Phonons and Thermodynamics of Unmixed and Disordered LigFePOy
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The lithium-storage material biFePQ was studied by inelastic neutron scattering and differential scanning
calorimetry. Lp sFePQ undergoes a transformation from a two-phase mixture (heterosite and triphylite) to a
disordered solid-solution at 200C. Phonon densities of states (DOS) obtained from the inelastic neutron
scattering were similar for the two-phase sample measured £tC188d the disordered sample measured at
220 °C. The vibrational entropy of transformation is 140.9 J/(K mol), which is smaller than the
configurational entropy difference of approximately 3.1 J/(K mol). The measured enthalpy of the disordering
transition was estimated as 2.5 kJ/mol. The phonon data show a small change in lattice dynamics upon
disordering.

Introduction transition are of current interest. In the present work we
A leading candidate material for positive electrodes of lithium performed calorlmetrlc measurements (.)f the_ enthalpy of the
phase transformation, estimated the configurational entropy, and

ion batteries is olivine-type LiFeROlt is inexpensive, and also determined the vibrational ent f the ph ¢ ition b
nontoxic and stable to oxygen loss at elevated temperature in. etermined the vibrational entropy of the phase transition by

the charged state, which give it good safety characteristics. It inelastic neutron scattering. . . .
has a relatively high capacity of 170 mAh/g and a high discharge The work was also mopvated by an interest in unflerstandlng
voltage of 3.5 V vs Li. A major problem with this cathode the mechanlsr_n of.electrlcal conductivity 'an.EPQ' Small .
material is its low intrinsic electrical conductivity>. Much work polaron. hopplng s the expected mechamsm of eIgctncaI
has been done to improve the electrical performance of LigePO conduct!vny in LiFePQ, m_uch as for 2other 'rfn oxides.

by particle-size minimizatioAcarbon coatind:® or doping with Depen_dmg on Wh?thef the iron is in the F@r_Fe” valgnce
supervalent catiorfsNevertheless, the intrinsic conductivity of state, its neighboring oxygen atoms are at different distances.

; - ; : The average FeO bond length for the larger Feion in the
LiFePQ,, and methods to control it, remain topics of current . o o .
interest P triphylite is 2.172 A, whereas it is 2.020 A for ¥ein the

When lithium ions are cyclically inserted and deinserted from hetgrosite. T_he resultant qistort_ions accompany the motion of
this material at room temperature, a two-phase mixture is carrier hopping between iron ions and in fact promote the
formed, of the parent triphylite phase (with composition localization of charge. These relaxations of positions tend to

approximately LiFePQ), and a delithiated heterosite phase lt')e along the I(ljnes between '?r; Ce”.tegs_- SIUCh Q'Sflaﬁerr;'::ts can
(with composition approximately FeRDTheir relative fraction € expressed as a sum o Emgltu m”a optical phorioAs.
depends on the lithium content, in the overall material moving electron is considered “dressed” by phonons that follow

composition LiFePQ. Both phases possess very similar orthor- it through _the material. Likeyvise,_the presence or _absence of
hombic structures, with the main difference being the presence nearby Li" ions also causes distortions of atom positions. These

of lithium chains in the triphylite structure. That, and the change distortions are generally expected to alter the frequencies of

in Fe—O bond length, results in a 6% contraction in the unit phonons, espeu_ally Iongltudlna! opt|cal_ phonons of small

cell volume on formation of heterosite. Recently it was found V\{avelgr_lgth. The |mporFance of this ‘?ﬁeCt is not easy to predict,

that at elevated temperatures around 200 LisFePQ trans- since it is an anharmonic effect that lies beyond most treatments
X . . .

forms from a two-phase mixture of triphylite and heterosite to .Of Iattlpe o!ynaml(;S and glectrerphonon co.upllng. The present.

a solid solutiorf, and this solid solution is a distinct phae. investigation by inelastic neutron scattering was performed in

Owing to the low temperatures of this phase transition, the part to identify suc_h changes in the phonon spectrum of
kinetics are sluggish near the critical temperature. The disorderedd'sordered and unmixed JHePQ.

solid solution phase can be prepared quickly at elevated
temperature, however, and will remain stable slightly above 200
°C. The thermodynamics of this unmixing/disordering phase A batch of LiFePQ was prepared by a solid-state reaction
consisting of a mixture of iron(ll) oxalate FefG;)-2H,0,
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and heated under purified,Njas for 24 h at 700C.1° We F ' ' ' ' ' ]
delithiated this material chemically by use of potassium per-
sulfate (K$0s) in an aqueous solutiochThe K;S,05/K,SOy L
redox couple has a Nernst standard potential of approximately
5V vs Li/Li*, which is higher than the 3.5 V vs Li/tifor the L
Lio.oFePQ/Li1 oFePQ couple. Therefore, 5,05 can oxidize
LiFePQ, to a full state of delithiation. By altering the molar
ratio of K,S,0g¢/LiFePQ,, samples with different amounts of
lithium can be prepared. The compositiony gfePQ was
selected for study in this work, as it represents an eutectoid
point in the phase diagrafn.

An X-ray diffractometer with Cu I& radiation (Philips
PANalytical X'Pert PRO X'Celerator) was used to analyze and
identify the phases in the material. Samples were mixed with a
silicon standard powder to ensure accuracy in peak position 15 20 25 3.0 35 4.0
determinations. Rietveld analysis was used to determine phase 4
fractions present by using Philips X’pert Plus software (PANa- QA%
lytical). At low temperatures LigmePQ is a two-phase mixture, ~ Figure 1. X-ray and neutron diffraction patterns fordsFePQ. The
with nearly all the lithium in the triphylite phase @EePQ). bc_)ttom curve is an X-ray diffraction pattern measured at@5the
The fraction of triphylite in the sample before heat treatment middle curve is the neutron total scattering at $80and the top curve

. . . is the neutron total scattering at 350.
was determined by Rietveld analysis and was used as a measure

of the concentration of lithium in the sample. the experimental DOS should be correct semiquantitatively.
Time-of-flight inelastic neutron scattering spectra were More importantly, the trends in experimental DOS curves are

measured at elevated temperatures with the LRMECS choppersensitive to differences between samples of the same composi-

spectrometer at the IPNS spallation neutron source at Argonnetion.

National Laboratory. The powdered samples were encased in To measure enthalpies of the disordering transition, a Perkin-

thin-walled Al pans and mounted on a resistively heated furnace. Elmer differential scanning calorimeter DSC-7 was used to scan

Spectra were acquired for the two-phase sample atC8nd samples at a 8C/min rate from room temperature to 500.

the disordered sample at 22C. The two-phase sample was The sample was purged with argon throughout the measure-

disordered by holding the sample at 3%Dfor 3 h. White beam ments.

runs were performed at 18C and 350°C to confirm complete

disordering, i.e., formation of the solid solution phase. Spectra Results

of an empty Al pan were also measured at temperature. Figure 1 shows the neutron and X-ray diffraction patterns of

The detector coverage of the LRMECS spectrometer rangesLio g=ePQ. The neutron data were summed from detectors at
from —7° to 117, allowing measurements over a wide range 54.6, 82.8, and 103.2. Diffraction peaks which have different
of momentum and energy transfers. The incident energy waspositions in the heterosite and triphylite are apparent in the 180
200 meV and the wide angular range of detector coverage °C neutron diffraction data. These peaks shift when the sample
allowed for momentum transfers between 0.5 and 16.7 &k is disordered. For example, the two peaks between 1.2LA
zero energy transfer. This corresponds to a sampling in and 1.35 A in the 180°C neutron diffraction pattern have
reciprocal space over many Brillouin zones, giving a good merged in the 350C pattern. This confirms that the sample
representation of the phonon states in the material. The fwhm measured at 229C was fully transformed to a disordered solid
energy resolution was 6 meV at 150 meV positive energy solution phase.
transfer, and between 10 and 14 meV at the elastic line. Al The phonon DOS curves extracted from the two-phase sample
spectra were normalized by the total incident flux and were measured at 186C and the disordered phase measured at 220
corrected for detector efficiency, time-independent background, °C are shown in Figure 2. There were some challenges in
and scattering from the empty sample container. The detectorsobtaining phonon DOS curves from the experimental data. The
were summed into 12 angle banks of approximately 0 incident neutron flux was low at the energy of 200 meV, so
width. The elastic peak was subtracted from the spectrum in there is some uncertainty in our selection of a cutoff energy of
each angle bank. An iterative procedure was used to remove150 meV. The fraction of the total scattering that is due to
effects of thermal phonon occupation and multiphonon scattering n-phonon processes as a function of momentum transfer,
from each angle bank separatély. S(Q), is given by*3

For pure elements of cubic crystals, this procedure for data
reduction provides the phonon DG5For a compound with W)"
different elements, however, the result is a “neutron-weighted” $(Q = nl e (1)
phonon DOS. Because different isotopes have different cross-
sections for phonon scattering in proportion to the neutron cross-wheree 2%V is the Debye-Waller factor. The exponent,V2
section divided by atom mass/M), the modes with large increases aQ¥M, whereM is the average mass of the atoms.
projections onto elements of largefM are emphasized over  Thus, higher order scattering increases rapidly with momentum
modes with large projections onto elements with smatféf. transferred, in particular, for light atoms such as lithium and
For LiFePQ, it turns out that the neutron weights for Li and oxygen. Further, larger scattering angles correspond to larger
Fe are fortunately nearly identical, but O scatters about 30% Q, so multiphonon scattering in the high-angle detector banks
more strongly, and P has about half the scattering efficiency of is intense. Figure 3 shows the total scattering and multiphonon
Fe. A neutron-weight correction is not practical for the present scattering at 180C from detector banks centered at angles of
data without information about the full lattice dynamics, but 42°, 82°, and 112. Owing to excessive multiphonon scttering,
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Figure 2. Experimental phonon DOS curves forpkFePQ at 180°C Figure 4. DSC scans of ldgFePQ from 25 °C to 400°C. Top:
(solid) and 220°C (dashed), normalized to unity. heating; bottom: cooling.
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] the disordered phase, whereas the sample heated t6@25
| €<—— Total Scattering 42°

showed approximately 55% transformation. The DSC traces for
heating and cooling showed a significant hysteresis.

b Discussion

Total Scattering 112° A. Thermodynamics of the Unmixing Transformation. The

configurational entropy&.ons, Of @ disordered solid solution of
<~ Total Scattering 82 solute concentratiorg, can be calculated as:

Stont= ~kel(1 — €)In(1 — c) + cn(c)] )

Intensity

Multiphonon 112°

This simple expression from the point approximation may
be appropriate for assessing the difference in configurational
entropy of the disordered and unmixed, frePQ, because
disordering occurs by a first-order transformation. If the
disordered phase at {.4FePQ is a random solid solution of
Li* ions and the unmixed state has zero configurational entropy,
ghe entropy of disordering would be 5.6 J/(K mol). If the
unmixed state comprises random solid solutions of composition
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Figure 3. Total neutron scattering spectra (solid lines) and multiphonon
corrections (dashed lines) for three angle banks for the measurement
at 180°C. The detector banks were at average angles 9f82, and

112 as labeled. Lip.odePQ and Lip sd~ePQ, as has been reported receritly®
the configurational entropy of mixing would be 3.1 J/(K mol).
the data from detectors at angles fron? 7@ 117 were not Although neutron weighting causes a de-emphasis of the

included in the analyses of the phonon DOS curves. The phononmotions of P atoms and an overemphasis of the motions of O
DOS curves obtained from the remaining angle banks were atoms, the phonon DOS curves for the unmixed and disordered
summed to obtain the results of Figure 2. The DOS curves from states are surprisingly similar. Using the Planck distribution,
the measurements at the two temperatures are surprisingly(E;T = 200 °C), and the phonon DOS(E), the vibrational
similar. The most noticeable difference is in the energy range entropy was obtained for each phase‘as:

of the optical modes, above 100 meV in this compound. The

disordered sample shows a broadening of phonon modes at 120 Sib = 3kBj;°° [(@ + n)in(1 + n) — nin(n)]g(E)dE  (3)

and 130 meV compared to the two-phase sample.

The measured DSC curves are shown in Figure 4. On heating, The vibrational entropy of disordering at 20C€ is 1.8+
a distinct peak in the DSC curve begins at T@and ends at 0.9 J/(K mol), a contribution smaller than the difference in
320°C. Using several independent runs, integrating this peak configurational entropy of eq 2.
gave a value of 140& 300 J/ mol. We know this number to The enthalpy of transformation measured by calorimetry can
be too small because the transformation from the two-phase tobe compared to the results of the equaffl@ASrans = AHyans
disordered state is sluggish and incomplete by 320but we The phonon entropy plus the configurational entropy, +.8
were unable to resolve the enthalpy of disordering from the 3.1 J/(K mol) predicts an enthalpy of disordering of 2.3 kJ/mol
baseline above this temperature. To determine the fraction ofat T, = 473 K. Our direct DSC measurement gives a smaller
sample that transformed during the DSC measurements, weresult of 1.4 40.3 kJ/mol, but the sample was only 55%
performed X-ray diffraction measurements on samples that hadtransformed in the temperature range where the enthalpy was
been heated in a furnace to 325 and 400°C at the same rate  measured. If we assume that the enthalpy needed to disorder
as the DSC measurements 6/min) and then quenched to the remaining 45% of the sample is equal to the enthalpy for
room temperaturé Analysis of the sample heated to 400 the first portion, then we estimate a total enthalpy of the
showed that approximately 90% of the sample transformed to transition of approximately 2.5 kJ/ mol, consistent with the
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entropy results within in the error of our measurements. This is two-phase and disorderedolsFePQ. The DOS curves were
not a precise result, and we do not rule out, for example, used to obtain a difference in vibrational entropy between the
correlations between the positions of the lithium ions in the two-phase and disordered samples of£t@89 J/(K mol), which
disordered phase, or a region of diffuse interface in the two- is smaller than the difference in configurational entropy of 3.1
phase mixture. J/(K mol). Both types of entropy are larger in the disorderd

B. Optical Phonons in LiIFePQ,. Raman and IR spectra of  phase. From calorimetry measurements on partially transformed
LiFePQ, show that the vibrations can be separated into two samples, we estimate the enthalpy of mixing as 2.5 kJ/mol,
groups!’!8 The first are high-frequency bands in the 1200  approximately consistent with the vibrational and configurational
800 cnt! region. These are related to the stretching vibrations entropies of mixing. The differences in the phonon DOS curves
of the tetrahedral P~ anion. Our results in Figure 2 suggest of the two-phase and disordered materials were small, but there
that these modes are present at 180n the (two-phase) DOS  was some reduction in sharpness of optical modes in the
but are damped in the 220C DOS. The second group is a disordered sample that could be related to differences in
complex pattern of bands between 700 and 50%canising from dynamical processes in the disordered phase.

the bending vibrations of the tetrahedral group and from lattice . .
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high intensity in the phonon DOS curves in Figure 2. The Raman _IIlas Belhgrouak, and A.rgo"‘”.e National Laboratory for provid-
and IR spectra of LiFePQ have also been obtained as a function ggp?rtemlélrieo?(énggj;ﬁéugm?hg%g(si\::v aéi:’rla?/pgéit:gcgg (;rr]aen ts
of lithium concentration by Burba and FrethThese authors

argue that, because the lithium ions are coordinated to oxygenDE'FGO?"OOER15035 and BES-MS, W-31-109-ENG-38, and

atoms, which are in turn covalently bonded to phosphorus, the by the National Sciences and Engineering Research Council of

vibrations of the phosphate groups are expected to be extremelycanada through a Discovery grant.

sensitive to the presence of lithium ions. References and Notes

The sahe_nt result of Flgu_re 2 is that the phonon DOS CUIVES (1) paghi, A. K.: Nanjundaswamy, K. S.. Goodenough, J.JB.
of the unmixed and the disordered samples are surprisingly Electrochem. Socl997 144 1188.
similar at low energies but not at high energies. The low energy _ (2) Andersson, A. S.; Kalska, B.; Haggstrom, L.; Thomas, JS@lid
modes (below 35 meV or 300 cr) are expected to be primarily Staté;°$§rfa()§£ %\39&1&” S. C.: Hinokuma. . Electrachem. Soc
acoustic lattice modes, involving translatory and librational 2001 148 A224. R T I
motions of the PG~ ions and translatory motions of the¥e (4) Huang, H.; Yin, S. C.; Nazar, L. FElectrochem. Solid-State Lett.
ions. There is perhaps a difference in the modes between 35200154131170-2. Dann. 1. R El o 002 149 A1184
and 85 meV, but this is small. These moc_ies include thggPO 263 Chﬁﬂé, é_y $0rc1)’n; 'Bbkin;%t;(;gn?n{;sgﬁané Y -Mat. Mater.
bending modes and some modes from lithium motiSrEhe 2002 1, 123.
largest difference between samples is found in the region of  (7) Delacourt, C.; Poizot, P.; Tarascon, J.-M.; Masquelier Nat.
the high-energy optical modes between 100 and 150 meV. TheMat?é')zgggd“' 325|_4: Yazami. R.: Fultz. EElectrochem. Solid-State Lett
structure of the DOS around 120 and 130 meV is less distinct 2006 9, A151. T ' ' '
in the disordered sample. This could be caused by small-scale  (9) Kittel, C. Quantum Theory of Solidohn Wiley: New York, 1963;
heterogeneities in the disordered material, presumably on aCh"’_}ngerA7-. K- Lin. J.: Belh k Electrochem. C 8005 7
dimension characteristic of the wavelengths of the vibrations. 665_ ) Amine, K. Liu, J.; Belnarouak, Electrochem. Commu '
For example, disorder in the tiions could cause a spread of (11) Bogdanoff, P. D.; Fultz, B.; Rosenkranz, Bhys. Re. B 1999
the vibrational frequencies. Alternatively, damping could cause 60 3976.

. . h (12) Squires, G. LlIntroduction to the Theory of Thermal Neutron
the loss of structure in the optical modes. This does not occur Scattering Dover Publications: Mineola, NY, 1996,

in the lower-fregency parts of the spectrum, suggesting that the  (13) Sears, V. F.; Svensson, E. C.; Powell, B. Ganadian J. Phys.
damping mechanism is specific to optical modes. A damping 1995 73 726.

: i ; P (14) Yamada, A.; Koizumi, H.; Sonoyama, N.; Kanno,Hectrochem.
mechanism could originate from the motion of Li ions, charge Solid-State Lett2005 8, A409.

hopping between Fe ions, or some combination of these dynamic  (15) yamada, A.; Koizumi, H.; Nishimura, S.-i.; Sonoyama, N.; Kanno,
processes, although the present results do not justify definitive R.; Yonemura, M.; Nakamura, T.; Kobayashi, Nat. Mater.2006 5, 357.
statements about these processes. (16) Wallace, D. CThermodynamics of CrystalBover Publications:
Mineola, NY, 1998.
. (17) Paques-Ledent, M. T.; Tarte, 8pectrochim. Acta, Part A973
Conclusions 29, 1007.

. . (18) Paques-Ledent, M. T.; Tarte, 8pectrochim. Acta, Part A974
Inelastic neutron scattering measurements were performed al 573,

elevated temperatures to obtain phonon densities of states of (19) Burba, C. M.; Frech, RJ. Electrochem. SoQ004 151, A1032.



