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NANOSCALE PORE STRUCTURE CATHODE FOR HIGH POWER APPLICATIONS AND
MATERIAL SYNTHESIS METHODS

Cross-Reference to Related Application

[0001] The present application claims priority from U.S. Provisional Application Serial No.
62/185,457, filed on June 26, 2015, and U.S. Provisional Application Serial No. 62/294,888 filed

February 12, 2016, which are icorporated herein by reference for all purposes.

Field

[0002] This application relates to matenals and methods for battery electrodes, materials used
therem, and electrochemical cells using such electrodes and methods of manufacture, such as lithium

10n batteries.

Background and Summary

[0003] Lithium-1on (Li-10n) batteries are a type of rechargeable battery which produces energy
from electrochemical reactions. In a typical lithium 10n battery, the cell may include a positive electrode,
a negative electrode, an 1onic electrolyte solution that supports the movement of 1ons back and forth
between the two electrodes, and a porous separator which allows 10on movement between the electrodes

and ensures that the two electrodes are electrically 1solated.

[0004] Li-10n batteries” success 1n the consumer electronics market has resulted in their use 1n the
transportation industry for hybnd electric vehicles (HEVs), plug-in hybrid electric vehicles (PHEVs),
and clectric vehicles (EVs). While rechargeable lithium-1on batteries have found multiple applications
in portable electronics, high charge and discharge rates are secondary design considerations. However,
when considering the use of rechargeable lithium-1on batteries 1 the transportation industry, the ability
to sustain high charge and discharge rates becomes important. Transportation industry applications, as
well as the ever increasing demand for more powerful portable electronic devices, has prompted the
nced for batteries that can consistently maintain large charge and discharge current densities. Thus,
clectrode matenals having irregular surfaces resulting in high interfacial surface arcas and short
characteristic diffusion lengths, either through a porous structure or nanoscale primary particle size, are
expected to provide lithium-ion batteries with high power densities. Safety 1s also becoming an

important factor in the design of new Li-10n batteries, especially for transportation applications.

[0005] To address the safety concern associated with oxide based cathode matenals, lithium 1ron
phosphate (LFP) 1s considered a good replacement candidate as 1t 1s thermodynamically stable and does
not release oxygen upon decomposition. This 1s especially true for low voltage starter, start-stop, and
mild-hybrid battery applications. When considering LFP as the cathode material, the characteristics 1n

terms of morphology, chemical composition, and particle size may be carctully controlled. Because
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different LFP precursor materials and different synthesis routes are employed by material suppliers,
special attention may first be given to impuritics and ensuring the correct composition. The incorrect
composition and impurities can have a detrimental impact on LFP performance and thus the lithium-
1on battery as a whole. Secondly, the various synthesis methods utilized by matenal suppliers can result
1in non-ideal primary and secondary particle sizes, an average surface arca that 1s too low, and a particle
morphology that can limit the rate performance of the cathode. An LFP with carcfully controlled
clectrochemical and physical characteristics 1s therefore needed to provide consistent results when
incorporated into lithium-1on batteries.

[0006] One example of an LFP matenial to be used as a high power clectrode material was
disclosed by Beck et al in U.S. Patent Application No. 14/641,172. For example, mn U.S. Patent
Application No. 14/641,172, the active electrode material includes LFP synthesized from a
spheniscidite FePO4 (NHs4Fe2(PO4),OH*2H,0) precursor, herein also referred to as spheniscidite
FePO4-LFP. Utilizing spheniscidite FePOy as the 1ron phosphate (FePO4) precursor material resulted in
specific particle morphology with high surface areca and enhanced surface features. These properties
resulted 1n an active electrode material with exceptionally high power, especially at temperatures at 0°
C and below, when compared to other LFP-active clectrode materials at low temperatures. This
spheniscidite FePO4-LFP demonstrated improved cold crank performance for low voltage starter, start-
stop, and mild-hybrid battery applications. The LFP synthesized from a spheniscidite FePO4 precursor,
including the above, discussed properties as disclosed in U.S. Patent Application No. 14/641,172,
entitled “High Power Electrode Matenals,” filed March 6, 20135, the entire contents of which are hereby

incorporated by reference for all purposes.

[0007] The nventors herein have recognized that there are three key reasons for further
development of the technology described in U.S. Patent Application No. 14/641,172 titled “"High Power

Electrode Matenals": (1) to increase the first charge capacity (FCC); (2) to eliminate use of vanadium

in the plus five (+5) oxidation state; and (3) mitigate ammonia (NH3) emission during the precursor

preparation and calcination processes.

[0008] Low FCC, when compared to the theoretical capacity of the active matenal, reduces the
energy density of the lithium-ion battery. Therefore, an increase 1n the FCC when compared to current
LFP matenals, for example the LFP synthesized from spheniscidite FePO4, would improve the overall

energy density of the cell without negatively impacting the power performance.

[0009] Trivalent vanadium 1s considerably more benign than pentavalent vanadium. Replacing
the pentavalent vanadium as described 1n U.S. Patent Application No. 14/461,172 with a non-obvious
trivalent vanadium precursor promotes an FCC increase and NH; emission decrease, while maintaining
the rate and low temperature power performance of the LFP. It 1s additionally necessary to use pollution
control systems when manufacturing a product that results 1n a measurable release of NHz. These

pollution control systems result in an added manufacturing cost. The increased cost coupled with the
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commitment to enhance the environmentally friendliness of our manufacturing processes, provide
significant drivers to eliminate, or significantly reduce, the NH; emission associated LFP production as
described 1 U.S. Patent Application No. 14/641,172. As described herein, the inventors have
recognized replacement of spheniscidite FePO4, which 1s most likely the main precursor contributing
to the NH; emissions, with a non-obvious 1ron phosphate precursor that results in an FCC increase while
maintaining the rate and low temperature power performance of the LFP 1s desirable both from an

economic and safety perspective.

[0010] An additional area of development that 1s a focus of the teachings contained herein 1s to
mitigate the moisture uptake of the final LFP both in powder form and when incorporated into an
clectrode of an electrochemical energy storage device. Engineering a particle pore structure that can
maintain high surface arecas, maintain parity in terms of the cumulative pore volume when compared to
the prior art, while stmultancously shifting the majority of the pores to a diameter on the nanometer
scale, can mitigate performance and manufacturing challenges that have been attributed to elevated
levels of moisture 1n the lithium-1on cell. Elevated levels of moisture uptake 1 an active material can
impact lithium-1on battery cell manufacturing as the electrodes that contain the active material with the
high levels of moisture may be thermally treated to remove the moisture, kept in a dry environment,
and then thermally treated again once incorporated into the electrochemical energy storage device
betore the liquid electrolyte 1s added. The described process requiring multiple thermal treatments adds

time and cost to the manufacturing process.

[0011] If the moisture from the active matenal 1s not effectively removed from the energy storage
device, the moisture can diffuse through the liquid electrolyte until in contact with the negative
clectrode. Once 1n contact with the negative electrode, the moisture can be electrochemically reduced
thereby forming a gas. Gas formation within the cell 1s not 1deal as 1t causes a pressure increase that can
be a detriment to the longevity of the encergy storage device. Moisture, once introduced into the device,
has been demonstrated to react with certain lithium-ion salts utilized 1in Iithium-ion battery electrolytes.
This reaction results 1n the formation of corrosive species that degrade the performance of the device
components leading to decreased device function and reduced lifetime. In addition, the corrosive
species that could be formed by the above demonstration, may contribute to the formation of an
clectrochemically 1mnactive Li-species. The formation of this mactive species accelerates the reduction
of the encrgy storage capacity of the device and thus detrimentally impacts the device life.

[0012] To that end, the inventors herein disclose methods and materials 1n general including
1identifying zero NHsz emission, or low NHsz emission, formulation(s) of LFP utilizing synthesis methods
that provide an improved FCC, maintain high rate capability (defined as a 10C discharge capacity of
orcater than 140 mAh/g at 23° C), and ensure the low temperature performance (defined as a direct

current resistance (DCR) of less than 10 ohm when measured for 20 mAh double layer pouch (DLP)
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cell at -20° C). As another non-limiting example, the DCR value may be less than 9 ohm. In another

non-limiting example, the low temperature performance may be less than 8.5 ohm.

[0013] The mnventors herein have also recognized materials and methods that further improve the
FCC and rate capability, as well as reduce moisture uptake (thus resulting 1n a reduction 1n gas formation
during the life of the lithium-1on battery) while maintaining low or no NH; emission. In one example,
an LFP electrochemically active matenal for use 1n an electrode comprising a phosphate to 1ron molar
ratio of 1.000-1.050:1, a dopant comprising vanadium 1n a trivalent state and optionally a co-dopant
comprising cobalt, and a total non-lithium metal to phosphate molar ratio of 1.000-1.040:1 1s provided.
As another example, an LFP electrochemically active material may be provided which may comprise a
phosphate to 1ron molar ratio of 1.020-1.040:1 and a dopant comprising vanadium 1n a trivalent state,
wherein the optionally comprising a cobalt co-dopant and comprising a total non-lithium metal to
phosphate molar ratio of 1.001-1.020:1. Still, a further example LFP electrochemically active matenal
may comprise a phosphate to iron molar ratio of 1.0300-1.0375:1, a dopant comprising vanadium 1n a

trivalent state, optionally comprising a cobalt co-dopant, and a total non-lithium metal to phosphate

molar ratio of 1.0025-1.0050:1.

[0014] As a specific example, an LFP electrochemically active matenal synthesized from an 1ron
phosphate precursor with an 1ron weight percent 1in the range of 28-37 wt.%, and 0-5 dopants wheremn
on¢ dopant may be vanadium which may be present in the LFP formula within the range of 0.0-5.0
Mol.% and one dopant may be cobalt which may be present in the LFP formula within the range of 0.0-
1.0 Mol .%. As another non-limiting example, an LFP maternial synthesized from an 1ron phosphate
precursor with an 1ron weight percent 1n a range of 35-37 wt.% and 1-2 dopants wherein one dopant
may be vanadium which may be present in the LFP formula 1n a range of 2.0-4.0 Mol.% and one dopant
may be cobalt which may be present in the LFP formula 1n a range from 0.0-0.5 Mol.%. Still a further
example of an LFP clectrochemically active material may be synthesized from an 1ron phosphate

precursor with an 1ron weight percent 1n a range between 36.0 and 37.0 wt.%.

[0015] A method to form an LFP electrochemically active maternial for use in an electrode,
comprises mixing a vanadium dopant 1n a trivalent state, a lithium source, a carbon source, an 1ron
phosphate source with an 1ron content of at least 28 wt.% and a phosphate to 1iron molar ratio of 1.000-
1.040:1, and optionally a co-dopant, adding a solvent to form a slurry, milling the slurry, drying the
milled slurry to form an LFP precursor powder, firing the dried powder to obtain the LFP
clectrochemically active material, wherein the LFP comprises the vanadium dopant and/or co-dopant
partially substituting Fe 1n a crystal lattice structure, a phosphate to 1ron molar ratio of 1.000-1.050:1,
and a total non-lithium metal to phosphate molar ratio of 1.000-1.040:1.

[0016] Further, the final LFP powder may have a surface area greater than about 25 m?/g within

the range of 25-35 m*/g for example. Further, as a non-limiting example, the final LFP powder may
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have, a tap density within a range of 1.0-1.5 g/mL, and an FCC of greater than 145 mAh/g and a 10C
discharge capacity of greater than 135 mAh/g.

[0017] As another example, the final LFP powder may comprise a surface arca in the range of 28-
32 m*/g, a tap density within the range of 1.10-1.40g/mL, an FCC of greater than 150 mAh/g, and a
10C discharge capacity of greater than 138 mAh/g. A further example of the final LFP powder may
comprise a surface area in the range of 29-31 m?/g, a tap density in the range of 1.20-1.30 g/mL, an

FCC greater than 152 mAh/g, and a 10C discharge capacity of greater than 140 mAh/g.
[0018] The general purpose of the present teachings described herein relates to the physical

structure of materials, methods to synthesize those materials, methods to 1dentify successtul process of
said materials, and the use of those materials 1n an electrochemical energy storage device. The teachings
presented herein are most directly applicable to lithium-ion based electrochemical energy storage
devices, but not limited to such a device 1f practiced by one skilled in the art. A lithium-1on based
clectrochemical energy storage device may utilize two electrodes, an electrolyte solution, and a porous,
clectrically insulating separator containing said electrolyte that 1s placed between the electrodes. When
constructed 1n the above described manner, these energy storage devices can reversibly store energy
through reduction and oxidation reactions that occur 1n the active materials incorporated into the
clectrodes. The previous discussion regarding the active components chemical composition, electrolyte,
overall reactions when energy 1s being stored or released, and the mechanism for which charged species

are transported within the device 1s applicable to these teachings as well.

[0019] As provided herein, systems and methods for sustamning large charge and discharge
currents while mmimizing the cell capacity are disclosed, especially with the use of lithium-1on battery
technology for low voltage transportation applications. The requirement has prompted the need for
batteries that can consistently maintain large charge and discharge current densities while maintaining

a high level of safety.

[0020] The disclosed embodiments may include manipulating the primary and secondary particles
pore structure such that the total pore volume reaches parity with the teachings described 1n U.S. Patent
Application Number 14/641,172 and further shifting the pore size distribution such that a large
percentage of the pores are 1n the sub 10-nm range. The result of holding the total pore volume constant
while shifting the pore size to smaller diameters reduces the overall moisture uptake. Another
embodiment discloses optimal unexpected dopant levels as well as the speciation of the dopants which
arec cffectively incorporated into the LFP crystal structure as measured by an increase in the rate
performance along a wide temperature range. An additional embodiment of this present disclosure
includes the production and thermal response of the LFP precursor powder ensuring a final LFP product
with the needed physical and electrochemical attributes to function as a high rate cathode for lithium-

10n batteries.
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[0021] It will be understood that the summary above 1s provided to introduce, i simplified form,
a selection of concepts that are further described 1n the detailed description. It 1s not meant to 1dentify
key or essential features of the claimed subject matter, the scope of which 1s defined uniquely by the
claims that follow the detailed description. Furthermore, the claimed subject matter 1s not limited to

implementations that solve any disadvantages noted above or 1n any part of this disclosure.

Briet Description of the Drawings

[0022] FIG. 1 1s an illustration of 1iron phosphate precursors and dopant precursors and their

contribution to NH; emission during LFP synthesis.

[0023] FIG. 2 1s an 1llustration of vanadium phosphate synthesis steps.

[0024] FIG. 3 1s a high magnification SEM 1mage of spheniscidite FePO;.

[0023] FIG. 4 1s a high magnification SEM 1mage of a FePO4*qH>0 sample.

[0026] FIG. 5 1s a high magnification SEM image of a second FePOs*qH,O sample.

[0027] FIGS. 6A and 6B are low and high magnification images of pure phase (PP) FePO4-LFP

synthesized using the methods and precursors described herein.

[0028] FIG. 7 1s a magnified image of PP FePO4-LFP synthesized using the methods and

precursors described herein.

[0029] FIG. 8 1s a pore size distribution curve of the modified PP FePO4-LFP synthesized using

the methods and precursors described herein as compared to spheniscidite FePO4-LFP.

[0030] FIG. 9 1s a chart comparing moisture uptake of spheniscidite FePO4-LFP and PP FePOs-

LFP 1in powder and electrode forms.

[0031] FIG. 10 1s a chart comparing moisture uptake of spheniscidite FePO4-LEFP and PP FePOs-

LFP at different exposure times.

[0032] FIG 11 1s an example method for the synthesis of LFP with low or no NHj; release using

the disclosed dopant precursor(s).

[0033] FIGS. 12A and 12B are interval plots of the various LFP samples described herein that
compare the DCR at room temperature and -20 °C

[0034] FIG. 13 1s a voltage versus time plot that provides an indication of the cold crank capability
of the various LFP samples described herein at -30 °C.

[0035] FIGS. 14A and 14B are interval plots of the various LFP samples described herein that
compare the DCR, at room temperature and -20 °C.

[0036] FIGS. 15A, B, and C are plots measuring FCC, 10C discharge capacity and surface arca
of a FePO4-LFP formulation with a secondary impurity phase.

[0037] FIGS. 16A, B, and C are plots measuring FCC, 10C discharge capacity and surface arca
of a PP FePO,-LFP formulation.

[0038] FIG. 17 shows an 1llustration of thermal zones from a thermal analysis.

Page 6 of 29
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[0039] FIG. 18 shows an example ¢lectrode assembly.
[0040] FIGS. 19A and 19B show a wound cell example.

Detailed Description

[0041] The present disclosure will now be described more fully heremnafter with reference to the
accompanying drawings, in which exemplary embodiments of the invention are shown. The particular
embodiment(s) 1s merely exemplary 1n nature and 1s in no way intended to limit the scope of the
invention, 1ts application, or uses, which may, of course, vary. The imnvention 1s described with relation
to the non-limiting definitions and terminology included herein. These definitions and terminology are
not designed to function as a limitation on the scope or practice of the invention but are presented for
illustrative and descriptive purposes only. While the processes or compositions are described as an order
of individual steps or using specific matenals, 1t 1s appreciated that steps or materials may be
interchangeable such that the description of the invention may include multiple parts or steps arranged
1IN many ways.

[0042] Components, process steps, and other elements that may be substantially the same 1n one
or more embodiments are 1dentified coordinately and are described with minimal repetition. It will be

noted, however, that elements 1dentified coordinately may also differ to some degree.

[0043] The terminology used herein 1s for the purpose of describing particular embodiments only

and 1s not intended to be limiting. As used herein, the singular forms "a," "an," and "the" are intended
to include the plural forms, mmcluding "at least one," unless the content clearly indicates otherwise. "Or"
means "and/or.” As used heren, the term "and/or" includes any and all combinations of one or more of
the associated listed 1tems. It will be further understood that the terms "comprises” and/or "comprising,”
or "includes"” and/or "including"” when used 1n this specification, specity the presence of stated features,
regions, Integers, steps, operations, elements, and/or components, but do not preclude the presence or
addition of one or more other features, regions, mtegers, steps, operations, clements, components,

and/or groups thereof. The term "or a combination thercof” or "a mixture of" means a combination

including at least one of the foregoing elements.

[0044] Unless otherwise defined, all terms (including technical and scientific terms) used herein
have the same meaning as commonly understood by one of ordinary skill in the art to which this
disclosure belongs. It will be further understood that terms such as those defined in commonly used
dictionaries, should be interpreted as having a meaning that 1s consistent with their meaning 1n the
context of the relevant art and the present disclosure, and will not be interpreted 1n an 1dealized or overly

formal sense unless expressly so defined herein.

[0045] The present disclosure provides an environmentally friendly LFP formulation utilizing low
ammonium, Or no ammonium, containing precursor species as well as replacing dopants precursors with

more¢ effective and benign maternials. The disclosed LFP matenal reduces NH; emissions, and can
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completely elimimate NH3; emissions, as illustrated m FIG. 1. This 1s in contrast to previous LFP
synthesis methods and precursors as described mm U.S. Patent Application No. 14/641,172. The LFP
described herein 1s synthesized from dopants comprising safer metal 1ons, such as a trivalent vanadium
ion. The tnivalent vanadium 1on may be provided as vanadium phosphate, for which an example
synthesis method 1s 1llustrated in FIG. 2. The LFP also includes difterent FePO4 precursors that were
indicated in FIG. 1. These FePO4 precursors have different crystalline structures and showed different
morphology as shown in FIG. 3, FIG. 4, and FIG. 5. Using the different FePO4 precursors, when
compared to the prior art, did not negatively impact the primary particle size or the overall LFP particle
morphology as illustrated in FIG. 6A, FIG. 6B, and FIG. 7. The different precursors and synthesis
methods did, however, contribute to a beneficial change 1n the pore size distribution within the particles
as 1llustrated in FIG. 8. The control of the pore size, pore size distribution, and pore volume may help
1in decreasing moisture uptake as shown in FIGS. 9 and 10. Synthesizing an LFP (as shown 1n FIG. 11)
using the FePO4 precursor described herein may result in the improved properties as displayed in FIGS.
12-16 , with regards to FCC, DCR, surface arca, 10C capacity, etc. The high purity of the precursor
material 1s important, and FIG. 17 further shows a thermal profile of said LFP precursor powder that
may result in the aforementioned improved properties. As one example, the LFP precursor may
experience a thermal weight loss of less than 40%, more specifically less than 30% and more
specifically, less than 25%. Thus, an 1ron phosphate with no NHjs release during synthesis, may be used
to synthesize the LFP including a trivalent vanadium dopant to produce a high pertormance LFP, while

also decreasing moisture uptake, and further may be incorporated into electrochemical cells, as shown

in FIGS. 18 and 19.

[0046] In order to minimize, or completely eliminate, the NHz emission from the synthesis
process, thereby improving the process described in the prior art, the source(s) of the emission and

viable replacement candidates may be i1dentified. This analysis 1s highlighted mn the illustration shown

in FIG. 1.
[0047] Tuming to FIG. 1, the LFP as described herein may have two sources of NHz emissions.

In other examples, additional sources of NH; emissions may be present and additional replacement
candidates may be identified. As shown 1n schematic 100, the first and most significant source 1s the
FePO4 precursor and the second 1s the dopant precursor. As demonstrated by the illustration, when
spheniscidite FePO4, (NHyFe2(PO4),OH*2H,0), 15 utilized as the FePOg4 source, significant NHz may
be released. When the spheniscidite FePO4 1s replaced with FePO4s*gH»O, where q can vary from
approximately 0 to 2, the NHz emission from the FePO4 source 1s eliminated. In one example, the
FePO4*gH>0 may be a pure-phase FePO4 (PP FePO,) or a FePO4comprising a secondary impurity phase
(SP FePQO,). The second source of NHz emission 1s associated with the ammonium vanadate (NH4VO5)
dopant. The NH; may be eliminated by utilizing VPOj4, a chemically compatible species with LFP that
1s not commercially available and for which the novel synthesis 1s described as an embodiment of this

present disclosure. In order to achieve the targeted LFP performance, as articulated herein, a cobalt
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based co-dopant has been investigated at low concentrations. While this precursor has the potential to
release NH3 during the LFP synthesis process, the release may be negligible and dramatically less when
compared to the LFP synthesis described previously for current LFP materials. Alternatively, a cobalt
precursor that does not release NH; has also been 1dentified and 1s 1llustrated in FIG. 1. All different
LFP samples that were investigated for this work used the FePO4s*qH,O (PP FePO, or including SP
FePO,), combined with NHsVO; or VPO, dopant, and 1n the presence or absence of a cobalt based co-
dopant.

10048]

comprise no ammonium 1n the formula that can be subsequently reduced to NH; during the synthesis

The low NH; LFP method described herein includes 1ron phosphate precursors which

process. The LEFP synthesized from the 1ron phosphate precursor material further includes a P/Fe ratio
of 1.000-1.050:1 1n the final LFP powder. Additionally, the low NH3; LFP method can include multiple
dopant formulations as listed at FIG. 1. The dopant may substitute for the Fe in the LFP crystal lattice
structure. The electrochemical performance and physical characteristics for LFP synthesized with
varying vanadium dopant precursor concentrations, vanadium dopant precursor species, and the
addition of a cobalt based co-dopant with FePO4*qH»20, where q can vary from approximately 0 and 2,
arc highlighted 1n Table I and Table II below.

Carbon Tap Surface Discharge
Dopant | FCC ,
Conten | Density Area Capacity (mAh/g)
(Molar %) , (mAh/g)
t (%) (g/ml) (m~/g) 0.2C 10C
4% VPOyq
Ex. 1 2.3 1.32 29.33 144 .5 153.8 145 .2
0.25%NH;CoPO4
4% VPOy
Ex. 2 2.7 1.49 20.26 150.8 1534 124.5
O%NH4COPO4
49%NH4VOs
Ex. 3 2.6 1.56 19.57 150.9 151.9 117.0
O%NH4C0PO4
39%NH4VO;
Ex. 4 2.8 1.59 19.91 148.9 150.3 117.7
O%NH4COPO4

Table I Example dopant formulations for low NHz emission LFP method

[0049]
Thus, simply replacing the spheniscidite FePO4 and ammonium vanadate with FePO4s*qH»0, where q

There are a number of key, unexpected findings from the variation i synthesis precursors.

1s not optimized, and vanadium phosphate may not consistently yield the improved rate performance as
outlined herein. While the target FCC and elimination of NHz emission from the synthesis may be
achieved, the rate performance may not be as high as demonstrated in Ex. 2 highlighted in Table I.
Additionally, replacing the spheniscidite FePO4 with FePO4*qH»0, where q 1s not optimized, while
utilizing the ammonium vanadate as the dopant precursor may also result in an LFP powder with

unsatistactory physical properties and electrochemical performance as highlighted in Table I, Ex. 1. It
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was unexpectedly found that a combination of the FePO4*qH»>0O, where q 1s not optimized, vanadium
phosphate, and a cobalt based co-dopant included 1n the formulation resulted in the improved LFP
material as demonstrated by Ex. 1 in Table 1. For example, at the low molar percentage outlined 1n
Table I, a substantial increase in the LFP surface arca and rate capability was observed using 0.25%
NH;sCoPO,; 1n combimation with the specific 1iron phosphate and vanadium source. This result
demonstrates that a co-dopant approach i which the minority dopant 1s cobalt based with ammonium
as a constituent of the precursor molecule increases the LFP particle surface arca by approximately 50%
as well as resulting 1n a 10C discharge capacity greater than 140 mAh/g. However, the target FCC of
orcater than 150 mAh/g may not be achieved. In other examples, other cobalt based ammonium
precursor molecules may increase the LFP material properties such that all of the target metrics are

achieved.

[00350] Another potential iron phosphate precursor as highlighted in FIG. 1 that eliminates NH;

emissions from the 1ron phosphate precursor during the synthesis process 1s FePO4*qH»>0O, where q 1s
optimized, which also has a P/Fe ratio of 1.000-1.050:1 1n the final LFP powder. As described 1in Table
II below, this precursor was also utilized with multiple dopant species and formulations 1 order to
attain the desired LFP physical and electrochemical characteristics described herein. As 1n the
previously described synthesis with FePO4*qH20, where g 1s not optimized, the dopant 1s substituting
the Fe 1n the LFP crystal. The clectrochemical performance and physical characteristics for LEP
synthesized with varying vanadium dopant precursor concentrations and vanadium dopant precursor

species with FePO4*qH,0O, where g may vary from approximately O and 2 are highlighted 1n Table II.

Carbon Tap Surface Discharge
Dopant | FCC ,
Content | Density Areca Capacity (mAh/g)
(Molar %) , (mAh/g)
(%) (g/ml) (m~/g) 0.2C 10C
Ex. 1 4% NH4VO; 2.7 1.26 24.19 150.9 155.3 141.6
Ex. 2 49 VPOy 2.8 1.34 26.16 152.6 157.7 142.6
Ex. 3 2% NH4VO; 2.4 1.39 21.49 152.2 157.5 138.8
Ex. 4 2% VPOy 2.3 1.37 23.64 152.6 158 .4 141.0

Table II-Electrochemical performance and physical characternistics for LFP with varying vanadium
dopant precursor concentrations

[0051]

equivalent to that utilized in the spheniscidite FePO4-LFP synthesis, the room temperature performance

When using FePOs*qH20, where q 1s optimized, and VPO4 at a dopant concentration

in terms of the FCC 1s superior when compared to spheniscidite FePO4-LFP and the 10C discharge are

above the target value as demonstrated by Ex. 2 in Table II. As carbon content and tap density values
arc 1 a comparable range, the surface arca, however, 1s below target which results in a DCR at -20 °C

orcater than the target resistance. Thus, the combination of FePO4s*gH,0O and the vanadium dopant
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described above as precursors for LFP production significantly reduce and/or eliminate NH3; emissions
while coming close to meeting all of the target requirements as articulated herein. As an example, the
FePO4*gH>0O where g may range between 0 and 2 and wherein the water may be present 1n the range
of 0.0-20 wt.% may be provided. In another example, where g may be 0, the water may be present at
less than 5 wt.%. In another example, the ammonium vanadate can be replaced by vanadium phosphate,
thereby completely elimiating the NH; emission from the LFP synthesis and replacing the pentavalent
vanadium with the more benign trivalent vanadium. As demonstrated by Table 11, all electrochemical
properties satisty the above target values and all physical properties satisty the target specifications with
the exception of the surface arca. The electrochemical performance coupled with the reduced NHj
emissions and mcreased environmental friendliness of the synthesis process demonstrates the novelty
of this synthesis method and precursor choice. It was found that while replacing the vanadium dopant
source with VPQOy, the surface area was improved, albeit lower than the target, while maintaining the
superior FCC and 10C discharge capacity of greater than 150 mAh/g and 140 mAh/g, respectively. This
may be due to increased dopant efficiency through a more homogeneous distribution of the vanadium

throughout the LFP crystal structure.

[00352] In one example, the V dopant precursor 1s VPO4 because 1t does not contain ammonium
and 1s more benign than other commonly used vanadium metal 1on dopants, such as pentavalent
vanadium dopant. However, VPOys 1s not currently commercially available because previous syntheses

are complicated, costly, and difficult to scale up.

[0033] As shown 1n FIG. 2, an example method 200 of synthesizing VPOjs 1s 1llustrated. The

disclosed method of VPOy4 synthesis involves the following chemical reaction:
V,0s + 2NH;H,PO4 + C —»> 2VPO,4 + 2NH; + 3H,0 + CO;

[0054] During the reaction, V" is reduced to V°"to form VPO4, The material processing for this
reaction includes, at 202, pre-mixing precursors in solvent, at 204, stirring the slurry at an elevated
temperature while adding a carbon source or reducing agent such as sugar, citric acid (CA), glucose or
others. For example, a carbon source may comprise any organic carbon source that 1s at least moderately
soluble 1n the reaction solvent such as glycol or PVB. Further, the solvent may comprise water or an
organic solvent such as an alcohol. At 206, the slurry 1s milled for a moderate time, and at 208, the
milled slurry 1s dried into powder form. At 210, the abovementioned chemical reduction utilizing a
temperature programmed reaction (TPR) takes place as the powder 1s fired under an inert atmosphere.
Once fired under an mert atmosphere, a high purity VPO4 compound may be obtained at step 212. As
an example of preparing VPO,, precursors of V-oxide compound and phosphate source compound were
mixed 1n solvent with slight heating where the slurry was stirred for 10-16 hours. As an example,
vanadium precursors may comprise vanadium oxides and/or vanadate precursor species. The milled
slurry was then spray dried and the powder was converted to VPO4 by a TPR under an 1nert gas in a

tube furnace. In some examples, the firing gas may comprise any noble gas or a mixture thereof such
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as N», Ar, and N»o/Ar. The phosphate source may comprise any species with a phosphate anion that 1s at
least moderately soluble 1n the reaction solvent. For example, the phosphate source may comprise
phosphoric acid, NHsH>PO4, and (NH4),HPO4, or a combination thercof. In some examples, carbon
may be present in the VPQO4at less than 2.0 wt.%, less than 1.0 wt.%, and even less than 0.5 wt.%. The
TPR profile may include ramping from room temperature and then heating to a specific temperature
that may be used to complete the reaction conversion to form VPO,. The TPR may further include
programmed holds at specific temperatures. Furthermore, in the current disclosure it 1s taught that
additional modifications increased the LFP performance while mitigating NH; emission during the

synthesis process and moisture uptake when 1n the powder and the electrode form.

[0035] An example of the different FePO4-LFP matenals discussed above 1s shown 1in FIGS. 6A,
6B, and 7. Specifically, F1IG. 6A 1s an SEM 1mage that depicts the secondary particles of the PP FePOg4-
LFP as disclosed herein. FIG. 6B 1s a higher resolution image that illustrates the morphology of the
primary particles of PP FePO4-LFP. In one example, the secondary particles may range from, using dso
as the metric, 1-20 um 1 one example, and 5-13 um 1n another example. The primary particles may
range from 25-250 nm 1n on¢ example, and 25-150 nm 1n another example. In one specific example,
the primary particles may comprise a size of less than 100 nm. Still, a further example may comprise

primary particles comprising a size of less than 80 nm.

[0056] The FePO4 precursor material discussed above may be used to form an electrochemically
active LFP for use 1 an ¢lectrode, via the method as described in FIG. 11, for example. As shown 1n
Table III below, the LFP may be formed by an above described FePO4, a dopant, a co-dopant, a carbon
source, and a lithium source, wherein the synthesized LFP has a formula that corresponds to LiFeq«-
v VxCoyPO4 where z 1s greater than or equal to 1, x 1s greater than or equal to 0, and y 1s greater than or
equal to 0. The FePO4may be PP FePO4 or may include SP FePO,, and may have an Fe content of at
least 25 wt.%, or at least 30 wt.%, 1n another example. In a further example, the Fe content may be
between 28-37 wt.%. Further, the FePO4 precursor may have a phosphate to iron molar ratio as close to
unity as possible. For example, FePO,4 precursors may be provided wherein the phosphate to 1ron molar
ratios are within the ranges of 1.00-1.04:1, 1.00-1.02:1, or 1.00-1.01:1. Further, the phase impurity of
the FePO4 may be less than 10%, less than 5% 1n some examples, or less than 3% 1n other examples.
Providing a phosphate to 1ron ratio as close to unity as possible 1s an indication of phase purity which
may result in improvements in formula compositions and lessens the amount of precursor material
needed to achieve an optimal composition, for example.

[00357] Further as depicted 1in Table 111, the above described FePO4 precursor used in making the
lithium iron phosphate may have a surface area of 10 to 40 m?/g and the subsequent lithium iron
phosphate precursor powder may have a thermal profile as illustrated in FIG. 17. As an example, other
FePOQ, precursors are considered wherein the surface area may be within the ranges of 10-30 m*/g or

between 10-20 m*/g.
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[0038] A dopant may further be included 1n the electrochemically active material. In one example,
VPO, 1s included. Additionally, a cobalt co-dopant may be added. In one example, the cobalt co-dopant
may be NH4CoPOQOjs. In another example, the cobalt co-dopant may be CoC,04. A non-NH3 emission
synthesis approach may include, for example, the above described FePO4 as depicted in Table 111 (PP
FePQO4), VPO4, and CoC,04. A low NH3; emission synthesis approach may include, for example, FePO4
as depicted 1n Table III (PP FePO4), VPO,4, and NH4CoPOQ,. Furthermore, a lithium source and carbon
source may be added to synthesize the electrochemically active material, and the final LFP powder may
have a surface area between 25 to 35 m?/g. In some examples, the lithium source may comprise Li;COs,
LiH,PO,4, or any other suitable lithium source. It will be appreciated that the lithium sources are
provided as exemplary species and that any suitable lithium source may be used. The total non-lithium
metal to phosphate ratio may range from 1.000-1.040:1 1n one example, or 1.001-1.020:1 1n another
example. As a further non-limiting example, the total non-lithium metal to phosphate ratio may range
from 1.0025-1.0050:1. The above ranges demonstrated high cell performance, as discussed further
below. Additional compatible substances may be added to achieve the disclosed ratios, the technique

for which 1s known to a person of ordmary skill in the art.

[0039] In order to understand V-Co co-dopant effects on eclectrochemical energy storage
performance, a group of LFP laboratory samples were synthesized with PP FePO4 precursor and 0.0-
5.0 Mol.% VPO4 and 0.0-1.0 Mol.% NH4CoPO4 or Co(C,04 as a V-Co co-dopant precursors. In one
example, the LFP ¢lectrochemically active matenal 1n the current disclosure may comprise a vanadium
dopant, such as the vanadium dopant synthesized i FIG. 2. It will be appreciated that in at least one
example, the vanadium dopant may be contributed by an oxyanion species such as an oxide, carbonate,
oxalate, phosphate, or other suitable sources for which vanadium 1s considered the cation. In one
example, the vanadium dopant source may comprise one or more of VPO4 and NH4VOs. Additionally,

the electrochemically active material may comprise a cobalt co-dopant, such as CoC,04 or NH4CoPOj4,

at 0.0 to 0.5 Mol.%.

RANGE

FePO4 *qH,0 0 <q <2, approximately

Fe content 28 to 37 wt.%

P/Fe ratio 1.000-1.040

Surface Area 10 to 40 m*/g
Dopant

VPO4 or NH4VO3; 0.0-5.0 Mol.%
Co-Dopant

NH4CoPO4 or CoC;0q 0.0-1.0 Mol.%
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Lithium Source L1,COs5; LiH,POy; or other lithrum source

LFP Precursor Powder

Thermal Profile 3 key thermal peaks at 75-125°C, 175-
250°C, and at 275-425°C
LFP Final Powder 1.000-1.040
Total non-lithium metal to phosphate ratio 1.000-1.050
Total P/Fe ratio 25-35 m°/g
Surface Area Secondary: d30: 1-20 um; optimal 5-13
Particle size um; Primary: 25-150 nm; preferred: <100

nm optimal: <80 nm

Table III Characteristics of FePO4 *qH»O; dopant; co-dopant (optional); lithium source example,
LFP precursor power; and LFP final powder

[0060] As noted above, one of the findings of the LFP cathode material covered mm U.S. Patent
Application Number 14/641,172 1s that of high water uptake. Spheniscidite FEPO4-LFP, with 1ts high
surface area and high concentration of pores with an average diameter on the order of 100-500 nm, may
be sensitive to water. This uptake may occur even at low levels of exposure, which utilizes more
stringent control of the environment during the handling and processing of this matenal. Processing
includes, but 1s not limited to, electrode coating, electrode stamping (or other such handling process).
and cell assembly. A concern associated with water presence 1n a final cell at appreciable concentrations
1s the production of hydrogen gas due to electrochemical reduction of water at the anode, or negative
clectrode. In addition, the presence of moisture 1n the cell may react with various constituents of the
clectrolyte to form other by-products, including HF, which may cause dissolution of the metal in the

cathode and/or the metal 1n the current collectors and therefore degrade cell performance.

[0061 ] Having a high surface area cathode matenial for lithium 1on battery applications 1is
preferred, and 1n fact may be a key characterization metric. High water uptake, in which the absolute
quantity can increase with an increase 1n surface arca due to more active sites for water uptake, 1s a
concern. In order to address this concern, an optimized particle interior structure for the LFP can
mitigate the water uptake. The particle structure of interest in this case 1s pore size, total pore volume,
and the pore size distribution. In some examples, the majority of the pores may comprise a size of less
than 150 nm, less than 50 nm, or less than 15 nm. In one example, 1f the total pore volume normalized
by the mass of the powder for a given set of LFPs 1s equivalent, and the pore size can be decreased with
the majority of the pores confined to a diameter of approximately 10 nm or less, an appreciable decrease
1in the moisture uptake may occur. For example, the pore size distribution of spheniscidite FePO4-LFP
showed the presence of two pore diameter ranges, the first was centered at a diameter of approximately
2.5 nm while the other occurred over a broad range diameter range of 10-100 nm. The total pore volume

normalized to the mass 1s calculated by integrated the area under the pore size distribution curve as
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showed in FIG. 8 and has been measured at 0.19 cm’/g. In some examples, the cumulative pore volume
may comprise a value of greater than 0.08 cm’/g. In other examples, cumulative pore volume may be
greater than 0.15 cm’/g. As another non-limiting example, the cumulative pore volume may be greater

than 0.18 cm’/g.
[0062] Specifically, as shown in FIG. 8, chart 800 depicts a gravimetrically normalize pore

volume in units of (cm*/g x nm) as a function of pore width, which can be indicated as the pore diameter.
Pore si1ze distribution 1s shown at 802 for spheniscidite FePO4-LFP and at 804 for PP FePO4-LFP. At
around 2.5 nm pore width, PP FePO4-LFP exhibits a larger pore volume compared to spheniscidite
FePO4-LFP. Conversely, at about 20 nm pore width, spheniscidite FePO4-LEP exhibits a larger pore
volume compared to PP FePO4-LFP. In one example, the PP FePO4-LFP may thus exhibit a different
overall structure than that of spheniscidite FePO4s-LFP, wherein PP FePO4-LFP comprises generally
smaller pores. As such, PP FePO4-LFP may exhibit different moisture uptake properties, as discussed
further below. It 1s noted that although there are significant differences 1in pore size distribution, an

equivalent cumulative pore volume 1s held for both species.

[0063] As shown 1n Table IV below, the equivalent cumulative pore volume allows for PP FePOy-
LFP to have a surface arca consistent with that of spheniscidite FePO4-LFP. Moreover, the carbon
amount (%) and tap density may be consistent as well. Thus, PP FePO4-LFP may maintain the
advantages associated with high surface area and total pore volume 1 relation to power performance,
while also exhibiting a pore size distribution that may mitigate moisture uptake. Furthermore, the
similarity of tap density and surface area as well as the carbon content between the samples eliminates

these factors as causes for the observed moisture uptake differences.

Tap Density (TD) | Surface Area (m°/g) | Carbon %
Sample
spheniscidite FePO,-LFP | 1.1-1.5 27-31 25+-04
PP FePO4-LFP 1.2-1.4 25-35 25+-04

Table IV — Example comparison of spheniscidite FePO4-LFP and PP FePO4-LFP
[0064] The moisture analysis showed a reduced total moisture uptake in both powder and
clectrode forms at different controlled exposure time for a PP FePOs-LFP when compared to

spheniscidite FePO4-LFP, as shown 1n FIGS. 9 and 10. The samples were dried in a vacuum oven at 85

°C for approximately 18-24 hours. The samples were kept 1in the dry room, and samples were analyzed

after 2hr, 1 week, and 10 days using Karl Fisher equipment and processed at 220°C. A reduction 1n the
absolute moisture uptake 1s an advantageous material structure improvement as 1t increases material
stability, performance, and safety. As an example, lithium-1on cells that were built and tested with
higher water content (Example cells 1 and 2 1n Table V) experienced an increase in the total gas

production when 1n the charged state. Analysis of this gas showed a high hydrogen gas concentration
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while a lithtum-1on cell built with a reduced water concentration 1n the electrode (Example Cell 3
Table V) did not produce a measurable amount of gas and the measured hydrogen gas concentration

was approximately an order of magnitude lower.

High Moisture Low Moisture
Example Cell 1 Example Cell 2 Example Cell 3
Gas Analysis 1% draw 2" draw 1% draw 2" draw 1% draw 2™ draw
Hydrogen 41.6% 45.9% 31.4% 29.3% 2.9% 3.9%

Table V: Gas analysis of lithium-ion cells that were built with high and low moisture

[0065] As shown 1n FIG. 9, data with relation to moisture uptake 1s provided 1n chart 900, which
compares the moisture uptake between spheniscidite FePO4-LFP and PP FePO4-LFP 1n electrode and
powder forms. Specifically, the electrode comprising PP FePO4-LFP 1s at 902 and the PP FePO4-LFP
powder 1s at 904. The electrode comprising spheniscidite FePO4-LFP 1s at 906, and the spheniscidite
FePO4-LFP powder 1s at 908. As shown, the moisture uptake of spheniscidite FePO4-LFP 1s about 30-
40% higher than that of PP FePO4-LFP. Moisture uptake 1s believed to be related to the stability of the
cell, e.g., less moisture uptake 1s important for performance stability and low gassing. PP FePO4-LFP
shows less water uptake, and thus may experience less gassing and significantly less hydrogen
production. In part due to lower moisture uptake, PP FePO4-LFP 1s easier to process from a production
stand-point and may show improved stability. In one example, the smaller pore size distribution of the
PP FePO4-LFP changes the structure of the LFP and mitigates moisture uptake, which makes the
material casier to handle and enhances cell performance. In one example, an electrochemical cell
comprising PP FePO4-LFP, may mitigate hydrogen production such that 1t constituents less than 5% of
the gas phase volume or less than 10% 1 another example. In comparison, an electrochemical cell
comprising known LFP formulations may have a hydrogen concentration 1n the gas phase higher than
30%. In this way, PP FePO4-LFP as disclosed may not have significant gassing and comprises a low or
negligible hydrogen concentration in the gas phase.

[0066] FIG. 10 also depicts moisture uptake comparison in chart 1000. As shown, spheniscidite
FePO4-LFP 1002 showed a significantly higher moisture uptake in a dry room than PP FePO4-LFP
1004as a function of exposure time. Additionally, the data demonstrate that the both species uptake a
significant portion of the total moisture 1n the initial exposure time, however, that concentration 1s
significantly higher for spheniscidite FePO4-LFP.

[0067] Further development of LFP composition optimization in the current disclosure focuses
on the performance-composition relationship of LEP cathode maternals synthesized with the PP FePOy.
As previously discussed, low temperature performance 1s an important parameter for composition
optimization since 1t 1s critical for lithium-1on starter batteries, start/stop battery applications, and other

low voltage lithium-1on battery automotive applications.
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[0068] Turning to FIG. 11, an example method 1100 is outlined for the synthesis of LFP from an
1iron phosphate source described herein. The final LFP material may be formed by combining a lithium
source, dopant source, carbon source, and the iron phosphate source in a solvent by mixing, milling,
drying, and promoting a chemical reduction with a TPR under an nert atmosphere such as N». The

resulting LFP active material may then be useable as a cathode 1n an electrochemical cell.

[0069] At 1102, the method may include mixing an 1ron phosphate source, a lithium source,
dopant source and a carbon source 1n a solvent to form a slurry. In one example, the lithium source may
be L1,COsor LiH,PO4. In one example, the 1ron phosphate source may be FePO4s*qH,0. In yet another
example, the 1iron phosphate source may be the 1ron phosphate source as shown in Table III, ¢.g., a PP
FePO4or an SP FePO,, with an Fe content of 28 to 37 wt.% and a P/Fe molar ratio of 1.000-1.040:1.
Further, the iron phosphate source may have a surface area of 10 to 40 m?/g. In one example, the solvent
may include an alcohol. In another example, the solvent may include water. Thus, the method may
include an organic solvent or water based (aqueous) slurry. In one example, the dopant source may be
VPO, such as the one synthesized in method 200. In another example, the dopant source may be
NH4VOs. Further, the dopant source may include a co-dopant source. As such, a co-dopant may also be
mixed mto the slurry, wherein the co-dopant may be NH4CoPOy. In another example, the co-dopant
may be CoC,0s. Further, the slurry may contain about 0.0-5.0 Mol.% vanadium source (dopant) and
about 0.0-1.0 Mol.% co-dopant. A carbon source or more than one carbon source may be mcluded at
1103. Once the 1ron phosphate source, the lithium source, the dopant source, and the carbon source are

mixed 1n a solvent, at 1204, the method may include milling the mixture of 1102/1103.
[0070] At 1106, the method may include drying the milled mixture of 1104 to obtain an LFP

precursor powder. The mixture may be dried using a variety of methods known to the industry. In one
example, the LFP precursor powder may comprise a thermal profile with three major thermal zones as

discussed with regard to FIG. 17.

[0071] At 1108, the method may include firing the dried matenal of 1106. The material may be
fired to convert the material to the desired LFP by TPR. The TPR may be run in an inert atmosphere,
for example N». The dried powder may be converted to the desired LEFP by a TPR 1n N» flow 1n a tube
furnace, a roller hearth kiln, or a rotary calciner for example. The TPR profile may include ramping
from room temperature and then heating. The TPR may further include programmed holds at specific
temperatures. At 1110, the method may obtain the desired LFP.

[0072] FIGS. 12A and 12B 1llustrate DCRs at room temperature and -20°C measured from DLP
cells containing PP FePO4-LFP samples using NH,CoPO,4 and Co(C,0,4 as Co dopant precursors. The
DCR at room temperature and -20°C measured from DLP cells, with spheniscidite FePO4-LFP and a
prior art LFP powder are also listed as references. At room temperature, PP FePO4-LFP samples using

NH4CoPOj as the Co dopant precursor showed comparable DCR results as that to spheniscidite-FePOs-
LFP. At-20°C, PP FePO4-LFP samples using NH4CoPO4 as Co dopant precursors showed a lower DCR
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than that of PP FePO4-LFP samples using CoC,04 as the Co dopant precursor indicating a more robust
sample for higher power capability at -20°C, although the DCR of both PP FePO4-LFP samples met the
low temperature DCR performance target of less than 9 ohm for 20 mAh DLP cells at -20°C. In this
specific example, the dopant efficiency of NH4CoPO4 may be higher than that of CoC,04 because
NH4CoPOj4 has a similar molecular structure to FePO4 bulk materials. It should be appreciated, in other
examples, that depending on the Fe phosphate, the CoC,04 may be optionally preferred depending on

the overall system.

[0073] Additional results associated with this current disclosure are co-dopant incorporation and
how the chemical structure of the dopant impacts doping efficiency. Specifically described herein 1s an
amorphous NH4CoPOy that 1s chemically compatible with the final LFP product, has a high surface
arca, and 1s readily dispersed in the synthesis solvent. These three attributes result in a high doping
efficiency that ensures effective and homogenous incorporation of the dopant even at low
concentrations. The vanadium phosphate, a crystalline materal, 1s less soluble 1 the synthesis solvent.
However, because the molecular structure of VPO41s comparable to that of FePOs, increased dopant
etticiency 1s achieved when compared to that of ammonium vanadate. Thus, chemical compatibility,

especially associated with the anion, may be a driving force for effective dopant incorporation.

[0074] Transition-metal-1on doped LEFP has been reported 1n the literature as an effective route to
enhance mass transport of charged species through the LFP crystal structure. This enhanced transport
typically results 1in an elevated level of higher power when compared to non-doped LFP 1f the doping
efticiency of the dopant 1s high. Effective doping can result in a homogenous distribution of the dopant
throughout the LFP crystal structure. This homogenous distribution, 1n conjunction with the transition
metal-ion radius mismatch between the 1ron and the dopant, may result in impeded LFP crystalline
growth during the smtering/calcination process, thereby resulting 1n smaller LFP crystals with high
surface area, smaller grain boundaries, and the desired surface features. As previously described by the
above teachings, the choice of dopants, precursor materials, and processing/synthesis techniques are
believed to result 1n effective doping, which results in an LFP powder similar to that of spheniscidite
FePO4 LFP without the NH3 emissions and a more environmentally benign vanadium precursor.

[0073] Vanadium-doped LFP has been previously used to enhance Li-ion conductivity (for
example see U.S. Patent No. 7.842.420 titled “Electrode Material with Enhanced Ionic Transport
Properties™). CoC,04, V205, and NH4V O3 have also been used as dopant precursors for synthesis of
doped LFP. In this current disclosure, NH4CoPO4s and VPO4s were chosen as non-obvious dopant
precursor molecules because they have a stmilar chemical structure to FePOy. This similar structure
may result in a higher degree of chemical compatibility because all of the species share a common anion
which may lead to higher dopant efficiency. Another reason for using VPO, as the dopant precursor of

choice 1s that V (III) 1s more benign than V (V), as discussed previously.
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[0076] In addition to an enhanced chemical compatibility resulting in higher doping efficiency,
the morphology and crystalline structure of the FePO4 precursor may also play an important role n
attaining the needed physical and electrochemaical properties of above described synthesized LFP. When
investigating the three different FePO4 precursor materials utilizing Scanning Electron Microscopy
(SEM), 1t 1s clear that the speniscidite FePO4 and FePO4*qH20 precursors with an optimized water
content have a different nanoscale morphology, as illustrated in FIGS. 3-5. This distinction along with
the different crystalline structures of the above FePQO4, could contribute to the resulting electrochemaical
performance of the LFP. It 1s therefore non-obvious that the FePO,4 precursor morphology, such as that
observed with FePO,*qH,O with the optimized water content, 1s utilized as criteria for precursor
selection while simultanecously considering the use of a chemically compatible trivalent vanadium
phosphate as the dopant precursor species. Close investigation of the diffraction patterns clearly
demonstrate that the crystalline system of the optimized FePOs*qH,O 1s hexagonal while the
spheniscidite FePO4 and the non-optimized FePO4 crystalline systems are monoclinic. Specifically,
different crystalline structures of FePO4 may lecad to different and/or enhanced characteristics. As
highlighted above, efficient dopant incorporation unexpectedly may result in smaller LFP crystalline
size¢ and grain boundariecs due to metal-ion radius mismatch. This smaller size coupled with
homogencous dopant incorporation may enhance the electrochemical performance of the resulting LEFP

powder, which 1s demonstrated by the data tabulated 1n Table 11.

[0077] When considering the non-optimized FePO4*qH>O as the main precursor material while
simultancously replacing the ammonium metavanadate dopant with VPQOyq, 1t 1s demonstrated hercin
that a high surface arca may not be maintained and the power performance may sufter; albeit the target
FCC 1s achieved. However, a very significant increase 1n surface arca and boost in power performance
may be realized by adding NH4CoPO4 as a minority co-dopant with as little as 0.5% on a molar basis
for example. This result 1s attributed to increased dopant incorporation into the fial system as the
NH4CoPO4 and VPO4 molecular structures are more chemically comparable to that of FePO4. An
additional consideration 1s that the negligible release of NH; due to the decomposition of the cobalt
dopant precursor may facilitate the synthesis of a smaller primary particle size through a similar
mechanism believed to be in play when using speniscidite as the FePO4 precursor, even though the
amount of NH; released 1s significantly lower. It will be appreciated that i at least one example, the
cobalt dopant may be contributed by an oxyanion species such as an oxide, carbonate, oxalate,
phosphate, or another suitable source for which cobalt 1s considered the or one of multiple cations mn
the 1onic species. In one example, the cobalt dopant may comprise one or more of CoC,04, and
NH4CoPO;.

[0078] Tuming to FIG. 13, power response 1s measured from a DLP, as described above, using a
cold crank test at -30°C shown 1n 1300. 1302 indicates PP FePO4-LFP with a VPO4-NH4CoPOj4 co-
dopant, 1304 indicates spheniscidite FePO4-LFP, 1306 indicates PP FePO4-LFP with a VPO4-CoC,0;4
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co-dopant, and 1308 indicates a prior art FePO4-LFP formulation. As shown, both PP FePOs-LFP
formulations have similar performance to that of spheniscidite FePOs-LFP. In one example, the

formulations for 1302 and 1306 may iclude ranges shown 1n Table III and may be synthesized as

described 1n method 1100.

[0079] FIG. 14A shows an mterval plot comparing the DCR of 20mAh DLP cell at room
temperature between a PP FePO4-LFP with VPO4-NH;CoPO,, an SP FePO4-LFP (SP FePO,-LFP) with
VPO4,-NH4CoPOQOy4, a prior art FePO4-LFP formulation, and a spheniscidite FePO4-LFP. At room
temperature, the PP FePO4-LFP displays a DCR that may be comparable to that of spheniscidite FePOy-
LFP and the FePO4-LFP. The DCR as shown 1n FIG. 14B also show that a PP FePO4-LFP and the SP
FePO4-LFP including a secondary impurity phase have similar results to spheniscidite FePO4-LEP at -
20 °C. Overall, the PP FePO4-LFP displays lenience, stability and robustness with a performance
comparable to that of spheniscidite FePO4-LFP yet with the absence of NHiz emissions during

production, higher FCC, and with a more environmentally friendly dopant.

[0080] FIG. 15A displays the FCC of different samples of an SP FePO4-LFP. FCC was measured
at F1IG. 15A, 10C discharge capacity was measured at FIG. 15B, and surface area at FIG. 15C. Overall,
the results showed good reproducibility. However, in some examples, the SP FePO4-LFP may have

need for moisture control during material processing.

[0081] FIG. 16A displays the FCC of different samples of a PP FePO4-LFP. FCC was measured
at F1G. 16A, 10C discharge capacity was measured at FIG. 16B, and surface area at F1G. 16C. Overall,
the results were comparable to those of the SP FePO4-LFP. Furthermore, the results showed high
consistency and reproducibility without the need for extra moisture control due at least 1in part to the PP

FePO4 having high moisture resistance which may make the synthesis process more controllable.

[0032] With respect to the SP FePOy4, 1n one example, the SP FePO4 may include one or more
impurities. For example, the impurities may correspond to phases of goethite (Fe”O(OH)) and iron
phosphate (Fe(POs)3). In contrast, PP FePO4 has a diffraction pattern in which all peaks are well-defined
and can be assigned to FePO4*qH>0O where q 1s optimized. This diffraction pattern 1s indicative of high
phase purity. In one example, the PP FePQOj4 of this disclosure may have a moisture uptake of 3% or less

even when exposed to high levels of atmospheric moisture for extended periods of time.

[0083] In order to achieve a high surface area LFP cathode with the indicated rate capability using
the metrics described above, the 1ron phosphate precursor(s), dopant precursor(s), carbon source(s), and
lithium source(s) may be thoroughly intermingled during the mixing, milling, and drying processes
without phase separation on the microscopic level. Thus, a key teaching contained herein allows one
skilled 1n the art to produce a dried powder containing the precursors described above that has a specific
thermal profile, as measured using thermal gravimetric analysis (TGA) techniques, which, upon
calcination, results 1n a final LFP powder with the desired physical, morphological, and electrochemical

propertics. This characterization technique 1s monitoring the mass of the dried powder and quantifying
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the change 1n mass as a function of the sample temperature. The profile resulting from this analysis
provides 1nsight mto such things as decomposition patterns, degradation mechanisms, and reaction
kinetics; all of which may occur at the optimal temperature and at the optimal rate to achieve an LFP
powder with the desired characteristics.

[0084] As demonstrated by FIG. 17, there may be three key thermal zones that are monitored.

The first zone occurs between 75 °C and 125 °C with the maximum peak height occurring at

approximately 100 °C or within a range of 95 °C to 105 °C, 1n another example. The peak occurring 1n
this range may have the second largest peak height when normalized using the peak height from the

signal collected 1n the second key thermal zone. The second zone may occur within a temperature

ranging from 175 °C to 250 °C with the maximum peak height occurring at approximately 225 °C + 25

°C. The third temperature zone may occur between 275 °C and 425 °C and may contain a bi-modal
peak 1n which the peak recorded at a lower temperature within the range may have a peak height that 1s
more superior to that of the peak height associated with the peak recorded at a higher temperature within
that same range 1 some cases. While two distinct peak heights may be observed, 1t 1s not necessary for

the peaks to be completely de-convoluted as 1llustrated in FIG. 17. No substantial signal should be
observed at temperatures above 500 °C 1n one example. It should also be noted that the rate at which

the sample temperature 1s increased should be 10°C/min while other heating rates (5-10°C/min) can

still be acceptable to use. A faster rate may result in peak overlap which makes 1t harder to distinguish

the individual thermal zones.

[0085] Deviation from the thermal profile described herein can be attributed to phenomena such
as aggregates of non-homogenous particles that will result 1n decomposition at different rates and
temperatures, as a function of heat and mass transter. Dried powders with less fully engaged ingredients
will result 1n notably different decomposition kinetics which will result in different thermal profiles. It
1S important to note that a different thermal profile resulting from the conditions described above will
not necessarilly prevent the formation of LFP, but one that does not meet the desired physical and
morphological properties as well as the needed electrochemical performance. Utilizing this technique,
thercfore, can enable real time material screening, to ensure more uniform mixing, milling, and spray

drying processes.

[0036] The embodiments of the present disclosure focus on realizing an LFP with the approprate
chemical, physical, structural, and electrochemical properties that allow for facile rate performance over
a wide range of temperatures while simultancously achieving an FCC greater than 150 mAh/g. The
chemical formulation for the LFP described herein may correspond to LiFe(i-x) VxCoyPO4, where z >
1,0.00 <x<0.05, 0.00 <y <0.01 and where the ranges and optimal values to achieve the desired result
for x and y are described above. This system may demonstratec maximum chemical stability and
clectrochemical performance when the molar ratio of total non-Li1 metals to phosphate ratio approaches

unity, where the total metals may be the sum of all the transition metals incorporated mto the LFP (for
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example, Fe + V + Co). Further, in some examples, other metals, or combination of metals, may be
used as a dopant. While unity 1s the optimal value for this metric, a range of 1.000 to 1.040:1 also results
in the desired LEFP properties and 1s utilized 1n the teachings herein. The main doping precursor used 1n
this present disclosure 1s VPO4 which has a similar chemical structure to FePO,, especially when
considering the anions of the two species are 1dentical and therefore a higher doping efficiency when
compared to other V doping precursors such as V,0s5 and NH4VOs;. It should be noted that this teaching
1s not limited to V, but all transition metal dopants considered. Another such example described herein
1s when co-doping the LFP with Co as the minority second dopant. In that system, it was also
demonstrated that the phosphate based Co dopant may result in a more effective doping strategy when
compared to other Co species such as the oxide form or cobalt oxalate. All of these ranges are acceptable
and can result in an LFP with the desired physical properties and electrochemical performance.

[0087] When holistically utilizing the teaching of the present disclosure, 1n one example, the 1ron
phosphate precursor as disclosed herein may: (1) result in zero NH; emission during LFP synthesis; (2)
contain a Fe percentage by weight that approaches 37%, or ranges from 28 to 29.5% and 36 to 37% 1n
other examples; (3) a P/Fe approaching unity with higher phase purity 1n order to alleviate the need for
addition Fe and/or P sources; (4) a higher conversion efficiency from FePO4 to LFP; (5) result n a
significantly reduced moisture uptake in an ambient environment as demonstrated in FIG. 9; and (6)
result 1n lower slurry viscosity during milling (due to low SSA) and enabling higher solids content

thereby increasing throughput and production rate.

[0038] Turning to FIG. 18, an electrode assembly 1s 1llustrated which may iclude the disclosed
LFP electrochemically active maternial. In a stackable cell configuration, multiple cathodes and anodes
may be arranged as parallel alternating layers. In the example illustrated in FIG. 18, a stackable cell
clectrode assembly 1800 1s shown. Electrode assembly 1800 1s shown to include seven cathodes 1802a-
1802¢g and six anodes 1804a-1804f. In one example, the cathodes may comprise the LFP synthesized
from PP FePOsor an SP FePOs as described above. In another example, the cathodes may comprise the
LFP synthesized from the above described FePO4. Adjacent cathodes and anodes are separated by
separator sheets 1806 to electrically insulate the adjacent electrodes while providing 1onic
communication between these electrodes. Each electrode may include a conductive substrate (¢.g. metal
foil) and one or two active matenal layers supported by the conductive substrate. Each negative active
material layer 1s paired with one positive active matenal layer. In the example presented in FIG. 18,
outer cathodes 1802a and 1802¢g include only one positive active material facing towards the center of
assembly 1800. One having ordmary skill in the art would understand that any number of electrodes
and pairing of clectrodes may be used. Conductive tabs, such as tabs 1808, 1810 may be used to provide

clectronic communication between electrodes and conductive elements, for example.
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[0089] In FIGS. 19A and 19B, a wound cell example 1900 1s illustrated mm which two electrodes
arc wound 1nto a jelly roll and housed within a container. The container housing the negative electrode,

the positive electrode, the non-aqueous clectrolyte and the separator.

[0090] The LFP synthesized from the above described FePO4as discussed 1n relation to Table 111
and method 1100 shows improved properties when used as an electrochemically active material 1n a
battery. Thus, an electrochemical cell 1s disclosed, the electrochemical cell comprising a positive
clectrode with an active material layer comprising an LFP electrochemically active material doped with
vanadium and cobalt and has a total non-lithium metal to phosphate molar ratio of 1.000-1.040:1, a
negative electrode, an 1onic electrolyte solution that supports the movement of 1ons back and forth

between the positive and negative electrodes, and a porous separator.

[0091] The current disclosure improves upon prior LFP formulations by teaching key attributes
associated with the precursor materials that result i the desired physical properties and electrochemical
performance. These attributes are associated with the precursor crystal structure, chemical makeup
(especially the anion), Fe content in the precursor and phase purity which can be identified through
diffraction techniques and the P/Fe molar ratio of the 1iron phosphate precursor. Additional teachings
are associated with how to manipulate the pore size and pore size distribution of the final LFP through
precursor selection and processing. The enhanced crystalline pore network results 1n a lower moisture
uptake at both the powder and electrode level. The LFP taught herein demonstrated less moisture uptake
than the material proposed in U.S. Patent Application 14/641,172, for example. This may be due at least
in part to the manipulation of the micro- and nanostructure of the PP FePO4-LFP with smaller pore size
diameters, which, m turn, may hinder the water uptake. The final LFP powder may provide more robust

electrochemical performance and enhanced stability over time.

[0092] Various modifications of the present disclosure, 1n addition to those shown and described
herein, will be apparent to those skilled 1n the art of the above description. Such modifications are also

intended to fall within the scope of the appended claims.

[0093] It 1s appreciated that all reagents arc obtainable by sources known in the art unless

otherwise specified.

[0094] Patents, publications, and applications mentioned 1n the specification are indicative of the
levels of those skilled m the art to which the mvention pertains. These patents, publications, and
applications are mcorporated herein by reference to the same extent as 1if each individual patent,

publication, or application was specifically and individually incorporated herein by reference.

[0095] The foregoing description 1s 1llustrative of particular embodiments of the invention, but 1s
not meant to be a limitation upon the practice thercof.

[0096] The foregoing discussion should be understood as 1llustrative and should not be considered
limiting 1n any sense. While the inventions have been particularly shown and described with references

to preferred embodiments thereof, 1t will be understood by those skilled 1n the art that various changes
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in form and details may be made therem without departing from the spirit and scope of the inventions
as defined by the claims.

[0097] The corresponding structures, matenals, acts and equivalents of all means or steps plus
function clements 1n the claims below are mntended to include any structure, material or acts for
performing the functions in combination with other claimed elements as specifically claimed.

[0098] Finally, 1t will be understood that the articles, systems, and methods described heremabove
arc embodiments of this disclosure — non-limiting examples for which numerous variations and
extensions are contemplated as well. Accordingly, this disclosure includes all novel and non-obvious
combinations and sub-combinations of the articles, systems, and methods disclosed herein, as well as

any and all equivalents thereof .
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CLAIMS:
1. A Iithum 1ron phosphate electrochemically active material for use 1n an ¢lectrode 1n an

10.

11.

12.

electrochemical energy storage device, comprising:

a phosphate to 1ron molar ratio of 1.000-1.050:1;

a dopant comprising vanadium and optionally a co-dopant comprising cobalt; and

a total non-lithium metal to phosphate molar ratio of 1.000-1.040:1.
The lithium 1ron phosphate electrochemically active material of claim 1, wherein the vanadium
dopant 1s 1n a trivalent state.
The lithium 1ron phosphate electrochemically active matenal of claim 1, wherein the lithium
iron phosphate electrochemically active matenal corresponds to a formula of LiFex-
v VxCoyPO4swhere x 1s greater than or equal to 0, y 1s greater than or equal to 0, and z 1s greater
than or equal to 1.
The lIithium 1ron phosphate electrochemically active material of claim 1, wherein the lithium
iron phosphate electrochemically active material comprises the vanadium dopant and the cobalt
co-dopant.
The vanadium dopant of claim 4, wherein the vanadium 1s contributed by an oxyanion species
such as an oxide, carbonate, oxalate, phosphate or other such source for which the vanadium 1s
considered the cation.
The vanadium dopant of claim 5, wherein the species 1s vanadium phosphate (VPOs),
ammonium metavanadate (NHsVOs), or a combination of the two.
The cobalt dopant of claim 4, wherein the cobalt source 1s contributed by an oxyanion species
such as an oxide, carbonate, oxalate, phosphate or other such source for which the cobalt 1s
considered the cation.
The cobalt dopant of claim 7, wherein the species 1s cobalt oxalate (CoC,04), ammonium cobalt
phosphate (NH4CoPQOy), or a combination of the two.
The lithium 1ron phosphate electrochemically active material of claim 4, wherein the vanadium
dopant precursor has a formula of VPO4 and the cobalt dopant precursor has a formula of
NH4CoPOys.
The lithium 1ron phosphate electrochemically active material of claim 4, wherein the vanadium
dopant precursor has a formula of VPO4 and the cobalt dopant precursor has a formula of
CoC,0s4.
The lithium 1ron phosphate electrochemically active material of claim 4, wherein the vanadium
dopant precursor has a formula of NHsVO; and the cobalt dopant precursor has a formula of
NH4CoPOys.
The lithium 1ron phosphate electrochemically active material of claim 4, wherein the vanadium

dopant precursor has a formula of NH4V O3 and the cobalt dopant precursor has a formula of

Co(,0y.
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13.

14.

15.

16.

17.

13.

19.

20).
21.

22.

23.

24.

25.
26.

The lithium 1ron phosphate material of claim 4, wherein the vanadium dopant 1s present at 0 to

5 Mol.% and the cobalt co-dopant 1s present at 0.0 to 1.0 Mol.%.

The lithium 1ron phosphate maternal of claim 4, wherein the vanadium dopant 1s present at 2 to

4 Mol.% and the cobalt co-dopant 1s present at 0.0 to 0.5 Mol.%.

The lithium 1ron phosphate maternial of claim 1, wherein the lithium 1ron phosphate material

comprises a surface area of 25 to 35 m%/g.

The lithium 1ron phosphate material of claim 15, wherein the surface area 1s contributed by

primary and secondary particles with a defined pore structure.

The primary particle of claim 16, wherem the particle diameter 1s between 25 and 150 nm.

The primary particle of claim 16, wherein the particle diameter 1s less than 80 nm.

The pore structure of claim 16, wherein greater than 50% of the pore volume can be attributed

to pores less than 15 nm 1n diameter.

The pore structure of claim 16, wherein the cumulative pore volume is greater than 0.08 cm’/g.

A method to form lithium 1ron phosphate electrochemically active material for use 1n an

clectrode 1n an electrochemical energy storage device, comprising:

(a) mixing a vanadium dopant source, a lithium source, a carbon source, an 1ron phosphate
source with an 1ron content of at least 28 wt.% and a phosphate to 1ron molar ratio of 1.000-
1.040:1, and optionally a co-dopant 1n a solvent to form a slurry;

(b) milling the slurry;

(¢c) drying the milled slurry to form a lithium 1ron phosphate precursor powder; and

(d) firing the dried milled slurry to obtain the lithium 1ron phosphate electrochemically active
material, wherein the Iithium 1ron phosphate electrochemaically active material comprises
the vanadium dopant and/or co-dopant partially substituting the Fe 1n a crystal lattice
structure, a phosphate to 1ron molar ratio of 1.000-1.050:1, and a total non-lithium metal to
phosphate molar ratio of 1.000-1.040:1.

The method of claim 21, wherein the lithium 1ron phosphate electrochemically active materal

has a surface area greater than about 25 m*/g, a tap density within a range of 1.0-1.4 g/mL,

FCC greater than 150 mAh/g, and a 10C discharge capacity greater than 140 mAh/g.

The method of claim 21, wherein the vanadium dopant 1s contributed by an oxyanion precursor

species such as an oxide, carbonate, oxalate, phosphate or other such source for which the

vanadium 1s considered the cation.

The method of claim 23, wherein the vanadium dopant source 1s vanadium phosphate (VPOy),

ammonium metavanadate (NHsVOs3), or a combination thereof.

The method of claim 21, wherein the co-dopant comprises cobalt.

The method of claim 25, wherein the cobalt co-dopant 1s cobalt oxalate (CoC,04), ammonium

cobalt phosphate (NHsCoPOy4), or a combination thereof.

Page 26 of 29



CA 029835%8 2017-10-20

WO 2016/209626 PCT/US2016/036473- |

27.

28.
29.

30.

31.

32.

33.

34

33,

36.

37.

38.

The method of claim 21, wherein an ammonia emission source 1s confined to the vanadium
dopant, a co-dopant, or a combination thercof.

The method of claim 27, wherein the ammonia emission 1s substantially zero.

The method of claim 21, wherein the 1iron phosphate source comprises a hexagonal crystal
structure.

The method of claim 21, wherein the lithium 1ron phosphate precursor powder comprises a
differential thermal gravimetric loss profile with observable peaks within three temperature
ranges, 75 to 125°C, 75-250°C, and 275-425°C.

The method of claim 30, wherem the 275-425°C temperature range contains a bi-modal peak
in which the peak recorded at a lower temperature within the range comprises a peak height

that 1s more superior to the peak height associated with a peak recorded at a higher temperature
within that same range, and wherein there 1s no substantial peak above 500 °C.

The method of claim 31, wherein a total thermal mass loss from the lithium 1ron phosphate

precursor powder 1s less than 409 when heated from approximately 25 °C to 600 °C.

The method of claim 21, wherein the vanadium dopant 1s present at 2 to 4 Mol.% and the cobalt
co-dopant 1s present at 0.0 to 0.5 Mol.%.

The method of claam 21, wherein the method results in a DCR of less than 9 ohm when
measured for a 20 mAh double layer pouch cell at -20° C.

An clectrochemical energy storage device, comprising:

a positive electrode with an electrochemically active matenial layer comprising a
lithium 1ron phosphate electrochemically active material doped with vanadium and cobalt that
has a total non-lithium metal to phosphate molar ratio of 1.000-1.040:1;

a negative electrode;

an 10onic electrolyte solution that supports the movement of 10ons back and forth between
the positive and negative electrodes, and

a porous separator that electrically 1solates the positive and negative electrodes.

The clectrochemical energy storage device of claim 35, wherein the positive electrode
comprises a total non-lithium metal to phosphate molar ratio of 1.001-1.020:1

The clectrochemical energy storage device of claim 35, wherein the positive electrode
comprises a total non-lithium metal to phosphate molar ratio of 1.0025-1.005:1.

A method for synthesizing vanadium phosphate comprising:

pre-mixing a vanadium precursor and a phosphate precursor 1n a solvent to form a
slurry;

stirring the slurry at an elevated temperature;

adding a carbon source or reducing agent to the slurry;

milling the slurry;
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39.

40.

41.

42.

43.

44.

45.

46.

spray-drying the milled slurry into a powder; and

reducing the vanadium precursor to a trivalent vanadium species using a temperature
programmed reaction under an inert atmosphere.
The method of claim 38, wherein the mert atmosphere 1s comprised of nitrogen, hydrogen, a
noble gas, or a combination thereof.
The method of claim 38, wherein the solvent comprises an organic solvent, an alcohol, water,
or a combination thereof.
The method of claim 38, wherein the vanadium precursor comprises vanadium 1n the plus five
oxidation state.
The method of claim 41, wherein the vanadium precursor 1s an oxide or vanadate species.
The method of claim 38, wherein the vanadium to phosphate molar ratio 1s between 0.9-1:1.
The method of claim 38, wherein the phosphate precursor comprises a species with a
phosphate anion that 1s at least moderately soluble 1n the solvent.
The method of claim 38, wherein the carbon source or reducing agent 1s at least moderately
soluble 1n the solvent.
The method of claim 45, wherein the carbon source 1s citric acid, sugar, PVB, glycol, glucose,

or a combination thereof.
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