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The structural characteristics of lithium nickel phosphate (LiINJP®@epared by solid-state chemical
reaction have been studied in detail using the analytical electron microscopy and Raman spectroscopy
measurements. The high-resolution transmission electron microscopy and selected area electron diffraction
measurements indicate that the grown LiNiP® well-crystallized in olivine structure without any
indication of crystallographic defects such as dislocations or misfits. The energy-dispersive X-ray
spectrometry coupled with the elemental compositional mapping using high-angle angular dark field
scanning electron microscopy confirms the chemical quality of the grown LiNiP@rms of homogeneity
and uniform elemental distribution characteristics. The local structure and chemical bonding between
NiOg octahedral and (P£~ tetrahedral groups probed by Raman spectroscopy also indicate the high-
quality of LiNiPO;,. Structural analysis of the delithiatedyledNiPO, phase indicates lattice contraction
and distortion upon lithium extraction. A detailed analysis and comparison of the pristine and delithiated
phases is also reported.

[. Introduction The crystal structure of LiNiP©is made up of two types
. ] of polyhedra, distorted Nigoctahedral units that are corner
The large family of compounds of the ABR@pe (with shared and cross-linked with the P@®trahedral oxo-anions,
A and B being mono- and divalent cations, respectively) forming a three-dimensional network with tunnels that are
exhibits different frameworks depending on the relative size occupied by Li ions along the (010) and (001) directions. In
of the A and B ions, for example, arcanite-, trydimite-, or i network, nearly close-packed oxygen atoms in hexagons
olivine-type structures. For the A ions of small size, as in ¢4 pe found with Li and Ni ions that are located at the center
the case of LT, the resulting compounds, lithium transition- ¢ qctahedral site3A schematic representation of the olivine
metal phosphates (LiIMPQvith M = Fe, Ni, Co, Mn) adopt  gyrycture is shown in Figure 1. As a result of this typical
the olivine-like (MgSiQ) structure containing high-spin#¥ structural configuration, it is believed that the strong covalent
ions! These phosphates exhibit a variety of structural PO, unit tends to reduce the covalency of the-K bond,
features’,“ the most prominent of which is the existence of modifying the redox potential for the ¥ couple and thus

tunnels in which small ions can move freely, a property that ,.qqycing a useful potential for lithium extraction and
makes them potential hosts for the insertion and extraction ginsertionit

OI 'SFS‘ Asda re_sult of tthleg h|_gh_ catp;acny, good th(;arrr?al Recently, there has been a great deal of interest in lithium
stability, and environmental benignity, these compounds ave hickel phosphates. Different aspects, such as synthesis,

been prqposgd as alternat;vleo electrode materials for rechargeétructural and vibrational properties, electrochemistry, and
able lithium-ion batterie?

magnetism, of these materials have been studied by various
research groups using both experimental and theoretical
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Figure 1. Schematic representation of the olivine-like structure showing the three-dimensional network formed by cross-lirkedN?Q polyhedra.

materials as cathode materi&fs'?16 The first principle

phosphocarbides, and/or amorphous carbon at grain bound-

calculations, using various approaches, have confirmed thearies have been proposed to increase the electrical conductiv-

high electrochemical potentials of LiNiROwhich makes
them attractive for application in lithium battery technol-
ogy 1”20 The extensive contributions of Ceder’s research
group using first principles computations, which are based
on local density approximation (LDA) and generalized
gradient approximation (GGA), have predicted the Li
intercalation potential of LiNiPQto be above 5 \}%20
Wolfenstine and Allen have recently performed experiments
and verified the higher potentials predicted by theoretical
predications2 On the other hand, alternate methods such as
formation of a nano-network of metal phosphides, metal
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ity of these materials> However, most of the recent
experimental and theoretical studies have been focused on
the magnetic properties and/or single-crystal LiNiPO
materials®7:2+31

The emphasis in this work is the synthesis and structural
characterization of LiNiP@as in the design of new electrode
materials an understanding of the structural features and the
morphology is of crucial importance. Despite their large
theoretical storage capacity, utilizing these materials in
rechargeable batteries in practice is not realized because of
factors such as rate limitation and low electronic conductivity.
It has been proposed that achieving controlled particle size
Iand controlled morphology will improve the electrochemical
performance of LIMPQ@ materials33¢ Therefore, improved
understanding of the structure on the reduced dimensionality
is highly desired not only for integrating these materials into
technological applications but also for the fundamental reason
that the growth, crystal structure, surface morphology, and
chemical composition of the materials significantly affect
their electrochemical performance. In this context, we have
made attempts to understand the physical, geometric, and
chemical structure of as-grown lithium nickel phosphates
using the high-resolution transmission electron microscopy
(HRTEM), selected area electron diffraction (SAED), energy-
dispersive X-ray (EDX) spectrometry, and elemental com-
positional mapping using high-angle angular dark field
scanning transmission electron microscopy (HAADF-STEM)
and local structure and chemical bonding using Raman
spectroscopy. The techniques based on the electron micros-
copy, imaging, and chemical analysis are well-suited to study
the microstructure, phase purity, and chemical quality of
materials on the micro- to nanosize and atomic |18VeP
While HRTEM provides information on the lattice resolution
structural quality of the sample, SAED is useful to probe
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the crystal structure. Energy-dispersive X-ray spectroscopy
(EDS) provides the information on the elements and impuri-
ties present in the sample. HAADF-STEM imaging is also
a powerful method for chemical quality analysis as the
chemical imaging is based on locating and studying the
particles of interest in the selected dimensions, and image
contrast is strongly correlated with the atomic numi3édn
the other hand, Raman spectroscopy is highly useful to probe
the local structure, chemical bonding, and vibrational proper-
ties of the materials. The information obtained using these
methods will be useful to better optlmlze the synthe_5|s Figure 2. HRTEM image of LiNiPQ. The well-resolved lattice fringes
procedure of complex frameworks. Using the results obtained indicate the crystallinity of the sample. The measured values of the lattice
on LiNiPO,, we discuss the structural quality and chemical fringe spacing are indicated. Inset shows the FFT of the HRTEM image,
homoaeneity of the olivine specimens in relevance to their which indicates the direction in which the crystallite was examined and
. 9 : y p lattice planes contributing to the diffraction.
application in battery technology.

) ) approximately—55 nm. Image processing including the fast Fourier
II. Experimental Section transformation (FFT) was carried out by Gatan Digital Micrograph
L . - . 3.4.
A. Synthesis.LiNiPO, Olizine. The LiNiPO, phospho-olivine XRD and Raman Spectroscopy MeasuremetRD patterns of

was prepared as microcrystaliine powder by a conventional solid- .o icaily synthesized LiNiP@livine and delithiated LioNiPO,
state chemical reaction (SSCR) betweesCids, (NH,)HPQ, and samples were obtained using a Philipg@#rt PRO MRD (PW3050)

NiO (Fluka, purum grade) raw materials. Stoichiometric amounts diffractometer equipped with a Cu anticathode (Cu tédiation’
of regctants were mixed and carefully grinded. The mixture was _ 1.540 56 A) at RT. The measurements have been recorded under
pre_-smtered at 126C for 12 h and then heated at 500 for 4 . Bragg—Brentano geometry att2with a step of 0.05in the range
This thermal treatme_nt causes the departure of exhausted 98%f 10-50°. Raman spectra were recorded on a Jobin-Yvon U1000
according to the relation double monochromator using the 514.5 nm line from a Spectra-
. . o Physics 2020 argon-ion laser. Standard photon-counting techniques
2NiO + 2(NH,),HPO, + Li,CO; — 2LiNIPO, + 4NH;f + were used for detection. In a typical spectral acquisition, six Raman
CO,f +2H,0t (1) scattering (RS) spectra, each recorded with a resolution of 2,cm
were averaged. Care was taken against sample photodecomposition
The decomposed powders were ground again and calcined inusing a low excitation power of 10 mW.

air at 800°C for 48 h. The final product was cooled slowly to lIl. Results and Discussion
room temperature (RT). :

Delithiated L oNiPO, The LigodNiPO, olivine phase was A. Electron Microscopy and Chemical Imaging. TEM
prepared by chemical delithiation using the Wizansky et al's @hd HRTEM.The TEM results of LiNiPQ indicated the

method® The chemical delithiation experiments were conducted Presence of well-defined particles. The bright field TEM
at a temperature of 55C, which is above RT. Oxidation of Ni ~ images indicate that the material contains microcrystallites.
was made using 1 equiv of nitronium hexafluorophosphate sat NO The corresponding scanning electron microscopy images (not
PFs in acetonitrile under an argon atmosphere. The, MO, shown) exhibit crystallites on the order of a few hundred
couple appeared at 5.1 V versud/Li*. The mixture was stirred  nanometers in size. This result is consistent with observations
at RT for 24 h. The powders were washed and dried &®B0The  of XRD where the patterns indicated the formation of well-
X(Li) content was verified by inductively coupled plasma and X-ray - ¢ystallized particles with the estimated average size of 0.25
diffraction (XRD) measurements. Both methods gave the same#m from the Scherrer's formula.
value ofx = 0.09+ 0.01. . T A
B. Characterization. Transmission Electron Microscopy (TEM) The HRTEM micrograph of LINIP@is shown in Flgure
| ' 2. The inset shows the FFT of the selected region of the

MeasurementsTEM analysis was performed using a JEOL . . . .
TEM2010F at a 200 kV acceleration voltage. Phase and structure,'_iRTElvI image. The lattice fringes observed in the HRTEM

of the material were monitored using SAED. The composition was IMage indicate that the synthesized LiNiP@ well-
analyzed by EDS in the TEM column utilizing EDAX Genesis Crystallized. The lattice fringe spacing is 1.02 nm along the
software. The specimen for TEM analysis was prepared by Vertical direction. This value is comparable to the unit cell

dispersing the sample on a 3-mm Cu grid with a hole size af 1 ~ parameter along the crystallograplidirection,a = 1.03
2 mm. HRTEM and elemental mapping were completed by nm of LiNiPO,.1® Therefore, the observed lattice spacing in
HAADF-STEM using Emispec ES Vision, version 4.0, of the the HRTEM image is attributed to treelattice constant of
STEM—EDX mapping system. To minimize the effect of sample | iNiPO,. Similarly, the measured value of the lattice fringe
drift, a drift-corregt_ing_mode was used dL_Jring the acquisition (_)f spacing in the horizontal direction is 0.24 nm, which
ngmr,:]aﬁf,é Spﬁgg'gcsgg”iz gfsszr'i'\?o?r:nlzﬁ?sa;nLOIéog?;risigﬁ_ corresponds to the reflection from the (121) lattice planes
) D ) » ' . of LINIPO4. The measured values of the lattice fringe spacing
resolution imaging, the co_llectlon angle Qf th_e HAADF detect_or is are indicated in Figure 2. The FFT (inset) indicates that the
50—110 mrad, the objective aperture size is 3@ for analysis . ) . g_ : . ; .
and 20um for high-resolution imaging, the defocus condition is iprﬁ;)t(l)?t;]lts tgelreio\gi\ilzidtf?.::n&ethFat'Ei(()::EZ)redslgTS':ilg:. ulii:g
(40) Wizansky, A. R.. Rauch, P. E.; DiSalvo, F.JJ.Solid State Chem HRTEM of LiNiPO, does not reveal any lattice defects such
1989 81, 203. as dislocations and misfits. The lattice fringes are uniform
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for LiNiPO4.4* The SEAD pattern shown in Figure 3B is
obtained by aligning the incident electron beam to a different
direction. The diffraction maxima observed are indicated in
the image and match well with the structure reported for
olivine LiNiPQy in the literature!

Chemical Analysis and Elemental Mappiridhe compo-
sitional analysis carried out by EDS measurements indicate
Figu_re 3. SAED patterns of_LiNiPQ_The assignment of diffraction that the LiNiPQ materials calcined at 850 for 48 h are
maxima and the direction of view are indicated. highly stoichiometric with a chemical composition well-
maintained upon heat treatment. The chemical composition
analysis provides evidence for the formation of the stoichio-
metric LiINiPO, phase with uniformity and homogeneity of
the sample maintained perfectly all over the sample prepared

observed in the HRTEM if they are incorporated as part of by SSCR. Similar results have been obtained by elemental

either during synthesis or handling of the sample. However, mapping. The EDS spectrum of _L|_N|BG$ shown in F|gure
this characteristic feature of our sample cannot be c:ompared4 : The spectrum (left pan_el) exhibits the charactensﬂc_ peaks
to those reported earlier in the literature as HRTEM data is ©f NI P. and O present in the sample. It is not possible to
absent in other studies. Perhaps, the absence of seconda&EteCF Li for the obvious reason that the )§-ray fluorescence
component phases even at a minor level could be the resuly/€!d is extremely low for the elements Li and Be.
of formation of such a defect free material. The EDS measurements can be used to qualitatively dis-
SAED.The SAED patterns of LiNiP@are shown in Fig- cuss the structural and chemical quality of the SSCR LiNi-
ure 3. Figure 3A is the corresponding SAED pattern of Li- PQOs. To obtain the qualitative information on the chemical
NiPO;, obtained in the same position of HRTEM measure- composition of the grown oxide, we have carefully positioned
ments shown in Figure 2. The SAED patterns indicate the the sample in the TEM column and recorded the EDS spectra
diffraction maxima, which are indexed according to crystal- of the sample to avoid any additional contamination. The
lographic data of LiNiP@?*! The diffraction maxima are  respective peaks due to Ni, P, and O are indicated in the
identified as due to reflections from the lattice planes of (100) spectrum along with their respective energy positions. It is
and (121) of the LiNiPQ olivine structure in the orthor-  well-known that the X-ray energy is characteristic of gen-
hombic system as marked in Figure 3A. The diffraction pat- erating atoms in the sampleTherefore, the detection of
tern is a representation of the reciprocal lattice. Therefore, X-rays emitted from the sample as a result of samglec-
the large distance between the diffraction maxima in the tron beam interaction provides the identification of the atoms
horizontal direction indicates the relatively smaller value of present in the lattice. The lines identified are @QKP K,
interplanar distance. Similarly the small separation in the ver- Ni K, Ni Kg, Ni Lo, and Ni Lg, respectively. The contribu-
tical direction is representative of the large interplanar dis- tions from the Cu grid can also be seen in the spectrum
tance of the lattice planes. In the present case, the diffraction(Figure 4). It is hard to eliminate the contribution from the
maxima were identified as the reflections of the (100) and supporting Cu grid, but it can be used as a reference. It is
(121) lattice planes with a measured separation of 1.02 nmevident from the EDS spectrum that the characteristic X-ray
(long) and 0.24 nm (short) between the diffraction maxima, peaks due to Ni, P, and O are the only contributions. The
in vertical and horizontal directions, which are in good agree- presence of peaks due to other elements either as dopants or
ment with those reported (1.03 and 0.24 nm, respectively) as impurities is not detected, which is an indication of the

Energy (keV) .

Figure 4. EDS spectra and compositional mapping images of LiNiP@e left panel shows the EDS spectrum of LINiP®he peaks due to O, Ni, and

P in the sample are indicated. The peaks due to the supporting Cu grid can also be seen (see the text for description). The right panel shows the elemental
mapping images of the sample obtained using HAADF-STEM. The HAADF-STEM image of the particle (A) and mapping of the elements Ni, O, and P are
indicated.

[012]

and continuous without any terminating lines or misalignment
or any surface modulations. This is an indication of the
structural quality of the material as the high density of such
lattice defects or nonuniform microstructure will usually be
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Figure 5. XRD diffractograms for the LiNiP® olivine sample and
delithiated Ly odNiPOs sample. Lines are indexed in the orthorhombic system
(Pnmaspace group, No. 62).

sample chemical purity. These results suggest that the chem-
ical reaction process induced impurities are absent in the

grown sample.
The elemental mapping images of LiNiP@btained using
HAADF-STEM imaging are shown in the right panel of

Ramana et al.

Table 1. Factor Group Analysis for the Olivine LiNiPO4, Pnma
Space Group D2n)¢ in which (R), (IR), and (in) Represent Raman
and Infrared-active Vibrations and Inactive Modes, Respectively

Translations of Li, Ni, and P Atoms

site

atom group factor groufDon
Li (4a) Ci 3A, + 3By, + 3By + 3Bay
Ni (4c) 2 2Ag+ Big+ 2Bog+ Bag+ Ay + 2By, + Bay+ 2Bay
P (4c) 2 2Aq + Big+ 2By + Bag+ Ay + 2By + Bay + 2By
Internal Modes of PQ
point site
group  group
Tq Cy factor groupD2n
A1 A’ Ag+ Bag+ Biy+ Bay
E A+ A" Ag+ Big+ Bag+ Bag+ Ay+ B+ Bou+ Bay
F 2A"+ A" 2Ag+ Big+ 2Bog+ Bsg+ Ay + 2B+ Bay + 2By
Fo  2A+ A" 2Ag+ Big+ 2Byg+ Bag+ Ay + 2By, + By, + 2By,
Librations of PQ
point site
group  group
Ta 2 factor groupDan
Fi A" +2A" Ag+ 2Big+ Bag+ 2Bsg+ 2A, + B1y+ 2Bay + Bay

Total Amount of Allowed Optical ModedN = 3n — 3 =81)
I' = 11A4(R) + 7B1¢(R) + 11Byy(R) + 7Bgg +
10A(in) + 13By(ir) + 9Bgy(ir) + 13Bgy(ir)

the refinement of the XRD data gives the unit-cell parameters
(in the Pnmaorthorhombic space groug)= 1.037(1) nm,

Figure 4. The image of the representative particle used top = 0.5867(8) nm, and = 0.4680(1) nm. The numbers in
obtain the elemental analysis is also shown (image A). The the parentheses indicate the accuracy. These values for
images labeled Ni, P, and O represent the elemental mapping jNiPO, are found in quantitative agreement with those
of the respective elements. These images are uniform a|0“9previously reported by Abrahams and Eagdand Santoro

the shape of the particle examined. They show that charac-et a3 It should be noted that no peak of an extrinsic nature

teristic X-rays emit from Ni, P, and O simultaneously from
the same location of point and region, which is an indicative
of the chemical homogeneity of the SSCR-grown LiNiPO
sample. The distribution is further characterized by the
uniform elemental composition distribution throughout the
sample. Such a uniform chemical distribution and homoge-
neity is important to employ the materials for battery
application.

B. XRD. The XRD patterns of the INiPO, (x = 1.00
and 0.09) samples are reported in Figure 5. The Miller
indexes ki) of the diffraction peaks, determined from their
position given by ASTM, are also indicated. It is evident
from the XRD pattern (Figure 5) that the pristine LiNiRPO
material prepared by solid-state reaction at 860exhibits
a single phase with an olivine-like structure. The TEM,
SAED, and XRD studies confirm the formation of a stable
olivine structured LiNiPQ@Qphase. The notable feature of the
XRD patterns for the pristine and delithiated samples is a
relative shift in the peak positions. The shift in the position
of the XRD peaks for LINiPO, (x = 0.09) when compared
to that of the pristine material (LINIPDx = 1) is due to
the contraction of the lattice upon delithiation, as evidenced
by the unit-cell parameters.

has been detected on the SSCR LiNiP€ample, which
indicates that the amount of NiO and3RQ;, if any, is so
small that it is not at all detected. Far= 0.09 (delithiated
sample), the unit-cell parameters are= 0.9973(7) nmp

= 0.5579(9) nm, anat =0.4785(6) nm. In addition to the
contraction of the lattice we also noticed a distortion because
cis found actually larger in the delithiated+ 0.09) sample.
This can be viewed as a change in the Jaheller distortion

of the lattice associated with a change in the chemical valence
state of Ni, which is Ni" with an orbital moment. = 3 in
thex = 1 case and Ni (L = 3) in thex = 0.09 sample.

It is important to compare and contrast our results with
the available reports in the literature, particularly with those
predicted by the computations for LIMR@QM = Fe, Co),
to understand the Li deinsertion reaction process and
contraction of the lattice upon delithiation. In the present
work, the change in the unit cell volume after Li removal
with nitronium salt reveals a contraction as expected by the
computed work of Ceder et #l.0Our experimental results
can be compared with calculated unit-cell volume changes
(see Table 1 in ref 20). The cell volume contraction from
285 to 266 R (AV ~ 6%) is significantly larger than that
calculated from the best GGAU results (from 282 to 279

The quantitative measurements of the lattice parametersj3)2o pyt slightly smaller than those calculated from the

using XRD provided interesting information on the structure
of both the pristine and the delithiated samples. ¥er 1,

(41) Abrahams, I.; Easson, K. &cta Crystallogr., Sect. @993 49, 925.
Data 81-1528 reported by American Society for Testing Materials file
for LiNiPOa.

standard LDA or GGA methods (from 283 to 26()A

However, it should be noted that the volume chanye=

5 A3formula unit is similar to that calculated for LiCORO
The chemical extraction of Li from the LiNiP(livine

framework appears very effective with nitronium salt as the
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w00 [T T visualize the eigenmodes of different Raman and infrared
1 (IR)-active modes. As the structure of phospho-olivine is
built from LiOg and NiQ; octahedral units linked to (P{3~
oxo0-anions, the local cationic arrangement can be discussed
. with the aid of factor group analysis and the molecular
vibration modelt**® The corresponding site symmetries in
the Bravais cell for thé,n® (No. 62) spectroscopic sym-
metry that contain both IR and Raman active modes are given

by

Li ooNiPO,

946

1500 [

070
1088
1134

1000

247
?
1
L

D™ 2C, (4); C (4); C, (8) )

Table 1 summarizes the group theoretical analysis carried
out for the olivine-like structure. The olivine belongs to the
spectroscopic symmetri,n;t® the primitive cell is cen-
trosymmetric with four formula units in the cell. Li, Ni, and
P atoms are distributed on the,4ic, and £ sites (Wyckoff
e A el il notation), respectively. Subtracting the three acoustic modes
0 200 400 600 800 1000 1200 (Byy + By + Bgy) from the total number of vibrationdN(y

Raman shift (cnr') = 3n — 3 = 81), the allowed optical modes are represented
Figure 6. RS spectra of LigNiPOs and LipodNiPOs samples. by

Raman intensity (cps)

1010
1

N02+/N02 couple Whi(?h has a pote.ntial'of 5‘%‘1Lithigm Tunipoy = T = 11A,+ 7By + 11B, + 7By, + 138, +
extraction occurs at different potentials in LiMROlivine
depending of the ¥/M3" redox couple. The potential has 9B, + 1385, (3)
been experimentally determined at 3.45 V versus Li for  Out of the allowed modes, the even (gerade; g) and odd
LiFePQ,! while LiCoPQ, works belav 5 V versus Li*2 The (ungerade; u) species are Raman and infrared-active modes,
voltage calculated by Ceder et al. with the GG method respectively. This treatment has been carried out by assuming
was 5.07 V versus Li. It seems that kinetic factors play an the separation of the vibrations into internal (0 and
important role in this reaction. Because LiNiPQvas external (lattice) modes. The validity of this approximation
deintercalated above RT, the chemical diffusion of lons has been examined in the &4t and confirmed most
could be enhanced at 5&. In addition, the two-phase or recently by the experimental and theoretical approathé&s?®
phase mixture formation during the delithiation reaction is Paques-Ledent and Tarte conducted a comprehensive vibra-
not ruled out in the present case as reported for othertional analysis of numerous olivine materididzomin et al.
members of the family, LIMPQ Preliminary results on  have reported the Raman spectroscopic data of single-crystal
intermediate products (not shown here) show the co-existenceLiNiPO, over a wide temperature range and have examined
of XRD patterns belonging to two-phase system that could the validity of internat-external modes approximation in
indicate a two-phase reaction, that is, presence of the mixturesuccessfully analyzing the vibrational properfiéPara-
LiNiPO4 + NiPQy, upon Li removal. This behavior has been guassu et al. have performed the phonon calculation of
early reported for LiFeP£by Padhi et at.and more recently  olivine-like LIMPO, (M = Ni, Co, Fe) using computational
for LICoPO, by Amine et al*® and Bramnik et at? approach and have used the same approximation in reporting
C. Raman SpectroscopyThe local structure and chemical the Raman data for all the compouridsTherefore, we
bonding in LiNiPQ and LiodNiPO, materials have been discuss the present RS data of olivine LiNiP@sing the
investigated by Raman spectroscopic measurements. The RSame approach. The internal modes involve the displacement
spectra of LiNiPO, olivine phases fox = 1 andx = 0.09 of oxygen atoms of the tetrahedral (O anions and present
are shown in Figure 6. The RS active bands are relatively frequencies closely related to those of the free molecule. For
narrow and well-resolved. The RS features can clearly be the free oxo-anion (P{F~, these are a singlet (hat a
divided into two regions, above and below 400 ¢nthat frequencyr; = 938 cn1?; a doublet (E) at, = 465 cn1?t
correspond to the domain of appearance of internal andand two triply degenerate {§Fmodes,v; at 1027 cm?, and
external modes, respectively 354449 This description is  v4 at 567 cm'. v; and v; involve the symmetric and
acceptable for the olivine structure and makes it easy to asymmetric stretching modes of the-© bonds, whereas
v, andv, involve mainly O-P—O symmetric and asymmetric

(42) Wolfenstine, J.; Poese, B.; Allen,J.Power Source8004 138 281. bending modes with a small contribution of P vibration. For

(43) 9(%8% II.7;8Yasuda, H.; Yamaki, MElectrochem. Solid-State Lett. the LiNiPO, (x = 1) compound, the corresponding Raman

(44) Bramnik, N. N.; Bramnik, K. G.. Buhrmester, T.. Baehtz, C.; bands located at 947, 468, 1071, and 590 ¢mespectively,
Ehrenberg, H.; Fuess, H. Solid State Electrocher@004 8, 558. are split in many components as a result of the correlation

(45) Nakamoto, Kinfrared and Raman spectra of inorganic and coordina-
tion compoundsWiley & Sons: New York, 1978.
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673. K.; Gendron, F.; Julien, C. MJ. Power Source2005 140, 370.
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662. Phys.2002 28, 203.
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effect induced by the coupling of NiO units in the structure.  feature of the RS spectrum ofdgdNiPO, is the appearance

The very sharp band at 946 ciis attributed tov;, while of new peaks in the high-wavenumber region at 902 and
the three weaker peaks are thought to belong to the1134 cmil. Two Raman-active modes A+ B,y are
asymmetric stretching modes of the (O anion §3) In predicted by factor group analysis of NiP@Pnmaspace

the region of the internal modes of the phosphate anion, wegroup). The band at 902 crhis assigned to the symmetric
identify the symmetric stretching mode and triplets in the B,y mode ofv;. These extra lines have been also observed
high-wavenumber region, while the far-infrared region in the RS spectra of LFePQ.53 On the other hand, we can
(below 300 cm?) displays the external modes. The RS band make the hypothesis that the mode at 1134 ciw linked
around 640 cm! is assigned to the stretching mode of NiO to a vibration mode of P9 The same vibration mode has
octahedra. As the frequency of this band appears to bealso been observed in R(B)@ metaphosphates (R Ga,
proportional to the ionic radius of the divalent transition- In, Y, Sm, Gd, Dy) in the range 123280 cm'.5* The
metal cation, we can conclude that any component of the present data of olivine LiNiPQare in good agreement with
POy groups contributes in this motica. the earlier reportd®355 There were no reports on the

The basic feature is that, upon delithiation, the frequencies delithiated Li oNiPO, phase, and, therefore, such a com-
of the vibrations show only a small shift (by a few inverse Parison is not made.
centimeters), which is the consequence of the change of the IV. Summary and Conclusions

lattice parameters and also, below 700 €nthe change in Lithium nickel phosphate materials were prepared by
the nickel valence state. The extraction of lithium ions gsSCR at 85GC. The structural and chemical quality of as-
coordinated to the oxygen atoms of (PO units causes @ grown LiNiPO, is studied using the analytical electron
redistribution of electron density in the-f® bonds that  mjcroscopy measurements. XRD and Raman spectroscopic
produces modifications of the effective force constants and measurements were used to support the discussion of the
polarizability derivatives. If we try to follow up the shift of  structural characteristics. The presence of well-defined lattice
the mode frequencies, we can make a correspondence of thgringes in the HRTEM indicates that the sample is well-
lines (in cn?), fromx = 1 tox = 0.09: 417— 410, 325~ crystallized. The crystal structure of LiNiRGs free from

320, 280— 278, 256— 252, 238— 232, 174— 171, 118 (defects such as dislocations and misfits as indicated by the
— 114. This indicates that these modes are primarily yniform lattice fringes without any discontinuity or termina-
translation and libration motions of the (® ions and  tjons. The measured fringe spacing and indexing the corre-
translation motions of the Rf ions. However, we do not  sponding electron diffraction pattern indicate that the struc-
observe any mode associated to the vibration of the lithium yre of LiNiPQ, is similar to the reported olivine structure
ions because in the crystal structure of LiNiP@e lithium jn the literature. The EDX spectrometry and the elemental
ions occupy a WkaOff Sites, which contain an inversion Compositiona| mapp|ng using HAADF-STEM revealed the
center. One interesting point is evidenced by the correlation high chemical quality of the grown LiNiPOIn terms of
effect. There is no Raman active species in the irreducible homogeneity and uniform distribution characteristics. The
representation related to the Li atoms located anses  incorporation of impurities or dopants either due to process-
(Ci symmetry) as sites with inversion symmetry are not jng or postprocess handling is not at all detected. XRD
Raman active. In other words, the Li atoms are not spec- analysis confirms that the grown LiNiROmaterial is
troscopically active and are not allowed to move during mjcrocrystalline with a particle size of about 0.2 and
Raman active vibrations. This is in relation with the fact that adopts the olivine structure. Raman Spectrogcopic measure-
these atoms are located on inversion centers of the crystalments provided information on the bonding between NiO
cell 52 Recently, Garcia-Moreno et al. have also reported the gctanedral and (PgF~ tetrahedral groups in LiNiPD

fact that lithium is not Raman active in this phase based on Ana|ytica| electron microscopy and chemical |mag|ng ana]y_
the observation that the substitution @fi by bLi in the sis, a|0ng with XRD and Raman measurements, of the
olivine phase of LiNiPQdoes not result in any remarkable  structure and chemical characteristics indicates that the grown
change in the Raman spectrdmThus, any mode that | iNiPO, could be useful in the development of high energy
involves lithium motion must be Raman inactive and IR density rechargeable batteries. Analysis of the delithiated
active. However, on another hand, we observe the growth j, .NiPO, phase performed using XRD and Raman spec-

of an extra line at 364 cn, while bands in the region 250 troscopic measurements indicates a contraction and distortion
350 cnt* decrease in intensity with the decrease of lithium of the lattice upon lithium extraction.
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