a detailed manuscript
describing this process is in preparation, a brief summary of the
AIW,F, chemistry and properties will be provided herein. In
situ quartz crystal microbalance (QCM) measurements
recorded during alternating, 1 s WF4 and TMA exposures at
200 °C showed a staircase pattern comprised of 160 ng/cm”
steps consistent with layer-by-layer growth (Figure la).
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Figure 1. (a) In situt QCM mass uptake during two alternating cycles
of WF¢ and TMA. (b) HRTEM image of the films deposited using
alternating exposures to TMA-WF¢ on an ALD Al,O;-coated Si wafer
(inset: NBD of the AIW,F, film with beam size of ~50 nm).

Additional QCM measurements (not shown) verified that each
of the precursor exposures was self-limiting under these
conditions. Ellipsometric measurements indicated a growth
rate of 2.56 A/cycle and combined with the QCM data yield a
film density of 6.5 g/cm®. The resulting films that appear
amorphous by X-ray diffraction are highly conducting; four-
point probe measurements give a resistivity of 3.5 X 107> Q-cm.
The growth rate of the film, deposited by alternating cycles of
TMA-WFE4, is relatively high compared to that of typical oxides
(~1-15 A/ cycle) and is due in part to tungsten and/or
tungsten carbide byproducts that have growth rates of 2.5 A/
cycle”®

X-ray photoelectron spectroscopy (XPS) survey scans,
performed during depth-profiling of these films deposited on
silicon, revealed that they are comprised of W, C, Al, and F.
Higher resolution XPS analysis demonstrated that the Al and F
are bound as AlF; and that the W may be present as both
metallic W and tungsten carbide (WC,) (see Figure Sl in
Supporting Information). For brevity, we refer to these films as
AIW,F,. High resolution transmission electron microscopy
(HRTEM) and nanobeam diffraction (NBD) measurements,
taken from cross sections of an AIW,F, film deposited on
AL O;-coated silicon (Figure 1b), confirmed the amorphous
nature of the films. These measurements also revealed that the
AIW,F, exists as a nanocomposite of ~1 nm particles in a
matrix of lower density. In analogy with our previous studies,
we hypothesize that the darker particles in Figure 1b are W and
WC,, while the surrounding matrix of lower density material is
AIF;. > It is interesting to note that these findings are similar
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to our previous study of ALD films prepared using niobium
pentafluoride and TMA.>'

To evaluate the electrochemical properties of the AIW,F,
coating, S ALD cycles of TMA—N,—WF4—N, (~1 nm) were
applied on laminates of LiCoO,. An XPS survey scan of the
coated LiCoO, confirmed that the AIW,F, films are deposited
on the laminates (Supporting Information Figure S2). Figure 2a

a 45 T T T T T T T T
4.4+
4.2+
s 4.0F
% 381
2 36f
T
<Y o3af
32}
30F
28l L 2 N . L s s L
0 20 40 60 80 100 120 140 160 180
Capacity (mAh/g)
T T T T
b 0|

-
@
o

Discharge Capacity (mAh/g)
- =
N B
o o
T

05 101520 25 30 35 40 45 50 1
P R !

100

T

L . L L .
0 5 10 15 20 25 30 35 40 45 50

Cycle #
Figure 2. (a) First-cycle voltage profiles of bare (black) and AIW.F,-
coated (red) LiCoO, between 4.4 and 2.5 V at 20 mA/g; the inset
shows first- and second-charge voltage profiles of the coated LiCoO,.
(b) Discharge capacities of bare (black) and coated (red) Li*/LiCoO,

cells at a current rate of 20 mA/g between 4.4 and 2.5 V; the inset
shows Coulombic efficiencies of the samples.

shows first-cycle voltage profiles of two Li*/LiCoO, cells, with
and without AIW,F, coatings, between 4.4 and 2.5 V at 20 mA/
g. Uncoated LiCoO, exhibited first-cycle capacities of ~170
mAh/g compared to ~165 mAh/g of the coated sample. This
difference, though fairly negligible, might be attributed to the
inactive nature of the coating layer resulting in slightly higher
first-cycle impedance. The polarization on charging, however,
disappeared after the first cycle, indicating possible changes,
such as a lithiated phase in the film, allowing diffusion of
lithium ions and similar lithium extraction/insertion voltages as
the uncoated electrode (inset Figure 2a). Recent molecular
dynamics (MD) calculations on Al,O; coating suggests that the
AlL)O; coating layer absorbs lithium until it reaches the
thermodynamically stable composition during the lithiation
process.>> The characteristic hexagonal to monoclinic trans-
formation of LiCoO, occurring at ~4.1 V is observed for both
cells, though slightly less pronounced for the coated electrode.
This is an indication that the ALD coating process did not
drastically alter the bulk characteristics of the material, similar
to previous coating studies on LiCoO,.'”""'*7'¢ The discharge
capacity of the uncoated LiCoO, continuously decreased while
the coated electrode showed excellent capacity retention over
the course of cycling between 4.4 and 2.5 V. The bare LiCoO,
retained only 85% of its initial capacity, while the 1 nm AIW,F,
coating enabled a 99% capacity retention after 50 charge—
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discharge cycles as shown Figure 2b. The capacity loss of the
bare material is attributed to parasitic, interfacial reactions as
previously reported.'**>** It should be noted that thicker (~10
nm) AIW,F, coatings on LiCoO, showed discharge capacities
of just ~10 mAh/g, revealing a limitation in practical
thicknesses.

Figure 3ab shows voltage profiles and corresponding
differential capacity (dQ/dV) plots of bare and coated samples
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Figure 3. Voltage profiles of (a) bare and (b) AIW,F, coated LiCoO,
on cycles 5, 25, and 50 and corresponding dQ/dV plots of bare and
coated LiCoO, (inset). (c) Al 2p XPS spectra of AIW,F -coated
LiCoO, before and after the 50th cycle.

on cycles 5, 25, and 50. Voltage profiles of the uncoated
LiCoO, clearly showed increased polarization on charge and
discharge with continued cycling accompanied by a broadening
and shifting of the dQ/dV peaks, typical of increasing
impedance and structural degradation. On the other hand,
voltage profiles and dQ/dV plots of the AIW,F,-coated material
showed little change upon cycling. This data reveals that the
phase transition associated with lithium ordering at ~4.1 Vis a
relatively “soft” transition, and a significant fraction of the

1919

lithium can be repeatedly, and reversibly, extracted without
significant damage to the bulk of the structure. Furthermore, it
is clear that surface damage, mitigated here by the AIW,F, film,
is a much greater factor in the degradation of LiCoO, under
these cycling conditions. XPS studies were employed on
AIW,F,-coated materials to probe the chemical composition of
the surface before/after the electrochemical cycling. Figure 3c
shows Al 2p;,, spectra of pristine, coated LiCoO, and after 50
cycles. The binding energy of the pristine and cycled samples
was fitted to 74.9 and 75.0 eV, respectively, indicating only
marginal change in the binding energy after electrochemical
cycling and a stable AIW,F, coating under insertion/extraction
of lithium. The fitted value is higher than those of Al,O4 (74.2
eV)* and LiAlO, (73.4 eV)*® and is closer to O—AI-F (75.3
eV) bonding as reported earlier.*”

Figure 4 compares the rate capability up to 400 mA/g for the
coated and uncoated LiCoO,. AIW,F,-coated LiCoO, exhibited
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Figure 4. Rate capabilities of bare (black) and AIW,F,-coated (red)
LiCoO, electrodes.

superior rate capability at all current rates compared to the
uncoated material, but the most dramatic improvements
occurred at the highest rates (200—400 mA/g). Discharge
capacities at a current of 400 mA/g were 51% and 92% of the
first-cycle capacities for bare and AIW,F, materials, respectively.
It is well-known that reactions at electrode/electrolyte
interfaces result in surface films that greatly increase cathode
electrode impedances, thereby causing capacity fade and poor
power performance.®® Furthermore, it has been shown, in
agreement with our results in Figure 3b, that mitigating
reactions at the surface of LiCoO, results in more stable bulk
processes.” As such, the data herein clearly demonstrate the
improved surface stability of AIW,F -coated LiCoO,, resulting
in excellent electrochemical performance.

In summary, a novel ALD process allowing the deposition of
metal fluoride materials has been developed for surface
protection of Li-ion battery electrodes. An ~1 nm AIW,F,
film deposited on LiCoO, electrodes has been shown to
dramatically enhance cycle life and rate capability of Li*/
LiCoO, cells. These AIW,F, thin film composites appear to
combine the chemical inertness of AIF; with the high electrical
conductivity of a metal. This study suggests new opportunities
for ALD and the design of advanced surface structures enabling
high capacity lithium ion batteries. Studies are now underway
to better understand the structure and composition of these
films on Li-ion electrodes and their effect on electrochemical
performance. For example, full-cell studies will be important in
understanding long-term cycling stability, transition metal
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dissolution, and impedance growth. Moreover, adjusting the
composition of the ALD composites may vyield further
improvements in performance.
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A detailed description of the experimental procedure including
atomic layer deposition, material synthesis, and characterization
methods used. This material is available free of charge via the
Internet at http://pubs.acs.org.

B AUTHOR INFORMATION

Corresponding Author

*E-mail: croy@anl.gov.

Notes

The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

Support from the Batteries for Advanced Transportation
Technologies (BATT) Program, in particular David Howell
and Tien Duong, of the U.S. Department of Energy, Office of
Energy Efficiency and Renewable Energy, is gratefully acknowl-
edged. This research was supported as part of the Center for
Electrochemical Energy Science, an Energy Frontier Research
Center funded by the U.S. Department of Energy (DOE),
Office of Science, Basic Energy Sciences (BES) (ALD coatings
and characterization).

B REFERENCES

(1) Tarascon, J.-M.; Armand, M. Nature 2001, 414, 359.

(2) Yang, P.; Tarascon, J.-M. Nat. Mater. 2012, 11, 560.

(3) Chen, Y. W,; Prange, J. D.; Diihnen, S; Park, Y.; Gunji, M;
Chidsey, C. E.; Mclntyre, P. C. Nat. Mater. 2011, 10, 539.

(4) Thackeray, M. M.; Wolverton, C.; Isaacs, E. D. Energy Environ.
Sci. 2012, 5, 7854.

(5) Chen, Z.; Qin, Y.; Amine, K.; Sun, Y.-K. J. Mater. Chem. 2010, 20,
7606.

(6) Chen, Z.; Lee, D.-J,; Sun, Y.-K.; Amine, K. MRS Bull. 2011, 36,
498.

(7) Lee, K. T;; Jeong, S.; Cho, J. Acc. Chem. Res. 2012, 46, 1161.

(8) Cho, J; Kim, Y. J; Kim, T.-J; Park, B. Angew. Chem,, Int. Ed.
2001, 40, 3367.

(9) Li, C; Zhang, H,; Fu, L,; Liu, H; Wu, Y,; Rahm, E,; Holze, R;
Wu, H. Electrochim. Acta 2006, 51, 3872.

(10) Jung, Y. S.; Cavanagh, A. S.; Dillon, A. C; Groner, M. D;;
George, S. M; Lee, S.-H. J. Electrochem. Soc. 2010, 157, A7S.

(11) Jung, Y. S.; Cavanagh, A. S;; Riley, L. A;; Kang, S. H; Dillon, A.
C.; Groner, M. D.; George, S. M,; Lee, S. H. Adv. Mater. 2010, 22,
2172.

(12) Myung, S.-T; Izumi, K; Komaba, S.; Sun, Y.-K; Yashiro, H;
Kumagai, N. Chem. Mater. 2008, 17, 3695.

(13) Kim, J. W.; Kim, D. H.; Oh, D. Y.; Lee, H.; Kim, J. H.; Lee, J. H.;
Jung, Y. S. J. Power Sources 2015, 274, 1254.

(14) Sun, Y.-K; Han, J.-M,; Myung, S.-T.; Lee, S.-W.; Amine, K.
Electrochem. Commun. 2006, 8, 821.

(15) Sun, Y.-K; Cho, S.-W.; Lee, S.-W.; Yoon, C.; Amine, K. J.
Electrochem. Soc. 2007, 154, A168.

(16) Sun, Y. K; Lee, M. J; Yoon, C. S.; Hassoun, J.; Amine, K;
Scrosati, B. Adv. Mater. 2012, 24, 1192.

(17) George, S. M. Chem. Rev. 2009, 110, 111.

(18) Comstock, D. J.; Elam, J. W. J. Phys. Chem. C 2013, 117, 1677.

(19) Park, J. S.; Meng, X; Elam, J. W.; Hao, S.; Wolverton, C.; Kim,
C.; Cabana, J. Chem. Mater. 2014, 26, 3128.

(20) Liu, J; Banis, M. N.; Li, X; Lushington, A;; Cai, M; Li, R;
Sham, T.-K;; Sun, X. J. Phys. Chem. C 2013, 117, 20260.

1920

(21) Li, X;; Liu, J.; Banis, M. N.; Lushington, A.; Li, R;; Cai, M.; Sun,
X. Energy Environ. Sci. 2014, 7, 768.

(22) Ylilammi, M.; Ranta-aho, T. J. Electrochem. Soc. 1994, 141, 1278.

(23) Pilvi, T.; Ritala, M.; Leskeld, M.; Bischoff, M.; Kaiser, U.; Kaiser,
N. Appl. Opt. 2008, 47, C271.

(24) Pilvi, T.; Puukilainen, E.; Kreissig, U.; Leskeld, M.; Ritala, M.
Chem. Mater. 2008, 20, 5023.

(25) Mintymiki, M.; Hamildinen, J.; Puukilainen, E.; Sajavaara, T.;
Ritala, M.; Leskeld, M. Chem. Mater. 2013, 25, 1656.

(26) Winter, M.; Moeller, K; Besenhard, J. Lithium Batteries:
Science and Technology. Nazri, G.-A.,, Pistoia, G., Eds.; Kluwer
Academic Publishers: Boston, 2004, p 148.

(27) Wang, H,; Jang, Y. I; Huang, B.; Sadoway, D. R;; Chiang, Y. M.
J. Electrochem. Soc. 1999, 146, 473.

(28) Elam, J.; Nelson, C.; Grubbs, R.; George, S. Thin Solid Films
2001, 386, 41.

(29) Elam, J. W.; Mane, A. U. US 20130335190 Al, 2013.

(30) Elam, J. W.; Mane, A. U,; Libera, J. A;; Hryn, J. N; Siegmund,
O. H; McPhate, J; Wetstein, M. J; Elagin, A; Minot, M. J;
O’Mahony, A. ECS Trans. 2013, 58, 249.

(31) Klug, J. A; Proslier, T.; Elam, J. W.; Cook, R. E;; Hiller, J. M,;
Claus, H.; Becker, N. G,; Pellin, M. J. J. Phys. Chem. C 2011, 11,
25063.

(32) Jung, S. C.; Han, Y.-K. J. Phys. Chem. Lett. 2013, 4, 2681.

(33) Chen, Z.; Dahn, J. Electrochem. Solid-State Lett. 2003, 6, A221.

(34) Chen, Z.; Dahn, J. Electrochem. Solid-State Lett. 2004, 7, Al1.

(35) Zhang, X; Belharouak, L; Li, L.; Lei, Y.; Elam, J. W.; Nie, A;
Chen, X,; Yassar, R. S.; Axelbaum, R. L. Adv. Energy Mater. 2013, 3,
1299.

(36) Appapillai, A. T.; Mansour, A. N.; Cho, J.; Shao-Horn, Y. Chem.
Mater. 2007, 19, 5748.

(37) Tressaud, A, Labrugére, C; Durand, E.; Brigouleix, C,;
Andriessen, H. Sci. China Technol. Sci. 2009, 52, 104.

(38) Abraham, D.; Twesten, R,; Balasubramanian, M.; Petrov, L;
McBreen, J.; Amine, K. Electrochem. Commun. 2002, 4, 620.

(39) Liu, L.; Chen, L, Huang, X,; Yang, X.-Q.; Yoon, W.-S,; Lee, H.;
McBreen, J. J. Electrochem. Soc. 2004, 151, A1344.

DOI: 10.1021/acs.chemmater.5b00603
Chem. Mater. ZKIS, 27,1917-192

MPEREX Ex. 1028

Page 4


http://pubs.acs.org
mailto:croy@anl.gov
http://dx.doi.org/10.1021/acs.chemmater.5b00603



