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Abstract

The Raman spectra of two systems, namely titanium-doped lithium iron and lithium nickel phosphates have been investigated. At roomnr
temperature, lsFe;(POy)s is reported having a monoclinic structure wiRB;/n space group, and transforms to a rhombohedral structure
(y-phase) withPcan space group above 513 K. An orthorhombic structure Witma space group is reported for LiNiR@nd Ti-doped
LiNiPO4 polycrystalline samples.

The Raman spectra of the first system, specificallfrki(POy)3 and Ti-doped LiFe(POy)s, are assigned with respect to band positions
reported in the literature for bFex(POy)3 and Fe(SOy)3 and, Nasicon-type compoundsliiz(POy)3 and NaFex(POy)3. Although spectra
show a marked change in the broadness and number of bands observed, the overall profile is sirtilgFé(POy)3 which indicates
up to 20 mol% solubility of titanium in the kFe(POy)3 phase.

The second LiNiP@system shows mixed phase behaviour and is composed of orthorhombic Lilifla secondary phase, likely a
titanium phosphate. With increasing Ti-dopant concentration up to 20 mol%, there is an increase in the relative proportion of the secondar
phase, characterised by a strong band at 784cm
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction (M—Ti, Ge, Zr, Hf) and perovskite-type bLag5TiO3 have
been widely studied because of their high ionic conductiv-
Superionic materials possess exceptionally high values ofity. Many of these ionic conductors have titanium as the
ionic conductivity in the solid state, and have a large number major component, which can easily take part in lithium
of technological applications including rechargeable lithium intercalation or deintercalation, and sometimes, exhibit ap-
batteries, sensors, and displays. They comprise potential topreciable electronic conductivity. However, substitution of
meet the requirements of size-compactness, integration, andhe major component with titanium stabilises superionic
stability at ambient temperature, and are desirable for the conductors at room temperatyt.
development of new rechargeable lithium battery systems In this paper, we characterise two systems, namely
[1-3]. LisFe_,Ti,(POy)3, wherex = 0-0.20, and Li(Ni_,Ti,)-
Lithium-ion oxide conductors have some advantages in POy, wherex = 0—-0.20.
practical applications as solid-state electrolytes for batter- The first system, ldFe,_,Ti,(POs)3, belongs to the
ies. Their advantages include easy synthesis and handlingFes(SOq)3-type structure and to the Nasicon family. The
as well as high decomposition voltage. Typical lithium-ion structure is based on a three dimensional network of
oxide conductors, such as NASICON-type Li{RPOy)3 [Feo(POy)3]. of FeQs-octahedra and Pfetrahedra shar-
ing oxygen vertices. The lithium ions are situated in in-
terstitial voids in the framewor4]. LisFe(PQy)3 has

* Corresponding author. Tek:1-860-486-8762; fax:-1-860-486-8378.  three phases reportg8] namely, monoclinic B21/n) «,
E-mail address: alevtina@engr.uconn.edu (A. Smirnova). monoclinic P21/n) B and rhombohedralR3c) y. Several
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Table 1
Raman and infrared modes for the compoundgRes(POy)3 and LigFe(PQs)3
Compound Structure Space group Raman active Infrared active Acoustic modes Reference
modes (no.) modes (no.)
NagFex(POy)3 Monaclinic C2/c (no. 15) (at 293K) 294 + 31By (60) 32A, + 34B, (63) Ay + 2By [5]
NagFex(POy)3 Rhombohedral R3¢ (no. 167) (at ? K) 9Ag + 20Ky (29) 11A + 21E, (32) Aoy + Ey [5]
a-LisFe(POy)s  Monoclinic P21/n (no. 14) (at 293K) 604 + 60By (120)  59A, +58By, (117) A, + 2By [3]
v-LigFe(POy);  Orthorhombic  Pcan (no. 61) (at 573K) 364y + 36Byq 35Byy + 35Byy Biy + B2y + Bay  [3], this work
+ 36Byg + 36Bg3y + 35Bg, (105)
(144)

workers have utilised Raman and infrared spectroscopy todate. Barj et al[8] report the factor group analysis and spec-

characterise the structure of the monoclinicsMz(POy)3, tra of compounds belonging to the Nasicon family of struc-
where AE =Li and Na, and M=Fe, Sc, In, Zr, Cr  tures, and characterised the short-range disorder occurring
[4-11]. in these systems.

Kravchenko et al[6] have reported the Raman spectrum  The other group of structures studied in this work includes
of LisFex(POy)3 and LS (PO4)3, however, only the bands  Li(Ni1—, Ti,)POys. Abrahams and Eassqf2] showed that
due to Li vibrations were assessed in any detail and the full the main representative of this group, specifically LIN{?O
assignment of the Raman modes has not been reported tdas an orthorhombic structure wilmma space groupg =
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Fig. 1. Raman spectra of 4fe,_ Ti (PO4)3, wherex = 0 (a), 0.0.5 (b), 0.10 (c), 0.15 (d), and 0.20 (e). Asterisk (*) indicates possible secondary phase.
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Table 2
Raman band positions and assignments gF&i(POy)s compared to those observed for isostructural and Nasicon-type structure compounds
LigFe(PQs)s LigFe(POy)s [3] LigInz(POy)s [3] NagFex(POs)s [5] Assignment[3]
(this work) (approximately) (approximately) (approximately)
49 w Lattice modes
60 w Lattice modes
72w Lattice modes
79 m 82 w Lattice modes
124 w 120 131 m Lattice modes
141 vw 140 150 vw 147 m Lattice modes
171 m 160 160 vw 172 m Lattice modes
186 sh 180 195 m Lattice modes
207 vw 210 200 m 204 sh Lattice modes
228 w 220 215 s Lattice modes
248 w 250 230 s 237 m Lattice modes
272 w 270 250 s 290 w Lattice modes
301w, b 290 300 s Li®, FeQ; octahedra modes
336w, b 330 340 s 320 m Lif) FeQ; octahedra modes
357w, b 370 330 w LiQ, FeG octahedra modes
420 sh 400 410 sh PQOdeformations
425 s PQ deformations
440 s 445 m P@® deformations
451 m, b 450 450 s POdeformations
475 s 480 vw PQ@ deformations
497 w, b 490 493 sh POdeformations
497 m PQ deformations
500 sh PQ deformations
556 w 530 540 w 543 w P©Odeformations
560 w PQ deformations
580w, b 590 586 w P@deformations
597 w PQ deformations
627 w, b 600 624 w P@deformations
642 vw PQ deformations
846 vw
972 m 963 m PQ vibration of the valency bonds
996 s 990 973 s POvibration of the valency bonds
1004 sh 1010 1015 vs RQribration of the valency bonds
1019 sh, s P@vibration of the valency bonds
1025 m 1020 1025 sh, s RQibration of the valency bonds
1034 sh, s P@vibration of the valency bonds
1059 s 1050 1045 vs RQvibration of the valency bonds
1100 m 1090 1060 m PQvibration of the valency bonds
1139 w 1130 1130 vw PPvibration of the valency bonds
1187 vw 1180 1180 PQvibration of the valency bonds
1210 POy vibration of the valency bonds
1240 1215 m P@ vibration of the valency bonds
1302 vw

10.0317A,b = 5.8537A,c = 4.6768A at room temper-  technique[13] between L3POy, F&Os, TiOz, NiO, and
ature. The structure is related to that of olivine, 28¥0s, NH4H2POy. The mixtures with stoichiometric amounts of
with hexagonal closed packed oxygen, with Li and Ni in these materials were ground in an agate mortar. The result-
half the octahedral sites and P in 1/8 of the tetrahedral sites.ing mixtures were heated in an open crucible at 500K for

There exists no previous literature on the Raman spectra of1 h and then at and 900K for another 1h to decompose
LiNiPO4 or Ti-doped LiNiPQ. phosphates and nitrates, respectively. This process was fol-

lowed by further heating at 1100K for 15 h in air with an
intermediate regrinding after 10 h. The final products were

2. Experimental guenched to room temperature.
Raman spectroscopy was performed on samples of pow-
LisFe_,Tiy ders using a Jobin Yvon U 1000 double beam pass spec-

(PQy)3, wherex = 0-0.20, and Li(Ni_,Ti,)POy, where trometer equipped with a microscope stage for analysing
x = 0-0.20, were prepared using the standard solid-statesmall samples utilising 180incident geometry. A Spectra
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Table 3
Raman band positions of 4ke,_, Ti(POs)3, Wherex = 0-0.20
0 0.05 0.10 0.15 0.20 bFe(POy)3 [3] NagFe(POy)s
(approximately) [5] at 670K
34
50
79 m 76 vw 70
124 w 130 m, b 117 m 115w 112 w 120 122
141 vw 158 m 138 m 138 sh 140 140
171 m 154 m 151 m 161 m 160
186 sh 180 182
207 vw 213w 199 vw 194 w 205w, b 210
228 w 220 223
248 w 246 m 246 m 247 m, b 245 m, b 250 235
272 w 270
301w, b 292 sh 293 sh 281 sh 274 sh 290
317 sh 316
336w, b 345 sh 357 sh 330
357w, b 370
420 sh 427 sh 400
451 m, b 446 m 444 m 444 m, b 446 m, b 450 446
497 w, b 493 sh 506 vw 490
556 w 565 w 570w, b 568 w, b 576 w, b 530 550
580w, b 590 584
627 w, b 623w, b 634 w, b 629 w, b 643 w, b 600 616
788 vw
846 vw 846 vw 846 vw 845 vw 847 vw
972 m 938 sh 942 sh
996 s 994 s 990 s 993 s 996 s 990
1004 sh 1000 sh 1010
1025 m 1020
1059 s 1049 s 1054 s 1054 s 1059 s 1050 1020
1100 m 1083 sh 1081 sh 1084 sh 1082 sh 1090
1139 w 1124 sh 1128 sh 1130
1187 vw 1160 vw 1184 vw 1153 vw 1177w, b 1180
1210
1240
1302 vw 1293 vw 1302 vw 1301 vw 1300 vw

Physics argon-ion laser was employed to excite laser Ramammonoclinic P21/n) «,B-phase, and high-temperature or-
spectra using a 514 nm laser line at an incident power of ca.thorhombic Pcan). Table 1shows the Raman and infrared
10 mW, and a water-cooled photo multiplier tube. Raman modes for these compounds and structures obtained earlier
spectra were obtained using a>5®@bjective and 50Q.m
slit width. The scanning rate used to collect the spectra was A total of 60 Raman active, 117 infrared active and no
kept at 0.5cmts 1,

3. Results and discussion

3.1. Titanium-doped LigFex(POg4)3 structures

According to[6,10], the space group for the hage>(POy)3

has monoclinicC2/c (no. 15) structure with 2 formula
units, i.e.Z = 2 at room temperature. The monoclinic
B-phase is formed (space groufR/c) at 368 K, and above

418K the rhombohedray-phase exists K3c). Similarly,
LisFex(PQOy)3 can exist as three structures: low temperature for LizFe(POy)3 and those of compounds with similar

[6,8] and calculated in this work.

coincident or inactive modes were predicted for the low
temperaturex-phase of LiFe(PQy)3, studied in this work.
However, for the high temperature 3Ee,(PQOy)3 y-phase

144 Raman and 105 infrared modes have been predicted for
the orthorhombic structure. The factor group analysis of the
NagFe(POy)3 phases shows the change in the number of
active modes with change in symmetry.

The Raman spectra of titanium-dopegE&(POy)3 are
shown inFig. L The Raman spectrum of dke(POy)3,
agrees well with that reported in the literatfg for the
monoclinic a-phase. The band positions are compared
in Table 2 with that observed by Kravchenko et 46]
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Fig. 2. Raman spectra of Li(Ni,Ti,)POy, wherex =0 (a), 0.05 (b), 0.10 (c), 0.15 (d), and 0.20 (e).

Raman band positions of Li(Ni,Ti,)PO4, wherex = 0-0.20

0 0.05 0.10 0.15 0.20 Li3(PQu)3 [3] Assignment[2—-4]
107 vw 108 vw
115w 113 w 117 w 115w 116 w LNP (lattice)
139 w 142 w 139 w 141 w 139 *
168 w 163 sh 165 sh LNP (lattice)
171 w 175 w 172 w 175 w 177 *
199 vw 198 vw 201 vw 195 *
239 w 241 m 242 m 241 m 240 *
270 w 260 m 263 m 260 m 262 m LNP (lattice)
273 sh 275 sh 277 sh 276 sh 274 *
293 vw 291 w
305 sh LNP (lattice)
320 w 322 w 319w 320 w 310 *
365 vw 342w, b 345w, b 343 w 343 w 352 LNP (NSO
369 vw
413w, b 396 w 400 w, b 395w, b 397w, b 431 LNP (Ni@nd PQ bending)
461 vw 449 w 450 w, b 447 w, b 450 w, b 448 LNP (Nj@nd PQ bending)
469 sh 469 sh
497 vw
534 vw 548 *
585 w 588 w 589 w, b 590w, b 590 w, b 589 LNP (lg@nd PQ bending)

608 w, b
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e

0 0.05 0.10 0.15 0.20 Li3(PQu)3 [3] Assignment[2—4]
635 w 636 w 639 w 636 w, b 638 w, b 657 LNP (L§&and PQ bending)
785 m 785 s 784 s 785 s 784 *
844 vw 861 vw 842 vw 853 vw 846 vw LNP (RGstretching)
892 vw 891 vw 893 vw *
943 s 945 s 947 s 947 m 946 m 968 LNP @PSretching)
980 w 981 w 978 vw 980 w 987 *
1003 m 1006 m 1009 m 1008 m 1011 m 1006 LNP §Pretching)
1023 sh 1014 sh 1016 *
1027 sh 1025 sh 1025 w *
1062 m 1063 w 1069 w 1066 w 1067 w 1065 LNP @PSrretching)
1074 w 1081 sh 1084 vw 1084 vw 1082 vw 1093 LNP ¢Psiretching)
1289 vw 1294 vw 1295 vw LNP (POstretching)

vw: very weak; w: weak; m: medium; s: strong; b: broad; sh: shoulder, relative intensjitysgcondary phase; LNP: orthorhombic LiNipRO
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Fig. 3. Raman spectra of LiNiPQ(a), Li(NipgoTio20)POs (b) and subtraction spectrum of (bja).
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structure, to characterise the spectrum. It can be seen that theoncentration, and the major band at 784¢ris within the

band position match those reported fogk&(PO4)3, and range for P@3~ stretching vibrations.

the spectra of monoclinic kin2(POy)3 and NaFex(POy)3

show very similar band positions. The bands are as-

signed to vibrations, of lattice modes (0-400¢H) 4. Conclusions

FeQs octahedra (300-400cm), PO;3~ deformations

(400-700cm?t) and vibrations of the valence bonds of The Raman spectra of ifke(PQy)s and Ti-doped

PO,3~, with respect to the work of Kravchenko et §8]. LizFex(POy)3 are reported with 28 modes observed of the

A total of 28 bands are observed at room temperature, 120 Raman modes predicted for the monocliniphase

of the 120 Raman modes predicted for th2;/n space of LigFe(POy)3. The spectra are assigned with respect to

group. band positions reported in the literature forE&(POy)3
The spectra of titanium-doped lithium iron phosphate, and Fe(SOs)3 and Nasicon-type compoundszltiz(POx)s

LisFe_,Ti,(POy)3, wherex = 0.05-0.20, show a Raman and NaFe(PQ4)3. The Raman spectra of dkex(POy)3

profile that is significantly different to that for undoped doped with TiQ show a marked change in the broadness

LisFex(POy)3. A total of 15 bands are observed, almost half and number of bands observed, although the overall profile

that of the undoped compound, and the bands are broaderis similar to LgFex(POy)s. It has been shown that titanium

particularly in the range 900-1200 cth Table 3gives a is soluble in LgFe(POy)s up to 20 mol%, however, the

comparison of the band positions ogEe—, Ti,(POy) with Raman spectra resembles that observed for a rhombohedral
monoclinic LsFe(POy)3 and rhombohedral N&ex(POy)s. structure rather than a monoclinic structure.

The Raman profiles of the Ti-doped sEe(PO4)3 more A total of 15 bands were observed for LiNiR@t room
closely resembles that of the rhombohedragNa(POy)3 temperature, from a total of 42 predicted Raman active

compound. Doping lsFe(POy)3 with titanium appears to  modes for the orthorhombic structure witPnma space
increase the symmetry of the structure likely via th& lan group. Bands were observed at 115, 168, 270, 305, 365, 413,
positions. 461, 585, 635, 844, 943, 1003, 1062, 1074 and 128%'cm
At 20mol% Ti dopant, there are several extra bands ob- and assigned to types of vibrations according to the rel-
served at 161 and 942 cth These bands may indicate the ative wave number positions. Raman spectra of Ti-doped
formation of a secondary phase at the high Ti-dopant level LiINiPO4 show a mixed phase system composed of the
or the formation of a new phase, which is the subject of a orthorhombic LiNiPQ, and a secondary phase, likely a ti-

present publication. tanium phosphate. With increasing Ti-dopant concentration
there is an increase in the relative proportion of the sec-
3.2. Titanium-doped LiNiPOg structures ondary phase, characterised by a strong band at 784.cm

Ti is shown to be insoluble in the system LiNiR@nder
The Raman spectra of Li(Ni, Ti,)POy, x = 0-0.20, are these fabrication conditions.

shown inFig. 2 Band positions and relative intensities of
the observed spectra are listedTiable 4 For the Raman
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