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HIGH CAPACITY LAYERED OXIDE CATHODES WITH ENHANCED RATE
CAPABILITY

TECHNICAL FIELD OF THE INVENTION

[0001] The present invention relates in general to the field of electrodes, specifically to
compositions of matter and methods of making and using high capacity layered oxide cathodes

with enhanced rate capability.

STATEMENT OF FEDERALLY FUNDED RESEARCH

[0002] This invention was made with U.S. Government support from NASA NNCO9CAOSC.

The government has certain rights in this invention.
CROSS-REFERENCE TO RELATED APPLICATIONS
[0003] None.

INCORPORATION-BY-REFERENCE OF MATERIALS FILED ON COMPACT DISC

[0004] None.

BACKGROUND OF THE INVENTION

[0005] Without limiting the scope of the invention, its background is described in connection
with high capacity layered oxide cathodes with enhanced rate capability. Lithium ion battery
technology has played a key role in the portable electronics revolution, and it is vigorously
pursued for vehicle applications. However, the presently available cathodes have limited
capacity (< 200 mAh/g). Lithium ion batteries offer the highest energy density among the
known rechargeable battery systems, and as a result, there is enormous interest to increase the
energy density further. In this regard, solid solutions between Li[Li;sMn,3]0, and LiMO,; (M =
Ni, Co, Mn) have been found recently to offer much higher capacity with a significant reduction
in cost and improvement in safety compared to the commercially used layered LiCoO,."® For
example, these “lithium excess” layered compositions like Li[Lip2Mng 54Nig.13C00.13]O; exhibit
capacities of as high as about 250 mAh/g.””® The high capacities of these solid solutions have
been attributed to the irreversible loss of oxygen from the lattice during the first charge and the

consequent lowering of the oxidation state of the transition metal ions at the end of first
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. 9,10
discharge.”

However, these high capacity layered cathodes suffer from huge irreversible
capacity Ciy loss in the first charge-discharge cycle and poor rate capability, limiting their
adoptability for vehicle applications. The huge Ci, loss has been attributed to both the
climination of oxide ion vacancies from the layered lattice at the end of first charge'' and side
reactions with the electrolyte at the high operating voltages of up to 4.8 V.'* The poor rate
capability could be related to the low electronic conductivity associated with the Mn*" ions and
the thick solid-clectrolyte interfacial (SEI) layer formed by a reaction of the cathode surface

with the organic electrolytes.”

[0006] One possible strategy to reduce the thickness of the SEI layer is to coat the cathode
surface with other inert oxides; however, most of the surface modification materials act only as
a protection layer while decreasing the surface electronic conductivity of the cathode. Although
surface modification with carbon is quite effective in increasing the surface conductivity of
LiFePO,, surface modification of the Li[Li;;3sMny;3]O, — Li[Mn,Ni,Co]O; solid solutions with
carbon, which involves firing at higher temperatures (about 700 °C), could result in a reduction

of the higher valent Mn*" and Co™" ions.

[0007] Another approach to suppress the SEI layer thickness and enhance the surface
conductivity is to modify the cathode surface with conductive agents. Among the various
coating agents, Al,Os facilitates lithium-ion diffusion by forming LiAl; MO, (M = Mn, Co, and
Ni) but hinders electron migration; RuQO; is effective in enhancing surface electronic
conductivity, but causes side reaction at the high operating voltage. Al improves the surface
electronic conductivity without introducing side reactions, but the coating layer is too dense to

facilitate easy lithium-ion diffusion.

SUMMARY OF THE INVENTION

[0008] The invention is the development of a process and modification of the surfaces of the
material powder and/or fabricated electrode to enhance the charge-discharge rates significantly,
reduce the irreversible capacity loss in the first cycle, and increase the discharge capacity. The
capacity of most of the cathode materials used in current lithium ion batteries is limited to < 200
mAh/g. These difficulties have generated interest in alternative cathode materials. In this
regard, layered oxides with the general formula Li{M,,Li;]O; (M =Mn, Co, and Ni or their

combinations and 0 <y < 0.33) have become appealing as they exhibit capacity values of about
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250 mAh/g with a lower cost. However, these high capacity layered oxides have the drawback
of low charge-discharge rate capability and huge irreversible capacity loss (50-100 mAbh/g) in
the first cycle. The invention described here increases the rate capability, reduces the
irreversible capacity loss, and offers discharge capacity values close to 300 mAh/g by surface
modification of the material powder or fabricated electrode by novel processes. The surface
modifications suppress the reaction between the cathode surface and the electrolyte, optimize
the solid-electrolyte interface (SET) layer, enhance the surface or interfacial electronic and
lithium-ion conduction, and thereby increase the charge-discharge rate and reduce the
irreversible capacity loss. Lithium-ion cells fabricated with the surface modified layered oxide
cathodes described here can be used for portable electronic devices; hybrid electric vehicles, and
electric vehicles. In addition to providing high capacity, these cathodes significantly reduce the

cost and offer improved safety.

[0009] The present invention provides devices and compositions to enhance the electrochemical
performances of the high capacity layered oxide solid solution Li[Lig2Mng s4Nig13C00.13]O2
cathode, its surface has been modified with 2 wt. % Al,Os, 2 wt. % RuO,, and 1 wt. % Al,Osz +
I wt. % RuO,. The surface modified samples exhibit much improved electrochemical
performances, particularly the 1 wt. % Al,O; + 1 wt. % RuQO,; coated sample exhibiting the
highest discharge capacity and rate capability. Specifically, the Al,O; + RuO; coated sample
delivers about 280 mAh/g at C/20 rate with a capacity retention of 94.3 % in 30 cycles and
about 160 mAh/g at 5 C rate.

[0010] The present invention provides electrode films fabricated with the high capacity layered
oxide Li[Lig,Mng 54Nig.13C00.13]O; that have been surface modified with metallic aluminum by a

thermal evaporation process including resistive evaporation or thermal resistance evaporation.

[0011] Compared to the bare Li[Lig2Mngs4Nip13C00.13]O2 cathode, the Al-coated cathodes
(coating time < 30 s) exhibit higher discharge capacity with lower irreversible capacity loss,
better cyclability, and higher rate capability. Specifically, the 20 s Al-coated cathode exhibits
the highest capacity (278 mAh/g at C/20 rate) and the best rate capability (157 mAh/g at 5 C
rate), while the 30 s Al-coated cathode displays the best cyclability (268 mAh/g with a capacity
retention of 98 % in 50 cycles).
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[0012] The present invention provides surface modification with Al of the electrode films
fabricated with the layered oxide Li[Lip2Mng s4Nig.13C00.13]02, which belongs to the z (1-z)
Li[Li13sMny3]O; — z Li[Mn;3Ni13C013]0; system with z = 0.4. The surface modification of the

electrode films with Al was carried out by a thermal evaporation process.

[0013] The present invention provides eclectrodes fabricated with the layered
Li[Lip,Mng 54Nig13C00.13]O, that have been coated with carbon by a thermal evaporation
process including resistive evaporation or thermal resistance evaporation and characterized. The
carbon coating enhances the sample surface conductivity by 40 % without degrading the layered
oxide. The carbon-coated cathodes exhibit much improved rate capability and cycling

performance than the bare cathode.

[0014] The present invention provides a surface modified cathode with high discharge capacity
having a lithium-excess Li[M,;yLi;]JO, (M = Mn, Co, and Ni or their combinations and 0 <y <
0.33) cathode surface having a surface modification comprising lithium-ion conductor, or an
electronic conductor, or a mixed lithium-ion and electronic conductor to suppress the
elimination of oxide ion vacancies, reduce the solid-electrolyte interfacial (SEI) layer thickness,

reduce the irreversible capacity loss in the first cycle, and enhance rate capability.

[0015] The surface modification materials that enhance lithium-ion conduction are Al,O; by
forming layered Li;Al; MO, or defect spinel Li; Aljy.qMy 1O at the interface and AIPO,
by forming olivine Li;<Al;.yMyPO4 at the interface. The surface modification materials that
enhance electronic conduction are nanostructured M’O, or A-M’0O, (M’ =Ti, V, Nb, Mo, W, or
Ru and A = Li, Na, or K). The surface modification materials that enhance both lithium-ion
conduction and electronic conduction are a combination of materials are Al,Os; by forming
layered LicAlyMyO, or defect spinel LizAlzy.nMy 104 at the interface and AIPO4 by forming
olivine LitAl;yMyPO4 at the interface. The Al composition includes Al,O; and the Ru

composition includes RuO,.

[0016] The present invention includes a surface modification for a lithium-excess Li{M.yLi,]O;
(M = Mn, Co, and Ni or their combinations and 0 <y < 0.33) cathode comprising a surface
coating of a mixture of Al,Os and RuO,. The present also invention includes a method of
making a surface modified cathode with an increased discharge capacity by adding an Al

composition to a layered oxide composition; adding a Ru composition to the layered oxide
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composition; precipitating the surface modified cathode composition; and drying the surface
modified cathode composition to form a Al,O; and RuQ, surface modified cathode. The Al
composition includes AINO; and the Ru composition includes RuCls. The coating material
includes between 0.5 and 10 wt. %. The coating material includes about 2 wt. %. The surface
modification material is Al or C. The surface modification Al or C is applied by a thermal
evaporation process to the electrode film fabricated with the lithium-excess Li[M,;.yLi,]O; (M =

Mn, Co, and Ni or their combinations and 0 <y < 0.33) cathode.

[0017] The present invention also provides the fabrication of electrode film by mixing the
lithium-excess Li[M,.,Li,]O, powder, conductive carbon, and PVDF binder in a solvent; coating
the mixture on a substrate; drying the mixture to form a Li[M,;,Li,]O; cathode; and depositing

an aluminum or carbon coating on the Li[M;,Li,]O; cathode.

[0018] The present invention also provides an Al coated cathode with an increased discharge
capacity having a lithium-excess Li[M;,Li,]O, (M = Mn, Co, and Ni or their combinations and
0 <y < 0.33) cathode film surface having an Al coating deposited thercon to suppress the
elimination of oxide ion vacancies and enhance the discharge capacity and rate capability. The
Al composition coating includes a layer having a thickness from 0.1 nm to 100 nm. The Al

composition coating was deposited for between 0.1s and 600s.

[0019] The present invention also provides a carbon coated cathode with an increased discharge
capacity having a lithium-excess Li[M;,Li,]O, (M = Mn, Co, and Ni or their combinations and
0 <y < 0.33) cathode surface having a carbon composition coating deposited thercon to
suppress the elimination of oxide ion vacancies and enhance the discharge capacity and rate

capability.

BRIEF DESCRIPTION OF THE DRAWINGS

[0020] For a more complete understanding of the features and advantages of the present
invention, reference is now made to the detailed description of the invention along with the

accompanying figures and in which:

[0021] FIGURE 1 is a plot of the XRD patterns of the bare and 2 wt. % Al,Os, 2 wt. % RuO,,
and 1 wt. % Aleg +1wt. % Rqu coated Li[Lio.zMn0.54Ni0.13C00.13]02 sarnples.
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[0022] FIGURE 2 is a series of high resolution TEM images of 2 wt. % Al,Os, 2 wt. % RuO,,
and 1 wt. % AlLOs + 1 wt. % RuO, coated Li[Lio,Mng 54Nig13C00.13]O0, samples at different

manifications.

[0023] FIGURE 3 is a series of plots showing the first charge-discharge curves of the bare and 2
wt. % AlLO;, 2 wt. % RuO,;, and 1 wt. % ALO; + 1 wt. % RuO; coated
Li[Lio.zMn0.54Ni0.13C00,13]02 sarnples.

[0024] FIGURE 4 is a plot of the cycling performance of the bare and 2 wt. % AL,Os, 2 wt. %
Rqu, and 1 wt. % A1203 +1wt. % Rqu coated Li[Lio.zMn0.54Ni0.13C00.13]02 sarnples.

[0025] FIGURE 5 is a series of plots showing the discharge profiles of the bare and 2 wt. %
Aleg, 2 wt. % Rqu, and 1 wt. % A1203 + 1 wt. % Rqu coated Li[Lio.zMno.54Nio.13C00.13]02

samples at various C rates.

[0026] FIGURE 6 is a plot of the comparison of the rate capabilities of the bare and 2 wt. %
Aleg, 2 wt. % Rqu, and 1 wt. % A1203 + 1 wt. % Rqu coated Li[Lio.zMno.54Nio.13C00.13]02

samples.

[0027] FIGURE 7A is a schematic of the equivalent circuit and FIGURE 7B is a plot of the
electrochemical impedance spectra (EIS) of the bare and 2 wt. % Al,Os, 2 wt. % RuQ,, and 1
wt. % A1203 + 1 wt. % Rqu coated Li[Lio.zMn0.54Ni0.13C00.13]02 sarnples.

[0028] FIGURE 8 is a series of plots showing the X-ray photoelectron spectroscopy (XPS) data
of 2 wt. % ALO3, 2 wt. % RuO,, and 1 wt. % ALO; + 1 wt. % RuO, coated
Li[Lip,Mnyg 54Nig13C00.13]02: (a) Al 2p spectrum of 2 wt. % Al,O3 coated sample, (b) Ru 3p
spectrum of 2 wt. % RuO, coated sample, and (c) Al 2p spectrum and (d) Ru 3p spectrum of 1
wt. % Al,O3 + 1 wt. % RuO; coated sample.

[0029] FIGURE 9 is a series of plots showing the F 1s XPS data of the bare and 2 wt. % Al,Os,
2 wt. % Rqu, and 1 wt. % A1203 + 1 wt. % Rqu coated Li[Lio,zMno.54Nio.13C00.13]02 sarnples

at different sputtering times after 30 charge-discharge cycles.

[0030] FIGURE 10 is a plot of the variations of the normalized LiF concentration with
sputtering time for the bare and 2 wt. % Al Os, 2 wt. % RuO,, and 1 wt. % Al,Os + 1 wt. %
RuO; coated Li[Lio.zMno.54Nio,13C00.13]02 sarnples.
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[0031] FIGURES 11A-11J are scanning electron microscopy (SEM) images of (a) & (b) the
bare, (c) & (d) 10 s Al-coated, (¢) & (f) 20 s Al-coated, (g) & (h) 30 s Al-coated, and (i) & (j) 60
s Al-coated Li[Lio,zMno,54Nio.13C00,13]02.

[0032] FIGURE 12 is a plot of the first charge-discharge curves of the bare and 10, 20, 30, and
60 s Al-coated Li[Lio.zMno.54Nio.13C00.13]02 cathodes.

[0033] FIGURE 13 is a plot of the cycling performance of the bare and 10, 20, 30, and 60 s Al-
coated Li[Lio,zMn0.54Nio.13C00.13]02 cathodes.

[0034] FIGURE 14 is a series of plots showing the discharge profiles of the bare and 10, 20, and
30 s Al-coated Li[Ligp,Mng 54Nig.13C0¢.13]O, cathodes at various C rates.

[0035] FIGURE 15 is a plot of the normalized capacity vs. rate curves of the bare and 10, 20,
and 30 s Al-coated Li[Lio,zMno,54Nio.13C00,13]02 cathodes.

[0036] FIGURE 16 is a plot of the wvariation of the surface conductivity of the
Li[Lip,Mnyg 54Nig.13C00.13]O; electrodes with Al-coating time.

[0037] FIGURE 17 is a plot of the EIS of the bare and 10, 20, and 30 s Al-coated
Li[Lio,zMn0.54Nio.13C00.13]02 cathodes.

[0038] FIGURE 18 is of the  XRD patterns of the bare and the carbon-coated
Li[Lig,Mng s4Nig13C00.13]O>.

[0039] FIGURES 19A-19D are SEM images where (a) SEM image of the bare
Li[Lip2Mng 54Nig13C00.13]0,  particle, (b) SEM image of the carbon-coated
Li[Lip2Mng 54Nig13C00.13]0,  particle, (¢) STEM image of the carbon coated
Li[Lig,Mnyg 54Nig 13C00.13]O; particle, and (d) carbon map of the particle in the STM image.

[0040] FIGURES 20A-20D are plots where (a) is a plot of the discharge profiles at various C
rates, (b) is a plot of the variation of discharge capacity with C rate, (c) is a plot of the cycling
performance at 2C charge-discharge rate, and (d) is EIS plots of the bare and the carbon-coated
Li[Lig2Mng 54Nig.13C00.13]O2.

DETAILED DESCRIPTION OF THE INVENTION

[0041] While the making and using of various embodiments of the present invention are

discussed in detail below, it should be appreciated that the present invention provides many
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applicable inventive concepts that can be embodied in a wide variety of specific contexts. The
specific embodiments discussed herein are merely illustrative of specific ways to make and use

the invention and do not delimit the scope of the invention.

[0042] To facilitate the understanding of this invention, a number of terms are defined below.
Terms defined herein have meanings as commonly understood by a person of ordinary skill in

[P I 1Y
a

the areas relevant to the present invention. Terms such as an” and “the” are not intended
to refer to only a singular entity, but include the general class of which a specific example may
be used for illustration. The terminology herein is used to describe specific embodiments of the

invention, but their usage does not delimit the invention, except as outlined in the claims.

[0043] One possible strategy to reduce the irreversible capalicty loss (Ciy) value is surface
modification of the cathodes that can suppress the fast elimination of oxide ion vacancies and
significantly reduce the contact between the active material and the electrolyte.'>'* A lot of
materials such as Al,Os,'*"? Zn0O," MgO,16 Sn0,,!" Ti0,,"™ Zr0,,"” and AIPO4,'** have been
pursued for the surface modification of the cathodes and thereby to improve their
electrochemical performances. However, most of the modification materials mainly work as a
protection layer. Interestingly, certain functional surface modifications are known to enhance
surface lithium ion diffusion or surface electronic conductivity. For example, ALO;
modification on 5 V spinel cathodes" facilitates surface lithium-ion diffusion. Similarly,
carbon”"** and RuO,> modifications on LiFePO, enhance surface electronic conductivity. We
have shown that surface modification of Li[Lig,Mngs4Nig13C0¢.13]O, with Al,Os reduces the
Cir value and increases the discharge capacity due to the suppression of the elimination of oxide
ion vacancies. We present here the surface modification of Li[Lig,Mng s4Ni 13C00.13]O2 with a
mixture of Al;Oz and RuO; to improve both the surface lithium ion and electronic conductivities
and thereby to improve the rate capability. For a comparison, surface modifications with Al,O3
alone and RuQO, alone are also presented. The bare and surface modified samples are
characterized by X-ray diffraction (XRD), high resolution transmission electron microscopy
(TEM), charge-discharge measurements, electrochemical impedance spectroscopy (EIS), and X-
ray photoelectron spectroscopy (XPS) to develop an in-depth understanding of the different

coating materials.
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[0044] Layered Li[Lig2Mng s4Nig.13C00.13]O2 was synthesized by a coprecipitation method. The
procedure involved first the coprecipitation of the hydroxide precursors by adding drop by drop
a solution containing required amounts of manganese, nickel, and cobalt acetates into a 2 M
KOH solution under stirring, washing the precipitate with de-ionized water to remove the
residual KOH, followed by firing the oven-dried hydroxide coprecipitate with a required amount
of LiOH-H,0 at 900 °C in air for 24 hour with a heating rate of 2 °C/min and cooling rate of 5

°C/min.

[0045] Surface modifications of the layered Li[Liy;Mng 54Nig13C0013]O, with Al,O5 alone and
RuO, alone were carried out by first mixing AINO3*9H,0 or RuCl3*3H,O with the layered
oxide, followed by adding NH4OH solution, washing the precipitates with de-ionized water, and
drying at 100 °C overnight. Surface modification of the layered oxide with a mixture of Al,Oz+
RuO, was carried out by a coprecipitation method similar to the one used for the preparation of
the hydroxide precursors of the layered oxide cathode. Briefly, the procedure involves adding
the layered oxide powder into a 3 M KOH solution under stirring, followed by adding drop by
drop a solution containing required amounts of AINO3*9H,0 and RuCl3*3H,0, adjusting the pH
value to about 10 with dilute HNOj; solution, and drying the washed precipitate at 100 °C
overnight. All surface modified samples were then heat treated at 450 °C in air for 3 hour to
obtain the desired functional surface modification layer. The total amount of the coating
material (including the total weight of Al,O3 and RuO,) was fixed at 2 wt. % for all the surface
modified samples. In the case of Al,O3; + RuO;, modified sample, Al,O3 and RuO, were 1 wt. %

each.

[0046] XRD patterns were recorded with a Phillips X-ray diffractometer with Cu Ka radiation
between 10° and 80° at a scan rate of 0.01°/s. TEM data were collected with a JEOL 2010F
equipment to assess the microstructures of the surface modified samples. XPS data were
collected at room temperature with a Kratos Analytical Spectrometer and monochromatic Al Ka
(1486.6 ¢V) X-ray source to assess the chemical state of the coating elements on the surface
modification layers. Multiplex spectra of various photoemission lines were collected at medium
resolution using an analyzer pass energy of 40 ¢V at 0.1 eV step and an integration interval of 1
s/eV. All spectra were calibrated with the C 1s photoemission peak at 285.0 eV to account for
the charging effect.
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[0047] Electrochemical performances were evaluated with CR2032 coin cells between 4.8 and
2.0 V. The cathodes were prepared by mixing 75 wt. % active material with 20 wt. % acetylene
black and 5 wt. % PTFE binder, rolling the mixture into thin sheets of about 100 pum thick, and
cutting into circular electrodes of 0.64 cm® area. The coin cells were assembled with the thus
fabricated cathodes, lithium foil anode, 1 M LiPF¢ in ethylene carbonate/diethyl carbonate
(EC/DEC) electrolyte, and Celgard polypropylene separator. EIS measurements were conducted
with a Solartron 1260A impedance analyzer in the frequency range of 100 kHz to 0.001 Hz with
an ac voltage amplitude of 10 mV. Before the EIS measurements, all samples were charged to
the same 50 % state of charge (SOC). Li foil served as both counter and reference electrodes

during the EIS measurements.

[0048] FIGURE 1 is a plot of the XRD patterns of the bare and 2 wt. % Al,O3, 2 wt. % RuO,,
and 1 wt. % ALO; + 1 wt. % RuO, coated Li[Lig,Mng s54Nig13C0¢13]O, samples. The bare
sample has the typical O3 layered structure with the weak superstructure reflections observed
around 20 = 20 — 25° corresponding to the ordering of the transition metal ions and Li~ ions in
the transition metal layer of the layered lattice." The surface modifications change neither the
main reflections nor the superstructure reflections, indicating that surface modified samples
maintain the O3 layered structure with cation ordering. No extra reflections corresponding to
Al;O3 and RuQ; are observed with the surface modified samples, which might be due to the

small quantity of surface modifying materials.

[0049] FIGURE 2 is a series of high resolution TEM images of 2 wt. % Al,Os, 2 wt. % RuO,,
and 1 wt. % ALO; + 1 wt. % RuO, coated Li[Lig,Mng 54Nig13C0.13]0, samples at different
manifications. The images illustrate a coating of Al,Os, RuO,, AL,Os + RuO, on the surface of
the highly crystalline (as indicated by the fringe patterns) Li[Lip2Mng s54Nig.13C00.13]O;.
Interestingly, the microstructures of these surface modification layers differ depending on the
coating material. While the Al,O; modification layer forms a continuous, porous, amorphous
coating (as indicated by the absence of fringe patterns) on the surface of
Li[Lip,Mnyg 54Nig 13C00.13]O, with a thickness of about 4 nm, the RuO, modification layer forms
a discrete, crystalline coating (as indicated by the fringe pattern) with a thickness of about 2 - 3
nm. The Al,O; + RuO, modification layer, on the other hand, forms a continuous, semi-

crystalline coating (as indicated by the weak fringe pattern) with a thickness of about 3 nm. The
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weak fringe pattern of the Al,Oz + RuO; modification layer also indicates Al,Oz and RuO, are

uniformly mixed in the modification layer.

[0050] FIGURE 3 is a series of plots showing the first charge-discharge curves of the bare and 2
wt. % AlLO;, 2 wt. % RuO,, and 1 wt. % ALO; + 1 wt. % RuO; coated
Li[Lip,Mnyg 54Nig.13C00.13]O, samples at C/20 rate. All the samples exhibit a plateau around 4.5
V in the first charge profile, which has been mainly attributed to a loss of oxygen from the
layered lattice.® This plateau region is absent in the subsequent charge profiles, indicating that
the oxygen loss during first charge is an irreversible process.” It is also seen in FIGURE 3 that
the first charge capacity is larger than the discharge capacity. This irreversible capacity (Ciy)
loss is due to the elimination of part of the oxide ion vacancies and a corresponding number of

lithium ion sites as well as side reactions with the electrolyte at the high operating voltage.'***

[0051] The first charge and discharge capacity values as well as the Cy;, values collected at C/20

rate are given in Table 1 for the bare and surface modified samples.

[0052] Table 1. Electrochemical data of the layered Li[Lip,Mngs54Nig.13C00.13]0, before and

after surface modifications.

Samples First cycle capacity (mAh/g) Capacity
Ciy loss in first on in 30
) cycle (mAh/g) retention n
Charge capacity Discharge cycles (%)
capacity
Bare sample 332 252 80 92.8
AlLO; coated sample 320 270 50 94.6
RuO; coated sample 342 266 76 91.7
ALOs + Ru0; coated 335 278 57 943
sample

[0053] Compared to the bare sample, the Al,Oz coated sample shows a decreased first charge
capacity and an increased first discharge capacity, which can be attributed to suppression of
both the oxide ion vacancy elimination and the side reactions of the electrolyte. In contrast, the
RuO; coated sample shows an increased first charge capacity compared to the bare sample,
which might be due to the more serious side reactions of the electrolyte caused by the overlap of

the Ru*" 4d band with the O* 2p band.” Interestingly, the ALOs + RuO, coated sample shows a
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smaller first charge capacity and a much reduced Ci, value compared to the RuO, coated
sample, suggesting that the incorporation of Al,Os into the surface modification layer reduces
effectively the side reaction of the electrolyte with the RuO; coating. Interestingly, the high
discharge capacity of the Al,O3; + RuO, coated sample could be attributed to the positive effects
of both the Al,O3 and RuO, surface modifications.

[0054] FIGURE 4 is a plot of the cycling performance of the bare and 2 wt. % Al,Os, 2 wt. %
RuO,, and 1 wt. % ALOs; + 1 wt. % RuO; coated Li[Lig2Mngs54Nig13C00.13]O2 samples.
FIGURE 4 shows the cycling performances of the bare and the surface modified
Li[Lip,Mnyg 54Nig.13C00.13]O, at C/20 rate, and the capacity retention values are given in Table 1.
The bare sample shows a capacity retention of 92.8 % in 30 cycles; the capacity fade could be
due to the further elimination of oxide ion vacancies as the cathode is cycled and the
aggravating side reactions of the electrolyte at the high cutoff charge voltages. Comparatively,
the Al,O; coated sample exhibits the best capacity retention (94.6 %) and the RuO, coated
sample shows the worst capacity retention (91.7 %) in 30 cycles. The capacity fade data again
indicate that the more serious side reactions of RuO, may lead to faster capacity fade during
cycling. The best cyclability of the Al,O; coated sample is due to the suppression of the
elimination of oxide ion vacancies and side reactions of the eclectrolyte. The intermediate
cycling behavior of the Al,O3; + RuO; coated sample illustrates the protective function of Al,Os
in the Al,O3; + RuO; layer.

[0055] FIGURE 5 is a series of plots showing the discharge profiles of the bare and 2 wt. %
Al O3, 2 wt. % RuO,, and 1 wt. % ALOs; + 1 wt. % RuO, coated Li[Lig,Mng s4Nig 13C0.13]O>
samples at various C rates. FIGURE 5 compares the discharge profiles recorded at different C
rates after charging the bare and surface modified samples at C/20 rate. At a given C rate, all
the surface modified samples show higher discharge capacity compared to the bare sample. For
example, the bare sample delivers a discharge capacity of 92 mAh/g at 5 C rate, while the
AlL;Os, RuO,, and Al,O3 + RuO; coated samples exhibit a discharge capacity of, respectively,
143 mAh/g, 110 mAh/g, and 161 mAh/g. To obtain a clear comparison of the rate capabilities,
the capacity values at various C rates is normalized to that at C/20 and the results are shown in
FIGURE 6. FIGURE 6 is a plot of the comparison of the rate capabilities of the bare and 2 wt.
% Al,O3, 2 wt. % RuO,, and 1 wt. % Al,O3 + 1 wt. % RuO; coated Li[Lig,Mng 54Nig.13C00.13]O2
samples. As seen, the rate capability increases in the order bare sample < Al,O3 coated sample <
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RuO; coated sample < Al,O3; + RuO; coated sample. Thus, while the Al,O3 coating helps to
reduce the Ci, value and increase the discharge capacity, the RuO, coating is effective in
improving the rate capability. The combination of both Al;O3 and RuO; in the coating layer
helps to enhance the surface lithium ion and electronic conductivites, resulting in the highest

rate capability for the Al,O3 + RuO, coated sample.

[0056] The differences in rate capability generally arises from different polarization behaviors.*
EIS is a versatile technique for analyzing the differences in the polarization behaviors and thus
for understanding the differences in rate capability.” Accordingly, EIS measurements were
carried out on both the bare and the surface modified samples after 3 charge-discharge cycles.
Before the EIS measurements, all the samples were charged to 50 % state of charge (SOC) at
C/20 rate to reach an identical status. According to our previous EIS studies on this type of

layered oxide cathodes,'**

generally two semicircles and one slope are present in the EIS
spectra: the first semicircle (at high frequency region) is ascribed to lithium ion diffusion
through the surface layer, the second semicircle (at medium-to-low frequency region) is
assigned to charge transfer reaction, and the slope at the low frequency region is attributed to

lithium ion diffusion in the bulk material.

[0057] FIGURE 7A is a schematic of the equivalent circuit and FIGURE 7B is a plot of the EIS
spectra of the bare and 2 wt. % AL, Os, 2 wt. % RuO,, and 1 wt. % AL,Os + 1 wt. % RuO; coated
Li[Lip»,Mnyg 54Nig.13C00.13]O, samples. Based on the above understanding, the equivalent circuit
to analyze the EIS data is given in FIGURE 7(a). In this equivalent circuit, Rq refers the
uncompensated ohmic resistance between the working electrode and the reference electrode, R,
represents the resistance for lithium ion diffusion in the surface layer (including SEI layer and
surface modification layer), CPE; is the constant phase-angle element depicting the non-ideal
capacitance of the surface layer, R, refers to charge transfer resistance, Z, represents the
Warburg impedance describing the lithium ion diffusion in the bulk material, and CPE; is the
constant phase-angle element depicting the non-ideal capacitance of the double layer. Among
these parameters, Ro, Rt and Z,, can be used to quantify the polarization behaviors, i.e, ohmic
polarization, activation polarization (also termed as charge transfer polarization), and diffusion

polarization.
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[0058] EIS spectra of the bare and the surface modified Li[Ligp,Mng s4Nig.13C00.13]O, are shown
in FIGURE 7(b). Clearly, the value of Rq, which is given by the intersection of the first
semicircle with the horizontal axis at very high frequency, is negligible for all samples; it
indicates that the ohmic polarization of the investigated samples is negligible. Also, the particle
size and crystallographic structure do not change on going from the bare sample to the coated
samples, suggesting that Z,, and the diffusion polarization could be similar for the bare and the
surface modified samples. Therefore, the differences in rate capabilities between the bare and
the surface modified samples should arise mainly from the differences in the charge transfer

polarization given by the different R values.

[0059] The wvalues of Ry and Ry of the bare and the surface modified
Li[Lio.zMn0.54Ni0.13C00.13]02 are listed in Table 2.

[0060] Table 2. Surface resistance (Rs) and charge transfer resistance (R.) of the layered

Li[Lip,Mnyg 54Nig.13C00.13]O, before and after surface modifications.

A1203 + RUOZ
Bare sample AlLO; coated sample RuO; coated sample coated sample
R
0.040 0.052 0.069 0.056
(ohm g)
R
0.172 0.099 0.086 0.068
(ohm g)

[0061] All surface modified samples show larger R, compared to the bare sample, which could
be due to the additional resistance induced by lithium ion diffusion in the surface modification
layer. In contrast, all the surface modified samples show much smaller R.; compared to the bare
sample, and the R, value decrease in the order bare sample > Al,Os coated sample > RuO;
coated sample > Al,O; + RuQO, coated sample, which is exactly the reverse order of the rate
capability discussed earlier. This result confirms that the better rate capability of the coated
samples including the highest rate capability of the Al,O3; + RuO; coated sample is due to the

lower charge transfer polarization.

[0062] Surface property is vital in controlling the electrochemical performances of battery
electrode materials. The surface properties of the surface modified samples are expected to
differ from each other as well as from the bare sample due to the differences in the chemical and

surface characteristics of the coating materials. Accordingly, XPS was employed to investigate
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the chemical states of the different surface modification layers, and the XPS spectra of the

various surface modification layers are shown in Fig. 8.

[0063] FIGURE 8 is a series of plots showing the XPS spectra of 2 wt. % Al,Os, 2 wt. % RuO,,
and 1 wt. % Al,O; + 1 wt. % RuO, coated Li[Liy,Mng s4Nig13Co0¢.13]O0;: (a) Al 2p spectrum of 2
wt. % Al O3 coated sample, (b) Ru 3p spectrum of 2 wt. % RuO, coated sample, and (¢) Al 2p
spectrum and (d) Ru 3p spectrum of 1 wt. % AlL,Os + 1 wt. % RuO, coated sample. FIGURE
8(a) shows the Al 2p spectrum of the Al,Os modified sample. The Al 2p peak appears at 73.5
eV, which is lower than that observed in Al,O5 (74.2 eV),26 but is close to that reported for
LiAlO, (73.4 ¢V)*” which is known to have a good lithium ion conductivity.”® The data suggest
that Al,Os; might have reacted with lithium ions in the cathode during the annealing process at
450 °C of the surface modified samples and formed LiAl; xMxO, (M = Mn, Co, and Ni) on the

surface.

[0064] FIGURE 8(b) shows the Ru 3p spectrum of the RuO, modified sample. The Ru 3p;/, and
3pan peaks occur, respectively, at 485.3 and 463.0 eV, which agree well with the Ru 3p binding
energy values reported for thin-film RuO,” and nanocrystalline RuO,,” confirming that the
chemical state of Ru in the surface modification layer is similar to that in RuO,. RuQ; has been

3133 The lithium insertion/extraction

studied as a cathode materials for over four decades.
process in RuQO; cathode is a topotactic two-phase reaction involving rutile RuO; < tetragonal
intermediate <> orthorhombic LiRu0,.” In the potential range used in this study (i.c., 2.0 - 4.8

32,33
= can be formed.

V), all three phases, which are both electronically and ionically conductive,
This indicates that the RuO, modification layer can serve as both fast electron transfer and fast

lithium ion diffusion channels.

[0065] FIGURES 8(c) and (d) show both the Al 2p and Ru 3p spectra of Al,O; + RuO,
modified sample. The binding energy values of the Al 2p, Ru 3pi,, and 3ps, peaks appear at,
respectively, 73.4, 485.2 and 462.9 ¢V, which match closely with those measured with the
Al O3 modified and RuO; modified samples, indicating that Al and Ru exist as LiAl; MO0, (M
= Mn, Co, and Ni) and RuQ; in the Al,O3; + RuO, modification layer. Since LiAl, MO, is also
a good lithium ion conductor, the Al,Os; + RuO; modification provides the protection of the
cathode surface from direct reaction with the electrolyte (see TEM images in Figs. 2 and EIS

spectra in FIGURE 7(b)) without compromising the surface conductivities. The protection
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function along with an enhancement in surface electronic and lithium ion conduction leads to

better rate capability for the Al,O3; + RuO; coated sample.

[0066] SEI thickness is an important factor in determining the electrochemical performances of
the cathode materials.’* While the SEI layer formed on the commercially used layered LiCoO,
cathode is thin due to the mild operating voltage range (< 4.3 V vs Li/Li"), that formed on the
surface of the Li[Lig,Mnyg 54Nig13C00.13]O2 cathode could be quite thick because of the high cut-
off voltage (4.8 V), which can cause serious electrolyte decomposition on the cathode surface.
The thickness of the SEI layers on different samples could be semi-quantitatively compared by
employing the XPS sputtering technique, if the composition and microstructure of the SEI
layers do not differ significantly."” LiF has been reported to be a major component of the SEI
layers formed in LiPFs based cletrolytes.”® Accordingly, we analyzed the depth profiles of LiF

on the bare and the surface modified samples to compare the thickness of SEI layers.

[0067] FIGURE 9 is a series of plots showing the F 1s XPS spectra of the bare and 2 wt. %
Al O3, 2 wt. % RuO,, and 1 wt. % ALL,Os; + 1 wt. % RuO, coated Li[Lig,Mng s4Nig 13C00.13]O2
samples at different sputtering times after 30 charge-discharge cycles. FIGURE 9 compares the
F 1s photoemission peaks of the bare and surface modified samples at various sputtering times.
The main peaks at about 685 eV are assigned to LiF, while the peaks above 687 eV are
assigned to LiPFe, LiPFy, and Li,POF, formed by a reaction of the LiPFs salt.*® For each
sample, the concentration of LiF at different depths (i.e. after different sputtering time) was
normalized with respect to its maximum value, and the normalized concentration of LiF is

plotted as a function of sputtering time in FIGURE 10.

[0068] FIGURE 10 is a plot of the variations of the normalized LiF concentration with
sputtering time for the bare and 2 wt. % Al Os, 2 wt. % RuO,, and 1 wt. % Al,Os + 1 wt. %
RuO, coated Li[Lig2Mng 54Nig13C00.13]O, samples. As seen, the concentration of LiF at a given
depth or after a given sputtering time varies significantly on going from one sample to another.
In other words, it takes different sputtering time to reach a specific concentration of LiF. For
example, to see a LiF concentration of 68 % of the maximum value, it takes 106, 55, 146, and
90 s, respectively, for the bare, Al,O;, RuO;, and ALLO; + RuO, coated
Li[Lig,Mng 54Nig 13C00.13]0, samples. The results indicate that the thickness of the SEI layer

decreases in the order RuO, coated sample > bare sample > Al,Oz + RuQO; coated sample >
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Al,O3 coated sample. This order confirms that RuQO; causes more serious electrolyte
decomposition reaction as discussed earlier based on the electrochemical data, and indicates that
addition of Al,O; into the RuO, modification layer effectively suppresses the side reaction. In
fact, the thinner SEI layer on the Al,O3; + RuO; coated sample is another reason leading to faster
charge transfer kinetics (lower R¢) and better rate capability compared to the RuO, coated

sample.

[0069] The high capacity layered oxide Li[Lip>Mng 54Nig.13C00.13]O2 has been surface modified
with 2 wt. % ALOs, 2 wt. % RuO,, and 1 wt. % AL,O; + 1 wt. % RuO,. The surface modified
samples exhibit improved electrochemical performances compared to the bare sample, with the
Al;O3 + RuO; modified sample exhibiting the best performance. While the Al,O; coating serves
as a good protection layer suppressing both the oxide ion vacancy elimination and the side
reactions of the electrolyte, the RuO, coating serves as a fast electron transfer and a fast lithtum
ion diffusion channels on the surface of the cathode. Therefore, the combined ALLO; + RuO;
coating taking advantage of the functions of both Al,O3 and RuO; leads to the highest discharge
capacity and rate capability. The Al,Osz + RuO, coated sample retains about 60 % of the
capacity on going from C/20 to 5C rate while the bare sample retains only about 40 %. The
study demonstrates that functional surface modification with appropriate materials is a viable
approach to overcome the rate capability limitations of the high capacity lithium-excess layered

oxide cathodes.

[0070] Electrode films consisting of the Li[Lip;Mngs4Nig13C00.13]0, cathode material was
prepared by a slurry coating technique. Li[Lig,Mng 54Nig.13C00.13]O, powder, conductive carbon,
and PVDF binder were mixed in a ratio of 8 : 1 : 1 in N-methylpyrrolidinone (NMP) solvent and
stirred for 24 hour to form a uniform slurry. The slurry was then coated on an aluminum foil to
make the electrode film, followed by drying overnight at 100 °C in a vacuum oven. The

thickness of the electrode film was controlled at about 50 pum.

[0071] Surface modification of the Li[Lig>2Mngs4Nig13C00.13]O, clectrode film with Al was
carried out by a thermal evaporation process with a JEOL thermal evaporator. High purity
aluminum wire (99.9995%) hung on a tungsten basket was transformed into gaseous state by

passing a current of 15 A under a vacuum of about 107 Torr and deposited directly onto the
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fabricated electrode film. The amount of Al coating on the surface of the electrode film was

semi-quantitatively controlled by controlling the deposition time.

[0072] X-ray diffraction (XRD) data were collected with a Phillips X-ray diffractometer with
Cu Ko radiation between 10° and 80° at a scan rate of 0.01°/s. SEM data were collected with a
Hitachi S-5500 equipment to assess the microstructures of the samples before and after surface
modification. Surface conductivity of the electrode films was measured with a four-probe
conductivity measurement system (a Lucas Signatone four-point probe head and stand,

combined with a Keithley 2400 source meter).

[0073] Electrochemical performances were evaluated with CR2032 coin cells between 4.8 and
2.0 V. The coin cells were assembled with the thus fabricated film cathodes, lithium foil anode,
I M LiPFs in ethylene carbonate/diethyl carbonate (EC/DEC) electrolyte, and Celgard
polypropylene separator. EIS measurements were conducted with a Solartron 1260A impedance
analyzer in the frequency range of 100 kHz to 0.001 Hz with an AC voltage amplitude of 10
mV. Before the EIS measurements, all the samples were charged to the same 50 % state of
charge (SOC). Li foil served as both counter and reference electrodes during the EIS

measurements.

[0074] Since the Al modification layer could protect the cathode surface from side reactions
with the electrolyte and improve the electrical contact between particles, the surface
microstructure such as the coverage and thickness of the Al modification layer on the electrode
film could play an important role on the electrochemical performances of the Al-modified

samples.

[0075] FIGURES 11A-11J are SEM images of (a) & (b) the bare, (¢) & (d) 10 s Al-coated, (¢)
& (f) 20 s Al-coated, (g) & (h) 30 s Al-coated, and (i) & (j) 60 s Al-coated
Li[Lip,Mng 54Nig13C00.13]0,. FIGURE 11 compares the SEM images revealing the surface
structure of the Li[Lig,Mngs4Nig13C00.13]O, celectrode films before and after surface
modification with Al. Obviously, with increasing Al deposition time, both the coverage of Al on
the particle surface and the thickness of Al modification film increase, and a better connection
between particles is formed by “Al bridges.” It is also observed that for the 60 s Al-coated
sample, the morphology of the particles is totally different from that of the unmodified pristine

sample due to the thick and irregular Al layer accumulated on the surface of the particles.
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However, the Al modification layer is not permeable for lithium ions, so too thick an Al layer
would degrade the electrochemical performance. In other words, there might be an optimum

thickness for the Al modification layer to realize good electrochemical performance.

[0076] FIGURE 12 is a plot of the first charge-discharge curves of the bare and 10, 20, 30, and
60 s Al-coated Li[Lig>,Mng s54Nig13C00.13]O, cathodes.  FIGURE 13 shows the first charge-
discharge profiles of the bare and the Al-coated Li[Lip2MngsaNig13C00.13]O, cathodes at a
current density of 12.5 mA/g (C/20 rate). All the samples exhibit a plateau around 4.5 V in the
first charge profile, which has been attributed to a loss of oxygen from the layered lattice. All
the samples show a difference between the first charge and discharge capacities, resulting in an
irreversible capacity loss Ci, in the first cycle. The irreversible capacity loss is due to the
elimination of part of the oxygen vacancies and a corresponding number of lithium sites at the
end of first charge, as discussed before with the Al,0O; modified samples, and possible side

reactions of the cathode surface with the electrolyte during first charge.

[0077] Table 3 summarizes the first charge and discharge capacity values along with the Ciy
values for all the samples. The first charge capacity decreases with increasing Al-coating time
from 0 to 60 s, while the discharge capacity increases with Al-coating time, reaches a maximum
at an Al-coating time of 20 s and then decreases with Al-coating time. As a result, the Cy;, value
decreases with Al-coating time, reaches a minimum at 20 s, and then increases. The increase in
discharge capacity and decrease in Ci, value with Al-coating is due to the retention of more
number of oxygen vacancies and lithium sites in the layered lattice at the end of first charge
compared to that in the bare sample, similar to that found by us before with the Al,Os- and

AIPO4 modified samples.

[0078] In order to have a quantitative assessment, we calculated the percentage of the oxygen
vacancies retained in the layered lattice after the first charge based on the observed first charge
and discharge capacity values by a procedure described earlier,' and the results are given in

Table 3.

[0079] Table 3. Electrochemical data of layered Li[Lig2Mng s4Nig.13C00.13]O; before and after Al

coating

Irreversible Oxygen

Sample First cycle capacity (mAb/g) capacity loss in vacancy
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Charge capacity D;:g:cairt%,e the(g:;;gy)cle retention (%)
Bare sample 330 248 82 33
10 s Al-coated sample 319 260 59 47
20 s Al-coated sample 312 276 36 67
30 s Al-coated sample 310 268 42 63
60 s Al-coated sample 309 232 77 25

[0080] We illustrate the calculation below by taking the 20 s Al-coated cathode as an example.
If the first charge capacity of 312 mAh/g is exclusively due to lithium ion extraction (assuming
no side reaction with the electrolyte contributes to the first charge capacity), it will correspond
to the extraction of 0.99 lithium ions from the lattice. Out of this, the extraction of 0.34 lithium
ions is due to the oxidation of Ni*" and Co’”, respectively, to Ni*" and Co™*".” For simplicity,
writing the Li[Lig,Mngs54Nig13C0013]0, formula as Li[Lig,Mgg]O,, where Mgyg refers to

Mny 54Nig.13C00.13, this lithium extraction process can be written as

[0081] The extraction of the remaining 0.65 lithium ions (0.99 — 0.34) involves an oxidation of

the O™ ions and a loss of oxygen from the lattice as
Li0_66[Li0_2M0_g]02 — Li()_(n [Li0_2M0_8]01_675D0_325+ 065LIJr +0.65¢ +0.1625 02 (2)

[0082] A migration of lithium ions from the transition metal layer to the lithium layer and an
elimination of some oxygen vacancies and a corresponding number of lithium sites to maintain
the ratio between the cations in the transition metal layer and oxygen sites as 1:2, we can arrive

at a configuration,

Lig.01[Li92Mo 8]O1.67500.325 — Lio.os3[Lio.14700.0s3M08]O1 67500325 — Ligoe3[Li0.147M08]O1 67500210 (3)

[0083] This results in a retention of 67 % of the oxygen vacancies in the lattice at the end of

first charge compared to a retention of 33 % in the unmodified bare sample.
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[0084] Based on the experimentally observed first discharge capacity of 276 mAh/g, which
corresponds to an insertion of 0.844 lithium ions, and a 1 : 2 ratio between the available sites in

the lithium layer and the oxygen sites, we can envision the first discharge reaction as
Lio.063[Lio.147Mo.8]O1.67500210 + 0.884 Li" + 0.884 ¢ — Lio.os7[Lio.147Mo.s]O1.67500.210 4

[0085] Based on a similar calculation, we could arrive at the % oxygen vacancies retained in the
layered lattice at the end of first charge, and the results are given in the last column of Table 3.
It is clear that the Al-coating for 10 — 30 s leads to a retention of more number of oxygen
vacancies and lithium sites in the lattice at the end of first charge compared to that in the bare
sample, resulting in a reduced irreversible capacity loss. However, with a higher Al-coating time
of 60 s, too thick an Al-coating layer could hinder the lithium extraction/insertion process and

leads to a retention of less number of oxygen vacancies in the lattice.

[0086] FIGURE 13 is a plot of the cycling performance of the bare and 10, 20, 30, and 60 s Al-
coated Li[Lip2Mnyg s4Nig13C00.13]O; cathodes. FIGURE 13 compares the cycling performances
of the bare and the Al coated Li[Ligp2Mng s54Nig.13C00.13]O2 cathodes. The capacity fade of this
type of layered cathode materials could be due to both the aggravating side reactions with the
electrolyte at the high operating voltage of up to 4.8 V and the possible elimination of some of
the oxygen vacancies and lithium sites as the sample is cycled. As the Al-coating time increases
from 0 to 30 s, the capacity retention in 50 cycles increases from 89 % to 98 %. However, the
capacity retention decreases to 87 % on increasing the Al-coating time to 60 s. The increase in
capacity retention at shorter Al-coating times could be ascribed to the coverage of the electrode
film surface by the Al layer and the suppression of the side reactions with the electrolyte and a
slowing down of the rate of the oxygen vacancy elimination. The faster capacity fade of the 60 s
Al-coated sample could be due to the impeding of the kinetics of lithium ion extraction/insertion
process by too thick an Al layer. Since the 60 s Al-coated cathode shows lower capacity and
faster capacity fade than the bare sample, our further experiments focused on the samples with

an Al-coating time of up to 30 s.

[0087] FIGURE 14 is a series of plots showing the discharge profiles of the bare and 10, 20, and
30 s Al-coated Li[Lig,Mng 54Nig13C0q.13]O, cathodes at various C rates. The rate capabilities of
the bare and Al-coated samples were assessed by charging them at a fixed current density of

12.5 mA/g (C/20 rate) and discharging at various C rates, and the discharge profiles recorded at
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various C rates are shown in FIGURE 14. At a given C rate, the Al-coated samples exhibit
higher discharge capacity than the bare sample. For example, while the bare cathode delivers a
capacity of only 93 mAh/g at 5 C rate, the 10, 20, and 30 s Al-coated cathodes exhibit much
higher discharge capacities of, respectively, 130, 157, and 143 mAh/g at the same 5C rate.

[0088] FIGURE 15 is a plot of the normalized capacity vs. rate curves of the bare and 10, 20,
and 30 s Al-coated Li[Lio2Mng s4Nig.13C00.13]O2 cathodes. FIGURE 15 plots the normalized
discharge capacity values obtained at various C rates in reference to the value obtained at C/20
rate. As seen, the rate capability increases in the order bare cathode < 10 s Al coated cathode <
30 s Al coated cathode < 20 s Al coated cathode. The results reveal that the Al-coating time and
Al layer thickness play a critical role on the rate capability, and an Al-coating time of 20 s is

optimum to provide the best rate capability.

[0089] The differences in rate capability arise from the different polarization behavior. We can
envision that the Al coating can enhance the surface conductivity of the particles and improve
the electrical contact between particles. FIGURE 16 is a plot of the variation of the surface
conductivity of the Li[Lig,Mng 54Nig13C00.13]O, electrodes with Al-coating time. FIGURE 16
shows the relationship between the surface conductivity of the cathode films and Al-coating
time. Clearly, the surface conductivity increases with increasing Al-coating time. Since the
increased surface conductivity could decrease both the uncompensated ohmic resistance and the
charge transfer resistance due to improved particle contact and faster electron transfer on the
particle surface, the Al-coated cathode with longer coating time can be expected to have lower
ohmic polarization and charge transfer polarization, leading to higher rate capability. However,
the 20 s Al-coated cathode shows higher rate capability than the 30 or 60 s Al-coated cathodes,
indicating that surface conductivity is not the only factor contributing to the differences in rate

capability.

[0090] To gain a better understanding of factors leading to the differences in rate capability, EIS
measurements were carried out on both the bare and the Al-coated cathodes after 3 charge-
discharge cycles. Before the EIS measurements, all the samples were charged to 50 % state of
charge (SOC) to reach an identical status. According to our previous EIS study on this type of

14,24

layered cathodes, there always appear two semicircles and one slope in the EIS spectra: the

first semicircle (at high frequency region) is ascribed to lithium ion diffusion through the
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surface layer, the second semicircle (at medium-to-low frequency region) is assigned to the
charge transfer reaction, and the slope at the low frequency region is attributed to lithium ion

diffusion in the bulk material.

[0091] EIS spectra of the bare and the Al-coated cathodes, and the corresponding equivalent
circuit are given in FIGURE 17. In the equivalent circuit, R, refers to the uncompensated ohmic
resistance between the working clectrode and the reference electrode, R, represents the
resistance for lithium ion diffusion in the surface layer (including SEI layer and surface
modification layer), CPE; refers to the constant phase-angle element depicting the non-ideal
capacitance of the surface layer, R, refers to the charge transfer resistance, Z,, represents the
Warburg impedance describing the lithium ion diffusion in the bulk material, and CPE is the
constant phase-angle element depicting the non-ideal capacitance of the double layer. Among
these parameters, Ry, R and Z,, can be used to quantify the polarization behaviors, i.e, ohmic

polarization, charge transfer polarization, and diffusion polarization.’’

[0092] Since the particle size and crystallographic structure can be assumed identical for the
bare and the Al-coated samples (coating time < 30 s), it can be assumed that Z,, and the
diffusion polarization are identical for the bare and the Al-coated samples.® The values of Ry,
R,, and R are given, respectively, by the intersection of the first semicircle with the horizontal
axis at high frequency, the diameter of the first semicircle, and the diameter of the second
semicircle. FIGURE 17 illustrates that the values of R, are negligible for all the samples,
indicating the ohmic polarizations of the investigated samples can be neglected. Meanwhile, R,
decreases in the order bare sample > 10 s Al coated cathode > 30 s Al coated cathode > 20 s Al
coated cathode, which follows the exact increasing order of rate capability. The results imply
that the differences in the rate capability are predominantly due to the differences in the charge
transfer polarization. It should be noted that the decreasing order of R, is not exactly the same
with the increasing order of surface conductivity. The reason is that the charge transfer kinetics
is affected by both the electron migration rate and lithium ion diffusion rate in the surface layer.
Since Al is a good electronic conductor but a poor lithium-ion conductor, increasing the Al
coating time will increase the surface eclectron migration rate (surface conductivity) while
decreasing the surface lithium-ion diffusion rate. The 20 s Al-coated cathode appears to have
high surface electron migration rate without compromising too much the surface lithium-ion
diffusion rate, resulting in the smallest R, and the best rate capability.
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[0093] The high capacity layered Li[Lip>2Mngs54Nig13C00.13]O, cathode has been coated with
various amounts of aluminum by a thermal evaporation method. Electrochemical data reveal
that the Al coating increases the discharge capacity, decreases the irreversible capacity loss in
the first cycle, improves the cyclability, and enhances the rate capability. The increase in
capacity is due to the suppression of oxygen vacancy elimination at the end of first charge, the
improvement in cyclability is due to the suppression of both oxygen vacancy elimination and
the side reaction with the electrolyte in the subsequent cycles, and the enhancement in rate

capability is due to the enhanced surface conductivity by the Al coating layer.

[0094] The clectrode film obtained with the Li[Lig,Mng s4Nip13C00.13]O, sample was also
surface modified with carbon. Surface modification of the electrode film with carbon was
realized by thermal evaporation of a high purity graphite rod inside a JEOL thermal evaporator.

The coating process was conducted at a vacuum of about 107 Torr and a current of 45 A.

[0095] The pristine and carbon-coated Li[Lip;MngsaNig13C00.13]0; electrodes were
characterized by XRD, SEM, surface conductivity, electrochemical charge-discharge, and EIS

measurements.

[0096] FIGURE 18 is an image of XRD patterns of the bare and the carbon-coated
Li[Lip,Mng 54Nig 13C00.13]0,. FIGURE 18 compares the XRD patterns of the bare and the
carbon-coated Li[Lig,Mng s4Nig13Co00.13]O2 electrodes. All the reflections correspond to the
layered oxide' without any peaks for carbon due to the amorphous nature or low quantity of

carbon.

[0097] FIGURES 19A-19D are SEM images, where FIGURE 19A is the SEM image of the
bare Li[Lip2Mnyg s4Nig.13C00.13]O; particle, FIGURE 19B is the SEM image of the carbon-coated
Li[Lip,Mng 54Nig13C00.13]0, particle, FIGURE 19C is the scanning transmission electron
microscope (STEM) image of the carbon coated Li[Lig2Mngs4Nig13Co00.13]O2 particle, and
FIGURE 19D is the carbon map of the particle in the STM image. FIGURES 19A and 19B
compare the SEM images of the Li[Lig,Mng s4Nig13C00.13]O, particles on the electrode film
before and after carbon coating. While the surface of the bare Li[Lig2Mng 54Nig13C00.13]O2
particle is smooth, it becomes coarse after carbon coating. FIGURES 19C and 19D gives the
STEM image and the carbon mapping of the carbon-coated Li[Liy;Mngs4Nig13C0013]02

particle. The data reveal a uniform coating of carbon on the particle surface, indicating that
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thermal evaporation is an effective technique to realize good carbon coating. Surface electronic
conductivity of the bare and the carbon-coated Li[Lip;Mngs4Nig.13C00.13]O; electrodes were
found to be, respectively, 0.696 and 0.975 S cm™, indicating a 40 % enhancement in surface

electronic conductivity on coating with carbon.

[0098] FIGURES 20A-20D are plots where FIGURE 20A is a plot of the discharge profiles at
various C rates, FIGURE 20B is a plot of the variation of discharge capacity with C rate,
FIGURE 20C is a plot of the cycling performance at 2C charge-discharge rate, and FIGURE
20D is the EIS plots of the bare and the carbon-coated Li[Liy;Mngs54Nig13C0013]0;. In the
equivalent circuit in FIGURE 20D, Ry, R,, CPEs, R, Z,, and CPE refer, respectively, to the
uncompensated ohmic resistance between the working electrode and the reference electrode,
resistance for lithium-ion diffusion in the surface layer (including SEI layer and surface
modification layer), constant phase-angle element depicting the non-ideal capacitance of the
surface layer, charge transfer resistance, Warburg impedance describing the lithium-ion
diffusion in the bulk material, and constant phase-angle element depicting the non-ideal
capacitance of the double layer. FIGURES 20A and 20B compare the discharge profiles and
discharge capacities at various C rates of the electrodes before and after coating with carbon.
The data were collected by charging at a current density of 12.5 mA/g (C/20 rate) and
discharging at various C rates. Clearly, the carbon-coated electrode shows higher rate capability
than the bare electrode. FIGURE 20C compares the cycling performances of the bare and
carbon-coated eclectrodes at a high rate (2C charge-discharge rate). While the bare sample
delivers a capacity of about 114 mAh/g with a capacity retention of 90 % in 30 cycles, the
carbon-coated sample exhibit a capacity of about 150 mAh/g with a capacity retention of 98 %
in 30 cycles. The improved capacity retention is due to the suppression of the electrolyte attack
by the carbon coating. FIGURE 20D compares the EIS spectra of the bare and carbon-coated
electrodes, with the equivalent circuit shown in the inset. Before the EIS measurement, both the
samples were charged to 50 % state of charge (SOC) to reach an identical status. Both the EIS
spectra show two semicircles and one slope. The semicircles in the high and medium-to-low
frequency regions correspond, respectively, to lithium-ion diffusion through the surface layer
and charge transfer reaction, with the diameter of the semicircles giving the R, and R, values
(see caption to FIGURE 20), while the slope in the low frequency region refers to lithium-ion

diffusion in the bulk material. As seen, carbon coating decreases both R and R, indicating an
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enhancement in the kinetics of lithium ion diffusion through surface layer and charge transfer
reaction and a consequent increase in rate capability. The carbon coating decreases Rs by
reducing the SEI layer thickness due to a suppressed interaction between the cathode surface
and the electrolyte while maintaining a micro-porous structure, allowing lithium-ions to diffuse
through. The improved surface electronic conductivity and the reduced SEI layer thickness

decrease R,,.

[0099] Conductive carbon coating on the layered Li[Lig,Mngs54Nig13C00.13]O, electrodes has
been realized by a thermal evaporation process. The carbon-coated Li[Lig,Mng 54Nig13C0¢.13]O02
electrodes exhibit much enhanced rate capability and high rate cycling performance compared
to the bare sample. Four-point conductivity and EIS measurements reveal that the improved
electrochemical performance of the carbon-coated sample is due to the enhancement in surface
electronic conductivity and the suppression of SEI layer development.

[0100] It is contemplated that any embodiment discussed in this specification can be
implemented with respect to any method, kit, reagent, or composition of the invention, and vice
versa. Furthermore, compositions of the invention can be used to achieve methods of the

invention.

[0101] It will be understood that particular embodiments described herein are shown by way of
illustration and not as limitations of the invention. The principal features of this invention can
be employed in various embodiments without departing from the scope of the invention. Those
skilled in the art will recognize, or be able to ascertain using no more than routine
experimentation, numerous equivalents to the specific procedures described herein. Such
equivalents are considered to be within the scope of this invention and are covered by the

claims.

[0102] All publications and patent applications mentioned in the specification are indicative of
the level of skill of those skilled in the art to which this invention pertains. All publications and
patent applications are herein incorporated by reference to the same extent as if each individual
publication or patent application was specifically and individually indicated to be incorporated

by reference.

[0103] The use of the word “a” or “an” when used in conjunction with the term “comprising” in

the claims and/or the specification may mean “one,” but it is also consistent with the meaning of
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2% ¢ 2

“one or more,” “at least one,” and “one or more than one.” The use of the term “or” in the
claims is used to mean “and/or” unless explicitly indicated to refer to alternatives only or the
alternatives are mutually exclusive, although the disclosure supports a definition that refers to
only alternatives and “and/or.” Throughout this application, the term “about” is used to indicate
that a value includes the inherent variation of error for the device, the method being employed to

determine the value, or the variation that exists among the study subjects.

[0104] As used in this specification and claim(s), the words “comprising” (and any form of
comprising, such as “comprise” and “comprises”), “having” (and any form of having, such as
“have” and “has”), “including” (and any form of including, such as “includes” and “include”) or
“containing” (and any form of containing, such as “contains” and “contain’) are inclusive or

open-ended and do not exclude additional, unrecited elements or method steps.

[0105] The term “or combinations thereof” as used herein refers to all permutations and
combinations of the listed items preceding the term. For example, “A, B, C, or combinations
thereof” 1s intended to include at least one of: A, B, C, AB, AC, BC, or ABC, and if order is
important in a particular context, also BA, CA, CB, CBA, BCA, ACB, BAC, or CAB.
Continuing with this example, expressly included are combinations that contain repeats of one
or more item or term, such as BB, AAA, MB, BBC, AAABCCCC, CBBAAA, CABABB, and
so forth. The skilled artisan will understand that typically there is no limit on the number of

items or terms in any combination, unless otherwise apparent from the context.

[0106] All of the compositions and/or methods disclosed and claimed herein can be made and
executed without undue experimentation in light of the present disclosure. While the
compositions and methods of this invention have been described in terms of preferred
embodiments, it will be apparent to those of skill in the art that variations may be applied to the
compositions and/or methods and in the steps or in the sequence of steps of the method
described herein without departing from the concept, spirit and scope of the invention. All such
similar substitutes and modifications apparent to those skilled in the art are deemed to be within

the spirit, scope and concept of the invention as defined by the appended claims.
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What is claimed is:
1. A surface modified cathode with high discharge capacity comprising:

a lithium-excess Li[M;yLi;]O, (M = Mn, Co, and Ni or their combinations and 0 <y < 0.33)
cathode surface having a surface modification comprising lithium-ion conductor, or an
electronic conductor, or a mixed lithium-ion and electronic conductor to suppress the
elimination of oxide ion vacancies, reduce the solid-electrolyte interfacial (SEI) layer thickness,

reduce the irreversible capacity loss in the first cycle, and enhance rate capability.

2. The method of claim 1, wherein the surface modification materials that enhance lithium-
ion conduction are Al,Oz by forming layered LicAl; yM;O, or defect spinel LiyAlsy ,My,04 at
the interface and AIPO,4 by forming olivine LiAl; yM,POy at the interface. Other materials that
enhance lithium-ion conduction are nanostructured, porous metal oxides, phosphates, and

silicates.

3. The method of claim 1, wherein the surface modification materials that enhance
electronic conduction are nanostructured M’O, or A(M’O, (M’ = Ti, V, Nb, Mo, W, or Ru and

A =Li, Na, or K) or indium-doped tin oxide or fluorine-doped tin oxide.

4, The method of claim 1, wherein the surface modification materials that enhance both
lithium-ion conduction and electronic conduction are a combination of any of the materials

described in claims 2 and 3.

5. The method of claim 1, wherein the surface modification materials that enhance both

lithium-ion conduction and electronic conduction are a combination of Al,Oz and RuQ,. .

6. The method of claim 1, wherein the surface modification materials that enhance both

lithium-ion conduction and electronic conduction are a combination of AIPQO,4 and RuQ,.

7. A surface modification for a lithium-excess Li[M,Li;]O, (M = Mn, Co, and Ni or their
combinations and 0 <y < 0.33) cathode comprising a surface coating of a mixture of Al,Oz and
RuO:;.
8. A method of making a surface modified cathode with an increased discharge capacity
comprising the steps of:

adding an Al composition to a layered oxide composition;

adding a Ru composition to the layered oxide composition;

31



10

15

20

25

WO 2011/109457 PCT/US2011/026776

precipitating the surface modifying composition; and
drying the surface modified cathode composition to form a Al,O3 and RuO; surface

modified cathode.

9. The method of claim 8, wherein the Al composition comprises AINO; and the Ru

composition comprises RuCls.

10.  The method of claim &, wherein the coating material comprises between 0.5 and 10 wt.
%.

11.  The method of claim 8, wherein the coating material comprises about 2 wt. %.

12. The method of claim 1, wherein the surface modification material is Al or C or other

electronically, or ionically, or mixed conductive materials.

13.  The method of claim 12, wherein the surface modifying Al or C is applied by a thermal
evaporation process to the electrode film fabricated with the lithium-excess Li[M,_,Li,]O, (M =
Mn, Co, and Ni or their combinations and 0 <y < 0.33) cathode.
14. The method of claim 12, wherein the fabrication of electrode film comprising the steps
of:

mixing the lithium-excess Li[M;_,Li,]O, powder, conductive carbon, and PVDF binder
in a solvent;

coating the mixture on a substrate;

drying the mixture to form a Li[M;Li1,]O; cathode; and

depositing an aluminum or carbon coating on the Li[M_yLi,]O; cathode.
15. An Al coated cathode with an increased discharge capacity comprising:

a lithium-excess Li[M;yLi;]O, (M = Mn, Co, and Ni or their combinations and 0 <y < 0.33)
cathode film surface having an Al coating deposited thereon to suppress the elimination of oxide

ion vacancies and enhance the discharge capacity and rate capability.

16.  The cathode of claim 15, wherein the Al composition coating comprises a layer having a

thickness from 0.1 nm to 100 nm.

17.  The cathode of claim 16, wherein the Al composition coating was deposited for between

0.1s and 600s.
18. An carbon coated cathode with an increased discharge capacity comprising;:
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a lithium-excess Li[M;yLi;]O, (M = Mn, Co, and Ni or their combinations and 0 <y < 0.33)
cathode film surface having a carbon composition coating deposited thereon to suppress the

elimination of oxide ion vacancies and enhance the discharge capacity and rate capability.

19.  The mixture of claim 18, wherein the carbon coating on the cathode film is formed by

thermal evaporation of a graphite rod.

20.  The cathode of claim 18, wherein the carbon composition coating comprises a layer

having a thickness from 0.1 nm to 100 nm.
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