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Abatract

% 7Li and *'P NMR experiments were conducted on a serles of single- or two-
phase samples in the LiFeP0O,-FePOy system with different overall lithinum contents, and
containing the two end-members andfor two metastable solid solution phases, Liy ¢FePQq
orf Lipz4FePOs. These experiments were carried out at different temperatures in order to
search for vacancy/charge ordering and ion/electron mobility in the metastable phases.
Evidence for Li*-Fe’* interactions was observed for both LiggFePQ4 and Lip14FePOs.
The strength of this interaction leads to the formation of LiFePOy-like clusters in the
latter, as shown by the room temperature data. Different motional processes are proposed
to exist as the temperature is increased and various scenarios are discussed. While
concerted lithhnn-electron hopping and/or coirelations explains the data below 125°C,
evidence for some uncorrelated motion is found at higher temperatures, together with the

onset of phase mixing.



Intreduction

Lithium-ion batteries have played a central role in the rapid development, in
recent years, of portable digital and wireless technology. Such success has triggered
further efforts to utilize them as components in other applications with an even larger
impact on society, which include electric vehicles and onsite storage for energy from,
renewable sources.  However, several challenges need to be met before these
expectations can be realized, as current comumercial Li-ion batteries currently do not meet
the cost, energy and power density requirements of these devices” ° Lithium iron
phosphate, LiFePQ., a phospho-olivine first proposed for nse as a positive electrode by
Padhi ef al.? has become a key player in the path toward these fechnical achievements,
and now stands as a strong candidate to be the positive electrode of choice in the next
generatien of batteries designed for transpurtatiﬂn"' 3 because of its low cost, low toxicity,
and excellent thermal si;satl.“ﬁilit}y'.6 Upon delithiation, LiFePO;, is converted to FePOy viz a
first-order transition, a reaction that occurs at about 3.4 V vs. Li'/Li" and corresponds to a
theoretical capacity of 170 mAh/g, Delacourt et af” demonstrated the possibility of
transforming of two-phase mixtures of these two end members to single-phasze Li,FePO,
solid solutions at elevated temperatures. The cooling of solid solution samples with x >
0.45 has been reported by sevetal groups to result in the formation of a metastable
intermediate phase, formulated as LiggFePO4, mixed with different proportions of
LiFePQ, and FePO,51" Mbsshauer and phonon densities of states studies indicate that
this phase shows structural disorder at high temperatures.'""* Rietveld refinements of

neutron diffraction patierns of quenched samples containing this phase suggest that it

remains disordered at room temperate, with shorter average Fe-O bonds and longer



average M1-0 lengths (M1 refers to Li when present, and to the center of the Li site
when it is vacant) compared to LiFePQ,® Recently, another metastable line phase,
LigasFePO4, way showtt to coexist with FePQy in slowly cooled crystals with lower
lithium content.'™ "*  Lj,FePO, phases, with x between 0.3 and 0.8 have also been
prepared by quenching high temperature solid-solution samples, ' '

In highly crystalline samples, the line phases Lis«FePOy and Lig s FePOQy may
coexist with the end members for long periods of time at room temperature, Transmission
electton microscopy {TEM) and selected area electron diffraction (SAED) studies
showed that the interfaces are in the ((10) plane, which suggests that phase separation of
the high temperature solid solutions proceeds by migration of lithium ions within the
tunnels aligned with the bH-axis, thereby producing siacked layers of different
cotnpesitions with phase boundaries in the ac plane.”® In contrast, in the partially
oxidized but unheated two-phase xLiFePO./{1-x)FePQ, crystals, the end members are
located in stripes alternating along the « direction with phase boundaries in the &¢
plane."?

Magic angle spinning nuclear magnetic resonance (MAS NMR) has proven to be
a very useful technique to study shott range ordering scheines that are not detectable by
diffraction techniques in positive electrode materials'™® such as LiMnyOy-""*! and LiMO-
type (M=Mn**%, Co® andfor Ni***?) phases, both in pristine and in charged/discharged
samples. When experiments at different temperatures are combined, additional
infoxmation regarding the diffusion of lithium and/or electron hopping can also be
obtainedf* ¥ % Since the intermediate LiFePO4 phases necessarily contain lithivm

vacancies and mixed Fe*'/Fe®* states, *’Li and 'P NMR experiments were conducted in



this study in order to search for vacancy/charge ordering and enhanced ionfelectron
mobility in these phases. This study focuses on a series of samples with different overall
lithium ¢ontents that comprise either a combination of the two end-member compounds
(LiFePO4 and FePOy), a single {metastable} phase derived by quenching from high
temperature, or multi-phase composife (laminate) crystals formed by slow-cooling.
Throngh a combination of room and high (up to 250°C) temperature MAS NMR
experimenis we show the existence of different degrees of Li*-Fe** correlations which are
thought to be behind charge ordering, motional processes and phase stability of the

metastable solid solution phases. Several mobility scenarios are also discussed.

Experimental

Synthesis. LiFePOy crystals measuring 2 x 0.2 x 4 pumn along the a, &, and c-axes,
respectively, were synthesized using the hydrothermal method described prﬁ“.’iﬂuﬁ!}’.ls
FeSQ) (99%, Aldrich) and H;POu {85%, J. T. Baker) were mixed in deoxygenated and
deionized water, amd a LiOH (Spectrum) solution was added slowly to the mixture o
give an overall Fe:P:Li ratic of 1:1;3. After stirring under helium gas for about 3 min, the
reaction mixture was transferred to a Parr reactor, which was purged with helium and
held at 220°C for 3 h. On cooling to room temperature, the off-white precipitate was
filtered, washed with dejomized water, and dried at 60°C under vacuum for 24 h.
Delithiated crystals were obtained by stiring in a 0.05 M solution of bromine in
acetenitrile (Sigma-Aldrich) for 1 h, by adjusting the molar 1atic to achieve the desired
stoichiometry. The two-phase mixtires thus obtzined were placed in a tube furnace

purged with flowing argon and heated in steps w 200, 250, 300 and 375°C at a rate of 5



°Cimin, followed by holding at each temperature for 2 h. The samples were then
sequentially ¢cooled at the same rate from 375 to 250, 204, 150 and 100 °C by holding at
each temperature for 2 h before reaching room temperature. In contrast, the quenched
samples were prepared by quickly cooling the sealed sample container between two metal
blocks.

A-ray diffraction. X-ray diffraction (XRI)) pattems were acquired in reflection mode
using a Panalytical Xpert Pro difftactometer equipped with monochromatized Cu Koo
radiation (A=1.5406 A). The scan rate was 0.0025%s from 10 to 70° 28 in 0.01° steps.
The phase ratios in xXLiFePOy/{1 - x)FePQ, two-phase mixtures and in the cooled solid
solution crystals were determined by refinement of the XRD data with the Rigas Rietveld
refinement software (MDI).

Nuclear magnetic resonance spectroseopy. Room temperature °Li, “Li and *'P magic
angle spinning nuclear magnetic resonance (MAS NMR) experiments were performed
with a double-resonance 1.8 mm probe, built by A Samoson and co-workers (KBFI,
Tatlinn, Estonia), on a CMX-200 spectromeler using a magnetic field of 4.7 T, at a
spinning frequency of 38 kHz and using a rotor-synchronized spin-echo sequence (n/2-1-
m~t-aq). The "Li spectra were collected at an operating frequency of 77.71 MHz, with a
2.75 ps /2 pulse width and an acquisition delay of 0.2 s, whereas the °Li MAS NMR
measurements were conducted at an operating frequency of 29.42 MHz, with a 4.5 ps a/2
pulse width and an acquisition delay of 0.2 5. I both cases, 1 M LiCl (at 0 ppm) was
used as an external reference. In the case of the *'P data, the observed signals were very
broad and, thus, the whole spectrum could not be excited simultaneously. Instead,

separate spectra were acquired as a function of irradiation frequency, starting at a catrier



frequency of 80.94 MHz, which coreesponds to the Larmor frequency of the reference (a
solution of H3PQy, set at & ppm). The carrier frequency was moved in steps of 650 kHz
and the resulting spectra were normalized to the same scan number and mathematically
added to yield the quantitative, full spectrum corresponding to each sample. For al)
frequencies, the n/2 pulse width was 3.0 ps for and the delay time was setat 0.1 s.
Variable temperature 'Li and *'P MAS NMR experiments were carried out with
an Oxford magnet operating at a magpetic field of 4.7 T, along with an INFINITY-
console, by using a Chemagnetics variable temperature stack and a Chemagmetics double
resonance 3.2 mm probe. The rest of the experimental parameters used for the

acquisition of the data were the same as used for the room temperature experiments,

Results

XRD phase analysis. thenﬁcal oxidation of LiFePO, crystals produced delithiated
samples consisting of two-phase mixtures of xLiFePO4 and (1-x)FePQs. The sampled
were characterized by XRD, HRTEM, X-ray absorption spectroscopy (XAS), Fourieq
&m.nsfurm infeared (FTIR) and Raman specitroscopy, and were found to be fiee mi
amorphous materials and othet itpurity phases.’® ' When partially oxidized crystals {
x=0.14, 0.54, and 0.74) were heated in z2n inert attnosphere, single-phase, solid solutions
formed at temperatwres rapging from 250-300°C, the actual temperatre being
systematically lower for lithivm contents close to 0.60. Slow cooling resulted in
demixing and precipitation of intexrmediate phases, with the phase compositions and their
relative ratios in the end products depending on the total amount of Li present.] Figure

la shows the XED patterns of the end members along with those of the slow cocled



samples, which will be referred to as SC0.14, 8C0.54 and SC0.74 throughout the text for
convenience. For instance, SC0.14 denotes the slow cooled sample with overall Li
content » = 0,14 (table 1)}, The 211/020 peak intensities are compared to show the
relative amounts of the intermediate phases (LipsFePQy and Lip 4FePOy) and the end
members in each sample. Rietveld refinement of the entire patterns gave the
compositions showm #n Table 1] When a solid solution sample with x = 0.54 was
guenched (henceforth referred to as (30.54) rather than being slowly cocled, the single
phase, ie., LigsFePOq, could be preserved at room femperature, as shown in Fig. 1b.
This quenched sample slowly disproportionsted to the end members when aged at room
temperature, containing significant amounts of hoth LiFeP0y and FePOy after 5 months
{Figure 1b). The solid solution phase in the sample maintained a Li content of x = .54,
during this time. Other single phase solid solutions were alse obtained when two phase
mixtures with x = 0.48 and x = 0.74 were heated to 375 °C and then quenched, These,
however, quickly demixed to the end members at room temperature. Thus, certain
intermediate compositions close to Lip sFePOq, the eutectoid point in the phase diagram,’
appear 10 be more stable upon guenching than others.

Room temperature NMR. In general, MAS NMR spectra are composed of an envelope
cOmPpIising an isotropic resonance and spimning sidebands. In compounds containing
paramagnetic ions (e, Fe'*/Fe™’, in this case), the shift is dominated by Fermi contact
inferactions between the lithium 10ns and these paramagnets, which result in the fransfer
of unpaired electron spin density from the latter to the former, through the ligand anions
{oxide, in this case). The spinning sidebands arise from the partial averaging by MAS of

the large dipolar mteraction between the Li nuclei and the magnetic moments of the



paramagnetic centers.'®  In LiFePQ,, lithivm jons occupy-a single, cenfrosymmetric,
distorted octabiedral (M1} site surrounded Ejr three pairs of oxide ions and three pairs of
Fe** ions (Fig. 2a)."" The cations in one of the Jatter pairs are connected through two
oxide ions, leading to a total of four Fe-0-Li contacts with angles near 90° (table 2). One
of these oxide ions also links Li to iron ions of another pair (for a total of two contacts at
111.0°), while the third pair is linked throngh single oxide ions at 121.5°, also leading to
a total of two Fe-O-Li contacts. The average coordination around the vacant 1i site in
Li,FePO, is only slightly modified* The “Li resonance at -56 ppm observed in the MAS
NMR spectrum of pristine LiFePQ; is assigned to this crystallographic site (see Figure S1
in the Supporting Information), in accordance with previous results, ™

Figure 3 shows the isotropic resonance region of the Li MAS NMR spectra of
5C0.14, 5C0.54, SCO. 74, and Q.54 together with that of a non-heat treated two-phase
mixture of 62% LiFePOy and 38% FePOy (x = 0.62, henceforth referred to as NHT(L62).
Despite the considerable breadth of all the isotropic resonances, differences in their
centers of gravity and lineshape can be observed between samples.  Spectral
deconvolution (red and green lines in Figure 3} revealed that, while the signals from
Q0.54, 5C0.54 and NHTO.62 could be fit with one broad rescnance, those from SCO0.14
and SC0.74 are asymmetric and, therefore, better fit by using two peaks. Equally good
fits can be performed by using more peaks, but in the absence of any further data, we
have ¢hosen 1o vse the simplest maodel possible, That only one signal is seen for NHTO.62
is not surprising, because one of the phases (FePO,) contains no (or, at most, a negligible
amount of) Li, Similarly, the singls resonance i the spectrum of SC0.54 is assigned to

LipgFePQ,, the FePOy component (comprising 10% of the sample) again being



undetectable by L1 NMR. Q0.53 consists of single-phase Lig 54FeP0Q,, as stated above.
Shifts of ca. -64 ppm for LiFePO4, ca. 26 ppm for LipsFePO4 and ca. -2¢ ppm for
Lig 54FePOy are observed, the gradual shift to higher frequency with decreasing Li content
being consistent with the higher Fe®™ contents %]

Previously reported neutron diffraction data for Lig¢FePQy at room temperature®
suggested the existence of a single environment for lithium, which, In principle, is
consistent with the single resonance observed in the *Li MAS NMR spectrum. However,
this phase cottains iron in a mixed oxidation state, Fe*'/Fe*". In the absence of rapid
lithium motion andfer electron hopping, a random distribution of these two ions in the
framework will lead to a series of local lithium environments with varying proportions of
Fe** and Fe® in their first coordination spheres. Such short-range effects are not
observable with diffraction techniques, but NMR should be very sensitive o them; a
concomitant disiribution of resonances would, therefore, be expected. The observed
resonances are broad, and o it could be possible that the different resonances are not
resolved. However, a noticeable increase n broadening between: the LigeFePOy4 and
LiFePO, resonance (for example, in the spectrum of the NHTO0.62 sample) would
consequently be expected. This is not observed experimentally, as the widths of both
resonances are approx. 4 kHz. Two different sifuations, both compatible with the earlier
refinement results, can be envisaged to explain the single resonance observed for
LigsEePOs.  The first assumes the existence of fast electron hopping and/or lithivm
mation, which could produce, if faster than the NMR timescale (i.e., if ocewrring with a
hop frequency greater than the frequency separation between the different resonances), an

average signal for all the existing individual environments with their various Fe®*/Fe’t
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contents. A second mechanism must be present if there is neglipible ¢lectronic and/or
ionic motion. In this case, clusters around Li must be present that contain a discrete
tnmbers of Fe’ and Fe* jons. These clusters must be distributed randomly throughout
the crystal framework, or be present in domains with small coherence lengths, since ne
long-range ordeting has so far been detectable by diffraction techmiques. These two
suggestions will be explored in more detail below.

According to XRD, 5C0.M is a mixture of 64 % Lip sFePO4 and 36 % LiFePO,.
This is congistent with the presence of two peaks with shifis of «22 and -61 ppm, with
integrated intensities that result in a phase fraction of ce. 70% LipsFePOy and 30%
EiFeP(O,. Three peaks at 2183, -1 and -63 ppm were used to fit the spectrum of SCO0.14.
:Unfﬂrtunataljr, the low lithium content, combined with the low natural abundance of E’Lf
(ea. 7.6%), leads to a spectrum with a poorer sighal-to-noise ratie than observed for the
other samples, even at long acquisition times. Hence, the possibility that an additional
resonance is present under the broad peak centered at -23 ppm cannot completely be
excluded. The extremely peak at 218 ppm in the °Li spectrum is assigned to an unknows|
impurity not detected by XRD, also found in the starting LiFePO; batch used to prepare
this sample. The large positive hyperfine shift suggests that that this impurity containg
Fe**. Since the intensity of this resonance corresponds to less than 4% of the total Li
conbent, which is itself small, the concentration of this impurity is extremely small. Since
Scu.m also containg Ligs4FePQq and FePQy, the -1 and -63 ppm resonances likely
correspond to environments in the former lithiated phase. The peak at -63 ppm is
hssigned fo lithivm ions in an environment that is very close to that of LiFePO,; and]

hence, mostly or exclusively contains Fe** in their coordination spheres| The shift of the
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-1 ppm resonance indicates that lithium ions in this type of environment are surrounded
by some Fe'* ions. Since even more positive shifis (up to 70 ppm) have recently been
observed in olivine-type samples containing more than 50% Fe®,” this new environment
must still be surrounded by significant number of Fe*" ions. The appearance of LiFePOy-
like environments in a sample with so little lithium (and thus, Fe2+) strongly suggests the
existence of Li'-Fe** clustering in the structure of Lip34FePO,. Hypothetically, these
clusters would be formed by a core {or region) of Li ions only swrrounded by Fe**
(resonance at -62 ppm), and a shell of Li iong in stivironments with intermediate
Fe*'/Fe™, corresponding to the observed resonance at -1 ppm (and any possible
unrezolved shoulders). Such clustering would help to explain the deviations from
Vegard’s law of the cell parameters of Lip4FePDy, which are closer to those of LiFePO,
than cxpccted;m extended Li™-Fe®* clusters may have a stronger steric pillaring effect
than in the case of tandom occupancy of Li* and Fe®* in the framework of this phase, and
the presence of these relatively incompressible domains would result in a larger measured
unit cell. FePOy-like (i.¢., Li-free) environments must be more abundant than predicted if
Fe*'/Fe*" were randomly distributed in the network, since the major Li environments are
nearby Fe’™ only. This conclusion is consistent with recent Fourier transform infrared
(FTIR) results,”” where the spectrum of LiggFePQs showed peaks with frequencies
intermediate to those of the end members, suggesting an averaged Fe*'/Fe** environment.
In contrast, the IR spectrum of Lig 14FePOy resembled that of FePQy, consistent with the
dominance of Fe'* environments in that phase. The existence of twe resolvable
resonances in the "Li MAS NMR spectrum of Lig3.FePQy indicates the lack of

environment averaging (on the NMR timescale} by electron or ion hopping in this phase,
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Further information concerning the local siructure of these intermediate phases
was obtained from *'P MAS NMR data. Figure 4 shows the spectra of SC0.14 and
8C0.54, together with those of LiFeP0Q, and FeP(y. The hyperfine shifts for phogphoruy
in paramagnetic materials cover a very large range which can span to more than 15000
ppm,* and, thus, they are very sensitive to both oxidation state and geometrical changes
in the environment of the cation. The resonances observed for LiFeP(Oy and FePQy
appear at 3750 and 5770 ppm, respectively, consistent with other reports.*™ *  The
coordination around phosphorns in LiFePOy and FePQ, is shown in Figure 2b. There are
five near neighbor Fe ions, one (labeled “a”) connected through two identical oxide jons
{03}, so that the POy tetrahedron shares an edge with the distorted FeQ;; octahedron. The
Fe-0(3)-P angles are both near 4%0° (Table 3}. These O3 ions also provide a link to a pair
of iron ions (b} at a much larger angle, over 120°, while two more Fe ions (c and d) are
bonded through O1 and O2, respectively, also at large angles. Thus, the total number of
Fe=0-P contacts is 5six. The geomeiry of the compact and rigid POy unit is barely affected
by conversion of LiFePOy to FePOy, but the Fe-O distances are substantially contracted,
as expected from the smaller ionic radins of Fe* ¥ and the Fe-O-P angles for Fe(c) and
(d} are increased. The dramatic change in the 3p shift is mainly ascribed to the presence
of Fe** (with 5 unpaired electrons) instead of Fe™ (4 unpaired electrons) in the latter, and
the increased covalency (and thus spin-density transfer) in Fe'*-0 vs, Fe*-O bonds.
Therefore, as in the case of lithivim, the more highly charged iron cation induees a more
positive NMR shift; the effect is, however, much more dramatic, reflecting the increased

covalency (and bond-order} of a phosphate P-Q vs. a Li-Q bond,*®
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At least three differemt isotropic resonances were found in the spectrum of
SC0.54, at 3070, 4930 {the lineshape of this resonance suggesting that there imay be more
than one overlapping peak) and 5300 ppm. The two lower frequency resonances are
assigned to environments in the Lip;FePOq phase. At first glance, the 5800 ppm peak
appears o account for too large a proportion of the total intensity of the spectrum to be
solely due to the presence of 108 FeP(y in the sample, as found by XRD. However,
given that the signal due to FeP(Qy is both sharper and is associated with a longer T» than
the resonance of LiFePO,," the assignment of the 5800 ppm to the delithiated end
member would, in principle, seem reasonable. Nonetheless, we camnot exclude the
possibility that some of the signal originates from LigsFePOy. Thus, there are af least
two different phosphorus environments in this phase, resulting from different numbers
and types of interactions with Fe** and Fe®*. Based on the shifts found for LiFePOy and
FePOQ,, the peak(s) at 4930 ppm is (are) assigned to & phosphorus environment(s)
surrounded by both Fe?* and Fe™ ions, with a slightly larger amount of nearby Fe® ions,
given its closer proximity to the FePO, signal. The assignment of the signal at 3070 ppm
is less straightforward, zs it falls outside the range defined by the all-Fe* and all-Fe**
olivine structures, Based on its frequency, it is assigned 1o a Faz+-orﬂ}r phesphorus
environment. The decrease in shift with respect to that of the lithium ions in LiFePO,
suggests a modification of the Fe®*-O-P interaction. One cause could be geometric; the
presence of lthiven vacanciss in the structure (Table 3) could induce changes in the Fe-
O-F bond angles, which, in turn, affect the efficiency of the spin density transfer from Fe
to P, thicugh (0. The contacts at a close-to-90° interaction produce stronger dr,-po-su

orbital overlaps than those around 120°* so the increase from 94° to 96° seen for the
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solid salution phase leads to wegker transfer and a smaller observed shifi than seen for
environments in LiFeP(s. Anpocther factor that should be taken into zccount is the
possible effect of an overall change in the P-O bonding in the compound dus to the
imtroduction of holes in the O 2p band when lithinm is removed, as recently suggested
baged on electron energy loss and X-ray absorption/emission spectroscopy, coupled with
DFT calculations.®*® Such changes in P- bonding are also thought to be at the origin
of the shift to higher energy of the white lines in the P K-edge XAS spectrum of FeP(Oy
when compared to LiFePQ,."'

The existence of a limited number of resonances, and, hence, the absence of a
single average environment in the *'P spectrum for LipsFePQ; appears to confliot with
the electronic/Li hopping scenario proposed as one model to explain the °Li MAS NMR
data ahove. However, the resonance frequency separation {in units of Hz} is much larger
for the *'P than for the ®Li specira, meaning that a faster hopping rate will be required to
result in coalescence of the *'P resonances. Therefore, such a acenario cannot be
excluded. NMNonetheless, the fact that individval resonances can, to some degres, be
resolved, and the relatively low intensity in the 4000-4300 ppm region, suggests that
some short range ordering (clustering), with favored phosphorus environments, does

exist. A random amangement of Fe2*™*

would lead to a very complex spectrum due to
the variety of Fe**/Fe*™ permutations in the different positions (with different angles)
around the phosphorus environment (Fig. 2b}, with increased intensity arcund 4000-4500
ppm, due to the higher probability of finding envirenments with both Fe** and Fe™* ions.
Unfortunately, the resolution obtained even at very high spinning speeds (38 kHz) does

not permit further quantification of the number of environments and, consequently, the
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proposal of possible ordering schemes at this time. The *'P MAS NMR spectrum of
Q0.54 (i.e., Lip.ssFePO,) is very similar to that of 8C0.54 (Fig. 5), kxcept for a somewha
Jarger relative intensity at frequencies above 5000 ppm for the latter, which is ascribed to
Yhe presence of FeP(y in the sample] This confirms that the phases Ligs4FePOy and
Lig gFePO4 are structurally very similar, and that at least part of the intensity above 3000
ppm observed in the fast spinning spectrum of x = .54 in Figure 4 is due to FePOy-like
environments in both samples. Finally, the *'P MAS NMR spectrum of $SC0.14 is
dominated by a resonance at 5790 ppm (Fig. 4), conststent with the dominance of the
FePOy phase (59% from XRD, Tablel)y. The small, bread, isotropic peak at 3640 ppm
(see zoom-in in figure 4), is assigned to Fe?'-rich, LiFePOy-like phosphorus
environments in Lig34FelPCy, consistent with the corresponding SLi NMR. shift at -62 ppIm
and the proposed existence of Li'-Fe** clustering, As described above, this clustering
model results in 2 phase that is dominated by Li-free regions (or larger clusters), which
contributs to the intensity of the FePOs-like peak at 5790. In addition, fuch a model
would also predict {at least) one additional environment, at the interface between the Li'-
Fe?* clusters and larger FFe™ domains (where Tis a Li* vacancy), that contains both Fe**
and Fe** jons, and would be associated with a *'P shift above 4000 ppm. No such peak(s)
could be clearly reselved, most likely because of its (their) low predicted intensity
{similar to what is obscrved for the comesponding “Li MAS NMR specttum), However,
the “LiFePO,"-like resonances are broad and there appear to be other buried under the
large sideband manifolds of the 5790 and 3640 ppm resonances. In summary, the p

(and °Li) results strongly imply that both the LiFePQ4 and FePO, clusters are larger than
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just one coordination shell, so that significant concentrations of intermediate
environments do not exist.

jAll the resonances observed in the different spectra could be correlated with the
presence of a particular phase detected by XRD, except in the case of the extrernely weal]
impurity peak seen for SC0.14 (and the corresponding betch of LiFePQ,, see above))
This correlation again indicates that no noticeable amounts of amorphous phased
containing lithiven and/or phosphorus, that could not be detected by diffraction, exist i}

the samples, consistent with previous TEM sesults, "

Vaviable temperature NMR. "Li MAS NMR spectra obtained at a series of different
tetnperatures for the different samples are shown in Figure 6. Deconvolution of the
isotropic peaks was performed, and the resulting peak shifts and widths are plotted
against 1/T in Figure 7. The larger hyperfine and dipofar couplings associated with Li
relative to “Li,” bombined with the less efficient averaging of these interactions due tol
the use of a slower spinning speed in these experiments, produce spectra with lower
resolution than those shown in Figure 3. As a consequence, the spectrum of §C0.74
could be fit with just one resonance, as opposed to the two needed fo account for the
tineshape observed in the high-speed °Li spectrum. The position of this resonance {-38
ppm) appears at a position that corresponds to the weighted average of the two
resonances used to fit the *Li spectrum. In the case of SC0.14, although twe peaks could
be resolved at room temperature, only one peak with much Jarger width was sufficient to
fit the data at higher temperatures, an indication that the original resonances shift toward

cach other and either become less resolved, or even merge, upon heating. For
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comparison, the result obtained by fitting the room temperature spectrum of SC0.14 with
a single broad resonance (located at approximately -36 ppm) is also shown in Figure 7a.
The center of gravity of the spectrum is seen to move toward higher frequencies from
room to higher temperature, the -36 ppm resonance following this trend. The location of
this averaged resonance appears at a lower frequency (i.¢., with a more negative shift)
than that of LipgFePOy4 in the 5C0.54 sample and closer to the shift from SC0.74
(33%LiFeP04 + 67%LigsFePOy), implying that the environments probed by the lithium
iong in Lig 4FePOy contain more Fe*' than the Li local environments in Lig gFePQ..
Again, this is consistent with large LiFePOy-like clusters in Lip 34FePOy4 {in 3C0.14).

A general tendency for a decrease in both the width of the peaks and the absolute
value of the shift with increasing temperature is observed for 5C0.14, SC0.54 and
5C0.74. Strikingly, the trend does not seem to be continuous, a noticeable change in
slope in the plots for both shift and linewidth being seen in all cases above 125°C
(1/T=0.0025 K"). In general, a peak shift toward lower absolute values, accomnpanied by
narrowing, is expected in paramagnictic samples due to the comespondinbg decrease in the
magnetic susceptibility of the transition metal ions. However, this dependence should b
Elose to linear and have a constant slope in the absence of a magnetic or structural phase
Iransition] Antiferromagnetic transitions have been reported for LiFaPOy4 and FePOQ, at
50K and 125K, respectively, and Curie-Weiss behavior has been reported at the
temperatures studied here. ¥ Thus, the discontinuity should reflect a noticeable change
in electronic structvre {as probed by Li), consistent with formation of the selid solution
phases” "% and/or {additional) mobility between 150°C and 200°C. This point is discussed

in more detail below.
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The nature of the transition is very different for the SC0.54/8C0.74 and NHT0.62
samples. As NHTﬁ,EZ {a previously unheated mixture of LiFePOy4 and FePO,} is heated,
discontinnous behavior is observed. At 100°C, a weak resonance ai approximately -10
ppm iz observed (Figure 6) whose intensity grows steadily as the temperature is
increased, at the expenss of the original one (Fig. 7e). This new peak is ascribed to
Lip sFePQ4 and dominates the spectrum at 250°C, only a small, lower frequency shoulder
remgining (Fig, 7¢). Within emor, the shift of the Li signal of the LipgsFePO. phase
tirrors that of the SCO0.54 sample, consistent with this assignment. Similar mixtures
have been shown by XRD to initially form LiygFePQO4 before converting into single-
phase solid solutions,® but the process, as prabed by NMR, appears to have started at a
lower temperature (75-100°C) than in the XRD experiments (150-200°C).” '* This is
ascribed to the ability of NMR to detect smaller particles (i.e., with crystalline domains
that are smaller than the coherence length probed by XRD). Previous TEM resuylts
revealed that the precipitated phases (or phase segregated domaing) in cooled crystals are
distributed along the b direction with ac phase boundaries, whereas in large micron-sized
unheated crystals formed by chemical delithation, the end member phases are located in
stripes that alternate along the a direction with phase boundaries in the ¢ plane.'? Since
the lithium mobility is much greater in the & direction than in cither the z or ¢ direction™
it is reasonable to expect that kinetically it will be much easier to achieve a uniform Li
distribution in the preheated crystals, where the different phases exist within one
crystallite. Thus, the behavior of the NHT sample is ascribed 1o gradual mixing of the
LiFePQ,4 and FePO4 phases {invelving Li migration between particles) te slowly form the

LipsFePOy phase (which gives rise to the -10 ppm resonance at 100 °C), the
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concentration of this phase increasing with time and temperature. Complete mixing to a
single solid-solution phase does not take place in the sample at the temperatures
measured here.

SC.54 shows the highest shift (-1 ppm) at 250°C, followed by SC0.14 {(-8.5 ppm)
and SC0.74 {-15.5 ppm}. If the transformation of the samples from two-phase mixtures
to a single-phase solid solution were complete at this temperature, the composition of the
final products should be Liy4FePQs, LigseFePO4 and LipFePOy, with increasing
Fe?'/Fe** ratios as the lithium content increases. Assuming rapid electronic hopping
andfor no ar some, bt uncorrelated lithium motion, the lithium ions will see a mixed
Fe*'/Fe™ state, with those in Lig 14FePO, seeing the largest amount of Fe™. Since this
larger amount of Fe** induces more positive NMR shifts, Lip 14FePQy should show the
highest shift, whereas the lowest would comrespond to Lig zdFePQy, which is clearly not
the case. Instead, Liy4FePOs shows the larpest change of the shift vs. 1/T (reflected in
the largest slope), and it is clear that on extrapolation to higher temperatures, Lip 1sFeP Oy
would eventuzlly have the highest shift. {This behavior is ascribed to the incompletd
formation of a solid solution for y=0.14 at the highest temperatures studied in this workl*
The ease of formation of solid solutions from mixtures of LiFeP(,; and FeP(, varies with
compositicn and is known to be sluggish in the temperature range studied here; longer
equilibration times or temperatires above 300°C have been shown o be required to
prepare samples that show single-phase X-ray dif&actcgrams.w Further, some residual
amounts ¢f LiFePO4 or FePC have been found in the Massbaner spectra (a technique
with a sensitivity to minority phases comparable to that of NMR in this system) of

mixtures with different proportions of LiFePQ, and FePO, heated as high as 400°C.!
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The transifion to solid selution is more facile in samples with compositions closer to the
eutectic poini in the phase diagram, which is ¢lose to LigsFePQ4, and is reported to occur
at the highest temiperature precisely for mixtures with lithivm contents similar to
8C0.14.77

A noticeable increase In the intensity in the 4000-500¢ ppm regton is ebserved in
the *'P MAS NMR spectrum when SC0.54 is heated to 250°C (Figure 5). Resolution of
isotropic resonances iz complicated by the large width of the signals; experiments ai
different spinning speads led to the tentative assignment of isotropic peaks at 5775 and
2885 ppm and ne distinct ones coudd be identified around 4000-3000 ppim. Nonetheless,
phosphorus environment(s) with mixtures of Fe™ and Fe®™*, which appear to be relaied to
the existence of the resonance at 4930 ppm seen at room temperature in the fast MAS
spectrum {Figure 4), are clearly present. Interestingly, the linewidths of the peaks from
2000 to 5008 ppm (ie., corresponding to all Fe*' and mixed Fe®*/Fe** environments)
increase noticeably, while that of the 5930 ppm {all-Fei") is similar, again suggesting that
it partially arises from a separate phase (i.c., FePQy). The increase in linewidth indicates
that a motional andfor chemical process is entering the timescale probed by the *'P MAS
NMR experiment.

Finally, the isotropic resonances in the Li MAS NMR specira of the samples
coaled to room temperature after the heat treatment in the NMR setup are compared to
those recorded before the experiment was performed (Fig. 8). A displacement of the
center of pravity toward less negative values can readily be observed for NHT0.62, in
accordance with the precipitation of the intermediate Lig ¢FePO4 phase on cooling, and in

agreement with previous XRD results.'’ In contrast, spectra of the other three samples
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were almost identical at room temperature before and after the NMR heating studies,
indicating that, once the samples have been heat-treated, successive treatments produce

chanpes that are largely reversible.

Discussion

Electron-lithium mobility in Li.FeP Gy The MAS NMR results in this paper offer insight
in the structural order in the different Li FePOy phases present in the samples studied, but
should alse provide information regarding the moebility of electrons and lithium ions
through their crystal lattice. Recent studies by two groups have used "Fe Mbssbauer
spectroscopy (MS) data at different temperatures to determine the existence and extent of
charge.carrier motion in the Lis¢FePQy intermediate phase. ™ " Well-resolved Fe**
and Fe** doublets were cbserved in the room temperature spectta.  These doublets
broaden and eventually coalesce into a single one at elevated temperatures, the exact
temperature of coalescence varying between samples. The presence of only one signal is
indicative of the existence of, at a minimum, clectron hopping between the iron ions.
Fuither, linear fits of the spectral parameters vs. 1/T to an Arrenhins-type function led to
measurements of the activation energy, E, and the pre-exponential factor {attempt
fraquency), v, defining the kinetics of the motional processes. However, the analysis and
rangs of temperature emploved differs between the two groups and between different
papers, as did the samples and their thermel processing, and, therefore, a range of values
was reported for these parameters. Ellis ef 4l use the data above 250 °C for a sample
initially composed of 55%LiFeP(+45%FePQy to fit the (corrected) line width variation

of the signal assigned to the solid solution Lig ssFePQa, which results in an activation
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energy, Ea, of 7752108 meV."' The fact that this activation energy is much larger than
that predicted for free polaron mobility, 25 obtained by first principles calculations,™ was
ascribed to the existence of ¢oncerted lithinm and electron hopping at these temperatures.
Dodd e o™ and Tan et al." investigated single-phase quenched LigsFePO, samples
(i.e., samples that are similar to our Q{.54), and found that the MS Fe™ and Fe™ signals
start to shift toward each other sbove 130-150°C and have almost coalesced at 240°C,
which, again, was taken as an indication of the presence of electron hopping, Values of
both E, and v were obtained by fitting both the isemer shifts and quadrupole splittings
{(instead of the peak width) vs. 1/T plots above 130°C. The former were used to analyze
the kinetics of the electron hopping, and a range of values was calculated. Dodd 2t ol
report E=T00£100 meV, v=6-10"* Hz for Fe** and E.=500+100 meV, v=1 10 Hz for
Fe'', while Tan ef al,'* in a later paper from the same group, report E,=560 meV,
v=2-10" Hz for both Fe?" and Fe*. The discrepancy in values, even between Fe* and
Fe'' in a process that necessarily involves both, is considered to be within error,
according to the authors. Interestingly, the onset for the progressive reduction of the
quadrupole splitting of the Fe** signals i3 observed at a lower temperature of aronnd
100°C, in both reports. Indeed, fitting the data leads to E,=335£25 meV, v=5.10"! Hz
(according to Dodd ef o))" and E;=511 meV, v=2-10"* Hz (according to Tan ef af.)* for
this dynamic alteration of the electric field gradient (EFG) around Fe**. The authors
hypothesize that the differences in onset temperature and E,, as calculated from the
isomer shift and the quadrupolar splitting, arise from the existence of lithivm moiion that
is decoupled from electron mobility. Since Li* is more often in the vicinity of Fe®', it is

expected that the Fe?" jons will be more affected by the Li* mobility, henee the larger
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vatiability observed in the values for this ion. This hypothesis suggests that, while
lithium-¢lectton motion may be correlated above 150°C, some uncoupled lithium motion
may exist at lower temperatures.

The resotation of different isomer shifts for Fe® and Fe'* in the Mossbauer
spectra of LiycFePO4 does not necessarily imply that ¢lectron motion does not oceur,
For signal averaging to occur, motion must be faster than the frequency separatien of the

Adg-E,

two signals, which i¢ about 11.5 MHz ( AE = » where Adp - equal to the

separation between the Fe*™ and Fe®* isomer shifts- =1 mm/s' ¥, ¢ is the speed of light in
vacuum and E, is the Mdssbausr gamma energy). In stark contrast, NMR is typically
sengitive to process occurring at timeseales in the tens or hundreds of Hz, which makes it
a probe of slower motional processes. The available MS data will be used here in order
to evaluate whether the single resonance observed in the °Li MAS NMR data of SC0.54
(or Q.54, Fig. 3) could be due to the existence of the electron andfor lithium hopping
processes in the Lig ¢FePQy phase that are observed by MS above 100-150°C. To this
end, the hop-rates were extrapolated to room temperature using the Arrhenius equation.
Given the variability of E, and v values found in the literature, those that izad to the
largest and smallest hop frequencies were used. The highest possible hopping rate at
room temperature, 3.5-10° Hz was obtained by using the data for Fe™* given by Dodd et
al. (Ba=500 meV, v=1-10" Hz)"? and can, hence, be considered as an upper limit for
hopping. Likewise, the lower limit for hopping, obtained by using the Fe*" data (E,=700
meV, v=6-10"* Hz) by the same authors, corresponds to 870 Hz. Coalescence between

two resonances in a 1-dimensional NMR. spectrumn occirs when the frequency for
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exchange between the two sites occurs with a frequency that is greater or equal to 2°
*fvap, where vap is the frequency separation between the two resonances, A and B,
Thus, the range of hop rates above will result in coalescence if the *Li peak separations

3.5-10'Hz
are less than ca 540 {ﬁ=ﬁ§fﬂ—z-lﬂﬁppmmiﬂﬂppm; upper limit} and 14 ppm
{tower limit). Higher rates are required for coalescence of the "Li resonances, since the
separations are larger in units of Hz, and only resonances with separations lower than 200
and 5 ppm would be affected by these hop rates. [These estimates lie within the range of
hyperfine shifts observed for lithium environments in LiFePQy that contain Fe** and
if"ﬂh,""ﬁ and in principle, are consistent with the existence of hopping at room temperatore
and the subsequent observation of a single resonance for LiggFePOy. The value
calculated based on the lower limit may not be sufficient for averaging, ut at the very
least, if coalescence does mot occur at room temperature, even small increases in
temperature, which will result in both & decrease in separation between the resonances
dug to the change in magnetic susceptibility of the sample and an increase in hop
frequency, would be sufficient to induce averaging. A similar behavior hay already been
reported for LiMn,Oy, which contains both Mn** and Mn*, the rapid ¢lectronic (small
pelaron) hopping resulting in a single Jocal environment for Li." Jnterestingly, whild
hopping would seem to be fast to allow the different *Li resonances to be resolved, af

least just above room temperatures, it would clearly still be too slow to average the P

NMR signals, Even using the highest velue of 3.5-10° Hz, the maximum peak separation
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3.5-10'Hz
that would be averaged by motion would be ca. 194 ppm (3= E—ﬂzg—m-ﬁ-— 10°ppm),
clearly much smaller than that observed here (e 3000 ppm, Figure 4).

While the hop frequency calenlations appear consistent with signal averaging due
to electron hopping at close to room temperature, a couple of factors cast a reasonable
doubt onto this hypothesis. First, the large varations in the reported activation energies
introduce considerable uncertainty into the extrapelations.  The second factor has to do
with the discontinuity in the shift and peak width vs. /T plots of 5C0.54 and 5C0.74
above 125°C (Figs. 7a, b), discussed in the previous section. This discontinuity cccurs
below the reported eutetic temperature in the LiFePOy-FePO, phase diagrams available in
the literature (200 °C)."* In our sampies, the kinetics associated with mixing are likely
to be ¢asier as they occur in the same particles, which, together with the higher sensitivity
of NMR to small amounts of a particular phase than diffraction, may make our
measurements closer to the true eutectic temperature. The phase mixing that will occur
sbove this temperature on the phase diagram, will necessarily affect the NMR signals, but
it may not be the sole cause of this discontinuity, Taking $C0.34 as an example, which
contains 10% FePOy and %% LiggFePOy (Table 1), it is expected that the lithium content
of the Lig¢FeP0y; phase will deerease graduvally, to approach the overall composition,
Lip s4FePO, as the temperature is increased. At the same time, there will be an increase in
solubility of Li within FeP(Oy, concomitant with a decrease in the concentration of this
phase; such a change should generate a novel 'Li NMR. resonance with an even more
positive frequency. Both factors will result in an increase in slope of the “Li signal, due

to the larger number, on average, of Fe'™ ions, which have a larger magnetic
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susceptibility, nearby Li'. In turn, when SC0.74 is heafed above the eutectic temperature,
the Li content of this phase should increase, so the slope shovdd become smaller. At the
same time, the Li content of the LiFePQOy4 component should decrease, resulting in 2 more
positive shift and a larger slope. When this process starts to occur, the overall change
will reflect the balance between the variations in limits of solubility of the two
components. Clearly, the compositions in 5C0.74 and 8C0.54 above the eutectoid point
should be different, yet the slopes, which are dependent on the Fe®*/Fe’" ratio nearby Li
in the phases, above 125°C are similar, within error, for both compounds. Since both
samples initially contain LingFePOy, it is likely that the transition conld be associated
with other phenomena apart from simply phase mixing, inchiding the onset or a change in
the natwre of the electronic mobility. This conclusion implies that definitively
determinitig whether such motion already occurs at room temperature and, hence, is
responsible for the observation of a single Li resonance for LiggFePO4 is not possible, at
this point. However, the increase in slope above 125°C does appear to suggest that the
average Fe oxidation state probed by a lithium ion increases gradually, resulting in a shift
to higher frequency that is greater than that based on extrapolating the low temperature
data. Such increase implies that, at room temperature, Li" is on average closer to more
Fe?* ions than expected based on a random distribution of Li* and electron holes, i.e., that
there is some correlation between these two, at lower temperatures: Motion involving
both a lithiwm ion and an electron will not affect the hyperfine shift of the Lithium
environment, but only uncorrelated hops of electrons between Fe®* and Fe?* ions or of Li*
intc sites nearby more Fe**. The NMR data above 125 °C clearly suggests a steady

increase with temperature of the rate of uncorrelated electron hopping. The high
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temperature (250 °C) *'P data of the SC0.54 suggests that the motional processes in
LipsFePQy are more complex than suggested by a sit.nple two-site exchange process
involving the Fe®* and Fe™ spins. Based on the available MS data,'™ '* extremely rapid
exchange should be oceurring in the MHz timescale, independent of which model is used
to calculate the mobility. In contrast, although our *'P data do show evidence for
mobility involving electron hopping (increased *'P lineshapes), the motion has nof
fesulted in a single *'P resonance (and thus motion Invoiving all the sample cannot be in
the MHz timescale)] Two important points can be made, however, (1} the shift of the
3020 ppm to only 2885 ppin is much smaller than expected based on a 1/T dependence of
1:1.:[[1;:»&1111U1\3.4{r This indicates that the *'P environments that give rise to this environment
are on AVetags nesrby moare Fe** ions than at lower temperature, This is consistent with
rapid electron mobility, on a timescale that is faster than the NMR timescale, consigtent
with both the MS and 'Li NMR results. (2) The lack of total signal averaging must
indicate that either the samplez are inhomogenecus and/or that the signal averaging
affects different locsl envirenments differently. Both explanations are consistent with
some MS data, particularly at lower temperatures, where evidence for the disttibutions in
the timescale of happing are often seen’(e.g., residual signals due to Fe® and Fe**
components).

In the case of the LijsFeP(y, fraction found in SC0.14, at least two distinet
resonances could be resolved by 11 MAS NMR at -1 and -63 ppm (Fig. 3). The electron
frequency hopping rates were again calculated nsing the MS data reported for a similar
solid solution phase (LigaFePOy)," using the two different E, values provided for Fe**

(543 meV) and Fe** {572 meV). with v fixed to 2-10" Hz. These values result in
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hopping frequenciez at rcom temperature of more than 1.310* and 4.2-10" Hz,
respectively, which, in turn, will result in coalescence for resonances separated by less
than 66-203 ppm (24-76 ppm for "Li). These values are very close to the peak separation
geen in this system (62 ppm), and thus, assuming the hopping scenario applies at this
temperature, some signal averaging or, at a minimum, peak broadening, is expected, for a
simple motion that results in an averaging of the Li environments that give rise to these
sites. In this phase, however, at least two 1esonances were observed by NMR, indiﬂatiné
that complete averaging does not occur in this phase. Nonetheless, at this point, the
kxistence of motional schemes involving motion between a subset of lithium sites tha
fwould lead to @ situation in which the peak at -1 ppm would itself be the result of such]
partial averaging cannot be excluded)

Only a slight increase in temperature is enough to reduce the resolution of thel
$C0.14 spectra, and by only 75-100°C, a single, albeit broad, signal is seen (Fig. 6}
[These observations suggest that mobility around temperature, if existent, iy sluggish, but
that heating does result in some motion that is now on the NMR. timeframe. [The fact that
the averaged resonance still has a shift that corresponds to the center of gravity of the
resonances seett at lower temperatures, suggests that any motion at this point involves
correlated lithium-electron mobility, so that the new averaged envirowments do not
contain more Fe™* than those when no motion takes place, an indication that the Li*-Fe?*
interaction rerpains strong. In contrast, as in the case of 5C0.54 and 3C0.74, a change in
the rate of shift increase is observed above 125°C, which is ascribed to an increase in Fe**
in the average Li environment and, thus, to the onset of some uncorrelated electron {and

possibly lithivin} motion at these temperatures, as proposed for LigsFePO4. To result in
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mixing of the phases, Li mobility within the tunnels must oceur, but this process does not
have to be rapid.

Further insight info the mobility within Lis¢FePOy and Lig 3sFePOy can vet be
obtained from more detailed analysis of the variable temperature ‘Li NMR data. As
noted above, the averaged Li environment in LingFePQOs (whether taken at room
temperature or at 125°C} systematically resonates at higher frequencies than that of
Lip 3aFeP()y within the temperature range observed here (see 5C0.54 and SC0.14 in Fig.
7a), an indication of the existence of lithium ions in environments that are richer in Fe®"
in the former. Such observation must mean that the lithivm environments in Lig sFePOy
are nearby more Fe™* fons than in Lin3FePOs. In other words, the Li*-Fe** interaction,
i.e., the Li'-e" comelation (which would slow -or even prevent— polaron hopping and
favor Li*-Fe?* clustering), in Lis ¢FePQy is weaker than in Lig34FePOy. Such conclusion
1s in apparent contradiction with the higher binding energies predicted for the vacancy-
hole interaction in Li;FePOs (x=1/64} compared to the lithium-¢lectron interaction in
Liy,FePOy (y=1/64), as predicted by GGA+U calculations.™ However, these calculations
were performed for very low Li" vacancy/bole concentrations, so a comparison with our
samples may not be appropriate. It is likely that, as the vacancy {(hole) concentrations
increage to close to 0.5, the number of vacancy-vacancy {hole-hole) interactions increase,
along with the screening (i.e., the polarons are less effectively localized), resulting in a
reduction in the apparent strength of the Li*-Fe™* ordering energy.

The difference in Li"-¢" correlation obsarved here has implications in terms of
both the stability of and ion mobility within these phases. 1flithium is strongly correlated

with Fe?* in Lig34FePy, the tendency to form domains with marked charge differences
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would eventnally lead to the disproportionation to LiFePQs and FePQy. Indeed, it could
be argued that, at short length scales, this process has already occurred. Such driving
Torce toward dispropertienation may be at the origin the low stability of this phase, which,
demixes more rapidiy than Liy FePQy. Computational studies in which a strong Li*-¢"
correlation was predicted to be at the origin of the low stability of LiFePQ, solid

solutions®’

are in agreement with this decemposition mechanism. Conversely, the
weaker comelation between electrons and [ithium ions in LigFePOy may allow the
creation of Fe™-richer lithium environments that could contribute to its higher stability
through an increase in entropy.

Finally, three additional points are worth noting. First, the stability of different
oﬁmpusitions within the same particles will strongly depend on the interfacial energies
between the two phases. Furthermore, the role that these inderfacial energies will play in
causing demixing of the LiFePQ, will depend on the shapes of the particles.® Demixing
along the f-axis of the crysial, as is the case in the samples studied here, causes an
inferface between two phases in the ge plane, The fonmation of such interface may be
impeded in anisotropic crystals that are extremely thin along the b direction, which,
therefore, may not readily demix according to the mechanism proposed in previous
work'" and investigated in this paper. The immediate implication would be that shape
may also play a role in controlling the eutetic temperaturss in this system, which may
account for variations in the eutetic temperatures, Second, although lithiam mobility is
often discussed in this system, motion can only readily oceur along the b-direction, at
least for the particle sizes relevant to battery chemistry.** % Although such mobility is

possible in compositions such as Lig¢Fel'Dy as thera are vacancies in the fannels, it can
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only be limited in range, probably only involving kops backwards and forwards between
adjacent sites. In contrast, electron mobility can, at least, occur in two dimensions in the
be plane, the FeOq octahedra being separated by PO, units in the & direction. Mobility in
the ¢ direction occurs via zig-zag hops in the [011] direction, involving iron jons that are
near Li' in different tunnels. Long-range mobility in the c-direction cannot be correlated
with a simple Li" hop so that the same Li" remains nesrby the same electron hole
throughowt,. More complex mechanisms are possible where different electron hops
requite the involvement of different Li* in different tunnels, but an, at least, partially
uncorrslated motion appears more plansible, Third, although long-range Li hopping will
not be significant, partienlarly for Lig¢FePO,, Li mobility may be easier in the case of
Lig3aFePQy, once wncorrelated motion occuns, since there are move vacancies, and a
mechanism whereby the Li in the LiFePQy4 clusters in this phase can graduali “escape™
from the Li-rich clusters, as the temperature increases, imto the FePO, domains, i3

exiremely plausible.

Conclusjons

A vombination of room and high (up to 250°C) temperature °Li, 'Li and *'P MAS
NME. data was usged to evaluate the local structure and charge carrier mobility in two
metastable solid solution phases in the LiFePOs-FeP(Qy phase diagram, LisuFePO, and
Lig sFePOy, which are fortned as part of mixtures with FePOq or LiFePQy by during the
decomposition of the corresponding high temperature LiFePO; solid solution when

cooled from 375°C.
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LipsFePQq is obtained when the overall lithium content is higher thae 0.5 {in
Li FeP0,) and is found to appear as an infermediate when a mixtures of 62% LiFePO,
and 38% FePOy are heated. However, the onset of phase nucleation is found to be at
lower temperature than previously reported using diffraction data, most likely due to the
higher sensitivity to very small domains of NMR. The *Li and >'P MAS NMR specira at
room temperature support the existence of a certain degree of local structural order.
Mobility within the framework was probed acquiring "Li MAS NMR spectra at different
temperatures, WAt this peint, we cannot be definitive about the extent of motion at rmn]],
temperature] Upon heatitig, a discontinuity in the linear increase in shift above 125°C is
observed, which is assigned to a combination of temperature-induced phase mixing
between LigsFePQq and LiFePO4/FePQy (depending on the sample) and to the onset of, at
least partially, uncorrelated electron-Li* motion within the structure.  [The increase inf
Slope of Li shift vs, inverse temperature after this discontinuity indicates that there is
tendency for Li' to order nearby Fe** in Lip ¢FePQy4 at lower temperature, but that the
average Fe oxidation state probed by the Li’ ions increases gradually above 125 °C.

Contrary to LiggFePQq, the room termperature data of Lip1.FePOy clearly prove
the existence of LiFePOy-like clusters within the crystal lattice, and suggest that mobility
is either very slow or non-existent. Motional processes are activated early ¢n when
temperature is raised. A single "Li MAS NMR resonance is seen at 75-100°C which is
ascribed fo mobility and/or poorer resolution due to the smaller shifis seen at higher
temperaturss. The new averaged resonance appears at shifis that are at the center of
gravity of the resonances at room temperature, indicating that 2ny mobility does not

increase the presence of Fe' in the environments, Such observations are proof tha
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strong Li*-Fe* interactions exists in this phase. An onset for a new motional process,
occurring simultaneous to LigaFePO4/FePO, mixing in the sample, is again observed
above 125°C. Comparison of the shift values obtained at different temperatures for
LipsFePQ, and Ligs4FeP(, leads to the conclusion that the Li-Fe** correlations are
stronger in the latter, which may explain the existence of strong LiFePO4-clustering.

This paper has outlined a mumber of scenarios for motion within the structures of
the two meiastable solid solution phases prepared here. While the limited motion that
seems to be taking place below 1235°C must involved correlated lithivm-electron mobility,
our data suggest that at least partially uncorrelated motion does exist when the higher
temperatures are used. These scenarios for mobility and, more specifically, the exact

nature of the processes above 125°C will be investigated in more detail in futwre reports,
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TABLES

Table 1. Phase distribution in initially formulated xLiFePQ,-{1-x)FePQy mixbires, and

the heat treatment used to produce the samples investigated in this study.

x Label LiF'Epﬂq Lin,ﬁFEP{l; Liﬂ,sqFEPOq. Ll-l},;i-lF EPEL; FEPDq.
0.1, SCO0.14 0.41 0.59
slow cooled
0.54, SC0.54 .90 0.10
slow cooled
0.54,
quenched Q0.54 1.00
0.62,
unheated NHTO0.62 0.62 0.38
0.74, SC0.74 (.36 0.64
slow ¢ooled
Table 2. Cationic environment of the Li site in LiFeP04.*
Site C_a tionic No. of contacis Angle
environment
2 95.4
2 97.2
Li (M1} 6 Fe (M2)
2 111.0
2 121.5
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Table 3. Boud distances and Fe-O-P angles in LiFePQy, Lip ¢FePO4 and FePO, (see

Figure 2b for labeling).
LiFePO.% LigFePO, FePO,"
No, of

Pe | oniacts | F&0 (A) | Fe-0-P(¢) | Fe-O (&) | Fe-O-P (¢} | Fe-G{A) | Fe-O-P (%)
a 2 225 94 8 221 96.0 2.14 96.5

b 2 2 .06 1285 205 126.5 2.04 123.8

c 1 220 1203 2,09 125.7 1.94 126.8

d 1 2.11 126.7 2.05 129.9 1.88 126.4
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FIGURE CAPTIONS

Figuxe 1: 2) XRD patterns (Cu Ko radiation, 1=1.5406 A) of LiFePQy, FePO, and the
S5C0.14, 5C0.54 and SCO.74 samples, and zoom-in of the 29.0-31.5° region (inset), b)
Comparison of the XRD patterns of 5C(.54 and (Q0.54, both as prepared and after storage

for 5 months.

Figure 2: Coordination around a) Li and b) P in LiF¢PO4. The diamond-patterned and
crossed dark grey balls depict the central Li and P, respectively, The light grey balls
correspond to O and the black balls represent Fe. Selected bond distances and angles are
indicated. The letters and numbers in by indicate symmetrically equivalent O and Fe ions

{see table 3).

Figure 3: Spectral deconvolution (green, peaks and red, sum) of the *Li MAS NMR
spectra (blue) of the different samples studied in the course of this work, acquired at 38

kHz. Significant shift values are indicated. See table 1 for sample labeling and

composition.

Figure 4: *'P MAS NMR spectra of LiFePQy, FePOs and the SC0.14 and SC0.54
samples, acquired at 38 kHz. Significant shift values are indicated, whereas the rest of

the peaks are spinning sidebands.

Figure 5: *'P MAS NMR spectra of SC0.54 and Q0.54, at room temperature, acquired af

20 kHz. The ¥'P MAS NMR spectrum of SC0.54 acquired at 250°C is also shown]
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Significant shift values are indicaled, whereas the rest of the peaks are spinning
Lidebands. The dashed rectangle indicates a region where an isotropic resonance is also

found; the width of the individual peaks hinders its unequivocal assignment.

Figure 6: Variable-temperature 'Li MAS NMR spectra of $C0.14, $C0.54, NHT0.62 and,
8C0.74, acquired at 20 kHz. The temperature values corresponding to each spectrum are
indicated; “RT” corresponds to room temperature. The spinning sidebands of the mair
isotropic peak are marked with asterisks in the highest temperature spectrum. Thel
trosses indicate sidebands produced by an impurity with a shift at around 220 ppm (sed

fext)]

Figure 7: a) 'Li MAS NMR shifts and b) peak full widths at half maximum (FWHM) vs)
1T for $CO.14, SCO.54 and SCO.74, and ¢) "Li MAS NMR shifts and % of intensity of
the LiFePQ, intermediate phase vs. I/T for NHT0.62. The data were obtained by|
Beconvolution of the spectra in Figure 5. Note that for SCI,14, the results of the fitting
With one (broken line) and two (solid line) peaks of the spectrum at low temperature are
provided. The contribution to the isotropic peak from the sideband of the 200 ppmy
impurity peak is not plotted. In addition, the two peaks related to Li,FePO, phases show
very similar widths, so only one point is provided. The estimated shift errors are +2 and
[:I:6 ppm when one and two peaks are present, respectively. FWHM errors are 280 Hz and

200 Hz when one and two peaks are present, respectively)
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Figure 8: Isotropic 'Li MAS NMR peaks of a) SC0.14, b) SC0.54, ¢) NHT0.62, d)
5C(.74, acquired at room temperature (20 kHz) before and after the variable temperature

experiments, The shifts of the peak maxima are tnarked,
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Figure 5.
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Synopsis TOC

MAS NMR experiments were coducted on a series of samples in the LiFePOs-FePOy
systern, containing the end-members andfor two metastable solid solution phases,
LiggFePOy or LiguFeP(y. Evidence for Li*-Fe* interactions was observed for both
inetastable phases. \f?riuus scenarios for different motional processes as temperature is

ingcreased are discussed.
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