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Structural and Electrochemical Diversity in LiFe, ;Zn;SO/F Solid
Solution: A Fe-Based 3.9 V Positive-Electrode Material**
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Jean-Marie Tarascon*

Owing to the attractive energy density, high reversibility, and
long product lifetime, Li-ion technology has conquered
portable electronics!'! and now promises to accelerate the
integration of environmentally friendly electric vehicles into
the marketplace. While the most intensive research efforts
started with investigations of oxide-based cathodes, many
polyanionic compounds (namely olivine LiFePO,) have
emerged as possible cathode systems for sustainable high-
volume production.m Therefore, in an attempt to increase the
energy density of these polyanionic compounds, we have
exploited the concept of the inductive effect to enhance the
voltage of the battery by replacing PO, tetrahedra by SO,
tetrahedra.

Recently, we discovered a new class of Li-based fluoro-
sulfate materials, among which the tavorite phase of LiFe-
SO,F turns out to be an attractive 3.6 V insertion com-
pound.P! Mindful of the close structural relationship between
the precursor and target phases, we have characterized a
broad family of fluorosulfates using a robust variety of low-
temperature synthetic approaches.*®) Practically unknown
two years ago, this family (AMSO,F; A =Li or Na, M =Mn,
Fe, Co, Ni, or Zn) presently consists of no less than 20
members, many of which present a rich crystal chemistry in
combination with interesting electrochemical properties. In
addition to the typical LiFeSO,F tavorite phase we have
recently reported the existence of two new polymorphs in this
family of compounds: triplite LiMnSO,F!' and sillimanite
LiZnSO,F.1t12
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With respect to electrochemical performances, we found
the LiMnSO,F polymorph to be electrochemically inactive. In
contrast, the sillimanite-structured LiZnSO,F displays a
room-temperature conductivity of around 107> Scm ™!, which
is close to the current generation of solid-electrolytes, because
of the grafting of a layer of ionic liquid to the surface of the
particles (see ref. [11]). However, the truly most fascinating
aspect of these new polymorphs is that they exist so near the
edge of thermodynamic stability when compared to tavorite
that small chemical substitutions, on the order of five atomic
percent, have been shown to trigger a structural transforma-
tion from the tavorite to triplite phase in the LiFe,_sMn;SO,F
solid solution.

Motivated by this finding, we expanded our study to see
what effect Zn substitution would have on the structure of
LiFeSO,F. In a result very similar to the case of Mn, we have
found that substitution of Zn causes a transformation from
the tavorite to the sillimanite phase (see Figure 1a). Surpris-
ingly, however, we also encountered a narrow range of
composition on the Fe-rich side of the phase diagram, where
LiFe, sZn;SO,F could also be obtained in the triplite
structure (see Figure 1b). More specifically, we found that
the product typically consisted of a predominantly single
phase with the tavorite-sillimanite transition occurring near
0=0.10 when made through an ionothermal approach (see
Figure 1c). In contrast, using a traditional solid-state process,
we found there is a transition from tavorite to triplite for 6
near 0.05 which quickly changes to sillimanite for ¢ greater
than or euqal to 0.15 (see Figure 1c). For higher Zn content,
the sillimanite structure is retained with a linear variation of
the unit cell parameters (see Figure S1 in the Supporting
Information). We also note that single phase samples could
not be obtained using the ceramic approach with 0 smaller or
equal to 0.05, which seems to indicate a very narrow range of
stability for the phase coexistence of the triplite phase within
the LiFe,_;Zn SO F series. Representative values for the unit
cell parameters may be found in Table 1.

The crystal structures of tavorite and sillimanite are
illustrated in Figure 2. Much like tavorite, the sillimanite
structure consists of MO,F, octahedra linked at their corners
through F atoms which are oriented in a trans configuration
with respect to each other giving rise to straight chains which
run along the [100] direction of the orthorhombic (Pnma) cell
of sillimanite. The clearest difference between these struc-
tures lays in the orientation of the chains. In triclinic (P1)
tavorite, the chains run along the [001] direction with a
rotation from octahedra to octahedra giving a dihedral angle
of approximately 27° and are aligned with respect to
neighboring chains such that there are wide channels along

Angew. Chem. Int. Ed. 2011, 50, 10574-10577


http://dx.doi.org/10.1002/anie.201104648

@ sillimanite a)

¥

=

g

9

i)

=

3 IR T R T o LA 1

A
A T R I
20 30 40 50 60 70 80
CoKa 26/ °

P triplite b)

=

=

g

ey

E2]

=

3 B O PP T
M “"ulv'Lr
R A S IS TR ST T N J

20 30 40 50 60 70 80
CoKa 26/°

sillimanite

ionic liquid

()
=
=
o
>
©
o

sillimanite

ceramic
triplite

0 0.2 0.4 0.6

§in LiFe, ,ZnSO,F

0.8 1

Figure 1. Rietveld refinements of the powder X-ray diffraction patterns
collected at room temperature for the a) sillimanite-phase
LiFegg5Zng15SO,F and b) triplite-phase LiFey4Zn,,SO,F. The black dots
are experimental points while the blue and red lines are the calculated
fit and the difference curve, respectively. c) Phase diagram indicating
the structural form adopted depending on the J value in
LiFe,_sZnsSO4F. It should be noted that both phases have impurities
of residual monohydrate precursor with the triplite phase also contain-
ing a small LiF impurity and the sillimanite phase containing a small
triplite impurity of approximately 2.4 % by mass. Quantification from
energy dispersive X-ray (EDX) spectra recorded on numerous particles
gave an average composition consistent to =5 atomic % within the
nominal composition. The measurements were repeated in at least
five different spots of the samples, and the reported value is an
average of these five measurements.

Table 1: Lattice parameters and figures of merit of the Rietveld refine-
ments for LiFeSO,F in the tavorite phase, LiFe,3Zn,;SO,F in the triplite
phase, and LiFey3sZny,sSO,F in the sillimanite phase. Data for the
tavorite phase are taken from ref. [15].

LiFeSO,F LiFepsZno:SOF  LiFeqssZngsSO4F
(tavorite) (triplite) (sillimanite)
space group Pl C2/c Pnma
a[A] 518003 (7)  13.0109 (2) 7.5421 (3)
b Al 5.49165 (6)  6.3950 (9) 6.4751 (3)
c[A] 7.22890 (9) 9.8295 (2) 7.3094 (3)
al’ 106.4864 (9) 90 90
B 107.186 (9)  119.591 (6) 90
Y[ 97.9098 (9) 90 90
v/Z A% 91.397 (4) 88.90 (2) 89.24 (4)
a 2.62 11.7 10.2
Roregs [%] 2.72 12.4 5.1
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Figure 2. Crystal structure of tavorite (left) and sillimanite (right). The
Fe or Zn atoms are located in the middle of the green/brown MO,F,
octahedra. The SO, tetrahedra are gray, Li atoms are displayed as
yellow balls, fluorine atoms are blue, and oxygen atoms are orange.
The tavorite structure has channels where lithium ions are located;
however, in sillimanite, these channels are partially blocked by the
translation of the neighboring chains as indicated by the arrows in (c)

and (d).

the [010] direction in which lithium ions are located. In
contrast, the octahedra within the chains of sillimanite are in
perfect registry down the length of the chain giving no
dihedral angle, and one of the neighboring chains which are
bridged by the SO, tetrahedra is translated by one octahedral
unit along the a direction (see Figure 2 c,d). The oxygen atoms
circled in red connect to separate chains which are not
illustrated. This translation results in a closing of the channels
(see Figure 2e,f), and the creation of new Li sites in
sillimanite which are octahedrally coordinated.

The triplite phase is related to sillimanite and tavorite
through a disordering of the atomic positions between the
transition-metal and Li sites as previously described.!"!
Briefly, the triplite structure is composed of two chains of
MO,F, highly distorted octahedra (where M is Li or a
transition metal and fluorine sits in a cis orientation) which
share edges and run along the [101] and [010] directions.
Comparing the structures, it can be seen that the coordination
of Li (Figure 3) evolves from a three-fold environment in
tavorite into two highly distorted six-coordinate sites in
triplite and finally into more regular octahedra in sillimanite.
This change in environment seems to indicate that the site Li
occupies in tavorite is less favorable than what is found in
triplite and sillimanite. Efforts to determine the relative
thermodynamic stability of each phase through calorimetric
measurements are presently underway.

The electrochemical properties of the samples in the
tavorite (10% Zn), sillimanite (20% Zn), and triplite (10 %
Zn) phases were tested using Swagelok cells as described in
the experimental section. It was found that the sillimanite
samples behaved identically to that of the tavorite, therefore
the voltage—composition traces are only shown for sillimanite
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Figure 3. Li coordination environment in the three phases studied. The
average Li-O and Li—F distances are given below each panel. In the
triplite phase there is an approximately equal distribution of Li
between site 1 and site 2.

(Figure 4, upper panel). During the charge to 4.5 V versus Li,
0.68 Li* ions are removed from the structure with most (ca.
0.65) being able to be re-inserted on discharge giving
reversible capacities ranging from about 100 to 105 mAhg™!
with a plateau centered around 3.6 V as deduced from the
derivative plot (Figure 4, upper panel inset). This can be
compared to the triplite phase which shows a plateau centered
near 3.9 V (Figure 4, lower panel) as indicated from both the
voltage composition traces and the derivative curve (Figure 4,
lower panel inset). The triplite phase has a polarization which
is 300 mV larger than that of sillimanite as well as a smaller
reversible uptake of Li (0.55 instead of 0.65). Such a result
indicates that the Li insertion—deinsertion process is more
kinetically limited in the triplite phase.

To understand the changes to the sillimanite structure on
delithiation, samples were chemically oxidized using a
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Figure 4. Charge and discharge curves for the sillimanite phase of
Li(FegsZng,)SO4F (upper panel) and triplite phase of Li(Fey9Zng;)SO,F
(lower panel) discharged at a C/15 rate. The redox potential observed
in the sillimanite phase is found at 3.60 V in close agreement with
what is observed for the tavorite phase. In contrast the 3.90 V plateau
found in the triplite phase agrees well with what is found for the
isostructural Li(FeyoMng;)SO,F reported in ref. [10]. The derivative
curves (—dx/dV) are plotted as a function of the potential V.
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mixture of NO,BF, in acetonitrile overnight. The resulting
compound could be indexed to an orthorhombic unit cell with
lattice parameters of a=7.3469(2) A, b=6.3394(2) A, c=
7.2128(2) A with a resulting volume per formula unit of
83.98 A’ to give a AV/V=5.9% which is significantly smaller
than that of tavorite (10.4%) but still larger than that of
triplite (0.6 % ). Interestingly, the redox potential observed for
the LiFe,_sZnsSO,F solid solution is solely dependent upon
the structure type regardless of the Zn content (3.9 V for
triplite compared to 3.6 V in sillimanite and tavorite). A
continuous decrease in the electrode capacity with an increase
in the Zn concentration is observed as might be expected
considering that Zn is electrochemically inactive.

Overall these results are in good agreement with our
results reported for the LiFe, sMnySO,F solid solution”
where small amounts of Mn were sufficient to induce a
tavorite-to-triplite phase transformation and increase the
Fe?*/Fe** redox potential to 3.9 V. More interestingly, how-
ever, is that by increasing the Zn content further we are able
to access all three phases (tavorite to triplite to sillimanite)
with corresponding changes to the redox potential of 3.6 to
3.9 Vand back to 3.6 V. Such a result is of great importance in
our attempts to better understand the interplay between the
structure and electrochemical properties in the various
polymorphs of these transition-metal fluorosulfates.

Regarding the synthetic conditions, both approaches
(ionic liquid versus ceramic) use the same monohydrate
precursor but different reaction environments. In the pres-
ence of ionic liquid we find the formation of the tavorite
polymorph for small Zn content through a topotactic reaction
in which case the ionic liquid appears to control the kinetics of
dehydration. In contrast, the ceramic method was found to be
strongly affected by the amount of water trapped within the
autoclave during the initial heating. The rate of dehydration,
which can be controlled by the heating rate, most likely
controls a structural change which promotes the growth of
either triplite or tavorite. Pinning down the precise structural
changes appears essential to ensure our proposed mechanism
and therefore in situ high-temperature Mossbauer and NMR
experiments are currently underway to clarify this point.
Within this context, the fact that both Mn and Zn substitu-
tions promote the transition to triplite may actually result
from the mixed-metal precursor, Fe,_sM SO,-H,O, having
different kinetics of dehydration compared to the nonsub-
stituted precursor. Although quite complex, in situ experi-
ments are being designed to monitor this dehydration process.

This potential of 3.9 V is specific to the triplite structure
and independent of whether Mn or Zn is substituted. We have
tried to rationalize this increased potential on the basis of the
ionocovalent character of the metal bonds through a careful
analysis of the structural data. The average metal-to-ligand
bond lengths are found to be 2.1034, 2.1062, and 2.1508 A for
the sillimanite, tavorite, and triplite phases, respectively. The
longest bond corresponds to the greatest ionic character and
therefore on this basis it comes as no surprise that the Fe*'/
Fe*" redox couple has the highest potential in the triplite
phase (3.9 V) and essentially the same value in tavorite and
sillimanite phases (3.6 V).
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The results which we have presented here set the
fluorosulfates apart as a fascinating family of polyanionic
compounds because of their rich crystal chemistry and diverse
and attractive electrochemistry. Through simple chemical
substitution of Zn for Fe, we are able to stabilize three
structurally related phases each with distinct electrochemical
properties. Improving the kinetics of the 3.9 V electrode, by
optimizing the milling time and carbon content, will con-
stitute the next phase of our investigations. Additionally,
these phases may therefore be regarded as good candidates to
probe the relationship between structure and electrochemical
performance; however, their synthesis remains complex with
the underlying mechanism being still unclear.

Experimental Section

Synthesis: The solid solution of LiFe, ;Zn;SO,F was conducted at
low temperature in water-free media using both ionothermal and
traditional ceramic preparations. More specifically, stoichiometric
amounts of a mixed-metal sulfate monohydrate precursor
(Fe,_sZn;)SO4H,0, prepared in house from commercial
FeSO,7H,0 and ZnSO,-H,0, as reported earlier,” were reacted
with LiF either as a mixture of loose powders immersed in an 1-ethyl-
3-methylimidazolium-bis(trifluoromethylsulfonyl)imide (EMI-TFSI)
ionic liquid (ionothermal process) which was reacted at 275°C for
2 days or as pressed pellet which was annealed in a sealed Teflon-lined
Parr bomb at 260°C for 5 days.

The purity of all products was analyzed by powder X-ray
diffraction (XRD) using a Bruker D8 diffractometer with Cog,
radiation (4, =1.78897 A, 1,=1.79285 A) equipped with a Vantec
detector. All refinements were done using the Rietveld method!"! as
implemented in the FullProf suite of programs.'*!

For all electrochemical measurements, standard Swagelok-type
cells were assembled using the active materials as the positive
electrode and Li metal foil as the negative electrode, separated by two
sheets of Whatman GF/D borosilicate glass fibre saturated with 1m
LiPF; solution in 1:1 w/w mixture of ethylene carbonate/dimethyl
carbonate as electrolyte. The usual cathode loading was 7 to
10 mgem ™ per cell with active materials consisting of samples
which were ball-milled with 35wt % carbon SP for 18 min. The cells
were assembled inside an Ar-filled glove box and were subjected to

g
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galvanostatic charge—discharge cycling (at 20°C) using a Mac-Pile
system (Biologic, S.A., Claix, France). The cells were typically cycled
between 2.5 and 4.5 V versus Li at 1 Li" exchanged per 20 h.
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