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NANOSCALE ION STORAGE MATERIALS

RELATED APPLICATIONS

[0001] This application 1s a divisional of U.S. patent appli-
cation Ser. No. 11/672,931, filed Feb. 8, 2007, now U.S. Pat.
No. 8,323,832, which 1s a continuation-in-part of U.S. patent
application Ser. No. 11/396,513, filed Apr. 3, 2006, now U.S.
Pat. No. 7,939,201, which claims priority to U.S. Provisional
Application No. 60/706,273, filed Aug. 8, 2005, and also
claims priority to U.S. Provisional Application No. 60/741,
606, filed Dec. 2, 2005. The contents of all of these priority

applications are incorporated herein by reference.

BACKGROUND

[0002] 1. Field

[0003] The field includes 10n storage materials, and in par-
ticular nanoscale 10n storage materials useful in devices such
as batteries.

[0004] 2. Summary of Related Art

[0005] Ion storage materials are widely employed 1n stor-
age batteries and other electrochemical devices. Various 10n
storage matenals are known, including alkaline transition
metal phosphates. This class of compounds typically has
crystal specific gravity values of about 3 g/cm” to about 5
g/cm”, and can crystallize in a number of structure types.
Examples include ordered or partially disordered structures

of the olivine (A MXO, ), NASICON (A (M',M"),(X0O,);).
VOPO,, LiVPO,F, LiFe(P,O.) or Fe,(P,O,); structure types,
wherein A 1s an alkali ion, and M, M' and M" are metals. Many
such compounds have relatively low electronic conductivity
and alkal1 1on conductivity, which are less than ideal for
clectrochemical applications. Many such compounds also
exhibit limited solid solution range. For example, LiFePO,
has been widely reported 1n the scientific literature to have an

extremely limited range of solid solution at room tempera-
ture.

[0006] “‘Nanocrystalline” 10n storage materials have been
reported 1n the literature. For example, Prosini et al. in “A
New Synthetic Route for Preparing LiFePO, with Enhanced
Electrochemical Performance,” J Electrochem. Soc., 149:
A886-A890 (2002), describe LiFePO,, of 8.95 m*/g specific
surface area as nanocrystalline. However, these matenals,
while somewhat improved, have not been of suiliciently small
s1ze scale to provide substantially different properties (e.g.,
near-theoretical capacity at high rates 1n excess of 5C) com-
pared to their larger scale counterpart conventional 1on stor-
age materials.

SUMMARY

[0007] Nanoscale 10n storage materials are provided that
exhibit unique properties measurably distinct from their
larger scale counterparts. For example, the disclosed nanos-
cale materials can exhibit increased electronic conductivity,
improved electromechanical stability, increased rate of 1nter-
calation, and an extended range of solid solution.

[0008] In one aspect, a lithtum transition metal phosphate
material for use as an 10n storage material 1s provided, includ-
ing at least two co-existing phases, including a lithium-rich
transition metal phosphate phase and a lithium-poor transi-
tion metal phosphate phase, wherein the percentage molar
volume difference between the two phases 1s less than about

6.5%.

Aug. 20, 2015

[0009] In one or more embodiments, the percentage molar
volume difference between the two phases of the lithium

transition metal phosphate material 1s less than about 6.40%,
or less than about 6.25%, or less than about 5.75%, or less
than about 5.5%.

[0010] In one or more embodiments, the at least two exist-
ing phases of the lithium transition metal phosphate material
are crystalline and are defined by a unit cell having lattice
parameters for each principal axis, and wherein the difference
in lattice parameters for at least two principal axes of the unit
cells are less than 3%.

[0011] In one or more embodiments, the difference 1n lat-
tice parameters for all principal axes of the unit cells are less
than 4.7%, or the difference 1n lattice parameters for all prin-
cipal axes of the unit cells are less than 4.5%, or the difference
in lattice parameters for all principal axes of the unit cells are
less than 4.0%, or the difference 1n lattice parameters for all
principal axes of the unit cells are less than 3.5%.

[0012] In one or more embodiments, the difference 1n the
smallest product of lattice parameters for any two principal
axes ol lithtum transition metal phosphate material 1s less
than 1.6%, or the difference in the smallest product of lattice
parameters for any two principal axes 1s less than 1.55%, or
the difference 1n the smallest product of lattice parameters for
any two principal axes 1s less than 1.5%, or the difference 1n
the smallest product of lattice parameters for any two princi-
pal axes 1s less than 1.35%, or the difference 1n the smallest
product of lattice parameters for any two principal axes 1s less
than 1.2%, or the difference in the smallest product of lattice
parameters for any two principal axes 1s less than 1.0%.
[0013] In one or more embodiments, the difference 1n the
largest product of lattice parameters for any two principal
axes of lithium transition metal phosphate material 1s greater
than 4.7%, or the difference 1n the largest product of lattice
parameters for any two principal axes 1s greater than 4.8%, or
the difference 1n the largest product of lattice parameters for
any two principal axes 1s greater than 4.85%.

[0014] According to one embodiment, the nanoscale mate-
rials have a plane formed by any of the principal axes of the
crystal along which the strain measured as a change 1n the
area 1s less than about 1.6%, or less than about 1.5%, or less
than about 1.4%. According to another embodiment, none of
the planes formed by any of the principal axes of the crystal
have such a strain exceeding 8%, or 7.5%, or 6%.

[0015] In one or more embodiments, the lithium transition
metal phosphate material has a specific surface area of at least
about 20 m*/g, or at least about 35 m?/g, or at least about 50
m->/g.

[0016] In one or more embodiments, the lithium transition
metal phosphate material 1s selected from the group consist-
ing ol ordered or partially disordered structures of the olivine
(A MPO,), NASICON (A (M'.M"),(PO,);), VOPQO,,
L1iVPO,F, LiFe(P,O,)or Fe,(P,O,), structure types, wherein
A 1s an alkali 1on, and M, M' and M" are transition metals.

[0017] In one or more embodiments, the lithium transition
metal phosphate material has an overall composition of Li,_
xMPQO,, where M comprises at least one first row transition
metal selected from the group consisting o1 11, V, Cr, Mn, Fe,
Co and N1, and wherein 1n use x ranges from O to 1. M can
include Fe. The material can exhibit a solid solution over a
composition range of 0<x<0.3, or the material exhibits a
stable solid solution over a composition range of X between O
and at least about 0.15, or the material exhibits a stable solid
solution over a composition range ol X between O and at least
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about 0.07 or between 0 and at least about 0.05 at room
temperature (22-25° C.). The material can also exhibit a
stable solid solution at low lithium content; e.g., where
1<x<0.8 or where 1<x<0.9, or where 1<x<(.95.

[0018] In one or more embodiments, the lithtum-rich tran-
sition metal phosphate phase has the composition L1, MPO,
and the lithtum-poor transition metal phosphate phase has the
composition Li,_ MPO,, wheremm 0.02<y<0.2 and
0.02>x>0.3 at room temperature (22-25° C.). In one or more
embodiments, the material can exhibit a solid solution over a
composition range of 0<x<t0.15 and 0.02<y<0.10.

[0019] In one or more embodiments, the solid solution of
the lithium transition metal phosphate material occupies a
fraction of the compositional range of lithium defined as y+x.
[0020] In one or more embodiments, the lithium transition
metal phosphate material has an overall composition of L1, _
xzM,__PO,, where M comprises at least one first row transi-
tion metal selected from the group consisting of T1, V, Cr, Mn,
Fe, Co and N1, where x 1s from 0 to 1 and z can be positive or
negative. M includes Fe, z 1s between about 0.15 and -0.15.
The material can exhibit a solid solution over a composition
range ol 0<x<0.15, or the material exhibits a stable solid
solution over a composition range of X between 0 and at least
about 0.05, or the material exhibits a stable solid solution over
a composition range of X between 0 and at least about 0.07 at
room temperature (22-25° C.). The material may also exhibit
a solid solution 1n the lithium-poor regime, e.g., where x=0.8,
or Xx=0.9, or x=0.93.

[0021] In one or more embodiments, the lithium transition
metal phosphate material 1s of a form selected from the group
consisting of particles, agglomerated particles, fibers and
coatings.

[0022] In one or more embodiments, the form has an aver-
age smallest cross-sectional dimension of about 75 nm or
less, or about 60 nm or less, or about 45 nm or less.

[0023] In one or more embodiments, the lithium transition
metal phosphate material 1s 1n the form of dispersed or
agglomerated particles and the average crystallite size as
determined by x-ray difiraction 1s less than about 800 nm, or
less than about 600 nm, or less than about 500 nm, or less than
about 300 nm.

[0024] In one or more embodiments, the form contains less
than 3 wt % of a substantially non-lithium-storing conductive
phase.

[0025] In one or more embodiments, the lithium transition
metal phosphate material 1s crystalline or amorphous.
[0026] In one aspect of the mvention, a cathode includes a
lithium transition metal phosphate material, for example, a
lithium transition metal phosphate material having an overall
composition of L1, MPO,, where M comprises at least one
first row transition metal selected from the group consisting
of T1, V, Cr, Mn, Fe, Co and Ni, and wherein 1n use X ranges
from O to 1. The material can exhibit a solid solution over a
composition range of 0<x<0.3 or over a range of 0<x<0.15.
An electrochemical cell containing the electrode 1s also pro-

vided.

[0027] In another aspect of the invention, a nanoscale crys-
talline lithium transition metal phosphate 1s provided that
becomes disordered upon delithiation or lithiation having a
specific surface area of at least about 25 m*/g. In certain
embodiments, a lithium deficient lithium transition metal
phosphate 1s formed.

[0028] In another aspect of the invention, a lithium-defi-
cient solid solution lithium transition metal phosphate 1s pro-
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vided that 1s formed upon delithiation at a temperature below
150° C. having a specific surface area of at least about 25
m>/g.

[0029] In one or more embodiments, the lithium transition
metal phosphate 1s an ordered olivine structure, and the defi-
ciency occurs on the lithium or M1 sites of the ordered oliv-
ine, or the disorder occurs on the lithium or M1 sites of the
ordered olivine.

[0030] In another aspect of the mvention, a lithium transi-
tion metal phosphate 1s provided that transforms upon first
charge to disordered olivine having a lithium deficient solid
solution and retains such solid solution at temperatures below
150° C., or at temperatures below 100° C., or at temperatures

below 50° C.

[0031] Stll another aspect provides a high power storage
battery. The battery contains a cathode, an anode, an electro-
lyte 1n contact with and separating the anode and cathode, a
cathode current collector in electronic communication with
the cathode, and an anode current collector 1n electronic
communication with the anode. The storage battery exhibits
specific power of at least about 500 W/kg (1000 W/L) at
specific energy of at least about 100 Wh/kg (205 Wh/L), and
in some cases exhibits specific power of at least about 1300
W/kg (2500 W/L) at specific energy of at least about 90
Wh/kg (180 Wh/L). In certain embodiments, the battery cath-
ode includes a nanoscale alkaline transition metal phosphate
having a specific surface area of at least about 25 m*/g. In
some embodiments, the cathode includes particles, fibers or
coatings ol a nanoscale alkaline transition metal phosphate
having an average smallest cross-sectional dimension of
about 75 nm or less. In specific embodiments, the cathode
includes a composition of formula L1, MPO,, where M 1s
one or more transition metals. The composition has a specific
surface area of at least about 25 m*/g, and exhibits a stable
solid solution over a composition range of X between 0 and at
least about 0.03, and 1n some embodiments up to about 0.15.
In particular embodiments, the cathode includes particles,
fibers or coatings of a composition of formula L1, MPQO,,
where M 1s one or more transition metals. The particles, fibers
or coatings have an average smallest cross-sectional dimen-
sion of about 75 nm or less, and the composition exhibits a
stable solid solution at room temperature (22-25° C.) over a
composition range of X between 0 and at least about 0.03, and
in some embodiments up to 0.13.

[0032] In one aspect, lithtum transition metal phosphate
powder 1s provided having a specific surface area of atleast 15
m~/g and having a lithium content at room temperature (23°
C.) that 1s at least 2 mole % less than the lithium content of a
lithium transition metal phosphate of otherwise the same
composition that 1s prepared in a bulk form or as a powder of
specific surface area less than about 10 m*/g. It is understood
that the powder may be used at any temperature, however, the
difference 1n lithtum content 1s determined relative to room
temperature.

[0033] In one or more embodiments, the powder has a
specific surface area of at least 20 m*/g, or at least 25 m>/g, or
at least 30 m*/g.

[0034] In one or more embodiments, the lithium transition
metal phosphate has an olivine structure.

[0035] In one or more embodiments, the lithium transition
metal phosphate has a composition Li,_ MPO,, where M 1s
one or more of first-row transition metals, and can be for
example at least Fe.
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[0036] Inone aspect, a lithtum 1ron phosphate composition
forming a single crystalline phase of the olivine structure at
room temperature 1s provided having a solid solution compo-
sition L1, FePO,, wherein x 1s greater than 0.01.

[0037] Inoneormore embodiments, X 1s greater than 0.02,
or greater than 0.03, or greater than 0.04, or greater than 0.05,
or greater than 0.06, or greater than 0.07, or greater than 0.08,
or greater than 0.09 or greater than 0.10.

[0038] In one or more embodiments the lithium 1ron phos-
phate has a specific surface area greater than 15 m*/g, or
greater than 20 m*/g, or greater than 25 m*/g, or greater than
30 m°/g.

[0039] In one aspect, a partially lithiated 1ron phosphate
composition of the olivine structure 1s provided having at
room temperature a single crystalline phase of the olivine
structure and a solid solution composition L1, FePO, wherein
y 1s greater than 0.01.

[0040] In one or more embodiments, v 1s greater than 0.02,
or greater than 0.03, or greater than 0.04, or greater than 0.05,
or greater than 0.06, or greater than 0.07, or greater than 0.08,
or greater than 0.09 or greater than 0.10.

[0041] In one or more embodiments the lithium 1ron phos-
phate has a specific surface area greater than 15 m®/g, or
greater than 20 m*/g, or greater than 25 m*/g, or greater than
30 m*/g.

[0042] In one aspect, a lithtum transition metal phosphate
compound 1s provided characterized 1n that, when used as a
lithium storage electrode 1n a standard electrochemaical cell
wherein the counterelectrode 1s lithium metal, the compound
exhibits a continuously decreasing charging current upon
charging 1n a potentiostatic intermittent titration (PI'TT) pro-
cedure at a constant overpotential of 50 mV above the open-
circuit voltage of the cell, said open-circuit voltage being
measured after charging to a 50% state of charge and holding,
for at least 12 hours.

[0043] In one or more embodiments, the open-circuit volt-
age 1s measured after charging to a 50% state of charge and
holding for at least 12 hours at 25° C.

[0044] In one or more embodiments, the open-circuit volt-
age 1s measured after charging to a 50% state of charge and
holding for at least 12 hours over a temperature range of about

—-20° C. to about 55° C., e.g., 553° C., 0r 45° C., or 35° C,, or
15°C.or5°C.or0°C. or-10° C. or =20° C.

[0045] In one or more embodiments, the compound is
lithium transition metal phosphate L1, MPO,,, wherein M 1s
one or more first-row transition metals and x has a value
between zero and 1.

[0046] In one or more embodiments, the lithium transition
metal phosphate has an olivine structure.

[0047] In one or more embodiments, the compound i1s L1, _
xFePO,, wherein M 1s one or more first-row transition metals
and x has a value between zero and 1.

[0048] In another aspect, a lithium transition metal phos-
phate compound 1s provided characterized in that, when used
as a lithium storage electrode 1n a standard electrochemical
cell wherein the counterelectrode 1s lithium metal, the com-
pound exhibits a continuously decreasing charging current
upon discharging in a potentiostatic intermittent titration
(PITT) procedure at a constant overpotential of S0 mV above
the open-circuit voltage of the cell, said open-circuit voltage
being measured after charging to a 50% state of charge and
holding for at least 12 hours.
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[0049] In one or more embodiments, the open-circuit volt-
age 1s measured after charging to a 50% state of charge and
holding for at least 12 hours at 25° C.

[0050] In one or more embodiments, the open-circuit volt-
age 1s measured after charging to a 50% state of charge and
holding for at least 12 hours over a temperature range of about
-20° C. to about 55° C., e.g., 55° C.,0r 45° C., or 35° C,, or
15° C.or 5° C.or 0° C. or -10° C. or -20° C.

[0051] In one or more embodiments, the compound 1is
lithium transition metal phosphate L1, MPO,, wherein M 1s
one or more first-row ftransition metals and x has a value
between zero and 1.

[0052] In one or more embodiments, the lithium transition
metal phosphate has an olivine structure.

[0053] In one or more embodiments, the compound is L1, _
xFePO,, wherein M 1s one or more first-row transition metals
and X has a value between zero and 1.

[0054] The lithium transition metal phosphate compound
may be used 1n a lithium 10n storage device, such as a battery.
[0055] A method of storing electrical energy includes
charging of the lithium storage battery as described according
to one or more embodiments at a C-rate of at least 2C, said
C-rate being the average C-rate for a current being applied
over a period of at least 5 sec.

[0056] In one or more embodiments, the method 1ncludes
charging of the lithium storage battery as described according
to one or more embodiments at a C-rate of at least 5C, or at
least 10C, or at least 15C, or at least 20C, or at a C-rate of at
least 30C, or at least 40C, or at a C-rate of at least 50C.
[0057] In one or more embodiments, C-rate 1s the average
C-rate for a current being applied over a period of at least 10
sec, or at least 20 sec, or at least 30 sec.

[0058] A method ofstoring and delivering electrical energy
includes charging of the lithium storage battery as described
according to one or more embodiments at a C-rate of at least
2C, and discharging at a rate of at least 2C.

[0059] In one or more embodiments, the method 1includes
charging of the lithium storage battery as described according
to one or more embodiments at a C-rate ranging from at least
SC up to at least 50C.

[0060] In one or more embodiments, the method 1ncludes
discharging at a rate ranging from at least SC up to at least

S0C.

BRIEF DESCRIPTION OF THE DRAWINGS

[0061] The following figures are presented for the purpose
of 1llustration only, and are not intended to be limiting.
[0062] FIG. 1 1s a transmission electron microscope image
ol a nanoscale lithtum 1ron phosphate ion storage material
1llustrating nanoscale dimensions.

[0063] FIGS. 2A-2B show bright-field and dark-field scan-

ning transmission electron microscope 1mages, respectively,
of an aggregated nanoscale lithtum iron phosphate material;

and FIGS. 2C-F show Fe, P, O and C elemental maps taken on
the sample 1n FIG. 2B.

[0064] FIG. 3A 1s a composition-temperature phase dia-
gram for a conventional Li,_ FePO, ion storage material
according to certain embodiments; and FIG. 3B 1s avoltage vs
composition graph for a conventional or coarsened Li,_
xFePO, material.

[0065] FIG. 4A 1s a composition-temperature phase dia-
gram for ananoscale L1, _ FePO, 10n storage material accord-
ing to certain embodiments of the invention demonstrating an
extended region in which solid solution 1s formed; and FIG.
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4B 1s a voltage vs composition graph for a conventional or
coarsened L1, FePO, material; the nanocrystalline form
behaves thermodynamically and electrochemically as a dis-
tinct material from the conventional or coarsened crystalline
state.

[0066] FIG. 5 1s a plot of discharge capacity at various
C-rates for the nanoscale lithium 1ron phosphate of Example
2; the plot includes the initial first charge capacity and 1llus-
trates that the first discharge capacity 1s more than 10% higher
than the first charge capacity.

[0067] FIG. 6 1s a plot of discharge capacity at various
C-rates for a conventional coarse grained lithium iron phos-
phate; the material exhibits conventional first charge and dis-
charge behavior and the plot shows a decrease 1n first dis-
charge capacity compared to first charge capacity.

[0068] FIG. 7 1s a plot illustrating the equilibrium or near-
equilibrium electrical potential of a nanoscale L1,__FePO, 1ion
storage material at a nearly fully lithiated composition,
according to certain embodiments, relative to a standard or
reference electrode 1n an electrochemical cell that allows
clectrochemical equilibration; an extended range of solid
solution at room temperature in the nanoscale material 1s
shown by a range of charge capacity, corresponding to
regions ol composition X, over which the open-circuit-volt-
age (OCV) varies continuously with composition, rather than
being at a constant OCV.

[0069] FIG. 8 1s a plot illustrating the equilibrium or near-
equilibrium electrical potential ot a nanoscale L1, FePO, 1on
storage material at a nearly fully delithiated composition,
according to certain embodiments, relative to a standard or
reference electrode 1n an electrochemical cell that allows
clectrochemical equilibration; an extended range of solid
solution at room temperature in the nanoscale material 1s
shown by a range of charge capacity, corresponding to
regions of composition X, over which the open-circuit-volt-
age (OCV) varies continuously with composition, rather than
being at a constant OCV.

[0070] FIG. 9 shows the voltage and current traces upon
charging 1n a PITT measurement of a conventional carbon-
coated lithium 1ron phosphate sample.

[0071] FIG. 10, shows the capacity the cell of F1G. 9 at each
voltage step during the PITT charging experiment; virtually
no capacity 1s recorded as the voltage 1s raised until a large
capacity 1s observed at the plateau voltage.

[0072] FIG. 11 illustrates a PITT discharging experiment
tor the cell of FIG. 9 1n which the first voltage step was from
a charge voltage of 3.8V to a voltage that 1s 5 mV above the
open-circuit voltage of the cell, measured at a 50% state-oi-

charge; virtually no discharging of the cell 1s seen until the
PITT voltage 1s about 20 mV below the OCV.

[0073] FIG. 12 shows a charging PITT experiment on a
nanoscale L1, o-FePO, material, in which substantial current
flow, indicating charging, 1s seen well before the two-phase
plateau voltage 1s reached.

[0074] FIG. 13 shows the capacity measured for the cell of
FIG. 12 at each voltage step during the PITT charging experi-
ment.

[0075] FIG. 14 shows a PITT discharging experiment for
the cell of FI1G. 12, in which the first voltage step was from a
charge voltage of 3.8V to a voltage that 1s 5 mV above the
open-circuit voltage of the cell, measured at a 50% state-oi-
charge; a substantial capacity of about 8 mAh/g 1s measured

when the PIT voltage 1s still 5 mV above the OCV.
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[0076] FIG. 15 shows a powder X-ray diffraction pattern
obtained from a conventional carbon-coated lithtum iron
phosphate material at 50% SOC.

[0077] FIG. 16 shows the powder X-ray diffraction pattern
obtained from a nanoscale LiFePO, sample according to the
invention, measured at 67% SOC.

[0078] FIG. 17 1s a schematic illustration of the spatial
distribution of space-charge defects 1n a nanoscale lithium
storage material according to certain embodiments.

[0079] FIG. 18 shows the specific capacity of the nanoscale
lithium 1ron phosphate of Example 1 as measured from a
Swagelok® cell.

[0080] FIG. 19 shows test results from three lithium half-
cells constructed using Swagelok® hardware as in Example
3.

[0081] FIG. 20 shows the voltage and current traces upon
discharging 1n a PITT measurement of the Sigma-Aldrich®
sample described in Example 3 at 23° C.

[0082] FIG. 21 shows the voltage and current traces upon
charging 1 a PITT measurement of a nanoscale LiFePO,,
39.8 m*/g, 23° C.

[0083] FIG. 22 shows the voltage and current traces upon
discharging 1n a PI'TT measurement of a nanoscale LiFePO,,
39.8 m*/g, 23° C.

[0084] FIG. 23 shows the voltage and current traces upon
charging 1 a PITT measurement of a nanoscale LiFePO,,
48.8 m2/g, 23° C.

[0085] FIG. 24 shows the voltage and current traces upon
discharging 1n a PITT measurement of a nanoscale LiFePO,,
48.8 m2/g, 23° C.

[0086] FIG. 25 shows the voltage and current traces upon
charging in a PITT measurement of the Sigma-Aldrich®
sample of Example 3 at 45° C.

[0087] FIG. 26 shows the voltage and current traces upon
discharging 1n a PI'TT measurement of the Sigma-Aldrich®
sample of Example 3 at 45° C.

[0088] FIG. 27 shows the voltage and current traces upon
charging 1 a PITT measurement of a nanoscale LiFePO,,
49.8 m2/g, 45° C.

[0089] FIG. 28 shows the voltage and current traces upon

discharging 1n a PITT measurement of a nanoscale LiFePO,,
49.8 m2/g, 45° C. charge.

DETAILED DESCRIPTION

[0090] Nanoscale 10n storage materials and devices, such
as storage batteries, that use these matenals are provided. It
has been unexpectedly discovered that 10n storage materials
having suificiently small size scale and correspondingly high
surface to volume ratio or specific surface area provide fun-
damentally different physical properties compared to their
conventional coarse-grained counterparts. In particular,
despite having gross structural similarities such as crystal
structure type and basic atomic arrangements, upon prepara-
tion or during use the nanoscale materials are composition-
ally and structurally distinct from, and provide different and
improved electrochemical utility and performance compared
to, the coarse-grained materials. The difference in relevant
physical properties arises because the nanoscale materials are
suificiently small 1n at least one dimension (for instance, the
diameter of an equi-axed particle, the diameter of a nanorod,
or the thickness of a thin film), or 1n 2- or 3-dimensions, that
they have different defect chemical, thermodynamic, and
mechanical properties. Nanoscale 1on storage materials
according to one or more embodiments, as described herein,
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exhibit outstanding electrochemical performance for use 1n
primary or secondary storage batteries.

[0091] Inparticular, the nanoscale materials provide a very
high rate capability, while providing a large fraction of the
intrinsic charge capacity and energy density of the material.
The different properties can be exhibited, for example, 1n an
as-prepared state, upon being thermally equilibrated or par-
tially thermally equilibrated (for instance by heating), or upon
equilibrating with a gas phase or condensed phase medium, or
upon being assembled and used as a bipolar electrochemical
device, including undergoing repeated charge-discharge
cycles.

[0092] Nanoscale 10n storage materials can be crystalline
(1.e., nanocrystalline) or amorphous. The unique properties
discussed herein are believed to arise from the stresses cre-
ated by free or internal surfaces or the behavior of the solid 1n
the vicinity of a surface, and therefore the relevant nanoscale
dimension 1s the separation between free or internal surfaces
in the material. For example, for a particle that i1s a single
crystallite or that 1s amorphous, the free surfaces define the
cross-sectional dimensions that determine the nanoscale
elfects. For a particle composed of multiple crystallites, the
free surfaces may again define the relevant cross-sectional
dimensions, and 1f these are below the suitable size as
described below, the matenial will exhibit nanoscale proper-
ties. The overall particle or aggregate size may exceed these
cross-sectional dimensions, yet a crystallite within the aggre-
gate may nonetheless have cross-sectional dimensions
defined by the separation between an internal surface (e.g., a
grain boundary) and an external surface of the aggregate that
are suiliciently small to provide nanoscale properties. Such
materials will be suitable for use 1n an electrochemaical device
wherein the crystallite has nanoscale properties and at least a
portion of the crystallite has an external surface that 1s acces-
sible to an electrolyte phase when the nanoscale matenal 1s
used 1n the device.

[0093] The thermodynamically, mechanically, and electro-
chemically distinct properties described herein reflect a fun-
damental difference in nature of the nanoscale materials com-
pared to larger scale materials, as opposed to simple or
“trivial” size-scaling effects that may have been recognized
previously in the art of battery materials. For example, the
rate-capability of electrode materials can be limited at least in
part by solid-state diffusion of 10ns in the storage compound.
Under such circumstances, an increased rate capability 1s
expected from the use of smaller particles, or thinner films (1n
the case of thin film batteries), because diffusion times are
shorter and charge/discharge rates correspondingly faster for
a given transport coelficient or diffusion coetlicient. This
simple effect of particle size 1s well-known 1n the battery field
(see, e.g., U.S. Pat. No. 5,910,382, directed to LiFePO, as an
clectrode-active material; and Zhang et al. Solid State Ionics
171:25-31 (2004), relating to LiMn,O,), but 1n no way sug-
gests that other physical properties of a reduced-scale mate-
rial would fundamentally change at a certain size scale.

[0094] As another example, transport i electrochemical
systems can be limited by surface reaction rates. A material
having finer particle size and corresponding higher surface
areca will naturally have higher area available for surface
reaction. This simple relationship again does not suggest a
fundamental change in physical properties occurring at a
particular size scale. However, the surface or interfacial
chemistry of small scale materials can change due to their
s1ze, potentially causing a fundamental improvement in sur-
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face reaction rate that benefits rate capability apart from
simple changes 1n available surface area. (See, e.g., Chiang,
“Introduction and Overview: Physical Properties of Nano-
structured Matenals,” J. Electroceramics, 1:205 (1997), for a
discussion of unexpected differences between nanoscale
materials and their coarse counterparts, as opposed expected
differences based on well-known size-scaling laws.)

[0095] As described in more detail below, we have discov-
ered unique behavior and phase composition at the nanoscale
for 1on storage materials based on alkali transition metal
phosphates. Examples include nanoscale ordered or partially

disordered structures of the olivine (A MPO,), NASICON
(A (M'\M"),(PO,),), VOPO,, LiVPO_F, LiFe(P,O,) or Fe,
(P,O,), structure types, wherein A 1s an alkali 1on, and M, M’
and M" are metals. Many such compounds have relatively low
electronic conductivity and alkali 1on conductivity when con-
ventionally prepared, such that for electrochemical applica-
tions they benefit from unique properties arising from being
in the nanoscale state.

[0096] In one or more embodiments, the nanoscale 1on
storage material has the formula LiMPO ,, where M 1s one or
more transition metals. In certain embodiments, the nanos-
cale material 1s an ordered olivine (L1, _ MXO, ), where M 1s
one or more o1V, Cr, Mn, Fe, Co and N1, and X can range {from
zero to one, during lithium insertion and deinsertion reac-
tions. In the as-prepared state, X 1s typically about one. In
particular embodiments, the special properties of nanoscale
ion storage materials may be augmented by doping with
foreign 1ons, such as metals or anions. Such materials are
expected to exhibit similar behavior to that demonstrated
herein for L1,_ FePO, at the nanoscale, based on the scientific
principles underlying such behavior. However, doping 1s not
required for a material to exhibit special properties at the
nanoscale.

[0097] In other embodiments, there 1s some substitution of
[1 onto the M-site. In one embodiment, there 1s about 5 or
10% substitution of L1 onto the Fe site. The lithium transition
metal phosphate material has an overall composition of L, __
M, __PO,, where M comprises at least one first row transition
metal selected from the group consisting o1 11, V, Cr, Mn, Fe,
Co and Ni, where x 1s from O to 1 and z can be positive or
negative. M includes Fe, z 1s between about 0.15 and -0.15.
The material can exhibit a solid solution over a composition
range of 0<x<0.13.

[0098] FIG. 115 a transmission electron microscope image
ol a nanoscale lithtum 1ron phosphate ion storage material
exhibiting particle dimensions on these scales. FIGS. 2A and
2B show bright-field and dark-field scanning transmission
clectron microscope 1mages, respectively, of an aggregated
nanoscale lithium 1ron phosphate material. FIGS. 2C-2F
show Fe, P, O and C elemental maps taken on the sample 1n
FIG. 2A, showing that the distribution of these elements 1s
unmiform, 1.e. that there are not distinguishable phases or par-
ticles rich 1n one or another of these main constituents.

[0099] These nanocrystalline form compositions will pos-
sess measurably distinct properties as described herein com-
pared to their larger scale counterparts. For example, the
nanoscale materials retain a greater extent of solid solution
nonstoichiometry, namely, retain a higher defect content than
the coarse-grained material. Such properties are measurable
by electrochemical and crystallographic methods well-
known to those skilled 1n the art. When used 1n electrodes for
practical applications, such as a storage battery or other elec-
trochemical device, the nanoscale 10n storage materials pro-
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vide higher charge storage at higher rates of charge or dis-
charge than comparable materials that are not nanoscale.

[0100] The nanoscale dimensions that realize the benefits
as described herein can be characterized by several methods.
Based on results as described in the Examples below, the
s1ze-dependent nonstoichiometry and related beneficial prop-
erties ol nanoscale LiFePO, and other 10on storage compounds
increase as the particle size decreases. These properties are
significant, measurable, and beneficial at particle sizes below
that corresponding to a BET specific surface area of about 20
m~/g. In some instances, materials having a BET specific
surface area of at least about 25 m*/g, for example, at least
about 30 m*/g, at least about 35 m~/g, at least about 40 m*/g,
at least about 45 m*/g, or at least about 50 m*/g are employed.
As used herein, “the BET method” refers to the method of
Brunauer, Emmett and Teller, well-known to those skilled in
the art of powder characterization, 1n which a gas phase
molecule (such as N,) 1s condensed onto the surfaces of a
material at a temperature (such as 77 K) where the coverage
of condensed gas per unit area 1s well-known, and the total
amount of condensed gas on the sample 1s then measured
upon being liberated by heating.

[0101] For a given value of the BET specific surface area,
and knowing the specific gravity of the matenial, it 1s also
possible to calculate a corresponding “equivalent spherical
particle size.” This 1s the particle diameter that would result in
the measured surface area 11 the material were 1n the form of
identically-sized spherical particles, and 1s a good approxi-
mation of the number-averaged or mean particle size if the
particle shape 1s equi-axed. The particle morphology of the
nanomaterials described in certain of the Examples below 1s
nearly spherical, and the equivalent spherical particle size
calculated from the BET specific surface area 1s very close to
the average particle diameter directly observed by electron
microscopy. Furthermore, the size of crystallites or primary
particles, when the materials of the invention are crystalline,
can be determined by X-ray line-broadening methods well-
known to those skilled in the art. Thus, 1n certain embodi-
ments, the nanomaterials described herein have an average
(1.e., mean) diameter of about 100 nm or less. In some
instances, the average diameter 1s about 75 nm or less, for
example, about 70 nm or less, about 60 nm or less, about 50
nm or less, about 45 nm or less, about 40 nm or less, or about
35 nm or less.

[0102] The umique properties of a nanomaterial may
depend on the smallest cross-sectional dimension. Cross-
sectional dimension 1s here understood to be that family of
straight lines that can be drawn through the center of mass of
an 1solated or separable object. By assuming spherical mor-
phology, the equivalent spherical particle size gives the larg-
est average cross-sectional dimension of a particulate mate-
rial. On the other hand, a very thin but continuous film, or a
very thin but continuous fiber, can exhibit nanoscale effects,
even though the dimensions are far larger than nanoscale 1n
the plane of the film or along the axis of the fiber. However, 1T
the smallest cross-sectional dimension, namely the thickness
of the film or the diameter of the fiber, 1s suiliciently small,
nanoscale properties may be obtained. Thus, in certain
embodiments, for anisometric particles, such as nanorods,
nanoplatelets, nanofibers or continuous thin films, the spe-
cific surface area and the equivalent spherical particle size
may not adequately define the characteristic dimension below
which the nanomaterial will exhibit special properties. That
1s, for highly anisometric particle shapes, 1n some 1nstances

Aug. 20, 2015

the BET surface area can be larger than the above-mentioned
values, yet the material still will exhibit a smallest character-
1stic dimension suiliciently small to exhibit nanoscale prop-
erties as described herein.

[0103] If particle morphology 1s well-known and uniform
amongst particles 1n a sample (for instance, 11 the average size
and aspect ratio of nanorods or nanoplatelets 1s known, or
even 1f the distribution of such parameters 1s known), a spe-
cific surface area above which nanoscale behavior will be
observed can be computed for a given particle shape. How-
ever, for simplicity, in at least some such embodiments,
nanoscale behavior will be observed 1t the primary particles
of the powder exhibit a smallest cross-sectional dimension
that 1s, on a number-averaged basis to provide a mean value,
about 100 nm or less. In some 1nstances, the smallest cross-
sectional dimension about 75 nm or less, for example, about
70 nm or less, about 60 nm or less, about 50 nm or less, about
45 nm or less, about 40 nm or less, or about 35 nm or less.
These dimensions can be measured using various methods,
including direct measurement with an electron microscope of
the transmission or secondary-electron type, or with atomic
force microscopy. Herein, a primary particle dimension 1s
considered to be the characteristic spatial dimension that a
BET surface area measurement would interrogate by adsorb-
ing gas onto exposed surfaces of the material. In the instance
ol a substantially fully-dense polycrystalline aggregate, 1t 1s
the dimension of that aggregate. In the case of well-dispersed
individual crystallites, 1t 1s the crystallite dimension. In the
case of particles joined into a sintered network or a porous
assembly of the particles, 1t 1s the cross-sectional thickness of
the branches of the network, or the mean separation between
pores that are open to the exterior of the assembly. In the case
of an aggregated powder, the agglomerate may have an aver-
age crystallite size of less than about 800 nm, or less than
about 600 nm, or less than about 500 nm, or less than about
300 nm. In some embodiments, the nanoscale material 1s a
thin {ilm or coating, including a coating on a particle of any
s1ze, 1n which the film or coating has an average thickness of
about 100 nm or less, 1n some cases about 75 nm or less, for
example, about 70 nm or less, about 60 nm or less, about 50
nm or less, about 45 nm or less, about 40 nm or less, or about
35 nm or less. The thickness of the film or coating can be
measured by various methods including transmission elec-
tron microscopy or other microscopy methods that can view
the film or coating in cross-section.

[0104] In certain embodiments, the nanoscale 10n storage
materials described herein are prepared from conventional
materials by size-reduction processes (e.g., milling) to reduce
the particle dimensions into the desired range. However, this
can be a highly energy-intensive process. Thus, as illustrated
in the Examples below, the matenals also can be synthesized
in the nanoscale state, by methods including, but not limited
to, solid-state reactions between metal salts, wet-chemical
methods, such as co-precipitation, spray-pyrolysis, mecha-
nochemical reactions, or combinations thereof. Nanoscale
materials with the desired particle sizes and specific surface
areas are obtained by using homogeneous reactants, minimiz-
ing the reaction or crystallization temperature (in order to
avoid particle coarsening), and avoiding formation of liquid
phases 1 which the product 1s highly soluble (which also
tends to lead to particle coarsening). Specific processing con-
ditions can typically be established for a given process with-
out undue experimentation by those skilled in the art.
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[0105] In some embodiments, nanoscale 10n storage mate-
rials are prepared by non-equilibrium, moderate temperature
techniques, such as wet-chemical or low temperature solid-
state reactions or thermochemical methods. The matenals
thus prepared can acquire properties such as increased nons-
toichiometry and disorder and increased solubility for
dopants because they are synthesized 1n a metastable state or
because kinetic pathways to the final product differ from
those in conventional high temperature processes. Such dis-
order 1n the nanoscale form can also be preserved substan-
tially under electrochemical use conditions and provide ben-
efits as described herein.

[0106] Until the present experimental results were
obtained, 1t was not known 11 nanoscale 10n storage materials
would exhibit fundamentally different physical properties
compared to their coarse-grained counterparts, nor was it
known what measurable physical properties would ditfer, nor
the size scale that would realize these differences. Usetul and
advantageous characteristics of nanoscale 10n storage mate-
rials according to certain embodiments include, but are not
limited to, the following.

[0107] The materials can exhibit increased electronic con-
ductivity, for example, due to the co-existence in solid solu-
tion of higher concentrations of mixed-valence transition
metal 10ns, or changes 1n the electronic structure related to a
closer separation between atomic orbitals providing higher
clectronic carrier mobility, or both. Typically, the improved
clectronic conductivity will have a value greater than about

10~° S/cm.

[0108] Thematerials can have improved electromechanical
stability, such as improved resistance to fracture, due to sup-
pressed or delayed phase transformations during use as a
storage electrode. This can allow higher energy, higher rate
capability, and longer life of the materials and electrochemi-
cal cells using the materials. When electrochemical cycling
causes phase transformations, the materials also may exhibit
smaller molar volume differences between phases, which
contributes to more facile transformation between the phases
upon insertion and deinsertion of lithium.

[0109] In compounds where 1on diffusion has reduced
dimensionality, for example, being one-dimensional (along
channels) or two-dimensional (along planes) in the crystal
structure, the nanoscale material can exhibit increased rate of
intercalation, due to the existence of multiple paths out of the
particle when there may be blocking immobile 1ons 1n the
diffusion paths. The diffusion coelficient should be a mater:-
als property, not size dependent unless something else
changes such as structure or disorder. This phenomenon 1s
illustrated as follows. A particle that 1s 100 unait cells wide 1n
spatial dimension, assuming each unit cell contains one for-
mula unit of the compound, can have 1% disorder and have
only, on average, one disordered atom blocking a given dii-
fusion channel. This will have little impact on diffusion of
ions 1nto and out of the particle, since the diffusion channel
can be accessed from both ends. In contrast, for a much larger
particle having the same degree of disorder, the blocking 1ons
will prevent access to the majority ol the channel. The specific
value of the chemical diffusion coellicient of the transported
ion (e.g., L1 1 a lithium battery) can be improved by the
additional disorder of a nanoscale matenal, typically to a
value greater than about 10~ cm*/sec.

[0110] These observed properties provide an ion storage
material with increased charge storage at higher charge and
discharge rates.
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[0111] Nanoscale ion storage materials as described herein
differ from their larger scale counterparts in the composition
range 1n which they can stably exist. In at least some embodi-
ments, the nanoscale compound can exist in a state of
extended solid solution compared to the coarse-grained com-
pound at the same temperature. The existence of solid-solu-
tion nonstoichiometry 1s important for improving 1on and
clectron transport, as has been demonstrated 1n numerous
ion-intercalation compounds

[0112] One aspect of the invention provides a nanocrystal-
line composition exhibiting a much wider range of solid
solution or defect content at a given temperature than a bulk
crystal or coarse powder of nominally similar composition
and crystalline phase before phase-separating into two or
more phases. These features are described 1n particular detail
for L1,_ FePO_, however, it will be apparent to those of skill in
the art that application of these principals to other 10n storage
materials will provide similar results.

[0113] As a non-limiting example, the conventional com-
pound L1,_FePQO, 1s known to exhibit negligible solid solu-
tion nonstoichiometry x at room temperature, X being about
0.002 according to some published literature (Delacourt et al.,
“Two-phase vs. one-phase 1" extraction/insertion mecha-
nisms in olivine-type materials,” Abstract 200, 2077 Meeting
of The Electrochemical Society, Quebec City, Calif., May
15-20, 2003; Delacourt et al., “The existence of a tempera-
ture-driven solid solution 1 L1 FePO, for O=x=1,” Nature
Matenals, 4:254-260 (2003)), about 0.0475 1n another publi-
cation (V. Srimvasan and J. Newman, Journal of the Electro-
chemical Society, 151:A1517-A13529 (2004), and about 0.038
in another publication (A. Yamada, H. Koizumi, N.
Sonoyama and R. Kanno, Electrochemical and Solid State
Letters, 8:A409-A413 (2005). The concentration of lithium
that 1s tolerated 1n the delithiated compound L1 FePO,, with
which L1, FePO, coexists, 1s even less. These features are
illustrated 1n the composition-temperature phase diagram for
LiFePO,—FePO,, shown in FIG. 3A. The phase composition
for an 1rron phosphate with varying levels of lithium will vary
with temperature, and a solid solution exists over wider
ranges of lithium concentration at elevated temperatures, e.g.,
above 150° C. Elevated temperatures are not practical for
most 10n storage applications and practical applications are
constrained to be only slightly elevated above room tempera-
ture, e.g., less than about 100° C. Unless otherwise stated, we
refer to compositions at a temperature below about 100° C.
and typically at room temperature (22-25° C.).

[0114] The phase diagram 1n FIG. 3A shows that at this
temperature range, the solid solution ranges are extremely
limited. An 1llustrative voltage vs. composition plot at room
temperature for the 1on storage material 1s shown 1n FIG. 3B
and demonstrates that the voltage curve 1s flat over most of the
compositional range, indicating the presence of a two phase
system over almost the entire lithium composition range. In
L1, FePO, of a conventional coarse-grained form, the
absence of solid solution nonstoichiometry 1s manifested by
decomposition of lithium deficient compositions into two
highly stoichiometric compounds having a chemical compo-
sition approach that of the end group compositions, LiFePO,
and FePO,. Both of these compounds have low electronic
conductivity, due at least in part to the existence of nearly a
single iron valence state, Fe** and Fe’* respectively, in the
individual crystallites. In nearly stoichiometric LiFePO,, the
lithium diffusion coetlicient 1s likely also very low, due to the
absence of lattice vacancies to facilitate L1 transport.
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[0115] In contrast, nanocrystalline L1, FePO, and Li,,
FePO, having a specific surface area measured by the BET
method of greater than about 20 m*/g, and in some instances
greater than about 30 m*/g, has been found to exhibit x (and
y) that are severalfold larger than 1n the conventional com-
pound. Indeed at room temperature, L1,  FePO, can exhibit x
as large as 0.05,0.07,0.10, 0.15, 0.3 or even greater and y can
be as large as 0.05 or 0.1 or 0.2. As illustrated 1n FIG. 4A, the
dashed lines shows the existence of a significant solid solu-
tion at temperatures of less than about 50° C. for L1,_ FePO,
and L1 FePO,. An 1llustrative voltage vs. composition plot at
room temperature for the 1on storage material 1s shown in
FIG. 4B. The curve has a demonstrably smaller flat region,
indicating that the compositional range of atwo-phase system
1s limited. The sloping regions that flank the flat region indi-
cate the existence of a solid solution. The solid solution end-
limaits for the two endmember phases coexisting 1n the nanos-
cale material are larger than for the conventional matenal. For
instance, in LiFePO, this means having a large lithium defi-
ciency X 1n the lithium-rich L1, FePO, endmember, and a
large lithium excess y i the lithium-deficient endmember
L1 FePO,, the 1ideal imiting compositions of these two co-
existing phases being LiFePO, and FePO, respectively. Thus,
during electrochemical cycling, the co-existing phases
include a large extent of nonstoichiometry. The higher degree
of nonstoichiometry indicates a greater population of both
Fe** and Fe’* at every point within the two-phase region,
which provides higher electronic conductivity for the mate-
rial. In addition, the sloping voltage curve of the nanophos-
phate permits the functional advantage of allowing state-oi-
charge momitoring that is not possible or 1s more difficult and
expensive to conduct with materials exhibiting a flat two-
phase discharge voltage profiles.

[0116] Improved electron and 10n transport rates are well-
known to improve the rate capability of 1on storage materials
used 1n battery technology. In certain lithium transition metal
phosphate compounds described herein, both electron and
1on transport rates are slow compared to that 1n some previ-
ously used materials (such as L1CoO, or L1iMn,O,, ), and those
skilled in the art have sought methods by which such transport
can be improved. Nanoscale lithium transition metal phos-
phate compounds exhibit retention of solid-solutions at vari-
ous states of charge (lithium concentration), and the resulting
materials exhibit high rate capability and high energy that
have not previously been attainable 1n these materials.

[0117] The nonstoichiometry of non-alkali elements 1n the
subject materials also can vary in the nanocrystalline form.
The fundamentally different phase behavior applies to each of
the components of the compositional system, although likely
to different degrees. Other aspects of atomic level disorder
likely also are affected at nanoscale dimensions. For example,
in L1, FePO,, the site occupancy of the M1 and M2 sites of
the ordered olivine structure, occupied solely by L1 and Fe in
the 1deal crystal, can vary in the nanoscale material. There can
be disorder or mixing of the L1 and Fe cations between the two
sites, and vacancy defects can appear on one or both sites.
Also, solute cations (dopants) can be more soluble in the
nanocrystalline material, or can occupy different sites than
they do in the conventional maternial. In the nanocrystalline
state, nonstoichiometry on the oxygen sublattice of the crystal
structure also can occur. The solubility of foreign anions, such
as sulfur or halogens, can increase as well. In certain embodi-
ments, nanoscale 1on storage materials as described herein
exhibit one or more of these variations 1n defect or solid
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solution behavior. However, as shown by experimental results
presented herein, the presence of foreign metals or anions 1s
not necessary to create or define the special properties of the
nanocrystalline state.

[0118] Diflerences in physical properties exhibited by the
nanoscale materials according to one or more embodiments
of the invention compared to their conventional coarse-
grained counterparts are readily measurable by standard ther-
mal and electrochemical techniques, such as calorimetry,
cyclic voltammetry, galvanostatic intermittent ftitration
(GITT), or potentiostatic intermittent titration (PITT). The
improved performance of the nanoscale materials 1n 10n stor-
age applications 1s also readily measurable, for example, by
formulating the nanoscale material 1nto an electrode coating,
constructing a nonaqueous ¢lectrochemical cell, and per-
forming charge-discharge tests at various current rates.

[0119] The state of extended solid solution 1n the nanoscale
material can be confirmed using electrochemical methods.
For example, a compound of nanocrystalline L1,_ FePO, can
be tested 1n a nonaqueous electrochemical cell. The nanoc-
rystalline L1,_ FePO, serves as the positive electrode against
a source of lithhum having a total lithhum content much
greater than the lithium storage capacity of the nanocrystal-
line electrode, such as lithium foil. This electrochemical cell
construction 1s often referred to as a lithtum half-cell by those
skilled 1n the art of lithtum-1on batteries. In such a cell, the
nanoscale 1on storage material 1s formulated into an elec-
trode, typically using a conductive additive, such as carbon,
and a polymeric binder. The nanoscale 1on storage material
clectrode 1s separated from the lithium metal counterelec-
trode, typically by a microporous polymer separator. The cell
1s then infused with a nonaqueous lithtum-conducting liquid
clectrolyte. The charge and discharge rates of the electrode
are suiliciently fast that the electrochemical behavior of the
nanoscale material can be tested.

[0120] The existence of solid solution lithium deficiency 1s
detectable as the appearance of a smaller total L1 content that
can be extracted from the nanocrystalline electrode upon first
charging the cell, than can be re-inserted into the electrode
upon discharging the cell. This difference in first-charge
capacity compared to first-discharge or subsequent discharge
capacity reveals the existence of lithium deficiency 1n the
nanocrystalline maternial 1n 1ts as-prepared state, and upon
being assembled 1into a working cell. The extractable lithium
1s less than the amount of lithium that the same electrode can
take up at saturation. FIG. 5 illustrates this behavior for a
nanoscale lithium 1ron phosphate having the composition
L1, ooFFePO, (Example 2). The initial data records the first
charge capacity; subsequent data records discharge capacity
at different c-rates. Note that first discharge at C/5 rate 1s more
than 11% greater than initial capacity. Note also that >90%
discharge capacity 1s maintained up to 10C, which represents
a remarkably high capacity at high discharge rates. The tests
are conducted at a suificiently slow rate upon both charge and
discharge, and over a similar voltage range, that the observed
results reflect the capabilities of the storage material 1itself,
rather than polarization or kinetic limitations due to the cell
construction. Methods to ensure that such 1s the case are
well-known to those skilled 1n the art.

[0121] This behavior observed for nanocrystalline lithium
iron phosphate 1s strikingly different from that of a conven-
tional or coarse LiFePO,, and indeed that of most insertion
clectrode materials. Such materials typically exhibit a first-
charge capacity that 1s greater than the first- and subsequent
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discharge capacities using a similar cell configuration.
Results from one comparative example are shown in FIG. 6.
Comparison of this conventional material to the nanoscale
material in FIG. 5 highlights some striking differences. First,
discharge capacity at C/5 decreases by more than 10% from

first charge capacity and the discharge capacity decreases
steadily with increasing discharge rate.

[0122] The advantages imparted by a nanoscale material
according to one or more embodiments of the present mnven-
tion are counter-intuitive because a high, imitial charge capac-
ity 1s typically associated with a greater extractable lithium
content. While 1t 1s generally desirable for a lithiated elec-
trode material to have a higher initial extractable lithium
content, in the present 1mstance the ability of the nanoscale
material to sustain a lithium-deficient solid solution confers
various advantages as described herein, which may overcome
the disadvantage of having slightly less lithium capacity.

[0123] Moreover, as discussed later, the nanoscale materi-
als of the invention can sustain a nonstoichiometry X and v 1n
the coexisting phase that may be as large or larger than the
nonstoichiometry present in the as-made material. Thus
preparation 1n an initially nonstoichiometric state 1s not
required of the materials of the mvention, nor necessary in
order to obtain the benefits described herein.

[0124] As described previously, one aspect of the present
nanoscale 10n storage materials 1s the property, for an olivine
compound that imn bulk form has a very limited range of
lithium solid solution 1n e1ther 1ts lithiated or delithiated form,
to exhibit an increased solid solution range when produced in
a nanoscale form. This 1s evidenced by the smaller {first-
charge capacity relative to the first- and subsequent discharge
capacities of the material, e.g., as shown in FIGS. 5and 19. In
these instances, the lithium deficient solid solution clearly
exists 1n the as-prepared material after heat treatment, and not
only 1n the electrochemically cycled material, which as dis-
cussed previously also has an extended range of solid solu-
tion. Thus one aspect of the invention 1s a lithium metal
phosphate material having an increased range of lithium non-
stoichiometry 1in the as-synthesized state (prior to electro-
chemical use) due to the phenomenon of s1ze-dependent non-
stoichiometry. By lithium nonstoichiometry 1t 1s meant the
extent to which a lithiated compound 1s deficient in lithium
relative to the 1deal composition, e.g., x in L1, _ FePO, where
the 1deal composition 1s LiFePO,, or the extent to which an
as-prepared delithiated compound has an excess of lithium,
e.g., L1 FePO, where the ideal composition 1s FePO,. Such
compounds may have the olivine structure or some other
crystalline structure, or may be amorphous or partially amor-
phous. The specific surface area of such a material may be at
least 15 m*/g, or more preferably at least 20 m*/g, more
preferably still at least 25 m®/g, or more preferably still at
least 30 m*/g. The extent to which the lithium nonstoichiom-
etry X or y 1s greater than that which occurs 1n an as-prepared
materal of the same composition but having a lower surface
area form, e.g. less than about 10 m*/g, may be at least 2 mole
%, more preferably at least 4 mole %, and more preferably
still at least 6 mole %. The extent of lithtum nonstoichiometry
can be measured by methods well-known to those skilled 1n
the art including electrochemical titration measurements,
X-ray or neutron diffraction measurements of lattice expan-
s1on and contraction due to the presence of nonstoichiometry,
or chemical analyses. The presence of lithium nonstoichiom-
etry 1n the starting material benefits the electronic conductiv-
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ity and phase transformation rate of the material, and thus 1ts
performance 1n a lithium storage battery.

[0125] Theability of nanocrystalline materials as described
herein to exist 1n a more highly nonstoichiometric or defec-
tive state than their coarse counterparts also can be demon-
strated by measuring the equilibrium or near-equilibrium
clectrical potential of a nanoscale material relative to a stan-
dard or reference electrode 1n an electrochemical cell that
allows electrochemical equilibration. It 1s well-known to
those skilled 1n the art that the equilibrium electrical potential
of such a cell, having one electrode whose potential 1s suitably
well-referenced, can be used to determine the chemical
potential of an electroactive species 1n the other, test elec-
trode.

[0126] FIG. 7 shows the cell voltage vs. specific capacity of
the positive electrode active material for cells 1n which a
lithium metal counterelectrode has been used, serving as a
suitable reference. Two nanoscale lithium 1ron phosphate
materials of overall compositions LiFePO, and L1, ,.FePO,
are compared against a conventional, commercially available
carbon-coated lithium 1ron phosphate. All three cells are
tested at a slow C/50 rate permitting the near-equilibrium cell
voltage to be observed. The nanoscale materials are further
known from separate tests to exhibit much faster relaxation to
theirr equilibrium potentials than does the conventional
sample. It 1s seen that the nanoscale materials exhibit a sub-
stantial charge capacity over which the voltage varies con-
tinuously, before reaching a relatively constant voltage pla-
teau. In contrast, the cell voltage for the conventional material
exhibits no such regime, nstead reaching its voltage plateau
nearly immediately after a small voltage overshoot.

[0127] FIG. 8 shows the C/50 discharge curves for the same
three samples. Here 1t 1s seen that at the beginning of dis-
charge the nanoscale materials both exhibit a capacity regime
of continuously varying voltage, indicating the existence of a
solid solution, that 1s essentially absent for the conventional
material, and at the end of discharge, both nanoscale materials
exhibit a wide capacity regime of continuously varying volt-
age 1ndicating a solid solution. These examples demonstrate
the effect pictonially 1llustrated in FIGS. 3B and 4B for nanos-
cale and conventional lithium iron phosphate materials,
respectively.

[0128] Other accepted electrochemical methods that can be
used to show that the nanoscale maternials of the invention
possess regimes of extended solid solution include GITT and
PITT. In GITT, the open-circuit-voltage (OCV) measured
alter allowing an electrochemical cell to approach equilib-
rium will exhibit a composition dependence (1.e., as a func-
tion of state-oi-charge or charge capacity) that 1s measurably
different between the conventional and nanocrystalline
forms. An extended range of solid solution 1n the nanoscale
material 1s shown by regions of composition x over which the
OCYV varies continuously with composition, rather than being
at a constant OCV. This indicates a constant chemical poten-
tial for Iithium despite vanation of X, corresponding to a
multi-phase equilibrium. Such measurements typically can
be conducted to £0.002V or better precision by those skilled
in the art, allowing comparison of different materials to deter-
mine the value of x at which the boundary between a single-
phase solid solution and multiple phases lies. For a nanoscale
material, there 1s a wider range of composition x over which
the single-phase solid solution can exist. The wider range of
solid solution 1n the nanoscale form can be attained for any
one or more of the individual phases exhibited by the com-
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pound, including intermediate phases forming within the lim-
its of lithuation discussed here.

[0129] The PITT method i1s also usetul for not only deter-
mimng the cell voltages at which electrochemical oxidation
and reduction of an electrode-active compound occur, but
also for providing information regarding the rate and mecha-
nism of such reactions. In PITT, the cell voltage 1s stepped
upwards or downwards incrementally, and the current flow 1s
monitored as the cell spontaneously charges or discharges.
FIG. 9 shows the voltage and current traces upon charging 1n
a PIT'T measurement of a conventional carbon-coated lithium
iron phosphate sample. With each incremental voltage step of
10 mV, the current 1s observed to flow as the cell undergoes
charging. It 1s notable that virtually no capacity 1s recorded
until a voltage plateau 1s reached. Also, during charging on
the voltage plateau, the current flow rises slowly over a period
of several hours and then decays, showing sluggish kinetics
for the phase transformation occurring during charging. In
FIG. 10, the capacity measured for the cell at each voltage
step during the PITT charging experiment 1s shown. It 1s seen
that virtually no capacity 1s recorded as the voltage 1s raised
until a large capacity 1s observed at the plateau voltage. In
FIG. 11 are shown results for the same cell during a PITT
discharging experiment in which the first voltage step was
from a charge voltage of 3.8V to a voltage that1s 5 mV above
the open-circuit voltage of the cell, measured at a 50% state-
of-charge. In this experiment, virtually no discharging of the
cell 1s seen until the PITT voltage 1s about 20 mV below the

OCV.

[0130] The nanoscale materials of the imnvention behave 1n
markedly different manner. FIG. 12 shows a charging PITT
experiment on a nanoscale Li, o-FePO, material, in which
substantial current flow, indicating charging, i1s seen well
betfore the two-phase plateau voltage 1s reached. In addition,
with each upward voltage step, the maximum 1n current 1s
observed immediately, rather than several hours into the cur-
rent decay process as seen 1n FI1G. 9. This shows that the phase
transtformation forming the delithiated L1 FePO, phase 1s
more facile in the nanoscale material. FIG. 13 shows the
capacity measured for the cell at each voltage step during the
PITT charging experiment. It 1s seen that there 1s substantial
charging occurring below the plateau voltage. Note that
because charging can only occur when the applied voltage 1s
equal to or greater than the equilibrium voltage, this result
shows that there exist compositions with an equilibrium volt-
age below that of the two-phase plateau. That 1s, 1t demon-
strates the existence of a lithtum-deficient solid solution Li, _
xFePO4. In FI1G. 14 are shown results for this same cell during
a PI'TT discharging experiment 1n which the first voltage step
was from a charge voltage of 3.8V to a voltage that 1s 5 mV
above the open-circuit voltage of the cell, measured at a 50%
state-of-charge. Here, a substantial capacity of about 8
mAh/g 1s measured when the PITT voltage 1s still 5 mV above
the OCV. Since upon discharge, no driving force exists until
the applied voltage 1s at or below the equilibrium voltage, this
result demonstrates the existence of a lithium excess solid
solution L1 FePO, at voltages above the plateau voltage.

[0131] The differences between nanoscale L1, FePO, /L1,
FePO, and the conventional materials can also be quantified
by X-ray diffraction. The presence of a compositionally dis-
tinct nonstoichiometry in nanoscale Li,_FePO, 1s demon-
strated by unique lattice constants (a, b and ¢ within the
orthorhombic unit cell) and unique unit cell volume (given by
the product axbxc). Conventional crystalline olivine
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LiFePO, has a larger a and b lattice parameter, and a smaller
¢ lattice parameter, than does crystalline FePO,,. A continuous
solid solution between LiFePO, and FePO, would therefore
show a continuous variation between the limiting values of
the lattice constants as the lithium concentration varies
between one and zero. The lattice constants of the materials
according to one or more embodiments of the invention may
therefore be used to determine the corresponding nonstoichi-
ometry of the coexisting phases. This was accomplished by
carrying out careful X-ray diffraction measurement of the
subject materials at different states of lithiation (different
states of charge, SOC), from which lattice parameters and
other crystallographic information was obtained using
Rietveld refinement, a process for analyzing diffraction data
that 1s well-known to those skilled 1n the art of battery mate-
rials synthesis and characterization.

[0132] FIG. 135 shows a powder X-ray diffraction pattern
obtained from a conventional carbon-coated lithium i1ron
phosphate material (Sigma-Aldrich® Chemical) at 50%
SOC. To this sample was added silicon powder to provide an
internal standard for the X-ray peak positions. It 1s seen that
the peaks for LiFePO, olivine are well aligned with the
expected peak positions for this phase, based on the data 1n
reference 01-081-1173 from the Joint Commuittee on Powder
Diffraction Standards (JCPDS). The peaks for the olivine
form of FePO, are also seen 1n FIG. 15, and are somewhat

displaced from the positions for a somewhat different com-
position listed by JCPDS.

[0133] FIG. 16 shows the powder X-ray diffraction pattern
obtained from a nanoscale LiFePO, sample according to the
invention, measured at 67% SOC. It can be seen that numer-
ous peaks for both the “LiFePO,” and “FePO,” phases are
displaced from their corresponding positions 1n FIG. 15. A
precise determination of the lattice constants in these mate-
rials was made using the Rietveld refinement method, on
powder X-ray diffraction spectra carefully obtained over a
wide diffraction angle range (known to those skilled 1n the art
as the “2-theta” range) of 15 degrees to 135 degrees. It was
found that the nanoscale materials according to one or more
embodiments of the invention, when 1n a state of charge such
that the above mentioned two olivine phases co-exist, have
distinctly different lattice parameter values from the conven-
tional material. The lattice parameters and unit cell volumes
are reported 1n Table 1, 1n which the nanoscale lithium 1ron

phosphate was measured at 67% state-of-charge, compared
with similar measurements made for a conventional

LiFePO4/FePO4 reported 1n the literature (A. S. Andersson
and J. O. Thomas, J. Power Sources, 97-98: 498 (2001)). For
example, on the lithium rich side of the phase diagram, nanos-
cale L1,_FePO, having smaller a and b lattice constants and a
larger ¢ lattice constant for than conventional LiFePO, are
obtained. The lithium deficient solid solution coexists with an
L1, FePO, phase having the lattice parameters for a, b that are
larger and ¢ that 1s smaller than 1n conventional FePO,. These
measurements show that indeed x and y are larger than their
corresponding values 1n conventional LiFePO, /FePO,, not-
withstanding some smaller nonstoichiometry existing in
those materials as well. From the Rietveld refinement of the
nanoscale sample, a crystallite size of about 28 nm was deter-
mined, which 1s close to the calculated equivalent spherical
particle size of 36.1 nm and shows that the high surface area
of the sample 1s due to nanoscale crystallites of the lithium
iron phosphate and not due to a high surface area impurity or
additive phase.
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TABL

(L]

1

Lattice constants and unit cell volume for
LiFePO,, FePO,, L1, PO, and Li_j,FePOd

Unut cell
Material a(A) b (A) c (A) volume (A7)
LiFePO, 10.329 6.007  4.691 291.02
Li-deficient 10.288 5.991 4.698 289.56
Li,_ FePO,
FePO, 9.814 57890 4782 271.7
Li-rich Li FePO, 9.849 5.809 4781 273.55

[0134] The existence of larger nonstoichiometry in the
coexisting phases of the materials of the invention 1s therefore
readily measured using diffraction methods. The value of x
and y determines the ratio of 2+ to 3+ transition metal
valences (in the case of iron, it is Fe**/Fe %) in the materials,
and larger values correspond to a higher concentration of the
minority valence state. This has the effect of increasing the
clectronic conductivity of each phase compared to the same
phase 1n 1ts conventional state of lower x or y, and thereby
improves electrochemical performance of the battery. In
addition, a reduction in the lattice parameter of the Li,_
xFePO, phase (or any other compositions of the lithium-rich
endmember) has the effect of bringing the multivalent tran-
sition metal 10ns closer together within the structure, which
also increases the degree of orbital overlap thereby changing
the electronic structure of the material so as to decrease the
bandgap or increase carrier mobility, thereby increasing elec-
tronic conductivity.

[0135] The a, b lattice constants for the lithium deficient
L1, FePQO, 1s less than that for LiFePO, and the a, b lattice
constants for the lithtum rich L1 FePO,, 1s greater than that for
FePO,. Theretore, the mismatch 1n lattice parameters and
unit cell volume 1s decreased 1n the nanoscale materials of the
invention, which may have a profound influence on the elec-
trochemical performance of the material, particularly at high
charge/discharge rates. This 1s because the facility with which
one phase 1s formed from the other upon charging and dis-
charging of the electrochemical cell 1s dependent on the mis-
match 1n lattice parameters (if crystalline) and the relative
volumes of the two co-existing phases.

[0136] The lattice parameters and unit cell volume between
the coexisting phases L1, FePO, and L1 FePO, and the unit
cell volume are reported 1n Table 1. From these values, one
may readily compute the diflerences 1n lattice parameters and
in unit cell volumes, on a percentage basis, for a transforma-
tion from the L1, FePO, to L1 FePO, phase, which corre-
sponds to charging of a cell using the lithtum 1ron phosphate
as the positive electrode, or from Li FePO, to L1, FePO,,
which corresponds to discharging. The percentage changes
upon charging are found to be slightly smaller than those
upon discharging, and this may cause difierences in the inher-
ent rate of charging versus discharging within any one mate-
rial. However, to facilitate comparison of the nanoscale and
conventional materials, we may also compute the differences
in the respective values of any lattice constant or unit cell
volume as a percentage of the mean value between the two, as
has been done 1n Table 2. That 1s, the percentage difference in
the a lattice constant 1s the difference 1n a between any two
materials divided by the arithmetic mean value of a for those
two samples. Herein, unless otherwise stated, the percentage
differences are computed in this manner. For nanoscale Li, -
FePO,/L1,_FePO, the differences 1n lattice parameters are

11
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Aa=4.36%, Ab=3.07%, Ac=-1.75%, and the difference in
unit cell volume 1s AV=3.69%. In comparison, for conven-
tional LiFePO.,/FePO , the corresponding numbers are Aa=>5.
11%, Ab=3.68%, Ac=—1.93%, and AV=6.87% for the limit-
ing endmembers. We also measured a conventional material
(S1igma-Aldrich® Chemaical) that was taken to 50% state-oi-
charge, and 1n which the co-existing compositions have the
small permitted extent of nonstoichiometry. Here the differ-
ence 15 Aa=4.91%, Ab=3.64%, Ac=-2.03%, and AV=6.52%.
These unit cell and lattice parameter differences are summa-
rized in Table 2.

[0137] Althoughnotshown inTable 2, one may alsoreadily
compute the misiit strain of a plane separating the two limait-
ing compositions L1 FePO, and Li,_ FePO,. This 1s impor-
tant because the formation of one phase from the other during,
electrochemical cycling must necessarily mtroduce an inter-
face between the two materials, which 1s a two-dimensional
feature. Inspection of the results in Table 1 shows that the
plane formed by the principal axes a and b (the ab plane or in
Miller indices the {110} plane) have the largest difference in
area between the L1 FePO, and L1,  FePO,. the ac plane (or
{101}) has the next largest difference, and the bc plane (or
{011} has the least difference. This indicates that the bc plane
1s the most preferred orientation along which one phase will

grow topotaxially upon the other (or vice versa). Comparing
the nanoscale and conventional materials in Table 1, these
differences are 7.43%, 2.62% and 1.32% respectively for the
nanoscale material, and 8.79%, 3.19%, and 1.76% respec-
tively for the conventional material. In the Sigma-Aldrich®
material measured at 50% SOC these differences are 8.55%,
2.88% and 1.62% respectively. Thus, according to one
embodiment, the nanoscale materials of the invention are
defined by having a plane formed by any of the principal axes
of the crystal along which the strain measured as a change 1n
the area 1s less than about 1.6%, or less than about 1.5%, or
less than about 1.4%. According to another embodiment,
none of the planes formed by any of the principal axes of the
crystal have such a strain exceeding 8%, or 7.5%, or 6%.

TABL.

L1l

2

[attice parameter and unit cell data

Material A a (%) A b (%) A ¢ (%) AV (%)
LiFePO,

FePO,
Li-deficient nano
Li,_ FePO,
Li-rich nano

L1 FePO,

L1,  FePO,
(conventional)
L1 FePO,

(conventional)

>.11 3.68 -1.93 0.87

4.36 3.07 -1.75 5.69

4.91 3.64 -2.03 0.52

[0138] These differences between the nanoscale and con-
ventional materials are significant, due to the fact that the
clastic moduli of these morganic compounds are very high,
¢.g., onthe order of 100 GPa. Small percentage differences in
lattice parameters and unit cell volumes result in large elastic
energies 1f these highly stiff solids are made to accommodate
the strains without breaking apart. By engineering the nanos-
cale material of the mvention to have small differences 1n
lattice parameters and unit cell volumes between coexisting
phases, not only 1s the energy required to transform one phase
from the other decreased, the likelihood of mechanical frac-
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ture and defect formation during cycling, so-called “electro-
chemical grinding,” 1s minimized, leading to an exceptionally
long cycle life for the maternials of the invention.

[0139] It 1s also recognized that while there 1s a limiting
particle size above which the benefits seen in the materials of
the invention are no longer realizable, 1t 1s expected that there
1s virtually no practical lower limit to the particle sizes that
may be obtained through synthesis methods known to those
skilled 1n the art. As the particle size of the nanoscale mate-
rials of the invention decrease, the extent of nonstoichiometry
x and y under any given synthesis or test conditions increases,
and the differences 1n lattice constants and unit cell volumes
between the coexisting phases decreases as well. That 1s,
referring to FIG. 4, the boundaries of the two-phase regime
move mward in composition and down 1n temperature. For
suificiently fine particle sizes, a complete solid solution
becomes achievable at room temperature.

[0140] The cycle life of a rechargeable battery 1s typically
defined as the number of charge/discharge cycles, over a
specified voltage range and at a specified current rate, over
which the capacity of the battery decreases to a certain per-
centage of the imtial value. Conventional cathode-active
materials and rechargeable batteries using these matenals,
including LiFePO, olivine and 1ts compositional dervatives,
over a voltage range of about 2V to 3.8V and at a current rate
of about 1C, typically show a cycle life of less than 1000
cycles before the capacity decreases to 80% of 1ts mitial
value. In contrast, the materials and devices of the invention
can undergo 1n excess of 1000, even 1n excess of 2000, and 1n
some 1nstances 1n excess ol S000 cycles before decreasing 1n
capacity by this amount. At higher charge discharge rates, for
example a 5C charge/discharge rate over the same voltage
range, conventional materials will typically show a cycle life
of less than about 500 cycles before decreasing 1n capacity to
80% of the 1nitial value. In contrast, the materials and devices
according to one or more embodiments of the mnvention may
exhibit greater than 1000 full charge/discharge cycles before
decreasing 1n capacity by this amount.

[0141] Many applications of a high power battery, includ-
ing but not limited to hybnid electric vehicle applications,
require high rate charge/discharge pulses over a narrower
range ol voltage or capacity than full cycling. Under such
conditions, the cycle life of the matenals and devices of the
invention can be extraordinarily long. One well-known pulse
testing protocol 1s the “HPPC” test defined by the United
States Advanced Battery Consortium (USABC). The materi-
als of the invention, when used in a battery meeting the
specific energy and specific power requirements defined by
the USABC, are able to exhibit 1n excess of 150,000 of cycle
life betore the performance of the battery falls below the
defined useful limiats.

[0142] It 1s understood that during the dynamic process of
lithium intercalation and deintercalation, the stresses gener-
ated by the differences 1n lattice parameters can cause the unit
cell parameters and corresponding compositions X and y of
the coexisting phases to temporarily deviate from their stable
values. Nonetheless, upon allowing some time for stress
relaxation and local equilibration within the materials, the
above described differences between nanoscale and conven-
tional materials are seen, thereby clearly distinguishing the
two classes of materials from each other. The properties of the
materials including the lithium nonstoichiometry may not yet
be at their stable state when first preparing a material and
assembling an electrochemical device. In use as a reversible
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clectrochemical device such as a rechargeable battery, the
behavior of the material during the very first cycle may not be
as 1mportant as the behavior during subsequent cycling.
Theretfore the differences 1n unit cell parameters and lithium
concentrations desirably are measured after at least one full
intercalation and deintercalation cycle between the working
voltage limits of the device, and atfter allowing said material
to rest 1n 1ts state-of-charge for at least 12 hours. According to
one or more embodiments of the present invention the extent
ol solid solution 1n each endmember phase may increase with
clectrochemical cycling, allowing the transformation from
one phase to the other to become more facile with the use of
the battery. This 1s manifested 1n, amongst other behavior, as
a decrease 1n the impedance of the battery with charge/dis-
charge cycling.

[0143] In the materials according to one or more embodi-
ments ol the imvention, the formation of one phase from the
other (and vice versa) upon electrochemical cycling 1s made
much more facile 1n comparison to previous materials by the
fact that the materials are nanoscale, and because they have
been engineered to have smaller lattice parameter and unit
cell mismatch between the two co-existing phases. The
advantages of minimizing the mismatch stresses 1n order to
permit facile phase transitions and high rates of charge and
discharge have not previously been recognized 1n the field of
battery materials.

[0144] Conventional understanding also teaches away from
the use of high surface area active materials 1 battery elec-
trodes, especially on the positive electrode side, for several
reasons, such as poor safety, excessive self-discharge, rapid
impedance buildup over time, or shortened cycle life at
clevated temperatures, or low tap density and packing density
resulting 1n undesirably low energy density in fabricated bat-
teries. For example, 1t 1s well-known that the cathode active
matenals L1CoO, and LiN10O,,, including their solid solutions
and dertvatives, can create unsale conditions in the highly
charged state due to the presence of their transition metals 1n
the highly oxidized 4+ valence state. Overcharged and/or
overheated lithium 1on cells using these cathode materials,
even 1n conventional form, can exhibit thermal-runaway lead-
ing to fire or explosion, and 1t 1s generally considered to be the
case that such rnisks are exacerbated by the use of higher
surface area active materials. Also, at elevated temperatures
and over long operating times, lithium 1on cells using these
cathode materials exhibit impedance rise due to interfacial
reactions, which lowers the power capability. Thus, the use of
these materials 1n a nanocrystalline state generally 1s consid-
ered unwise for both safety and life reasons. As another
example, the cathode active matenial LiMn,O, has been used
in high power lithium 10on batteries, but frequently exhibits
permanent capacity loss after use or storage, related to the
dissolution of manganese in the electrolyte and/or protona-
tion of the surface of the active material particles by residual
acid 1n the liqud electrolytes used 1n such cells. Since these
clfects are exacerbated 1n high surface area matenals, com-
mon knowledge teaches away from the use of nanocrystalline
LiMn,O,. These observations suggest that nanoscale particle
s1zes could be undesirable with respect to certain properties.
However, using the nanoscale 10n storage materials described
herein, such difficulties can be overcome while retaining
energy density and power density advantages.

[0145] The surprisingly wider range of solid solution of the
nanoscale materials of the invention compared to their con-
ventional counterparts may be due to stress, both the stress
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exerted by the highly curved free surface combined with the
surface tension of the material, and the stress induced when
the two phases coexist and a region of each phase each exerts
a stress on a region of the other phase. In addition, while not
being bound by any particular interpretation, it 1s believed
that differences 1n the properties of the nanoscale 10n storage
materials described herein compared to their conventional
larger scale counterparts are also due to the formation of
near-surface defect layers that alter the overall defect thermo-
dynamic state of the matenial. The differences in physical
properties and structure between the nanoscale and conven-
tional crystalline states can be likened to the difference
between the crystalline and glassy forms of a single compo-
sition, which have such clearly different thermodynamic,
structural and physical properties as to be considered differ-
ent materials.

[0146] While not being bound by any mode or theory of
operation, the following mechanisms may provide a basis for
unique properties of the nanocrystalline materials according,
to one or more embodiments of the present imvention. In
iono-covalent compounds having a lattice discontinuity, such
as a Iree surface or grain boundary, due to differences in the
free energies of formation of lattice defects, the surface can
become enriched in one or more atomic species relative to
others. This gives rise to an excess surface charge, and a
compensating space-charge layer that penetrates a short dis-
tance 1nto the solid, the space-charge layer being composed of
charged defects. When the space-charge defects are vacan-
cies, the bulk of the crystal then has an overall excess of the
vacancies, namely an altered stoichiometry compared to the
ideal crystal 1n the absence of the surface or interface. The
space-charge phenomenon 1s well-established 1n 10n1c crys-
tals through many theoretical and experimental studies,
including papers published by one of the inventors. (See, e.g.,
Y.-M. Chiang, D. P. Birmie, 111, and W. D. Kingery, Physical
Ceramics: Principles for Ceramic Science and Engineering,
Chapter 3, John Wiley & Sons (1997); Chiang et al., “Char-
acterization of Grain Boundary Segregation in MgQO,” J. Am.
Ceram. Soc., 64:383-89 (1981); Ikeda et al., “Space Charge
Segregation at Grain Boundaries 1n Titanium Dioxide: Part I,
Relationship Between Lattice Detfect Chemistry and Space
Charge Potential,” J. Am. Ceram. Soc., 76:2437-2446 (1993);
Ikeda et al., “Space Charge Segregation at Grain Boundaries
in Titantum Dioxide: Part 11, Model Experiments,” J. Am.
Ceram. Soc., 76:24477-2459 (1993).) We have experimentally
observed nonstoichiometry and extended solid solution
behavior consistent with space-charge intluenced behavior of
nanocrystals 1n these materials. Accordingly, while not being,
bound by any particular theory, we address the possible ori-
gins of this behavior.

[0147] Consider a starting point of a stoichiometric
LiFePO, olivine compound that 1s then allowed to equilibrate
its free surface with 1ts surroundings. The surface 1s likely to
become enriched 1n the 10n having the lowest defect forma-
tion energy and/or sulficient mobility to be removed prefer-
entially to the surface. In LiFePO,, this 10n 1s energetically
and kinetically most likely to be lithium. Creation of a
lithium-rich surface must leave a lithium-deficient interior, in
which the deficiency corresponds to the presence of lithium
vacancies. As with other compounds exhibiting space-charge
behavior, the lithium deficiency 1s not likely to be distributed
uniformly across the interior. Instead, the lithium vacancies
may be preferentially concentrated near the surface in a
space-charge layer. The spatial extent of this layer depends at
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thermal equilibrium on the defect concentration, the dielec-
tric constant of the material, and the temperature. It the sys-
tem 1s not at equilibrium, the extent of the space-charge layer
depends on transport kinetics of the 1ons and defects as well.

[0148] The spatial distribution of defects 1s shown sche-
matically in FIG. 17. The spatial extent of the space-charge
layer can be of the order of one to several nanometers. The
near-surface concentration of vacancies or other defects can
be many times greater than the concentration that would be
tolerated 1n a bulk crystal as a solid solution, 1.e., without
having precipitation or phase-separation. Thus, for a suifi-
ciently small nanoparticle, nanorod, nanofiber or thin film,
the interior of the particle has a measurably higher lithium
deficiency than a conventional particle. Overall, the particle
now behaves 1n a nonstoichiometric manner, especially if the
Faradaic behavior of the Li™ at the surface differs from that in
the bulk. X-ray diffraction measurements and electrochemai-
cal tests can detect these differences compared to conven-
tional materials. Furthermore the surface lithium 10ns can be
reacted easily by surface reactions with adjacent media such
as liquid electrolyte, or evaporated upon heating or reaction
with the gas phase as a lithium oxide or lithium carbonate
species. In such instances, the nanoparticle 1s left more
lithium-deficient than a conventional particle or crystal, yet
said defects giving rise to the nonstoichiometry remain as a
solid solution rather than causing the nanoparticles to form
new and separate phases as 1n a conventional material. In the
case ol a near-surface enrichment of lithium vacancies, the
Fe’*/Fe”™* ratio also can vary spatially with distance from the
surface, and provide not only greater electronic conductivity
to the particle as awhole, but a greater electronic conductivity
at the surface of the particle than 1n the interior.

[0149] It has also been unexpectedly discovered that mate-
rials providing a high charge rate capability differ in charac-
teristics from those providing a high discharge rate capability.
Specifically, the critical specific surface area below which, or
critical particle size above which, qualitatively different
phase transformation kinetics occurs differs for the charge
process (lithium extraction) compared to the discharge pro-
cess (lithrum 1insertion) of the same material. In general a
higher specific surface area or finer particle size 1s required to
obtain a given high charge C-rate compared to a given high
discharge C-rate. Example 5 gives detalled examples of such
behavior

[0150] Itisrecognizedthatthe extent of solid solution inthe
subject materials possess a temperature dependence as shown
in FI1G. 4A. Thus, the criteria for having high charge rate and
high discharge rate capability necessarily include a tempera-
ture of use. While 1n actual use, the temperature of a storage
battery may vary widely, and may for example rise due to
resistive heating or vary due to external heating or cooling, 1t
1s nonetheless possible to define suitable materials according
to their performance at a fixed ambient temperature using a
standard test which can be appreciated and readily conducted
by those skilled 1n the art. One such test 1s the potentiostatic
intermittent titration test (PITT), which 1s widely used by
those skilled 1n the art of electrochemistry and battery mate-
rials, 1n which small increments or decrements of voltage
(<0.1V) are applied to an electrochemical cell, and the current
flow 1s measured upon each voltage step. As shown previ-
ously, the total of current flow at a given voltage can be used
as a measure of the extent of lithium nonstoichiometry, allow-
ing the phase diagram to be established, while the rate of
current flow can be used as a measure of the rate capability of
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the material. Thus, as described in Example 3, the inherent
rate capability of a maternial can be determined using a PITT
measurement.

[0151] The fact that the materials of the invention have
significantly differing charge and discharge rate capability 1s
important to numerous applications. For example, in a hybrnid
clectric vehicle (HEV) application, 1t 1s not only necessary to
be able to deliver electrical energy rapidly during discharge of
the battery pack, 1t 1s necessary to have a high charge rate
capability 1n order to capture a maximum amount of regen-
erative braking energy. Thus a battery that provides only a
high discharge rate, but not a high charge rate, 1s severely
limited 1n 1ts utility for HEVs. As another example, a cell-
phone or laptop computer can benefit from a short charging
time (fast charging rate). However, the discharge rate 1s typi-
cally much slower since the device operates on battery power
over a period of hours to days. In this instance, a battery that
merely has high discharge rate capability but not high charge
rate capability 1s limited 1n 1ts utility.

[0152] In at least some embodiments, the nanoscale 1on
storage materials described herein typically contain less than
about 5 weight percent, or about 3 weight percent, of any
additional phase that does not substantially store 1ons, but
may provide added electrical conductivity. Such additional
phases 1nclude, for example, carbon, a metal, or an interme-
tallic phase, such as a metal phosphide, metal carbide, metal
nitride, or mixed mtermetallic compound, such as metal car-
bide-nitride or metal carbide-phosphide. In certain embodi-
ments, for use as a storage electrode, the nanoscale material
typically 1s formulated into an electrode by standard methods,
including the addition of a few weight percent of a polymeric
binder, and less than about 10 weight percent of a conductive
additive, such as carbon. In at least some such embodiments,
the electrodes typically are coated onto one or both sides of a
metal foi1l, and optionally pressed to a coating thickness of
between about 30 micrometers and about 200 micrometers,
providing a charge storage capacity of between about 0.25
mAh/cm?® and about 2 mAh/cm?®. Such electrodes can be used
as the positive or negative electrode 1n a storage battery. Their
performance can be evaluated, for example, using laboratory
cells of the comn-cell or so-called Swagelok® cell types, 1n
which a single layer of electrode 1s tested against a counter-
clectrode (typically lithium metal when the nanoscale mate-
rial 1s a lithium storage material) using galvanostatic (con-
stant current) or potentiostatic (constant voltage) tests or
some combination of the two. Under galvanostatic condi-
tions, the current rate can be described as “C-rate,” in which
the rate 1s C/n, and n 1s the number of hours required for
substantially complete charge or discharge of the cell
between a selected upper and lower voltage limiat.

[0153] In certain embodiments, when used as the positive
clectrode 1n a lithium battery, the electrodes are typically
assembled into multilayer laminated cells of wound or
stacked configuration, using lithtum metal or an anode-active
lithium storage electrode as the negative electrode. Non-lim-
iting examples of suitable negative electrode materials
include lithium metal, carbon, an intermetallic compound, or
a metal, metalloid or metal alloy that includes such lithium-
active elements as Al, Ag, B, B1, Cd, Ga, Ge, In, Pb, Sb, S1, Sn
or Zn. The negative electrode material can be selected or
designed for high rate capability. The storage batteries thus
assembled can employ a porous electronically insulating
separator between the positive and negative electrode mate-
rials, and a liquid, gel or solid polymer electrolyte. The stor-
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age batteries can have electrode formulations and physical
designs and constructions that are developed through meth-
ods well-known to those skilled in the art to provide low cell
impedance, so that the high rate capability of the nanoscale
1ion storage material can be utilized.

[0154] The nanoscale 1on storage materials described
herein, when tested in such laboratory cells or in storage
batteries, will exhibit greatly improved capacity retention at
high charge and discharge rates compared to their coarse-
grained counterparts. Typically, over a voltage range in which
the upper voltage limit 1s about 120% of, and the lower
voltage limit 1s about 50% of, the average voltage exhibited
by the cell at a low rate of C/5 or less, the discharge capacity
measured at a 5C rate compared to the capacity measured at a
low rate of C/5 or less (1.e., the capacity retention) will be
about 80% or greater, 1n some cases about 90% or greater, or
about 95% or greater. At a 10C rate, the capacity retention can
be about 75% or greater, 1n some cases about 85% or greater,
for example, about 90% or greater, or about 93% or greater. At
a 20C rate, the capacity retention can be about 60% or greater,
in some cases about 70% or greater, for example, about 80%
or greater, or about 85% or greater. At a 35C rate, the capacity
retention can be about 50% or greater, 1n some cases about
60% or greater, for example, about 753% or greater, or about
80% or greater. At a S0C rate, the capacity retention can be
about 30% or greater, 1n some cases about 40% or greater, for
example, about 50% or greater, or about 60% or greater.
[0155] In some embodiments, when used 1mn a complete
wound or stacked multilayer cell having at least 5 Wh energy
at a C/5 or lower discharge rate, the nanoscale matenals
described herein can provide cells with the following levels of
specific power (power density) and specific energy (energy
density) for substantially complete discharge starting from a
tully charged state (1.e., 100% depth of discharge). The cells
can exhibit, for example, specific power of at least about 500
W/kg (1000 W/L) at specific energy of at least about 100
Whikg (205 Wh/L), specific power of at least about 950 W/kg
(2000 W/L) at specific energy of at least about 95 Wh/kg (190
Wh/L), specific power of at least about 1300 W/kg (2500
W/L) at specific energy of at least about 90 Wh/kg (180
Wh/L), and specific power of at least about 1600 W/kg (3200
W/L) at specific energy of at least about 85 Whi/kg (175
Wh/L). It1s understood that for shallower depth of discharge,
the specific power and power density can be significantly
higher than those given above.

[0156] The following non-limiting examples further 1llus-
trate certain embodiments.

Example 1

[0157] Lithhum iron phosphate of overall composition
LiFePO, was prepared using the following proportions of
starting materials:

L1,CO; (Alfa-Aesar, 99.999%) 0.739 g
Iron (II) oxalate (Alfa- Aesar, 99.999%) 3.598 ¢
Ammonium phosphate (Sigma-Aldrich ®, 99.998%) 2301 ¢g

[0158] While these basic components are known as starting
materials for the synthesis of conventional LiFePO,, here
through the use of a high purity acetone as the solvent (re-
agent grade, J. T. Baker), and using extended mixing to allow
the starting components to undergo a gas-evolving mecha-
nochemical reaction, a precursor 1s obtained that upon firing
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yields a low carbon, very high specific surface area nanoscale
phosphate. The dry components were weighed and mixed
with a sufficient quantity of high purity acetone to create a
free-flowing suspension, and the mixture was roller-milled 1n
a sealed polypropylene jar using zirconia milling media for 24
hours, obtaining a homogeneous and finely-divided precursor
suspension. The precursor was thoroughly dried and then heat
treated 1n a tube furnace under tlowing argon gas (grade 5.0),
first at 350° C. for 10 h and then at 600° C. for 20 h. After heat
treatment, the specific surface area was measured using the
BET method and found to be 38.6 m*/g, for which the equiva-
lent spherical particle diameter was calculated to be 43.2 nm,
assuming a crystal density of 3.6 g/cm”. The carbon content
was analyzed by the combustion method and found to be
below 3 weight percent, such that the measured surface area
can be predominantly attributed to the nanoscale phosphate
phase. For powders prepared by this procedure, transmission
clectron microscopy imaging such as in F1GS. 1 and 2 showed
that the observed average particle diameter was close to the
equivalent spherical particle size calculated from the BET
specific surface area.

[0159] The fired powder was formulated into an electrode
having the following composition:

Nanoscale lithium iron phosphate powder 395¢
Super P carbon 0.50 g
Kynar 2801 binder 055¢
y-butyrolactone (solvent) 285 ¢

and mixed to create a free flowing suspension, then cast in a
uniform layer onto aluminum foil. The coating was dried in
vacuum at 100-110° C., after which 1t was measured to have
a thickness of about 100 micrometers, and punched 1nto discs
of 1-2 cm diameter as appropriate to {it Swagelok® or coin
cells. The electrode coatings were assembled into lithium
half-cells using Swagelok® or coin cell hardware, using a
microporous polymer separator, lithium foil as the negative
clectrode (total lithium content at least ten times greater than
the theoretical storage capacity of the positive electrode), and
a conventional nonaqueous lithium 1on battery electrolyte
containing L1PF . as the lithium salt. FIG. 18 shows the spe-
cific capacity of the nanoscale lithium iron phosphate as
measured from a Swagelok® cell. The ability of the nanos-
cale material to deliver high capacities at high charge or
discharge rates 1s remarkable. The discharge capacity reten-
tion here 1s used to describe the percentage of the capacity
measured at a particular C-rate, over the voltage range 2.0-3.
8V, compared to the capacity observed at C/5 rate over the
same voltage range, as shown 1n FIG. 16. At 1.8C rate, the
capacity retention was 95.9%; at 4.4C rate, the retention was
92.1%: at 9C rate, the retention was 88.1%: at 18C rate, 1t was
82.6%: at 31C rate, 1t was 75.6%; and at 44C rate, 1t was
69.1%. Those skilled in the art of battery materials will rec-
ognize that these are extraordinarily high capacity retention
values compared to conventional 1on storage materials. The
capacity measured during the first charging cycle for this
sample was about 6.6% less than the capacity during the first
discharge cycle, showing that the nonstoichiometry x of the
as-produced material 1s about 6.6%.

Example 2

[0160] A nanoscale 1on storage material having overall
composition L1, .oFePO, was synthesized and tested follow-
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ing procedures as described in Example 1, except thata larger
batch size was made and different sources of starting materi-
als were used. The composition was made using the following
proportions of starting materials:

L1,CO; (SQM) 7.4337 g
Iron (II) oxalate (Elementis) 36.2696 g
Ammonium phosphate (Heico) 225541 ¢

[0161] A larger sealed polypropylene container, and steel
milling media were used to mill the starting materials for 72
hours. Firing of the drnied powder was conducted in nitrogen
ol 99.999% purity, and the final firing condition was 700° C.
for 5 h. This powder was measured by the BET method to
have a specific surface area of 45.4 m”/g, corresponding to an
equivalent spherical particle diameter of 36.7 nm. Combus-
tion analysis showed that 1t had a residual carbon concentra-
tion of about 3 wt %. FIG. 5 shows test results from electrodes
and lithium half-cells constructed using Swagelok® hard-
ware as 1n Example 1. It 1s seen that the first-charge capacity
was lower than the first-discharge capacity by 11.5%, both
being measured at about a C/5 rate, showing that the nitial
nonstoichiometry of the sample may be about 11.5%. At
higher C-rates, outstanding capacity retention was observed.
At a 5C rate, the capacity retention was about 95%, at a 10C
rate, the capacity retention was about 90%, and at a 20C rate,
the capacity retention was 1n the range 66-72% for three cells
tested.

Example 3

[0162] Nanoscale i1on storage materials having overall
compositions LiFePO, and Li, o-FePO, were synthesized
and tested following procedures as described in Example 2,
with the mass of lithium carbonate being adjusted so as to
achieve the specified overall compositions. The LiFePO, and
L1, o .FePO, powders were measured by the BE'T method to
have a specific surface areas of 39.78 m*/g and 46.2 m°/g
respectively, corresponding to equivalent spherical particle
diameters of 41.9 nm and 36.1 nm respectively. Combustion
analysis showed the two powders to both have residual carbon
concentrations of 2.3 wt % and 3 wt % respectively. FIGS. 7
and 8 show the C/30 charge and discharge curves for these
two samples compared to a commercially purchased carbon-
coated LiFePO, from Sigma-Aldrich® Chemical Company
of several micrometer average particle size and markedly
inferior rate capability. Due to the very high rate capability of
these matenials, see FIG. 19, these low-rate charge/discharge
curves show the near-equilibrium voltages of the cells. From
these curves 1t 1s seen that during continuous charge and
discharge, a lithium nonstoichiometry x of at least about 15%,
and y of at least about 10% 1s obtained. FIGS. 12-14 show
PITT measurements of the nanoscale L1, ,.FePO, sample as
described earlier. During a single-step discharge to a voltage
> mV above the OCV, 4.5% of the total discharge capacity
measured at C/50 rate of 160 mAh/g (3.8V to 2V) 1s mea-
sured, showing that greater than about 4.35% nonstoichiom-
etry v can be obtained during dynamic discharging condi-
tions. During a single-step charge to a voltage 5 mV below the
OCYV, 10.5% of the total charge capacity (2.9V to 3.8V) was
measured, showing that greater than about 10.5% nonstoichi-
ometry X exists under dynamic charging conditions. By com-
parison, they and x values measured from the capacities at 5
mV above and below the OCYV for the comparison sample
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from Sigma-Aldrich® Chemical 1s only 0.7% and 1.2%
respectively. FIG. 16 and Tables 1 and 2 show X-ray powder
diffraction measurements of the nanoscale Li,_FePO,
sample as described earlier. From the Rietveld refinement of
this sample, a crystallite size of about 28 nm was determined,
which 1s close to the calculated equivalent spherical particle
s1ze and shows that the high surface area of the sample 1s due
to nanoscale crystallites of the lithium 1ron phosphate and not
due to a high surface area impurity or additive phase. FIG. 19
shows test results from three lithium half-cells constructed
using Swagelok® hardware as in Example 2.

Example 4

[0163] In this prophetic example, positive electrodes using
a nanoscale 10on storage matenals, for example, those of
Examples 1 and 3 (having been well-characterized 1n their
clectrochemical performance over a wide range of C-rates),
are used to construct a wound cylindrical lithtum-ion cell. A
high-rate graphite anode 1s employed, such as one utilizing
graphitized mesocarbon microbeads (MCMB, Osaka Gas
Co.) of a few micrometers mean diameter. The performance
of such cells, including charge capacity and energy at various
C-rates, can be modeled from the volumes and masses of the
cell constituents when the density, thickness and performance
of individual electrodes 1n prototype cells 1s known, as 1n the
present case. Starting from a fully charged state at 3.8V, and
discharging to a lower voltage limit of 2.0V, 1.e., for 100%
depth of discharge, the model shows that such cells will
exhibit specific power of at least about 500 W/kg (1000 W/L)
at specific energy of at least about 100 Wh/kg (205 Wh/L),
specific power of at least about 950 W/kg (2000 W/L) at
specific energy of at least about 95 Wh/kg (190 Wh/L), spe-
cific power of at least about 1300 W/kg (2500 W/L) at specific
energy of at least about 90 Wh/kg (180 Wh/L), and specific
power of at least about 1600 W/kg (3200 W/L) at specific
energy of at least about 85 Wh/kg (175 Wh/L). It 1s under-
stood that for shallower depth of discharge, the specific power
and power density can be sigmificantly higher than these
values.

Example 5

[0164] The nanoscale 1on storage material of composition
LiFePO, and having a specific surface area of 39.8 m~/g
described 1n Example 3 was used. In addition, a sample hav-
ing a specific surface area of 48.8 m”/g was prepared by the
same method, described in Example 2, with the exception that
the final firing was carried out at 600° C. For comparison, the
commercially-purchased carbon-coated LiFePO, from
Sigma-Aldrich® Chemical Company having specific surface
area of 14.8 m*/g described in Example 3 was used. All three
materials were prepare 1nto electrodes and tested in
Swagelok® cells using the procedures of Example 1. OCV
measurements were taken with the cells at 50% state of
charge, at the measurement temperature of interest, and after
waiting at least 12 hours. PITT measurements were con-
ducted as described previously, starting from a fully dis-

charged or charged state, and using voltage steps of 5 mV or
10 mV.

[0165] Referring first to FIG. 9, 1t 1s seen that the Sigma-
Aldrich® sample exhibits upon charging at room temperature
(23° C.), for an overpotential of 50 mV with respect to the
OCYV, a characteristic behavior wherein the charging current
rises slowly over time, peaking at about 4 hours, before
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decaying again. In FIG. 20, the discharge behavior at room
temperature (23° C.) 1s shown, for 5 mV voltage decrements.
A similar behavior 1s seen where at a constant voltage and
overpotential (note that herein, when referring to the dis-
charge process, the term “overpotential” 1s used to refer to the
amount by which the applied voltage 1s below the OCV), the
absolute value of the current rises slowly before decaying
again over a period of several hours. The discharge capacity
vs. C-rate of this matenial, shown 1n FIG. 6, 1s clearly imferior
to the nanoscale 10n storage materials of the invention. It 1s
thus apparent from both the magnitudes of the currents in
FIGS. 9 and 20, and the results 1n FIG. 6, that this character-
istic PITT behavior results 1n a low rate capability 1n both
charge and discharge.

[0166] The corresponding PITT data for the nanoscale
LiFePO, of 39.8 m*/g and 48.8 m*/g respectively are shown
in F1GS. 21-24. F1GS. 21 and 22 show the 23° C. charging and
discharging results for the sample 0of 39.8 m*/g. In FIG. 21, it
1s seen that on the voltage step where the greatest total amount
of current flows, the current decreases essentially monotoni-
cally until the lower current limit of the PIT'T measurement 1s
reached, and the voltage 1s stepped up again. In FIG. 22,
however, it1s seen that during discharge, the current decreases
more quickly with time, and also has large absolute values in
general. This discharge curve behavior corresponds to a high
discharge capacity at high rates, not shown but very similar to
that in FIGS. 5 and 19. The charge capacity vs. C-rate, while
still markedly higher than that of the Sigma-Aldrich®
sample, 1s not as high as the discharge capacity at equivalent
C-rate. Thus 1t 1s clearly shown that the requirements of the
material 1n order to obtain high charge rate behavior differ
from those required to obtain high discharge rate behavior.
FIGS. 23 and 24 show similar results for the sample of 48.8

m*>/g specific surface area, from which the same conclusions
are drawn.

[0167] The phase diagrams in FIGS. 3A and 4A imply that
with changes 1n temperature, the extent of solid solution wall
change, and along with 1t, the rate capabaility of the materials.
Thus the PITT behavior may be expected to change with
temperature. In FIGS. 25-28, PITT results at 45° C. for the
Sigma-Aldrich® sample and the nanoscale sample (48.8
m>/g) are shown. In FIG. 25, it is seen that at this elevated
temperature, the Sigma-Aldrich® sample still shows the
characteristic slow rise in current over about 4 hours, corre-
sponding to poor charge rate performance. FIG. 26 shows the
discharge rate behavior at 45° C. Here a monotonic decrease
in the absolute value of the current 1s seen on each voltage
step, corresponding to improved discharge rate performance.
It 1s therefore seen that for this sample, at 45° C., the amount
ol energy obtainable at high discharge rates may be signifi-
cantly improved compared to room temperature, but the
amount of energy that can be stored upon high rate charge 1s
not substantially improved. In FIGS. 27 and 28, PI'TT results
for the nanoscale LiFePQO, of 48.8 m*/g specific surface area
rate are shown for charge and discharge respectively. By
comparison, this material exhibits PITT characteristics cor-
responding to excellent charge and discharge performance.
The same is seen for the sample of 39.8 m*/g specific surface
area.

[0168] Thus this Example shows that, firstly, for a given
material, at a constant temperature the charge and discharge
capacity at equivalent C-rate will differ. Secondly, 1n general
the charge capacity will be lower at the same C-rate, neces-
sitating a different set of selection criteria for the design of
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high charge rate batteries compared to those which only need
to exhibit high discharge rate capability.

[0169] As will be apparent to one of skill in the art from a
reading of this disclosure, the present invention can be
embodied 1 forms other than those specifically disclosed
above. The particular embodiments described above are,
therefore, to be considered as illustrative and not restrictive.

The scope of the mnvention 1s as set forth 1in the appended
claims, rather than being limited to the examples contained 1n
the foregoing description.

1. A lithium transition metal phosphate powder having a
specific surface area of at least 15 m*/g and having a solid-
solution lithtum nonstoichiometry at room temperature (23°
C.) that 1s at least 2 mole % more than the solid-solution
lithium nonstoichiometry of a lithtum transition metal phos-
phate of the same 1deal composition prepared 1n a bulk form
or as apowder of specific surface area less than about 10 m?/g,
wherein the lithium transition metal phosphate has a compo-
sition L1, MPO,, where M 1s one first-row transition metal,
and 0<x<0.3 wherein the solid-solution comprises Li,_
*MPO, and L1 FePO, and 0.01<y<0.2.

2. The lithium transition metal phosphate powder of claim
1, wherein the powder has a specific surface area of at least 20
m-/g.

3. The lithium transition metal phosphate powder of claim
1, therein the powder has a specific surface area of at least 25
m-/g.

4. The lithium transition metal phosphate powder of claim
1, wherein the powder has a specific surface area of at least 30
m~/g.

5. The lithium transition metal phosphate powder of claim
1, wherein the lithium transition metal phosphate has an
olivine structure.

6. (canceled)

7. The lithium transition metal phosphate powder of claim
1, wherein M 1s 1ron.

8. A partially lithiated 1iron phosphate composition of an
olivine structure having at room temperature a single crystal-
line phase of the olivine structure, a solid solution composi-
tion LiFePO, and Li, FePO,, wherein 0<x<0.3 and
0.01<y=0.2, and a specific surface area of at least 15 m*/g.

9. The partially lithiated 1ron phosphate composition of
claim 8, wherein y 1s greater than 0.02.

10. The partially lithiated iron phosphate composition of
claim 8, wherein v 1s greater than 0.03.

11. The partially lithiated iron phosphate composition of
claim 8, wherein v 1s greater than 0.04.

12. The partially lithiated iron phosphate composition of
claim 8, wherein y 1s greater than 0.05.

13. The partially lithiated iron phosphate composition of
claim 8, wherein y 1s greater than 0.06.

14. The partially lithiated iron phosphate composition of
claim 8, wherein vy 1s greater than 0.07.

15. The partially lithiated iron phosphate composition of
claim 8, wherein y 1s greater than 0.08.

16. The partially lithiated iron phosphate composition of
claim 8, wherein v 1s greater than 0.09.

17. The partially lithiated iron phosphate composition of
claim 8, wherein y 1s greater than 0.10.

18. (canceled)

19. The partially lithiated iron phosphate composition of
claim 8, wherein the lithium 1ron phosphate has a specific
surface area greater than 20 m”/g.
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20. The partially lithiated 1ron phosphate composition of
claim 8, wherein the lithium 1ron phosphate has a specific
surface area greater than 25 m*/g.

21. The partially lithiated 1ron phosphate composition of
claim 8, wherein the lithium 1ron phosphate has a specific
surface area greater than 30 m*/g.

22. A lithium transition metal phosphate compound char-
acterized 1n that, when used as a lithium storage electrode 1n
a standard electrochemical cell wherein the counterelectrode
1s lithium metal, the compound exhibits a continuously
decreasing charging current upon charging in a potentiostatic
intermittent titration (PITT) procedure at a constant overpo-
tential of 50 mV above the open-circuit voltage of the cell,
said open-circuit voltage being measured after charging to a
50% state of charge and holding for at least 12 hours.

23. The lithium transition metal phosphate compound of
claim 22, wherein said open-circuit voltage 1s measured after
charging to a 50% state of charge and holding for at least 12
hours at 25° C.

24. The lithium transition metal phosphate compound of
claim 22, wherein said open-circuit voltage 1s measured after
charging to a 50% state of charge and holding for at least 12
hours over a temperature range of about —20° C. to about 55°

C.

25. The lithium transition metal phosphate compound of
claim 22, wherein the compound 1s lithtum transition metal
phosphate L1,  MPO,,, wherein M 1s one or more first-row
transition metals and x has a value between zero and 1.

26. The lithium transition metal phosphate compound of
claim 22, wherein the lithium transition metal phosphate has
an olivine structure.

27. The lithium transition metal phosphate compound of
claim 26, the compound 1s L1, FePO,, wherein M 1s one or
more first-row transition metals and x has a value between
zero and 1.

28. A lithium transition metal phosphate compound char-
acterized 1n that, when used as a lithium storage electrode 1n
a standard electrochemical cell wherein the counterelectrode
1s lithium metal, the compound exhibits a continuously
decreasing charging current upon discharging in a potentio-
static intermittent titration (PITT) procedure at a constant
overpotential of 50 mV above the open-circuit voltage of the
cell, said open-circuit voltage being measured after charging
to a S0% state of charge and holding for at least 12 hours.

29. The lithium transition metal phosphate compound of
claim 28, wherein said open-circuit voltage 1s measured after
charging to a 50% state of charge and holding for at least 12
hours at 25° C.

30. The lithium transition metal phosphate compound of
claim 28, wherein said open-circuit voltage 1s measured after
charging to a 50% state of charge and holding for at least 12
hours over a temperature range of about —20° C. to about 55°
C.

31. The lithium transition metal phosphate compound of
claim 28, wherein the compound 1s lithtum transition metal
phosphate L1,  MPO,,, wherein M 1s one or more first-row
transition metals and x has a value between zero and 1.

32. The lithium transition metal phosphate compound of
claim 28, wherein the lithium transition metal phosphate has
an olivine structure.

33. The lithium transition metal phosphate compound of
claim 32, the compound is Li1,_ FePO,,, wherein M 1s one or
more first-row transition metals and x has a value between
zero and 1.




US 2015/0236349 Al

34. A method of storing electrical energy comprising
charging a lithium storage battery comprising the transition
metal phosphate compound of claim 28 at a C-rate of at least
2C, said C-rate being the average C-rate for a current being
applied over a period of at least 5 sec.

35. The method of claam 34, comprising charging the
lithium storage battery at a C-rate of at least SC.

36. The method of claim 34, comprising charging the
lithium storage battery at a C-rate of at least 10C.

37. The method of claaim 34, comprising charging the
lithium storage battery at a C-rate of at least 15C.

38. The method of claam 34, comprising charging the
lithium storage battery at a C-rate of at least 20C.

39. The method of claim 34, comprising charging the
lithium storage battery at a C-rate of at least 30C.

40. The method of claim 34, comprising charging the
lithium storage battery at a C-rate of at least 40C.

41. The method of claim 34, comprising charging the
lithium storage battery at a C-rate of at least S0C.
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42. The method of claim 34, wherein said C-rate 1s the
average C-rate for a current being applied over a period of at
least 10 sec.

43. The method of claim 34, wherein said C-rate 1s the
average C-rate for a current being applied over a period of at
least 20 sec.

44. The method of claim 34, wherein said C-rate 1s the
average C-rate for a current being applied over a period of at
least 30 sec.

45. A method of storing and delivering electrical energy
comprising charging a lithium storage battery comprising the
lithium transition metal phosphate compound of claim 28 at a
C-rate of at least 2C, and discharging at a rate of at least 2C.

46. The method of claim 45, comprising charging at a
C-rate ranging from at least 5C up to at least 50C.

4'7. The method of claim 45, comprising discharging at a
rate ranging from at least SC up to at least 50C.

G s x ex e
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