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The phase formation in the systems NH;MnPO4H,0-LiCI-LiNO; and NH;MnPO,4.H,0-NaCH;COO.3H,0 is
systematically investigated in order to obtain at low-temperature olivine-type LiMnPO4 and NaMnPO, which are of
great interest as cathode materials for lithium and sodium ion batteries. The experimental conditions such as molar ratio
between reagents, temperature and reaction time are varied to find the more suitable procedure for the low temperature
formation of pure phospho-olivines. It is established that the transformation of the dittmarite precursor into sodium
manganese phospho-olivine proceeds between 200-250 °C with participation of large excess of the Na-salt more slowly
in comparison with the fast ion exchange of NH," for Li" leading to the formation of LiMnPO, for 1.5 h only. Both
prepared olivines are well-crystallized and exhibit nano-sized crystallites (50 - 60 nm).
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INTRODUCTION

Lithium metal phosphates, LIMPO, (M = Mn,
Fe, Co, Ni) with olivine-type structure known as
phospho-olivines are amongst the most promising
cathode materials for Li-ion batteries due to the
high capacity, cyclic stability, tolerance to
overcharge, excellent safety and low cost [1-2].
More recently, in response to the current
requirements for the development of cheaper
"green" batteries the replacement of lithium with
sodium becomes very attractive and research on
sodium intercalation materials gains an increasing
importance [3-4].

While olivine LiMPO, family, and especially
LiFePO, and LiMnPO,, is widely studied from
different aspects of material science [1,2,5,6], very
little work is done on the corresponding sodium
analogues [3,7,8]. Owing to the larger ionic size of
Na" than Li" the thermodynamically stable
NaMPO,; compounds do not crystallize in the
desired olivine structure: they crystallize in a
maricite structure that is electrochemically inactive
[3,7,8]. Because of that the synthesis of olivine-
type NaMPO, is a great challenge and requires
original synthesis approaches.

Regarding NaMnPO, only one report in the
literature deals with the preparation of olivine-type
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phase [8]. Most recently we have demonstrated that
dittmarite-type KMnPO,.H,O precursor acts as
structure and morphology template for low-
temperature preparation of nano-sized LiMnPO,
and NaMnPO, olivines [9,10].

The present paper is focused on the preparation
of olivine-type lithium and sodium manganese
phosphates by cation exchange reactions using
NH4MnPO4H,O as a host matrix. The phase
composition in the reaction systems
NH4MnPO4.H,0-LiCI-LiNO; and
NH4MnPO4.H,0-NaCH;COO.3H,0 is studied by
X-ray powder diffraction (XRD). Various
experimental conditions have been considered, such
as molar ratio between the reagents, temperature
and reaction time. The specific features of the
preparation of LiMnPO, and NaMnPO, from
NHsMnPO,4.H,O0 are discussed.

EXPERIMENTAL

The host matrix NH;MnPO4.H,O is prepared as
described elsewhere [11]. The cation exchange of
NH," for Li" and Na" is carried out using eutectic
composition LiCI-LiNO; (0.12:0.88 mole ratio)
and NaCH;COQO.3H,0, respectively, as lithium and
sodium reagents are taken in excess. The synthetic
procedure is same for both systems and it is
analogical to that applied in the case of KMnPOj.
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H,0 [9,10]. For the lithium system the experiments
are carried out at 200 and 270 °C, whereas for the
sodium system a broader temperature interval from
75 to 250 °C is explored. The molar ratio between
NH4;MnPO4.H,O and Li-salt (accordingly Na-salt)
is varied between 1:2 and 1:12. The reaction time is
also varied from 1.5 to 24 h.

The XRD patterns are recorded on a Bruker
Advance 8 diffractometer using CuKa radiation.
The lattice parameters are determined by WinPlotr
programme. The crystallite sizes are calculated by
the Scherrer equation as the instrumental
broadening is taken into account. The line width is
determined by profile analysis (WinPlotr
programme). The TG-DTA  analysis of
NH,MnPO,.H,0 is performed using LABSYS™
Evo apparatus (SETARAM) in an argon flow at a
heating rate of 10 °C/min.

RESULTS AND DISSCUSION

NH;MnPO4H,O belongs to the dittmarite
family which is characterized by a layer structure
consisting of M*"-PO, sheets separated by M" ions
[12]. Due to the remarkable structural similarity in
the topology of the M*"-PO, layers between
dittmarite and olivine structures, the dittmarites are
particularly suitable as precursors in cation
exchange reaction [8-10,13].

Since the dehydration process is very essential
for the transformation of the dittmarite into olivine
structure [9,10] we have analyzed the thermal
behaviour of the NH,;MnPO4.H,O precursor (Fig.
1). It is stable up to 135 °C when a complex
decomposition with simultaneous release of H,O
and NH; takes place resulting in the formation of
MnHPO, around 300 °C (18.72 % mass loss vs
calculated 18.92 %). Above 350 °C MnHPO,
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Fig. 1. TG- and DTA curves for NH;MnPO,.H,O.

undergoes an inter-molecular dehydration to
Mn,P,0; (5.56 % mass loss vs calculated 5.96 %)

in accordance with the XRD data of Wenwei at al.
[14]. The two endothermic effects at 235 and 458
°C correspond to the above processes.

The major advantageous of the reactions in
molten salts is the ability to run the process at low-
temperature which is favorable for the formation of
small particles as well as the synthesis process is
less expensive. Eutectic LiCI-LiNO; with a low
melting point of 270 °C is very suitable for cation
exchange reactions for Li". To facilitate the ion-
exchange reaction, the molten salts are usually
taken in large (e.g. tenfold) excess. Our first
experiment performed with tenfold excess of Li-
eutectic (1:10 mole ratio) at 270 °C for 6h (Fig. 2)
shows that the reaction product comprises
approximately 90 % olivine phase, 10 % Li;PO4
(PDF 71-1528) and small amount of an unidentified
phase. Evidently, the high concentration of lithium
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Fig. 2. XRD patterns of the reaction product in
NH4MnPO,.H,0-LiCI-LiNO; system at different
experimental conditions (* denotes Li;POy4; ? denotes an
unidentified impurity).

ions  promotes  competitive  reaction  of
decomposition of the dittmarite precursor.

The drastic reduction of the amount of the Li-
eutectic and reaction time (1:2, 90 min) results in a
fast formation of LiMnPO, free of impurities (Fig.
2). Successful experiments are also performed at
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200 °C i.e. at a temperature below the melting point
of the Li-eutectic (Fig.2). Pure LiMnPO, is
obtained at a mole ratio 1:2 for 3h, while very small
amount of Li;PO,4 (below 1 %) is detected with the
larger excess (1:5) of the Li-eutectic (Fig. 2).

It is clear that formation of the olivine phase
takes place at temperatures where the parent NH-
precursor should decompose to MnHPO, (Fig. 1).
The absence of any pyrophosphate phases is a
further support that the ion exchange of NH," for
Li" occurs very fast in the framework of the
dittmarite structure, and thus the decomposition of
the precursor is prevented. The ion exchange is
immediately followed by the H,O release and the
transformation of the dittmarite structure into
olivine structure is accomplished.

The prepared LiMnPO, (Fig. 2) display a good
crystallinity irrespective of the low synthesis
temperatures and short reaction time. The lattice
parameters do not depend on the temperature of
formation (@ = 10.4429(4) A, b = 6.0879(2) A, c=
4.7480(2) A) and coincide well with the reported in
the literature [9,13,15].

Ion-exchange of NH," for Na is performed with
NaCH;COO.3H,0 having very low melting point
of 58 °C. At dynamic conditions (heating with 10
°C/min) Liptay reported [16] that at about 65-70 °C
the salt undergoes an incongruent melting, followed
by a complete dehydration at 200-220 °C. The
anhydrous sodium acetate melts at 324 °C [16].
Considering these data the first experiment is
performed at 75 °C using 1:10 mole ratio and a
reasonable reaction time of 6h. At these conditions
(Fig. 3) the reaction product comprises a mixture of
a main component (about 60 %) Mn;(PO4),.7H,0
(PDF 84-1160), unreacted precursor (about 20 %)
and small amount (about 15-20 %) of target olivine
NaMnPO, (PDF 74-386). Taking into account that
the parent NH,-precursor is thermally stable at 75
°C (Fig. 1) the presence of Mn3(PQOy,),.7H,0O can be
explained by the precursor decomposition under the
influence of the high concentration of Na'.
Evidently, the ion exchange reaction and the
decomposition reaction are competitive reactions
and at the above synthesis conditions the latter
predominates over the former. To enhance the rate
of the ion-exchange reaction the next experiments
are performed at higher temperatures (between 100
and 250 °C), longer reaction times and varying the
excess of NaCH3COO.3H,0 (Figs. 3 and 4).

Unreacted precursor is not observed at 100 °C
and between 100 and 150 °C the reaction product is
biphasic consisting of Mn3(PO,),.7H,O (still main
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component) and NaMnPO, (Fig. 3). At 150 °C the
amount of the olivine phase reaches to 40 %. It is
worth noting that our results on the phase
composition between 75 and 100 °C differ
considerably from these of Nazar et al. [8], who
reported for the preparation of pure olivine
NaMnPO, between 65 and 100 °C using the same
reaction reagents (no experimental details were
supplied).
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Fig. 3. XRD patterns of the reaction product in

NH4MnPO,.H,0 — NaCH;COO.3H,0 system at
temperatures between 75 and 150 °C .

At 200 °C the target olivine phase becomes the
main component in the system (Fig. 4).
Mn;(POy),.7H,0 is now absent, but minor quantity
of another impurity (most probably
NaMn;(PO,)(HPO,), (PDF  83-329)) is also
observed.

The inset on Fig. 4 compares the intensity of the
peak due to the impurity with the intensity of the
nearest olivine peak at different experimental
conditions. The comparison clearly shows that the
quantity of the impurity decreases with the increase
in the excess of NaCH3;COO.3H,0 and the reaction
time. Best results regarding the purity of olivine
NaMnPO, are achieved at 1:10 mole ratio for 15 h
as well as at 1:12 mole ratio for 6h (same for 15 h).
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The level of the impurity in these cases is around 5
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Fig. 4. XRD patterns of the products in NH;MnPO4.H,0

— NaCH;COO.3H,0 system at temperatures of 200-250

°C (* denotes the impurity; e denotes the nearest olivine

peak).

The prepared olivine NaMnPO, at 200 °C is
well-crystallized (Fig. 4) and the unit cell
parameters (a = 10.5275(5) A, b = 6.3232(3) A, c=
4.9843(3) A) coincides well with the reported for
NaFeg¢7Mng93sPO4 (mineral natrophilite having
olivine structure) [17] as well as with these for
NaMnPO, prepared by us from KMnPO4.H,O [10].

Regarding the preparation of LiMnPO, and
NaMnPO, olivines from NH;MnPO4H,0, it
appears that the synthesis of LiMnPO, proceeds by
using a small excess of the Li-reagent (not more
than twofold excess) and short reaction time (up to
3h), while a large excess of the Na-reagent (tenfold
and more) and longer reaction time (15 h) are
needed for the synthesis of olivine NaMnPQOy: The
difference in the formation of lithium and sodium
analogues can be related with the hindered
diffusion of the larger Na" ions in comparison with
the fast mobility of the smaller Li" ions at same
temperature (e.g. 200 °C). However, because of the
low synthesis temperature (200 °C) the crystallite
sizes of both sodium and lithium phospho-olivines
are in the nano-scale region: The average crystallite

size calculated from the line broadening of six
diffraction peaks from the 1635 ° (20) range is 47
nm for LiMnPO, and 61 nm for NaMnPO,. The
larger crystallite size for sodium phopsho-olivine
could be explained by the prolonged heating at 200
°C that favors the crystallite growth.

CONCLUSION

Nano-crystalline olivine-type LiMnPO, and
NaMnPO, are prepared at low temperatures (i.e.
around 200 °C). It has been demonstrated that
dittmarite-type compound NH4;MnPO,.H,O is a
suitable structure template for the synthesis of
lithium and sodium phospho-olivines, which are
promising cathode materials in lithium and sodium
ion batteries.
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(Pesrome)

®azoobpasyBaneto B cucremure NHMnPO,H,O-LiCI-LINO; u NH4;MnPO,.H,0-NaCH;COO.3H,0 e
CHUCTEMaTHYHO M3yYEHO C IEN J]a ce IMOJydyaT MpH HHUCKa Temreparypa omuBHHOB-Tull LiMnPO, n NaMnPO,, kouto
NPE/CTABIIABAT MHTEPEC KaTO KaTOJHM MaTepHajd 3a JIMTHEBO- M HAaTpHeBO-HOHHM Oarepuu. Bapupanu ca penmia
eKCIIEpMMEHTAJIHU [IapaMeTPH KaTO MOJIHO OTHOIICHHE MEXIY pPeareHTHTe, TeMIlepaTypa U PeaklMOHHO BpeMe, 3a 1a
ce HaMepAT Hal-NOAXOMAIINTE YCIOBUS 32 HUCKO TEMIIEpaTypHO oOpasyBaHe Ha YHCTU (HOC(O-OIUBUHU. Y CTAHOBEHO
€, 4ye TpaHC(OPMHUPAHETO Ha JUTMApPUTHUS MPEKypcop B HaTpHeBO-MaHraHoB (ocdo-onuBrH nporrya mexay 200 u
250 °C B npHCBHCTBUE Ha TOJISIM M3JIMIIBK OT HAaTPUEBA COJI MHOTO 10-0aBHO B CpaBHEHHE ¢ Obp3usi HOHEH OOMEH Ha
NH," ¢ Li" iionu, Bomem mo obpasyBane Ha LiMnPO, camo 3a 90 wmun. Ilomydenute (ocho-oJquBHHE ce
XapakTepu3upar ¢ 100pa KpUCTATHOCT U HaHO-pa3MepHH kpuctanuty (50-60 nm).
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