r:]"e3e~[Lh6JT; ?f Binary, Ternary and Quaternary Lithi um Phosphates, a !/99%%>
Process for their Manufacture and their Use 5 Field of the Invention The
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* phosphates, specif umiron phosphates) a process for th
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mAh/ g. The reversible electrochem cal exsertion of |ithiumions has
hitherto been observed, in addition to for lithiumiron phosphates, only
for I:_iht hi um i ron manganese phosphate m xed crystals and |ithium cobalt
phosphat es. Lithiumiron nmang&ieRkoptivs pivdrtiom xed crystals show two
potential plateaus at 20 3.5 V and at 4 V versus Li/Li+ and a reversible
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Coj ez 3 5V andna{{ceép R" versus Li/Li+ and a reversible specific capacity of maximum 70
mAh/g. Lithium cobalt phosphate shows a flat potential plateau at 4.8 V versus

Li/Li+ with a reversible capacity of maximum 110 mAh/g.

All hitherto described processes for the manufacture of lithium iron phosphate
25 and other phospho-olivines can be considered as solid-state processes. Some
examples in this regard are those processes described in WO 97/40541, US
5,910,382 or WO 00/60680. These solid-state processes generally entail a
blending of pulverised base materials primarily by means of wet or dry refining,
before they are subjected to heat treatment for their chemical transformation. The
reaction product that is gained in the form of a sinter cake or granulate must
30 then generally be broken, ground and graded, before a technically processable
product can be obtained. The disadvantages of solid-state processes are the high
sinter temperatures and long furnace times that are often necessary for total
chemical transformation, and which lead to high energy costs and low flow rates.
Grinding processes also increase the risk of impurities occurring, which can often
be critical, particularly in the case of electrochemical applications. In addition,
the broad particle size distributions caused by the grinding process generally
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necessitate a grading of the product, which can also lead to material losses.



-The invention is therefore based on the object of providing lithium

" phosphates that show high specific capacity in their el ectrochem cal
~applications, even at 5 roomtenperature. It is also ainmed at providing a

- sinpl e and i nexpensive process for their manufacture. Sunmary of the

| nventi on The above object is achieved by binary, ternary and quaternary
l'ithium 10 phosphates in accordance wigh Caim1l and a process for their
manuf acture in accordance with Claim4. Preferred or particularly practical
enbodi nents of the subject of Objeetafihecimivientioar e di scl osed in the

subcl ai ms. 15 The subject of the invention is therefore binary, ternary and

quaternary |ithium phqgs tes of ,general, formula iéﬂl;e | yM2Z) P04 wherein
T £ epr Beoitiension Baeroate BRabAr T PHESHPh Ao RHiRg AUPH SobsRtatey o
Mh, Co, tlat sbew Righ Bpecifiy, capacityrin heir glectrpchemingl |appligations fpen at

repr ﬁgenﬁoﬁnﬁtedlw&fux@nﬁ el gs@aimed at peogdmige ennpleididheSpensive pkoceels, M,
Co, , Ca, Sr, Ba, A, Zr, and La, wth x = between 0.5
and |, Qﬁt%é?v?e%ﬁlfﬁg{gﬁ% 0.5, z = between 0 and 0.5, provided that x + y +
z =1, or 25 x=0,y=l andz=0, the said |ithium phosphates bei ng obtai nabl e
according to a net hod wher eb§upmaryrefothecknyeatians of el enents Li, Fe, M
and/or M2 are precipitated from aqueous solutions and the precipitation

product j,s then dri i i t ,.ga S i her e
B o erli Sire Spih s onieiel oo Butal SHELG, dnd® AERUEAIY MelRERTC0S
and te@npiiesghatesain argosdancs Wit Cldbnb s RjseE W dhebomaaUiRsiErs iRt her
subj ect afcotdemcerwightCGlaim i4s Rreferociess photiculhdy maadtficadtemieodifnenhe € thet hi um
phosphat §§, 6liaraat appaedidyald SSH6SA irf oIS el ements Li, Fe, M
and/ or M2 being preclpitated from aqueous solutions, and with the
preci pitation 35 product then being dried in an inert gas atnosphere or a
r educi ngTha AvRisAkPEthe inyeptiap dp dharedoishPiERTy stepiedtd AygHsmemh &thivi e and
appr oxi npticsphaHabiGeaarth] fempelned at a tenperature of between 300 C and 1000
C. 183 The subject of the invention is furthernore the use of the
inventive |lithium phosphates as ¢ h&d%ﬂ%ﬁ?ri al in lithiumaccunul ators,
preferably secondary (rechargeabﬁ‘@ﬁex i YNi batteries. Detailed Description
of the Invention One surprising result of the invention is that the
i nvent i vigh@et 88 eptizenadadicast priodleaidig ofqkelgroup bomprishospbarey, Wit h a
speci al GHT EACR) T4 YAl e wd QL R Bhohe 4| 28adRdaganarrow particle size
di stributhon. Lithi umg 0S %tes I n_accordance w th tgftg"ll n¥e tion %how a
capagdt yM RERISHFRIG 2itler Tttt SRPEFRLLIE EVARECAURRISIE Sto Tt Vi Fimn: Co.
accunmul a¥ioiCs:, @n, Be, Mg, &pSoxBa.1ss ZmaeridLawhi ch is nore than 90% of the
t heoretig@gh value of 170 mAh/ g, whereas conparable |ithium phosphates
manuf actured. b n regul ar solid-state processes show capacities of
up to on’fye°§6‘6¥"6‘>r:.8%1%0°of%m/g. In a preferred enbodi nent, the phosphate
mat ri x of =teEWesR@@PA\RS5] i t hi um 15 phosphat es contai ns carbon particles
W t h honpgdeowesendd sindithdt povideditheh xl+epdsz = 1, or

25 x=0,y=landz=0,

the said lithium phosphates being obtainable according to a method whereby

precursor compounds of elements Li, Fe, M! and/or M? are precipitated from
aqueous solutions and the precipitation product is then dried in an inert gas
atmosphere or a reducing atmosphere at a temperature which is between room
temperature and approximately 200° C and tempered at a temperature of between

80 300° C and 1000° C.

One further subject of the invention is a process for the manufacture of these
lithium phosphates characterised by precursor compounds of elements Li, Fe, Mm!
and/or M> being precipitated from aqueous solutions, and with the precipitation

35 product then being dried in an inert gas atmosphere or a reducing atmosphere at
a temperature which is between room temperature and approximately 200° C and
tempered at a temperature of between 300° C and 1000° C.



‘to a significant increase in their conductibility, enhanced processing, for
exanpl e, by neans of rolling, extrusion with suitable escort substances, as
wel |l as a reduction of particle aggloneration. 20 The inventive |ithium

- phosphates furthernore show preferably an average particle size of |ess
than approximately 6 um preferably less than approx. 3 um The surfaces
nmeasured according to the BET nethod.age generally approx. 2 n2/g. The

| it hi um phosphat es obtai ned on the basis of the inventive process are

f ur t hler Miree stibject hd thestnvgatipnofs funthephersetlas uskeyf thntiaventiveo titisaampl e,

| ess t hgjhodPhhte@Nad RAEIIRL BatedPal THE LitMVEN Hck mhuld tBid) Mh g s Bl besonakey

manuf act pr eci pl tation reaction in an aqueous medi um
(e ?191 eﬁébﬁ%‘é"iﬁ? %fx b%

which ini & art. Suitable base materials are sol uble
lithiumsalts, irons salts and soluble salts of the elements ML and M2 as
wel | as sol ubl e phosphatbesailéd IDeskripticor ofithe nventi®d Setting and
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particle size analyses of the |ithium phosphates nmanufactured according to
exanples 1 to 4.




“Figure 6 shows the cyclic behaviour observed in charging and di scharging
the lithium phosphate manufactured according to exanple 4, when this is
used as cathode material in a lithiumaccunulator. Figure 7 shows the
"char gi ng-di scharging curve for the first cycle of the neasurenent for
Figure 6. to Exanples Exanple 1 15 From 0.52 nol (54.26 g) of lithium

di hydrogen phosphate and 0.4 nol ( 111421 g) of iron (I1) sulfate

hept ahydrate, each dissolved in 400 m of anaerobic dem neralized water, a
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dem nerali'zed water, 'I's trickled into this mxture over a period of 15

m nutes while being stirred at roomtenperature. This |leads) with strict
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the x-ray diffraction diagramof the lithiumiron phosphate obtained
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25 and electrical material characteristics of the lithium phosphates. Of particular

importance for such purposes are additives that lead to carbon particles in the
phosphate matrix with homogenous distribution after the drying and tempering
process. Some examples of suitable additives in this regard are polyalkylene
glycols, such as polyethylene glycols, starch or starch derivatives, sugar or sugar
derivatives, such as lactose, mono- or poly-carboxylic acids or their derivatives, in

30
particular polyhydroxycarboxylic acids, such as citric acids. Preferred additives
are characterised by their ability to function, under the applied tempering
conditions, also as an Iintrinsic reduction means, in addition to their
characteristics as material enhancers (see example 4 below).

35 Short Description of the Drawings

Figure 1 shows the x-ray diffraction diagram of the lithium iron phosphate
manufactured according to example 1.



720 The white suspension is filtered in a nitrogen atnosphere and washed
"free of sulphate with a total of 150 ml of anaerobic dem neralized water.
"The white filter cake is dried in an nitrogen atnosphere at 130 C. The

- phosphate m xture obtained in this way is heated to a final tenperature of
25 675 Cfor its transformation to the triphyline phase in a nitrogen

at nosphere, to which 1 volune % hydrogen is added as reduci ng agent.

Heati ng commences with roomtenperature and rises at a heating rate of 3
K/m . TFigeresi 2al 3% eshper aheresulisnali thaipaeticfeosizé 2atadyses. ol hbeadthitinon of
hydr ogehBiphOYE MdiufsQdtéd Hechrdid Rk LRsH180 ith&. t enpering process. 30 The
analysis of the particle sizes of the lithiumiron manganese phosphate
obt ai ned according to the above process is shown in Figure 3. The average
parti cl &igneee 6; showssthe)eyqlia hehavienry ohaeved 1ni chargng pa@d dschpaginectlee si ze.
35 7 litRiunx gnplsphateMuanhifaturesl afcordingP(o] exarhpleus e whkn aithis tis @ed Sash
hO”D&EnQH&ld”&e&hb!{e?ia'l&E‘iﬁﬂf\ﬁﬁta'él’:&&uﬁa{tgfn 0.065 mol (6.78 g) of lithium

di hydrogen phosphate, dissolved in 50 nml of anaerobic 20% aqueous sol utions
of pol yet hyl ene gl ycol 20000 and a simlarly anaerobic solution of 0.05 nol
( 13. 90 Faguxer 7 rehrws |thesghirging-disshargiog acervien f@0 the 8fsta cacie afubous

sol ut i omsealirq@atyefohyigne ayl ycol 20000, under constant stirring. A

previ ously anaerobi ci zed aqueous solution of 0.106 nol (4.47 g) of lithium
hydr oxi de nonohydrate, 10 di ssol veg in 25 mM of dem neralized water, is

tric¥ ed into this nixture over a BtfSof 3 minutes while being stirred
at roomtenperature. The resulting stable, white suspension is broken by

t he addipxiagipief1 500 m of anaerobic ethanol (99.6%. Thereafter, the
sedinment is centrifugated (3,000 rpm under a nitrogen atnosphere, and the
bottom rlR_roduct is washed free of sulphate with a total of 200 m of

anaer obt ter, and then dried under nitrogen at 150C. 15
The phosphate m xture obtained in this way is heated to a final tenperature
of 675 @rémro. Bbsfn&lf@@Sis)g)W@it liﬁﬁuﬁpdﬁqbarctgehpﬂ%s'pﬁﬁtdobﬁé% 4 @ ('i'lﬁrﬂggjn
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Heat i ng commen erature an ri ses at
K/ min. #amdneralized Wt?ren?)efpﬁ‘ttwfé With hamegerqug %Perfzorhaar@anqrfe@tlamﬁ tion
of hydr egen/ hiehdedan ais aanisphered oflimiérnggdshel grevivaslyeapesrobiy pgoedss. The
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Exanpl e minptesrivigile Beimg| stirgegl gt7repm é¢mp¢rtahumT@nmwggwﬁhpﬁmspha@lesmmd 0.1
ol (27 0B6xy@enpto 3QvHitedMghtly )sefilinfduepaiepbahydrate a honogenous mxture is

manuf actured with stirring in 200 mM dem neralized water (as in exarrple 1).
A previ o sl y anaer obi g%zed aqueous sol uti on. of 0.

| i t hi umH§dPSRFZEORIRGHFaThiR 2 Rogsn ARoFRRETS 317 B’@Sgo ‘?ﬁf’fF@r%fl "r‘gehatﬁat er,
is tri cmi'@darttpﬂabOfﬁ@%mhatlta@r@l@demimrpEZGFCbWatﬂr 4 minutes, with the mxture
beimg stirred at roomtenperature. This 35 results in a white) | ightly
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For transformation to the triphyline phase in the nitrogen stream, the
homogenous phosphate mixture is initially heated, from the outset room
80 temperature and commencing with a heating rate of 2 K/min, to a target
temperature of 650° C, which temperature is maintained for 12 hours, and then
heated at the same heating rate up to a final temperature of 675° C. This

temperature is maintained for a further 12 hours.

35 Figure 1 shows the x-ray diffraction diagram of the lithium iron phosphate
obtained through this process. The diagrams of pure triphylite (LiFePO,) and of
pure lithium phosphate (LizPO,) are also shown as a basis for comparison. It can



1 A honogenous, viscid slip is manufactured fromthe white filter cake
with the addition of 20 g of a 10% | actose sol ution. Following this
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material characteristics of the 35 I i t hi um phosphat es.
The phosphate mixture obtained in this way is heated to a final temperature of

675° C for its transformation to the triphyline phase in a nitrogen atmosphere, to
which 10 volume % hydrogen is added as reducing agent. Heating commences
with room temperature and rises at a heating rate of 3 K/min. This final
temperature is maintained for 12 hours. The addition of hydrogen/nitrogen is

20
continued during the entire tempering process.

The analysis of the particle sizes of the lithium iron phosphate obtained according
to the above process is shown in Figure 4. The average particle size is 2.19 pm
with a very narrow distribution of particle size.

25
Example 4

Mapuf £ LiFePO., with carl by | on with |

From 0.13 mol (13.57 g) of lithium dihydrogen phosphate and 0.1 mol (27.80 g) of
30 iron (II) sulfate heptahydrate a homogenous mixture is manufactured with stirring
in 200 ml demineralized water (as in example 1). A previously anaerobicized
aqueous solution of 0.212 mol (8.94 g) of lithium hydroxide monohydrate,
dissolved in 50 ml of demineralized water, is trickled into this mixture over a
period of 4 minutes, with the mixture being stirred at room temperature. This

35 results in a white, lightly settling suspension with strict exclusion of oxygen.

The suspension is filtered in a nitrogen atmosphere and washed free of sulphate
with a total of 100 ml anaerobic demineralized water.
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The lithium iron phosphate obtained as shown above was used as cathode

material in a lithium accumulator. Figure 6 shows the dependence of the specific
15 capacity in repeated charging and discharging of the battery. The galvanostatic
electrochemical measurement was carried out in a glass cell filled with liquid
electrolyte (LP30 manufactured by Merck) in 3-electrode arrangement with
counter- and reference electrodes made of lithium metal. The current strength
measured a constant +0.26 mA, which corresponds to an area-related current
density of 0.26 mA/cm? or a theoretical charging/discharging rate of capacity
(C)/20 h, The potential limits were 2.9 V and 4.0 V versus Li/Li+. As can be seen,

no cycle losses occurred after 40 cycles, which indicates excellent reversibility of

20

the inventive lithium iron phosphate.

Finally, Figure 7 shows the charging-discharging curve for the first cycle of the
25 measurement described for Figure 6.

Example 5

Manus  LIFePO, with cart by | lon with lithium o

30 100 ml of a solution of 0.05 mol {19.61 g) ammonium iron (II) sulfate

heptahydrate, dissolved in demineralized anaerobic water, is poured in 100 ml of
a solution of 0.25 mol (33.04 g) of di-ammonium hydrogen phosphate in anaerobic
water under constant stirring within 1 minute. After a further 5 minutes stirring
and with strict exclusion of oxygen, a white, quickly settling suspension is

35 obtained. This suspension is filtered in a nitrogen atmosphere, washed free of
sulphate with anaerobic water and dried at 75° C. The dried precipitation product
consists exclusively of spherical powder particles (diameter < 5 pm) of the phase
ammonium iron (II) phosphate monohydrate.
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solution of 0.00875 mol (2.47 g) of tri-lithium citrate tetrahydrate - neutralised
with citric acid - in anaerobic demineralized water and stirred to a homogenous,
fluid suspension. With constant stirring, the suspension is carefully heated
without boiling and the water part vaporised, until the suspension forms threads
and solidifies during cooling into a caramel-type viscous mass, This mass is then
subjected to drying and tempering treatment in a nitrogen atmosphere. This
treatment consists of a 6-hour heating phase, in which the mass is heated from
room temperature to 675° C, a temperature maintenance phase of 12 hours at
675° C and a six-hour cooling phase. The resulting porous, hard sinter cake is
broken in an agate mortar and ground, until a smooth, flowing black powder is
obtained. The tempering product consists of LiFePO, (Triphyline) and small
quantities of additives (< 3%) of lthium phosphate (LizPO,) and iron phosphide
(FeP). This product contains approximately 10 volume % of amorphous carbon.

Example 6

Magus f LiFePO. by i \op with Lithi

0.025 ml (4.67 g) of the precipitated ammonium iron (II) phosphate monohydrate
from example 5 is added to 2 ml of a solution of 0.0265 mol (2.68 g) - neutralised
with citric acid - of lithium acetate di-hydrate in anaerobic demineralized water
and stirred to a homogenous suspension. With constant stirring, the suspension
is carefully heated without boiling and the water part vaporised, until the
suspension solidifies during cooling into a crumbly, bright green mass. This mass
is then subjected to a drying and tempering treatment in a nitrogen atmosphere.
This treatment consists of a 6-hour heating phase, in which the mass is heated
from room temperature to 675° C, a temperature maintenance phase of 12 hours
at 675° C and a six-hour cooling phase. The resulting granulate is ground in an
agate mortar, until a bright grey powder is obtained. The tempering product
consists of LiFePO, (Triphyline) and additives of lithium phosphate (LigPO,),
magnetite (Fez0,4), and wuestite (FeO). This product contains no carbon.
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10 with
x = between 0.5 and 1,

y = between O and 0.5,

z = between 0 and 0.5, provided that x+y+z=1,orx=0,y=1andz=0

the said lithium phosphates being obtainable according to a method whereby
precursor compounds of elements Li, Fe, M! and/or M? are precipitated from

15 aqueous solutions and the precipitation product is then dried in an inert gas
atmosphere or a reducing atmosphere at a temperature which is between room
temperature and approximately 200° C and tempered at a temperature of between
300° C and 1000° C

oo 2. Lithium phosphates in accordance with claim 1, wherein the phosphate matrix

further contains carbon particles with homogenous distribution,

3. Lithium phosphates in accordance with claim 1 and/or claim 2 that have an
average particle size of less than approx. 6 pym, preferably less than approx. 3 pm.

25 4. Process for the manufacture of lithium phosphates in accordance with claims 1
- 8, characterised by precursor compounds of elements Li, Fe, M! and/or M> being
precipitated from aqueous solutions and the precipitation product then being
dried in an inert gas atmosphere or a reducing atmosphere at a temperature
which is between room temperature and approximately 200° C and tempered at a

30 temperature of between 300° C and 1000° C.

5. Process according to claim 4 characterised by the precipitation and/or the
drying and tempering taking place in the presence of additives, preferably organic
compounds, which under drying and tempering conditions are transformed into
matter that improve the processing and electrical material characteristics of the
3 lithium phosphates.
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