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Abstract

LioFeSiQ material, which was prepared by a solid state otktbrystallized as monoclinic
P2:/n polymorph. X-ray diffraction analysis with Rietdestructural refinement indicates
specific occupation of Li2 crystallographic site " cation in the amount of 6 atom
percents as a result of an antisite defect formafibe exlusive occupation of Li2 position,
out of two crystallographic positions Lil and L F€* was discussed in relation to the
differences that exist in the crystal environmerthese positions and further investigated by
DFT calculations. It was confirmed that Fe-Li2 dithgon is energetically favorable
compared to both Fe-Lil substitution and the préstirystal. In addition, changes of lattice
geometry upon antisite defect formation were arelyand the obtained result is discussed in
light of various factors (electronic, geometricatiaenthropic) that contribute to the overall
stability of the system.



1. Introduction

Compounds from the family of lithium transition-rakbrthosilicates, with the general
formula Li,TmSIiQ,, attract attention of researchers for possibleaxdd application in lithium
ion batteries due to their potential to extract tixions per formula unit, which would lead to
the increased cathode capacity and energy dedsitylanks to the natural abundance of
iron and more stable cycling performanceHeSiQ, takes a prominent position in this group
of compounds. LLFeSiQ builds tetrahedral structures with all the catitotated within 1/2

of tetrahedral sites of a slightly distorted hexsajty-close-packed lattice of oxygen; a
possible different orientation and interconnectidretrahedra results with several polymorph
structures reported, withmn2;, P2;/n andPmnb symmetry [2]. Upon first cycles of charge-
discharge, LiFeSiQ is susceptible to a structural change which inetuchtion disordering
and defect formation: namely, the formation of atisite defect was observed, wheré and
Fe* exchange their crystallographic positions (anchémdarge concentrations of around
50% of the exchange) [3,4]. There are also reorta new phase formation upon cycling,
inversePmn2; phase [5]; in inversBmn2; structure, the site normally occupied by FHe
occupied exclusively by Lj while remaining Li share its sites with Ee and therefore
inversePmn2; phase is inherently disordered. Density functidhabry investigations support
these findings. DFT showed that full reversal dfkisite occupations is energetically
favored on delithiation for all three electrocheatiig active LpFeSiQ, polymorphs [6]. Lu et
al. pointed that formation of Li-Fe antisites caduce a metastability competition between
monoclinic and orthorhombic phases, with neithenohating across nearly the entire
discharging profile from LFeSiQ through to LiFeSiQ[7].

Even as synthesized, uncycled;AeSiQ material is prone to antisite defect formation
(although in smaller concentrations) [3,8], whiemde desirable in order to reduce stress
that material suffers during first cycles [9]. laraearlier work, the antisite defect in
concentration of 5 atom% was detected in the mamodP2;/n polymorph of LiFeSiQ,

which was prepared by a solid state reaction g#%el9iQ/C composite [10]. X-ray diffraction
and Moéssbauer spectroscopy analysis of the obtainEeSiQ/C powder revealed exclusive
occupation of Li2 crystallographic position (outtefo possible positions, Lil and Li2) by Fe
as a result of the antisite present. This conclysitich was not spotted in the literature
elsewhere, encouraged us to perform a more destilely considering particularly the
properties of the antisite defect.

In this paper, LiFeSiQ powder with monoclinid2;/n structure was synthesized by means of
a conventional solid state reaction with no orgamexcursor involved. Therefore, the obtained
product contains no carbon which is (although heraffor the electrochemical

performance) superfluous for the structural exatinaof the active material. The powder
was characterized by X-ray diffraction with a sjpéaittention paid to the crystal structure
refinement. The results of the X-ray diffractiorafysis were compared with theoretical
calculations carried out by DFT method in ordepttovide a systematic insight into the

nature of the observed defect.



2. Methodology
2.1 Experimental

LioFeSiQ was synthesized via solid state reaction withféellewing chemicals. Iron(lll)
nitrate nonahydrate (Fe(NJ- 9HO, ACS, 98.0-101.0 %) and lithium carbonate (@,
ACS, 99.0 % min) were purchased from Alfa Aesar.oipmous silicon dioxide (SiQ
>99.8%, CAB-O-SIL®) was provided from Cabot Co.r8te compounds of

Fe(NG)s- 9H0, Li,COs; and SiQ were mixed in equimolar amounts, dispersed inligidt
water, ground after drying and then calcined for& the temperature 750 °C in a flowing,
slightly reductive atmosphere (Ar + 5%,Hlow rate~ 0.1 dn? min™).

The X-ray powder diffraction measurements weregraréd on a Philips PW 1050 X-ray
powder diffractometer using Ni-filtered CwKadiation and Bragg-Brentano focusing
geometry. The diffraction intensity was recordedh@ 2 range of 10-120° with a step size of
0.02° and a counting time of 15 s per step. ThévRié refinement of the LFeSiQ crystal
structure was performed using thel|Prof computer program in thé&nPLOTR

environment.

2.2 Computational

Density functional calculations are performed udhmgVVanderbilt ultra-soft pseudo-
potentials [11]and plane wave basis sets as implemented in Quaaspnesso (QE) [12].
The GGA-PBE approximation for exchange-correlafiorctional [13] with Hubbard
correction (GGA+U) was used in simplified versidnGmcoccioni and de Gironcoli [14]. An
effective U value of 4.5 eV for the Fe-d statetalsen from the literature [15]. The plane
wave kinetic energy cutoff was set to 30 Ry, anargl density cutoff was 480 Ry.
Convergence criterion for self-consistency wass&0° Ry, and force convergence
threshold for ionic minimization in geometry optiration was set to 1.5xTGV/A. Marzari-
Vanderbilt [16] smearing was used to improve cogegace. All calculations were spin
polarized. The k-point grid was sampled through ktmrst - Pack scheme [17]. Calculations
for pristine crystal and 25% Li-Fe interchange weeeformed in a 32 atom supercell with k-
point grid 4x4x4, and calculations for 6.75% Li24Rterchange were performed in a 128-
atom supercell, with k-point grid 2x2x4. Both cedl® represented in Figure S1.

3. Results and discussion
3.1 Rietveld analysis

The synthesized powder of,EeSiQ, crystallized, and was refined (Figure 1), in the
monoclinicP2./n space group (#14) with the structure whereidis occupy two, Fé ions
occupy one, $f ions occupy one and“Gons occupy four different general 4e
crystallographic positions [x, y ,z] as presentedables 1 and 2. Besides monoclinic
Li,FeSiQ phase X-ray diffraction measurement revealed sraé&.i,SiO; impurity phase



(orthorhombicspace groufmec2;, #36). The obtained lattice and structural paranseor
Li,FeSiQ represented in the standard set#2g/c are given in Table S1.
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Figure 1. The observed (green dots), calculateatkdine) and difference (bottom black line)
X-ray diffraction data of the LFeSiQ, powder taken at room temperature. Vertical markers
below the diffraction patterns indicate positiofigossible Bragg reflections for the
monoclinic LpFeSiQ (blue) and orthorhombic £$i0; (red). Tetrahedral structure of the
monoclinicP2;/n Li,FeSiQ is shown as inset.

Table 1. The main results of the Rietveld refinethen

Lattice parameters

Cell volume (&)
Fraction of LpSiO; (wt%)
Li2-site occupation by Fe

Rup factor (%)

a=8.2331(12) A
b =5.0170(5) A
c =8.2295(11) A
B =99.099(4) °
335.65(7)

2.3(2)

0.060(3)

17.1




Table 2. Refined atomic fractional coordinates,gerature factors and site occupations in the
P2i/n LioFeSiQ structure.

Atomic Wyckoff Fractional coordinates B(A) Occ.
position symbol x y z

Lil 4e 0.645(7) 0.854(8) 0.746(6) 2.8(10) 1.0

Li2 4e 0.594(4) 0.199(7) 0.078(4) 1.66(12) 0.940(3)
Fel de 0.289(1) 0.7995(9) 0.5428(9) 1.66(12) 0.940(3)
Li3 de =Fel =Fel =Fel 1.66(12) 0.060(3)
Fe2 4e = Li2 = Li2 = Li2 1.66(12) 0.060(3)
Si 4e 0.039(1) 0.817(2) 0.799(2) 1.46(19) 1.0

01 4e 0.884(3) 0.737(5) 0.811(3) 2.09(18) 1.0

02 4e 0.401(3) 0.218(3) 0.898(3) 2.09(18) 1.0

03 4e 0.679(3) 0.761(3) 0.438(3) 2.09(18) 1.0

04 4e 0.964(3) 0.878(3) 0.212(3) 2.09(18) 1.0

The obtained results are in good agreement witbetlobtained in our previous work [10],
also implying that an antisite defect is formedribg refinement procedure, additional
electron density at Li2 crystallographic site wadicated by obtaining negative value of B
temperature factor (or by obtaining occupation peater over 1, depending what is allowed
to vary) for Li" ion at this position, strongly suggesting pantégdlacement of Liby some
larger ion. At first, an overall B factor was redshand the obtained value was set as starting
value for each of the atoms. The B factors for@hatoms were constrained and refined
together. If allowed to vary freely, the B factentls to rise very high for the Fe atom, while
at the same time for Li2, B factor tends to deadasa negative value. For this reason, new
atomic positions were created in the input file3 Bnd Fe2, representing Li at Fel position
and Fe at the Li2 position, respectively, and tbecupational parameters were included in
the refinement (Table 2). In addition, B factors f@ and Li2 were constrained and refined as
one. A noticeable decrease of R values and theréles¢ment was achieved with the
arrangement where 6 atom% of Feccupy Li2 crystallographic position only. Alsatér
during the refinement it was allowed for’Fens to occupy, besides Fe site, both Lil and/or
Li2 site. For comparison, the obtaineg,Ractors of the refinement with: no antisite incdd
Fe-Lil antisite, mixed Fe-Li1/Li2 antisite and F&lantisite were 18.5, 18.4, 17.7 and 17.1,
respectively.

The result that & occupies Li2 position exclusively out of two pdssipositions Lil and

Li2 must have come as a consequence of the spgeibimetries of Lil and Li2
crystallographic positions. The refined fractioatdmic coordinates from Table S1 were used
for the calculation of all relevant bond distanttest enabled us to determine coordination
polyhedra. InP2,/n structure of LiFeSiQ, LiO,4 tetrahedra form layers which alternate with



the layers of Si@Qand FeQalong [101] direction (Figure 1 inset). The maiffielences
between Lil and Li2 tetrahedral sites in relatiomhte neighboring tetrahedra are as follows.
Each Li1lQ tetrahedron shares one common edge with ong te&@hedron and shares
corners with two Feg) two Lil0O,, two Li20, and four SiQtetrahedra (Figure 2a). And each
Li20,4 shares one common edge with one Lj2@d shares corners with two LiZ,@our FeQ
and four SiQtetrahedra (Figure 2b). Therefore, the only edgeisg pairs of tetrahedra in
P2:1/n polymorph structure are LilgeQ, and Li2Q/Li204. The arrival of Fe on Lil site
would result in, according to the Pauling’s rule[#8], unfavorable configuration where two
adjacent Feptetrahedra share a common edge. As a result pittieaenergy of the system
rises. On the other side, if substitution takeselan Li2 site more stable configuration would
be accomplished where Fg@nly shares corners with the neighboring FFesrahedra.

Figure 2. Crystal environment of Lil (a) and Lixadedral site (b); the edge sharing pairs of
tetrahedra are shown as insets.

3.2 DFT calculations

In order to confirm that antisite defect occurslesiwely as Fe-Li2 interchange, system was
further investigated by DFT calculations. Spin piakd calculations for the pristine crystal
have shown that antiferromagnetic state is slighteferential over ferromagnetic (about 9
meV per elementary cell). This is in good agreemetit experimental observation for

lithium iron silicates (antiferromagnetic to paragnatic transition at T<20 K) [19] and
previous DFT calculations for similar systems [@]. ZAccording to this, all further
calculations are performed in antiferromagnetitestBetermination of lattice parameters has
been performed for pristine crystal, and the ciystdn Fe-Li2 interchange defect at
concentration 6.75%, which is very close to theede€oncentration obtained from Rietveld
analysis. Optimized lattice parameters are shoviralrie 3.



Table 3. Lattice parameters calculated by DFT pfwstine LbFeSiQ, and 6.75% Fe-Li2
interchange.

alA b/A c/A B/°
pristine 8.369 5.109 8.394 99.43
Li2-Fe 6.75% 8.377 5.122 8.401 98.75

Presented results are comparable with those ctéculeom XRD data. An overestimation of
lattice parameters of pristine crystal, of abo@%-s expected within DFT-GGA
approximation. An additional strain is obvious wleedefect is introduced, resulting in a
further increase of lattice parameters a, b ar®lch result confirms that the formation of the
defect is followed by a noticeable structural crgnghich affects at least the elementary cell
containing the defect and its nearby environment.

In addition, fractional atomic coordinates from D&fitimized lattice of the crystal with
6.75% Fe-Li2 interchange are calculated and predantTable 4. As the calculation
supercell contains 4 elementary cells (E.C.) arglaiithem contains a defect, both E.C.
containing the defect and the E.C. on the counter &f the supercell are given.



Table 4. DFT optimized fractional coordinates a tiystal with 6.75% Fe-Li2 interchange.
Elementary cell (defect E.C. or counter E.C.) twirdinate data refer to is marked in the
insert figure by orange rectangle.

Defect E.C. Counter E.C.

X Yy z X y z
Li1 0.662390 0.788881 0.670865 0.667098 0.787095 0.672256
Li2 0.585824 0.196172 0.089889 0.583010 0.198992 0.083247
Li3 0.297674 0.805627 0.547392
Fel 0.291940 0.803138 0.540722 0.296608 0.803860 0.546679
Fe2 0.581330 0.205527 0.082765
Si 0.044801 0.806567 0.789186 0.042326 0.807298 0.791151
o1 0.865767 0.692570 0.822010 0.866212 0.691448 0.821528
02 0.418028 0.195631 0.881844 0.418274 0.202377 0.885243
03 0.686760 0.787606 0.433133 0.685918 0.787726 0.434898
04 0.965373 0.872008 0.214875 0.963296 0.872733 0.212233

Generally a good agreement between DFT and refraetional coordinates is achieved.
Most considerable differences (about 0.5-1 A) betweefined and DFT calculated atomic
positions are observed for the Lil and Li2 atomse B the low X-ray atomic scattering
factors of lithium, detection and precise deterroraof its atomic position by X-ray



diffraction is difficult. For the same reason, exaation of Li atoms occupation at Fe sites by
XRD was not possible. Although expected, the lattsult emphasizes the complementarity
of used techniques (XRD and DFT) in the investmabf this and similar systems. As can be
seen from Table 4, differences between Li2 and(Bs2vell as Li3 and Fel) positions in
defect E.C. are small — about 0.05A Moreoveraldifferences in fractional coordinates
between defect E.C. and counter E.C. in the supa@reevery small, staying within the range
of about 0.01 A. In brief, DFT calculations withénr model point to the long range strain as
the main effect of Fe-Li2 antisite defect formatiarhnile local structure rearrangement (i.e.
significant rearrangement of ions within the detedt. and in its nearby environment) was
not obtained.

The energetics of the formation of antisite defgcFe-Li interchange was investigated at
defect concentrations of 25 molar % and 6.75% (wiscclose to the concentration 6.0%
which is determined by Rietveld refinement). BothlE2 and Fe-Lil substitution were
examined. When the interchange of ions in crystéice is performed, the calculated total
energy change can generally be divided into 1)te@ contribution, that originates from
the change of electronic and magnetic interactaomk2) geometrical contribution,
originating from the subsequent geometry optimarati

Erel = Esystem— Epristine: Eclectronict Egeometrical (1)

where E is total energy change upon introduction of thiecdke Eysiem— total energy of an
elementary cell of a defect crystal;ifne— total energy of an elementary cell of pristine
crystal; Eiectronic— €lectronic contribution to the energy changenugefect formation;
Egeometiica— coNtribution to the energy change upon geonwgitynization after defect
formation.

Electronic contribution is calculated as the enatifference between the fully optimized
pristine crystal, and the crystal where interchanges are fixed at the positions that are
optimized for the pristine crystal:

Eelectronic= Eixed — Epristine (2)

Esixead — total energy of the cell where interchanged mnesfixed at the positions that are
optimized for the pristine crystal. Any further egye decrease upon geometry optimization is
ascribed to geometrical contribution:

Egeometrica™= Esystem— Eixed (3)

Such obtained electronic and relaxation contritmgiare presented in Figure 3.
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Figure 3. DFT-GGA calculated electronic (royal btlas) and relaxation (distance from
royal blue to magenta dots) contributions to thaltenergy change upon formation of Lil-Fe
and Li2-Fe antisite defect, in concentrations 258 6.75%. All energies are normalized to
one elementary cell. Energy of the fully optimiz#dmentary cell of pristine tfeSiQ is

taken as a reference, and total energy changedsgfent formation () is given in the
ordinate.

As expected from Rietveld data, Li2-Fe is signifitg more stable than Lil-Fe for both
investigated defect concentrations. In case of Rb%e interchange, the crystal stays
destabilized compared to the pristine state eviem edlaxation, in both Lil-Fe and Li2-Fe
cases, by at least 0.4 eV. Interestingly, Li2-Feda is rather more stabilized by relaxation
compared to Lil-Fe. On the other hand, for 6.75% e interchange a significant
stabilization compared to pristine;EeSiQ, is obtained, being in a good agreement with
experimental observation that Li2-Fe defect is fednm concentration about 6%. Moreover,
it can be noticed that the formation of Li2-Fe a¢fe thermodynamically favorable by 0.34
eV compared to pristine crystal, even without rateon. The latter result points also to the
remarkable role of electronic interactions as theirg force for Li2-Fe antisite defect
formation. This is obviously not the case for Ligé-&ntisite, which exhibits no significant
stabilization at all compared to the pristine cayst

Besides the internal energy stabilization upon Feantisite defect formation, which is
confirmed by DFT calculations, it can be propodet the entropy of the system will increase
with the formation of antisite defect compared tistne crystal, further increasing the
probability that the defect will be formed spontangly. In order to estimate the

configuration entropy increase upon antisite defi@echation in amount of 6.75%, a simple
statistical approach is applied. Configuration epyrchange was calculated by taking into
account the contribution of the defect formationxfrg of Li and Fe atoms at Li2 and Fe
sites) to the Boltzmann’s relation [21]:
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Nyjy!
AScont = kp, * In(W) = ky - ln((NLiZ/Li)!Ij(iILiZ/Fe)!)2 (4)

Where, k is the Boltzmann’s constant and W is the numbgroskible arrangementsiNis

the number of Li2 positions (which equals the nurddd-e positions); NyLi is the number

of Li2 positions occupied by lithium and Mreis the number of Li2 positions occupied by
iron. Calculated configuration entropy increaserufiee formation of an antisite defect
(6.75%) according to equation (4) is 1185 eV/K per crystal elementary cell, and the same
value is obtained for Lil-Fe interchange. Detaflsanfiguration entropy calculation are
provided in the supplementary data.

At the temperature 300 K, formation of the 6.75%saie defect (both Lil-Fe and Li2-Fe)
will result in an additional decrease of Gibbs femergy by 0.036 eV per elementary cell.
Final estimation of Gibbs free energy change pemehtary cell, upon defect formation at
300 K vyields:

AGf ., ¢ = AEL2"Fe _TAS! = —0.734eV —0.036eV = —0.770 eV (5)

AGE., _pe = AELIZFE _ TAG! —0.062 eV — 0.036 eV = —0.098 eV (6)

rel conf —

Where,AG{il(z)_Fe is the Gibbs free energy of the formation of Li&{Ei2-Fe) antisite
defect;AE" (P Fe

rel

defect formation.

is the DFT calculated total energy change uporRaXLi2-Fe) antisite

4. Conclusion

X-ray powder diffraction analysis of the preparednoclinicP2;/n polymorph of LpFeSiQ,
indicates specific occupation of Li2 crystallograpsite by F&" cation in the amount of 6
atom percents as a result of an antisite defentdtion. DFT calculations confirmed that Fe-
Li2 substitution in the amount determined by Ri&hanalysis is energetically favorable
compared to both Fe-Lil substitution and the préstirystal by about 0.7 eV per elementary
cell. Formation of the Li2-Fe antisite defect imcentration 6.75% is driven by both
electronic and geometrical factors that determieetotal energy of the system, and followed
by a considerable lattice strain. On the other hamndas shown that the formation of Fe-Lil
antisite of the same concentration is much lesslgted energetically, what is ascribed to an
unfavorable configuration with the edge-sharingpaf FeQ/FeQ, tetrahedra.
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Highlights

* P2;/n polymorph of Li,FeSiO, was obtained by a solid state reaction at 750 °C.
» XRD analysis suggests exclusive occupation of Li2 crystallographic site by Fe as aresult of

antisite defect.
» Fe-Li2interchangeis energetically favorable over Fe-Lil as confirmed by DFT calculations.



