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Abstract

In situ neutron diffraction has been used to characterize the effect of temperature on the
crystal structure of LiNiPO4. LiNiPO4 adopts an ordered olivine structure at room
temperature but, with increasing temperature, this work shows that a significant amount of
Li and Ni cation exchange occurs, e.g. ~ 15 % at 900 °C. The antisite disorder is detected
by residual nuclear densities on the M1 and M2 octahedral sites in the olivine structure
using difference Fourier maps and by changes in cation site occupancies, lattice parameters
and mean <M-O> bond distances. The antisite disorder is also responsible for chemical
expansion of the crystal lattice in addition to thermal expansion. Antisite defect formation
at high temperature and its reversibility on cooling can be understood as an entropically-
driven feature of the crystal structure of LiNiPOy4. The lithium ion diffusion pathway, that
follows a curved trajectory along the b axis in the olivine structure, is, therefore, susceptible
to be blocked if synthesis conditions are not carefully controlled and should also be
influenced by the chemically expanded lattice of the disordered structure if this is preserved

to ambient temperature by rapid cooling.



Introduction

The mineral olivine is a magnesium iron silicate with formula (Mg,Fe),SiO4 and is
generally found in mafic or ultramafic igneous rocks. The name olivine also refers to a
common crystal structure adopted by many oxides with general formula M;X0O,, where M
is a transition metal and/or alkaline earth metal and X is usually P or Si. Materials with the
olivine structure can be viewed as polyanionic compounds that contain isolated tetrahedra,
(XO4)™ sharing edges and vertices with two non-equivalent octahedral positions, M1 and
M2. This arrangement leads to an ordering of cations of different size and charge between
the two octahedral sites depending on sample thermal history'?. Investigation of cation
disorder in olivines as a function of temperature by in sifu neutron diffraction has provided
estimates of cooling rates which can be related to processes that occurred during cooling of
the earth’s mantle’. An additional view of the olivine structure is as the hexagonal close
packed analogue of the cubic spinel structure, in which one half of the octahedral sites and

one eighth of the tetrahedral sites are occupied by Mg, Fe and Si, respectively.

Interest in olivine-structured materials as cathodes for Li ion batteries emerged in 1997
when LiFePO,”* was presented as an alternative cathode to LiCoO,” and LiMn,04°. LIMPO,
(M=Mn, Fe, Co and Ni) materials deliver a significant amount of electrochemical capacity
(~ 165 mAhg™) at high voltages which are dependent on the redox-active transition metal
cations’. Their electrochemical performance, however, depends on synthesis conditions,
and the use of conductive additives®. Low temperature synthesis methods lead to materials
that are thermodynamically metastable; defect concentrations may be high and usually take

the form of sarcopsite-like defects that can be represented by:



2Li  — Vi +M° (1)

where the superscripts ¢, ¥, and © refer to nominal site charges of -1, 0 and +1, respectively
and M refers to Mn, Fe, Co or Ni. Li-deficient materials, i.e. LiyMPOy: x<1, have been

1! or flux growth techniques'? and for M=Fe, show significant

prepared by hydrotherma
iron disorder between M1 and M2 sites. The exact nature of the defect(s) may be difficult
to elucidate. However, neutron diffraction (ND) has proven to be a powerful technique to
determine the average structure of materials, particularly those in which disordered cations

have a significant contrast in their neutron scattering lengths™">.

Previously, we reported significant Li-Fe site exchange in LiFePO4 quenched from high
temperature. This was detected by changes in lattice parameters and cation site occupancies
by Rietveld refinement of the crystal structure using X-Ray powder diffraction (XRD

data)'®. The Li-Fe site exchange or antisite defect can be represented by:
LiLix + 1\/[]\/[X — Liy” + My° (2)

The antisite defect was shown by computer simulation to be the preferred defect in the

olivine structure'>'®

and has been observed using annular dark-field scanning transmission
electron microscopy (STEM) in samples prepared by solid state reaction'’. Antisite defects

are randomly distributed without aggregation for LiMnPO4 but with strong clustering in

LiFePO,'®.

The occupancy of M1 sites by M*" cations in samples prepared either by low temperature
synthesis or high temperature reaction is detrimental to performance as a cathode in Li ion

batteries. Thus, with a high degree of cation disorder, Li atoms are blocked along the b axis,



leading to reduced cathode capacity'’. In LiCoPOQ,, capacity fading was attributed to in situ

formation of antisite defects during battery cycling ***'.

We have prepared LiNiPO4 by solid state reaction and characterized its structure as a
function of temperature by Rietveld refinement of ND data. To our knowledge, significant
efforts have been made to understand the nature of defects in LiFePO4 and LiMnPO, but
less so for the Ni analogue. LiNiPOy4 cycles electrochemically at potentials > 5 V vs Li
metal and its performance has been improved with respect to the pristine form by carbon
coating and other approaches” . However, Li-ion batteries with LiNiPOy as cathode are
still far from optimised due to problems with electrolyte stability™. In this paper, we
demonstrate that a significant concentration of antisite defects forms in LiNiPO4 as a

function of temperature leading to chemical expansion of the olivine structure.



Experimental

LiNiPO4 was synthesized from stoichiometric amounts of Li,COs (Aldrich, 99%), NiCOs3
(Alfa Aesar, 99%) and (NH4)H,PO, (Fluka, >99%) by conventional solid-state reaction.
Samples were mixed by ball milling using zirconia beads as milling media with iso-
propanol at a constant speed of 30 rpm for 24 h. The mixtures were precalcined at 120°C
for 12 h and then heated in air at 500°C for 4 h to drive off HyO and CO,, respectively. The
decomposed powders were reground and heated at 800°C for 48 h in air. The final product

was cooled slowly to room temperature (RT).

Phase purity was determined by a high-resolution STOE STADI P X-ray diffractometer
(STOE & Cie GmbH, Germany) operated at 40 kV and 35 mA with Cu K, (1.5406 A)
radiation in transmission mode using a position sensitive detector (PSD). The scanning step

size and counting time were set at 0.2° and 100 seconds in the 20 range 10—100°.

ND data as a function of temperature were collected using the Polaris powder
diffractometer”’ at the ISIS neutron spallation source. The use of neutrons to characterize
LiNiPOy is advantageous over synchrotron radiation since ND allows determination of the
location and occupancy of light elements such as Li in the presence of heavier ones such as

Ni. Table 1 shows ionic radii*® and neutron scattering lengths>’ of the elements in LiNiPOy4.
g leng

Time-of-flight ND data were collected at RT, 600, 700, 800, 850, 900, 925 and 950°C for
periods of lh after temperature stabilization and at several temperatures on subsequent
cooling to check reversibility. Neutron data were first corrected for sample absorption using

OpenGENIE3O and then used for crystal structure refinement using GSAS®'. The



diffraction peak shape was refined using a pseudo-Voigt function with two back-to-back

exponentials and the background fitted using the Shifted Chebyshev function in GSAS®'.

In order to obtain the best fit to the ND data, structural models involved refinement of
lattice parameters, atomic positions, occupancies and thermal displacement parameters.
Structural constraints were added when necessary, e.g. to evaluate Li-Ni site exchange.
Residual nuclear densities not considered by the structural model(s) were investigated using
a combination of FORPLOT and FORSRH routines within the GSAS software. MCE

32 .
software™ was used to generate 3D Fourier maps.



Results and discussion

LiNiPO4 synthesized by solid state reaction was investigated by XRD to check sample
purity, see figure S1 in the supporting information (SI). The XRD pattern shows sharp
diffraction peaks that were indexed using an orthorhombic unit cell and lattice parameters a
=10.0334(2) A, b = 5.8566(1) A, ¢ = 4.6793(7) A, V = 274.96(6) A>, in good agreement
with those reported for samples prepared using similar synthesis methods*~*. The sample
was phase-pure from XRD analysis and was used for Rietveld refinement of ND data as a

function of temperature.

Diffraction patterns collected between RT and 900 °C were refined using an orthorhombic
unit cell with space group Pnma (No 62). However, data sets collected at > 925 °C, showed
new reflections whose intensities were not reversible on cooling, indicating that LiNiPO4
started to decompose during in situ ND measurements. Search and Match of the unknown
diffraction peaks afforded two phases, Ni,P and Li4P,0O7, which were added to refinements

when necessary, but their crystal structures were not refined.

Figure 1a shows a model of the LiNiPOj4 unit cell in which Li (yellow spheres) and Ni (red
spheres) are located on the M1 and M2 octahedral sites, respectively. P atoms are
coordinated by four oxygens (blue spheres) forming tetrahedra which share edges and
vertices with metal octahedra. The structure was first refined without allowing Li and Ni to
exchange sites. The refinements were not fully satisfactory as shown by the difference
profiles (not shown) and relatively high y°, wRp and Rp values of e.g. 5.86, 6.61 %, 8.81 %
for the 900 °C data set. Residual nuclear densities were evaluated by generating 3D
difference Fourier density (DELF) maps, as shown in Figure 1b at 900 °C with contours at
nuclear densities of + 0.20 (red) and at - 0.20 (yellow). Positive density is located along the

8



b axis in the form of globular contours around the M1 position whereas negative density
contours are located around the M2 position. The negative residual nuclear density,
observed in all data sets measured > 700 °C and its associated crystallographic position,
M2, was confirmed by FORSRH and is attributed to some Li atoms located in the M2
position, table 1; occupancy constraints were therefore lifted to allow exchange of Li and

Ni between M1 and M2 positions at high temperatures.

Figures 2a and b show refined ND patterns at RT and 900 °C using this cation-disordered
structural model. Good agreement between the structural model and neutron data is shown
by the difference profile and values of the statistical parameters, Figure 2 and Tables S1-

S13.

Cation disorder as a function of temperature is shown in figure 3a. Li primarily occupies
the larger octahedral M1 site and Ni the M2 site, in accordance with standard ionic radius
values, table 1. At higher temperatures, Li and Ni site exchange leads to significant
amounts of disorder, e.g. ~ 9 and 15 % at 800 and 900 °C, respectively. The disorder is
fully reversible on cooling; for example, neutron data sets at 700°C on heating and cooling

show a similar refined Li occupancy on the M2 site of ~ 3 %.
Cation disorder may be understood thermodynamically in terms of:
AG = AH — TAS 3)

At high temperatures, the contribution of the -74S entropy term becomes increasingly
important to the free energy of the sample, 4G, leading to significant amounts of cation
disorder. Such thermally-induced disorder is a common, entropically-driven feature of the

crystal structures of many minerals and compounds*.



The disorder is also observed as an anomalous change in the a and b lattice parameters,
figures 3b, c, and on mean <M2-O> bond distances, figure 3d. In these three cases, linear
regression shows that straight lines cannot be used to fit the data adequately because the
various parameters start to increase more rapidly above ~ 600 °C. The exception to this
non-linear behaviour is the ¢ lattice parameter and the “<M1-O>" bond distances which do

show a linear dependence on temperature, figure 4a and figure 3d, respectively.

The explanation for the non-linear behaviour of some parameters is that, in addition to the
usual effects of thermal expansion, an extra contribution associated with chemical
expansion is present which is associated explicitly with Li, Ni cation disorder. The key
parameter appears to be the mean <M2-O> bond distance which is affected greatly by the
substitution of large Li" for smaller Ni*" whereas the opposite substitution has little extra
effect on the “<M1-O>" bond distance. These structural distortions are in accordance with
a structural model in which cation disorder occurs between M1 and M2 octahedra that share
a common edge within the ab plane of the olivine structure; since “<M2-O>" shows an
anomalous expansion, this is reflected in the anomalous expansion of the a and b
parameters. The ¢ parameter, however, appears to be controlled by “<M1-O>" and the size
of the larger cation, Li and the expansion of ¢ is limited to the effect of thermal expansion
alone. The mean <P-O> bond distance as a function of temperature, figure 4b, shows no

temperature dependence between RT and 900°C.

The ionic diffusion pathway has been characterized previously in LiFePO,>> and takes the
form of a curved trajectory in the olivine unit cell. Li atoms jump between neighbouring
M1 positions through one of the faces of the octahedra along b. The same conduction

pathway is confirmed for LiNiPO4 by Rietveld refinement of anisotropic displacement
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parameters of Li atoms at 700°C. Figure 5 shows a ‘ball and stick’ model of the Li
conduction pathway; refined displacement parameters for lithium atoms are shown as blue

ellipsoids.

Conductivity measurements as a function of temperature for LIMPO, ceramics®® indicate
that LiNiPO4 shows the lowest ionic conductivity compared to the Mn, Fe and Co-
analogues. This is in accordance with the lowest mobility of ionic species in LiNiPO4 due
to its smallest unit cell volume e.g. 274.90(1) and 291.25 A® for LiNiPO, and LiFePO414,
respectively. The mobility term is included using the conductivity equation (3) and is

mainly controlled by the activation energy".
oc=neu 3)
where 7 is the number of charge-carriers, e their charge and p their mobility.

For samples in which a large concentration of antisite defects is present, prepared either by
low temperature or conventional synthesis methods, the concentration of charge-carriers
taking part in »n in equation 3 would be lower due to the blockage of the conduction
pathway. It appears, therefore, that synthesis conditions need to be more carefully
controlled in LiNiPOy4 than in other LiIMPO,4 materials to maximize both ionic conductivity
and electrochemical capacity of the samples since in sifu neutron diffraction results
presented in this paper have shown that the crystal structure of LiNiPO,4 can accommodate
a larger concentration of antisite defects than previously reported on LiMnPO,’’

LiFePO,'*'" or LiCoPO,*?!,

11



Conclusions

Neutron diffraction measurements show that the crystal structure of LiNiPO4
accommodates a large concentration of antisite defects at high temperature. The antisite
defect is visualized on residual nuclear density maps and detected by changes in lattice
parameters, cation site occupancies and mean <M2-O> bond distances. At 900 °C, ~ 15 %
of Li atoms are located on the M2 site. The antisite disorder is reversible on cooling,

indicating that it is an entropically-driven feature of the crystal structure.

Refinement of thermal displacement parameters at high temperature indicate that Li atoms
diffuse along b following a curved trajectory as reported in LiFePOj. It appears that the 1D
conduction pathway is more likely to be blocked at high temperature in the case of LiNiPO4
than in other LiMPO,4 materials due to the larger amount of intrinsic defects in the Ni
analogue. The antisite disorder is reversible at the slow cooling rates used in the in situ
neutron diffraction experiment, but the rate of equilibration on cooling is not known and
some disorder may be preserved in rapidly cooled samples. Care is therefore required in the
conditions used for sample synthesis, especially the cooling rate, as residual antisite

disorder may influence the subsequent electrochemical behaviour.

The antisite disorder leads to an anomalous expansion of the structure at high temperatures

which involves a chemical expansion in addition to the usual effect of thermal expansion.

12



Caption for Figures

Figure 1 a) Model of LiNiPOj4 unit cell in which lithium is shown as yellow spheres, nickel
as red spheres and oxygen atoms as blue spheres b) 3D DELF map of LiNiPOg; red
contours show positive nuclear density and yellow contours negative density not considered

by the ordered structural model.

Figure 2 Refined neutron diffraction patterns of LiNiPO4 at a) RT and b) 900 °C using a

structural model in which Li and Ni were allowed to exchange their positions.

Figure 3 Rietveld refinement results of LiNiPOy4 as a function of temperature a) lithium
occupancy in the octahedral M2 site b) a lattice parameter ¢) b lattice parameter and d)

mean <M1-O> and <M2-0O> bond distances.

Figure 4 Rietveld refinement results of LiNiPO4 as a function of temperature a) c lattice

parameter and b) mean <T-O> bond distances.

Figure 5 Ball and stick model showing the lithium conduction pathway in LiNiPOy
extrapolated from refined anisotropic thermal parameters of lithium ions using in situ

neutron data measured at 700 °C, shown as blue ellipsoids.
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Supporting Information Available: Powder XRD of as-prepared LiNiPO4 and Rietveld
refinemenet results of LiNiPO4 crystal structure for neutron diffraction patterns measured

at RT, 600, 700, 800, 850, 900, 925, 950 °C and on cooling.
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Tables

Element Oxidation Ioni”c Scattering
state radii | length (b)
Li +1 0.76 | -1.90 fm
Ni +2 0.69 10.3 fm
P +5 0.17 | 5.13 fm
O -2 142 | 5.80fm

Table 1 Ionic radii and neutron scattering lengths of the chemical elements in LiNiPO4
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Figure 5
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LiNiPO4 adopts an ordered crystal structure at room temperature but on heating, in situ
neutron diffraction shows that Li and Ni exchange their crystallographic positions leading
to a disordered olivine structure. In situ diffraction studies, specially using neutron radiation
due to the presence of lithium, are interesting in order to understand antisite defect
formation in olivine materials and, in turn, optimise their electrochemical performance as

cathode for Li ion batteries.
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