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Abstract

KsFe3(PO4)s.H20O powder was synthesized by Na'/K" exchange reaction from
NasFe3(POas)s in agueous medium. The replacement of the sodium cations by the potassium
larger ones and water molecules causes a structural distortion leading to P2/n monoclinic
KaFe3(POa4)4.H20. This new layered phase was characterized by XRD, Méssbauer spectroscopy
and magnetic measurements. The study of its thermal stability reveals that other new layered
KaFe3(PO4)4.yH20 with (0 <y < 1) phases can be stabilized up to 600°C and finally at higher
temperature a new KasFe3(PO4)s polymorph with a different structural type is irreversibility

formed.

Introduction:



Iron phosphate materials with alkali ions exhibit a rich structural chemistry due to the
ability of iron to adopt different oxidation states (+2/+3) as well as different oxygen
coordinations (octahedron, square pyramid, tetrahedron). Their structures based on complex
frameworks built of FeOn and PO4 polyhedra sharing corners and/or edges, which provide an
interstitial space partially occupied by alkali cations. Those materials have been the subject of
intense research as heterogeneous catalysts [1], corrosion inhibitors [2] and more recently
positive electrode materials for lithium-ion batteries [3, 4]. In the past few years, we were
interested in a layered sodium iron phosphate phase, NasFe3(POas)s used as positive electrode
material in sodium and lithium batteries [5-6]. The NasFe3(PO4)4 phase was prepared as powder
by solid state reaction and characterized by XRD, Md&ssbauer and NMR spectroscopies and
tested as positive electrode material [5-6].

In order to prepare new compounds, ion-exchange technique is well established [7-10].

In this study Na*/Li" and Na*/K* ion-exchanges were carried out. Only the Na*/K* ion exchange
procedure was successful and lead to a KsFes(PO4)s-H20 phase homeotypic to the pristine

NazFes3(POa)s, that crystallizes in a monoclinic cell. The structure of KsFe3(POs)4-H20 is also
close to those NazCr3(PO4)s, KaFes(AsOas)s and KzCrs(AsOas)4[11-12]. This phase was prepared

as single crystals by Lii et al. by hydrothermal synthesis [13]. They used an orthorhombic space

group for the structural refinement and report that the formation of pure KsFes(PO4)s-H20
crystals was rather difficult because of the non-reproducible high-temperature/high-pressure
hydrothermal synthesis [13].

In the present paper, we report in a first part, the structural study by XRD and Méssbauer
spectroscopy of the monoclinic KsFes(PO4)4.H20 phase obtained by ion-exchange from

NazFes3(POas)s together with the magnetic properties of the two phases. In a second part, we



report the study of the thermal stability of KsFe3(PO4)4.H20 that reveals the formation of new

phases: layered KsFe3(POs)a.yH20 with (0 <y < 1) and a new dehydrated KsFe3(PO4)4 phase.

Experimental:

KsFe3(PO4)4H20 powder was synthesized by a potassium ion exchange reaction from
NazFe3(POas)s. The NasFes(POs4)s powder sample has been synthesized through a solid state
reaction as described in Ref. [5]. A mixture of stoichiometric quantities of Na,COs,
FeC204.2H,0 and (NH4)H2PO4 were thermal-treated under oxygen flow successively 6 hours
at 400 °C and 6 hours at 600 °C and annealed three days at 750°C with intermediate grinding
between each thermal treatment. In order to perform the ion exchange reaction, 500 mg of
NasFe3(POs)s powder was immerged in a concentrated aqueous solution of 5M KCI
(Ksolution/Nasoria > 40). The resulting mixture was heated at 110°C with continuous stirring. The
ion exchange process was followed every 24 hours by ex-situ X ray diffraction. The progress
of ion exchange was also clearly evidenced by the colour change of the reaction medium from
greenish yellow to light brown. After 72h a new pure phase was obtained. The sample was then
isolated by vacuum filtration followed by rinsing several times with distilled water and acetone
and dried in an oven overnight at 80°C. The resulting product was stable in air for several weeks
under normal conditions of temperature and hygrometry.

The phase composition was carefully controlled by quantitative analysis to determine
the K/P, Na/P and Fe/P ratios using an ICP-OES spectrometer (Varian 720-ES Optical Emission
Spectrometer) after complete dissolution of the powder into a hydrochloric acid solution. The
water content of the samples has been investigated by ThermoGravimetric Analysis (TGA)
experiments using a Setaram 92 set up, by heating the sample under argon flow at 5°C/min
between room temperature and 800°C with a stage of 2 hours at 110°C to get rid of the adsorbed

water.


http://www.mediadico.com/dictionnaire/francais-anglais/successively/1

Phase identification of the exchanged product was performed by the X-ray powder
diffraction method. The pattern was recorded in the [8 — 80]° (26) angular range using an
0.0167° (260) step and a constant counting time of 40 s. The lattice thermal expansion and the
phase transition with rising temperature were studied by in situ X-ray diffraction measurements.
These data were performed with a PANalitycal X’pert Pro diffractometer (Co Ka radiation, and
iron filter, antiscatter slit of %2° and divergence slit of 1° on the incident beam path) equipped
with an Anton Paar device. The sample was put on an alumina sample-holder and was enclosed
in an air atmosphere and heated up to 800°C. Before each measurement, the sample was heated
to the defined temperature using a 5°C/min rate and was kept at that temperature for 10 min for
thermal stabilization. Diffraction patterns were collected every 50°C until 150°C (2h /diagram),
then every 25°C until 400°C and finally every 50°C again until 800°C. A final XRD pattern
was recorded at 25°C, after cooling down the sample back to the room temperature. Full pattern
matching and Rietveld refinements were performed using the Fullprof software [14].

Mdossbauer measurements were performed at room temperature in transmission
geometry with a constant acceleration spectrometer using °’Co source in a Rh matrix. The
velocity was calibrated by using pure iron metal as standard material at room temperature. All
isomer shifts reported in this work refer to the natural a-Fe at 293 K.

Magnetic measurements were performed in the temperature range 2 — 300 K, using a

Quantum Design MPMS-5S SQUID magnetometer and a 1 T magnetic field.

Results and discussion:

1) lon exchange reaction from NasFe3(POs)4



Na*/Li* ion exchange:

As we previously showed, NasFe3(PO4)s can undergo the electrochemical insertion of
lithium ions in the framework [6]. We were especially interested in performing the Na*/Li* ion
exchange reaction in order to get a new layered lithium iron phosphate that could have been
further studied as positive electrode in lithium batteries. However, none of the tested conditions
(molten salt (LiNO3), aqueous solution of LiCl and at different temperature) was successful. In
Table |, we collected some of the different ionic exchange conditions tested and the resulting
products. In molten salt medium, the XRD patterns of the reaction products taken after different
treatment times at 350°C revealed that after 1h30 the initial NazFes(PO4)4 compound began to
decompose and was totally decomposed after 12 hours into LisPOs and monoclinic
LisFe2(PO4)3. Note that the formation of the monoclinic form of LisFe2(PO4)s was unexpected
at 350 °C since it is usually obtained by solid state reaction at higher temperature : 930°C [15].
The molten salt medium allows then a new synthesis reaction, and was recently used in order
to prepare new phosphate materials [16].

In order to avoid the compound decomposition we also tested other Na*/Li* ion-
exchange conditions with moderate treatment temperatures. Note that even after 72 hours,
NazFes3(POa)s did not react in an aqueous solution of LiCl (5 M). Nevertheless, after a week it
decomposes into LiFePOs.OH. Aqueous acidic medium was also tested, but leads to the
decomposition of the phase into FePO4.2H,0 and ion-exchange reaction in alcohol medium did

not lead to better results (Table I).

Na*/K* ion exchange:
We were more successful in the case of the Na'/K* ion-exchange from NasFe3(PO4)s

that was performed in an aqueous solution of KCI (5M) (Ksolution/Nasolige > 40) at 110°C during



72 hours. For longer treatment time (1 week), however the new potassium iron phosphate phase
transforms to KFe2(OH)(PO4)2(H20)..

Figure 1 shows a comparison of the X-ray diffraction (XRD) patterns of potassium
phase and of the starting material NasFe3(PO4)s. After a 72h ion-exchange reaction, no trace of
the precursor is observed. Moreover, the similarity between the X-rays diagrams indicates that
the layered framework is kept during the exchange reaction. ICP measurements revealed that
the ion-exchange procedure was completed to form KsFe3(PO4)s with no traces of sodium
remaining in respect to the ICP sensitivity. Nevertheless, the concentration of all these elements
was smaller than the expected one, suggesting the possible water molecule intercalation during
the reaction in aqueous solution. In a first step, the hygroscopicity of the initial NasFe3(PO4)4
was tested. However, after immerging this phase overnight in water and dry at 100°C, no
structural evolution was observed by XRD and no weight loss was observed by TGA. On the
opposite, in the case of the potassium phase resulting from the ion-exchange, the TGA shows a
weight loss from room temperature to 800°C, which corresponds to the evolution of one water

molecule per formula unit (Figure 2). The TGA curve will be discussed in more details in the

following. The combination of ICP and TGA analysis leads to KsFe3(POa)s-H20 formula for

the exchanged compound.

The XRD pattern of KsFe3(PO4)4:H20 was analysed using the Le Bail method [17]: the

unit cell parameters and the profile parameters of a pseudo-Voigt function were refined. From

the previous work reported by Lii et al. on a KsFe3(POa4)4-H20 single crystal [13], we first tried
to refined our pattern with the orthorhombic cell (Pnna space group) they proposed. However,
several reflections weren’t indexed in this space group. Consequently, we looked for another
one that could match our diagram using the Treor program [18]. This leads to a monoclinic
elementary cell and systematic diffraction line absences were consistent with the monoclinic

P2/n space group with a small deviation of the 3 angle from 90° (note that P2/n is a subgroup



of C2/c adopted by NasFes(POa4)a). All the diffraction peaks of KsFes3(POa4)a-H20 obtained by
ion-exchange could therefore be indexed in this space group. As we already evidenced
anisotropic strain and size effects leading to line broadening of some of the diffraction peaks in

NasFe3(POa4)s4 [5], we also further used the Thompson-Cox-Hastings (T.C.H) profile function

to refine the XRD pattern of KsFe3(POs)s-H20. The V and W parameters, representative of the
instrumental broadening, were fixed to the values obtained for the LaBs standard. In addition,
it was necessary to consider two anisotropic models: (i) a general model described by P.W.
Stephens to quantify the anisotropic strains [19] and (ii) a model of platelets to describe the
anisotropic size effect. For the former model, 9 Shar independent parameters (Ssoo0, Soso, -..)
and the mixing factor L, were required to describe the model in a monoclinic system. For the
latter model, the direction perpendicular to the platelets was fixed to be [100] and an additional
SZ parameter was refined. Line broadening can be attributed to the stacking disorder and
fragmentation or tilting of the crystallites on ion exchange. The Rietveld refinement of the XRD
pattern of the starting material NasFe3(PO4)s showed line broadening of some diffraction lines

associated to anisotropic size effect mainly along the a axis (stacking direction of the layers)

and strain effects, mainly along the b axis [5]. In KsFe3(POa4)4-H20, the potassium ions and
water molecule present in the interlayer space enhance the strains along the b direction (Sos0 =
0.23 %, S220 = 0.38 %, S022 = 0.6 %). Figure 3 shows the resulting Le Bail refinement of the
XRD of KsFe3(PO4)4-H20 pattern in these conditions.

The Lebail refinement led to rather good reliability factors (Rwp = 13.8 %, Rp = 1.9 %)
indicating a good correlation between the cell model and the experimental data. As expected
from the ion-exchange of Na* ions by larger K* ones and the water intercalation, the cell
parameters significantly increased in KsFes(POa)s-H20 (a = 20.8719(1) A, b = 6.5293(1) A,
c=10.7274(1) A et p= 90.232(1)°) compared to NasFes(POs)s (a = 19.6494(3) A,

b =6.3924(1) A, ¢ = 10.5969(2) A et = 91.776(1)°) (Table II). Due to the large number of



parameters to be refined and the large amount of strains, the Rietveld refinement of the
experimental pattern could not be further realized. However, one expects a structure very close
to that reported by Lii et al.[13], with a small lattice distortion (f= 90.23° instead of 90°). For
the structure representation in Figure 4, we used the Lii et al. model shown in comparison to
NasFe3(POas)s. The KsFes(PO4)s-H20 phase clearly shows strong similarities with the layered
NasFes(POa)s: the layers are constituted of corner-sharing FeOs octahedra which are further
connected by phosphate tetrahedra through corner and edge sharing. The H20 molecules are
located nearby the K* ions, which are in the interslab space; i.e, K(1). There are two different
fully occupied crystallographic sites for Fe atoms (4d and 8f) with octahedral coordination, two
distinct P atoms (8f) with tetrahedral coordination, two distinct K atoms (K(1) is in a 4c site

and K(2) is six coordinated in a 8e site), eight O atoms (8f sites).

The particles size and morphology were examined with scanning electron microscopy
(SEM). Figure 5 shows respectively SEM images of NasFe3(POs)s (Fig. 5a) and
KsFe3(PO4)4-H20 (Fig. 5b). After the ion exchange reaction, the aggregates keep their overall
plate-like shape. Due to the layer structure one can assume that the plate face correspond to the
(100) plane. The average crystallite diameter and thickness are slightly reduced during the
exchange reaction. Nevertheless, cracks appear inside the particles. In both cases, however, the
calculated coherence lengths perpendicular to the basal plane (60 nm for KsFe3(PO4)4-H20 and
70 nm for NasFes(POs)s) are smaller than the platelets thickness observed by SEM. This
corroborates the presence of structural defects inside the observed particles, after exchanging
the sodium ions by potassium ones, leading to smaller coherence domains. From the Shi values
deduced from the XRD refinement the constraints are mainly observed in the b direction, and

increased in KsFe3(PO4)s-H20 compared to NasFes(PO4)s. Even if the precise origin of these



constraints is not understood, one could have expected their increase using ion-exchange

procedure.

Madssbauer spectroscopy:

Maossbauer measurements on KsFes3(PO4)4-H20 were performed on a powder sample at
room temperature in comparison to those of the NasFes(PO4)4 phase [5] . Adjustment of the
calculated and experimental spectra was done using a combination of Lorentzian quadrupole
doublets. As shown in Figure 6, two doublets were required to fit the experimental spectrum.
The characteristic parameters deduced from this refinement: the isomer shift (6), the quadrupole
splitting (A) and the full width at half maximum ('), are given in Table Ill. These parameters
obtained for KzFes3(POa4)s-H20 are similar to those reported for NasFe3(POa4)4 [5]. The presence
of two slightly different isomer shifts of ~ 0.42 mm/s confirm the presence of 2 different sites
for the trivalent iron ions, Fe(1) and Fe(2), in an oxygen octahedral environment (Figure 6).
The ratio of the surface of the two Mdossbauer peaks equal to % allows assigning them to the
two iron sites present in the structure. The 1.401 and 0.683 mm/s quadrupole splitting’s
observed for the iron sites in KaFe3(POas)s-H20 are larger than the 1.153 and 0.315 mm/s values
observed in NasFes(POa4)4 thus indicating that the two iron sites in the potassium compound are

more distorted than in the sodium one (Table I11).

Magnetic susceptibility:



The magnetic properties of KsFes(PO4)4-H20 and NasFes(PO4)4 powders were measured
between 5 and 300 K with an applied field fixed to 10 kOe. Figure 7 shows the evolution of the
molar reciprocal magnetic susceptibility x> versus temperature of the two compounds. The
curves are very similar and show a paramagnetic to antiferromagnetic transition at Tn ~ 29 K
for KsFe3(POa4)s-H20 and Tn ~ 27.7 K for NasFe3(POs)s. Above 150 K the curves follow closely
the Curie—Weiss law. The Curie constant C was calculated from the slope of the linear variation
of y1 vs. T in the temperature range [160-300] K (Table IV). From the relation

C =(Nu ) /(2ky) , we obtained the effective magnetic moment st per iron atom (Table 1V).

The resulting values are close to the 5.91up /Fe value expected for a high-spin iron (l11)
compound. The negative value of the paramagnetic Curie temperature (0p) indicates the

occurrence of dominating antiferromagnetic interactions.

2) Thermal stability of KsFe3(POa)s-H20

The thermogravimetric analysis (TGA) of KsFe3(PO4)s-H20 from 110°C to 800 °C
(Fig. 2) shows that the dehydration occurs in two steps corresponding approximately to the loss
of ~1/4 and 3/4 of the water content. It shows three contributions: at 200°C, 540°C and around
800°C. The first step indicates the possible formation of a new phase at 200°C, that would
correspond to a less hydrated KsFe3(POs)s- 0.75H.O polymorph. Above 540 °C, the

dehydration is completed.

In situ thermal XRD study

10



In order to follow the crystal structure evolution upon heating, in-situ X-ray diffraction
measurements were performed (Figure 8). As seen from the patterns evolution versus
temperature (Figure 8a), the dehydration of KsFe3(PO4)s-H20 occurs without strong structural
modifications up to 600°C indicating that the lattice skeleton is maintained. All the XRD
patterns can be indexed in the monoclinic system. The P2/n space group is maintained up to
275 °C. In the 300°C - 600°C range the XRD patterns can be indexed in the C2/c space group.
Above 600°C, there is a strong structural reorganisation; the patterns are indexed using the
C2mb space group.

In the 25°C-600°C temperature range, the (200) line (20cy=9.6°) (Figure 8b),
indicative of the a cell parameter evolution, shifts gradually slightly towards lower angles from
room temperature to 275 °C and then shift back toward higher angles together with a line
broadening. Other diffraction lines behave similarly to (200) with weak shifts. Therefore within
this general trend, it was surprising to observe a strong gradual shift for the (211) line
(28cu= 20.8°) (Figure 8b) from room temperature to 275 °C and the complete disappearance of
the line for higher temperature. This diffraction line was properly indexed at room temperature
using the P2/n space group, but could not be indexed at higher temperature whereas all other
peaks were still described using the P2/n space group. The rapid displacement of one diffraction
line while the other ones are almost fixed indicates the existence of an incommensurate structure
for the KsFe3(PO4)s-yH20 phase between 25°C to 275°C with (1 >y > 0.75). The structure is
well ordered at room temperature and the departure of a fraction of water molecules during
heating implies a reorganization of both, the K* ions and the remaining water molecules in the
interslab space leading to an incommensurate structure. Note that the water molecules belong
to the K* coordination sphere in KzFe3(POa)s-H20. The partial loss of H.O generates then very
different K™ environments. The use of the P2/n space group for the KsFe3(PQa4)s-yH20 (1 >y >

0.75) phases is therefore an approximation here. Above 300°C, a new KsFe3(PO4)4-0.75H,0
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phase appears that does exhibit larger line broadening. No significant changes are then observed
up to 600°C. At 650°C, new diffraction lines appear indicating a phase transition. At 750°C,
the new KsFe3(PO4)s fully dehydrated phase is pure and its XRD pattern can be indexed with a

orthorhombic cell (C2mb space group).

Ex situ XRD study

In order to better characterize the new KsFe3(POas)s-yH20 phases, ex situ XRD pattern
were collected after cooling back to room temperature samples treated at 350°C, 600°C and
750°C for 4 hours. From our TGA analysis the corresponding stoichiometry’s are
K3Fe3(POa4)4-0.75H20 (monoclinic C2/c), KaFe3(POs)s (monoclinic C2/c) and KsFe3(POa)4
(orthorhombic C2mb) respectively. The resulting phases are very sensitive to moisture : after a
few hours in contact with air, the KsFe3(PO4)4-H20 phase is recovered. Special airtight sample

holders were therefore used for the XRD patterns acquisition.

a) Layered KsFe3(PO4)4-0.75H20 and KsFe3(PO4)s monoclinic phases

The XRD patterns of the two phases obtained at 350°C and 600°C, are compared in
Figure 9 with the KsFe3(POas)s-H20 one. They can be indexed using a monoclinic cell (C2/c
space group). The refined cell parameters are reported in Table 1l together with the homeotypic
phases NasFes(POs)s and KsFe3(PO4)s4-H20 for comparison. The peaks profile was refined
using, as before, a Thompson-Cox-Hastings function in order to consider size and constraints
effects. The constraints values slightly increase compared to those of the initial

KsFe3(PO4)4-H20 phase.
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Since KsFe3(PO4)4-0.75H20 and KsFes3(PO4)s phases obtained respectively at 350°C
and 600°C crystallize in the C2/c space group, similarly to NasFe3(POas)s, the Rietveld
refinement was carried out from the atomic coordinates previously established for this material
[5] replacing Na by K in the model. In the following only the structure of KsFes(PO4)4-0.75H,0
will be discussed. The one of KaFe3(POa)s is really similar and structural parameters are given
in supporting information. The oxygen and hydrogen atoms of the water molecule for the
KsFes3(POa4)4-0.75H20 were initially ignored. After this first step of the Rietveld refinement,
Fourier difference maps were calculated using the GFourier software in order to localize the
Oxygen of the H2O molecule. However, its position could not be determined satisfactorily and
neutron diffraction experiments will be required to localize precisely the H.O molecule. Figure
10 shows the observed, calculated and difference X-ray profiles of the powder diffraction
pattern of KsFe3(PO4)s-0.75H20. Atomic coordinates are given in Table V. This compound

exhibits, as its isotype sodium iron phosphate, a layered structure as shown in Figure 4,

b)  High-temperature orthorhombic KzFe3(POa4)4 phase

The new high temperature dehydrated KsFe3(POas)s phase obtained after the 750°C heat
treatment of KsFe3(PO4)4-H20 is stable in ambient conditions : it does not rehydrate contrarily
to the previous phases. Its room temperature XRD diagram can be indexed with an
orthorhombic cell (C2mb space group) with the lattice parameters: a = 9.301(1) A,
b =32.122(1) A and ¢ = 13.872 (1) (Figure 11). From the strong difference between its X-rays
diagram with those of NasFe3(POs)s and KsFes(POs)s.yH20O, we conclude that the iron-

phosphate framework in this new phase completely changed. A similar KsFes(POa)s phase
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obtained as single crystal was reported in B. Lajmi’s thesis without its structural determination
[20]. The full structural characterization of this phase is unfortunately not completed.

Conclusion:

In our study, we could evidence the formation of a set of new phases KsFe3(POa)s.y H.0O
synthesized by Na*/K* exchange reaction from NasFes(POa)4 in aqueous medium followed or
not by a thermal treatment. The ion exchange causes a distortion of the structure by the
replacement of the sodium cations by the potassium larger ones and water molecules. Thus
KsFes3(POa4)4.H20 crystallizes in the P2/n monoclinic space group. This new layered phase was
characterized by XRD and *'Fe Mdssbauer spectroscopy that allow to compare the structures.
The impact of the K*/Na* ion exchange on the structures and on the magnetic properties are
reported. The study of the thermal stability of KsFes(POa4)s.H2O reveals that other new layered
monoclinic KsFe3(PO4)4.yH20 with (0 < y < 1) phases can be stabilized between room
temperature and 600°C and finally another dehydrated orthorhombic KsFe3(PO4)s phase is

obtained at 750°C.
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Tables captions:

Table I: Some of the exchange conditions used to try to obtain new materials from
NazFes3(POa)a.: LICl aqueous solutions (at different temperatures and pH values), LiCl solution

in ethanol and LiNO3 molten salt...

Table 1I: Cell parameters of the different KsFe3(PO4)4-yH20 phases presented in this paper

compared to those of NasFe3(POa)a.

Table I1I: Fitted Mossbauer parameters of the KsFes3(POa4)s-H20 and NasFes(POs)s spectra

recorded at room temperature.

Table IVV: The magnetic parameters of KsFe3(PO4)4 and NasFe3(PO4)4 : the Curie constant (C),
the Weiss temperature (0), the Néel temperature (Tn), the experimental effective magnetic
moment obtained from the Curie constant (ueff exp.) and the theoretical effective magnetic

moment (ueff theo.).

Table V: Refined structural parameters using the Rietveld method with the Thompson-Cox-

Hastings function from the XRD pattern of the KsFe3(PO4)4.0.75H20 phase obtained at 350°C.
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Figures captions:
Figure 1: X-ray diffraction patterns of NasFe3(POa4)s and KsFe3(PO4)s-H20 after Na*/K* ions

exchange in aqueous solution.

Figure 2: Thermogravimetric thermal analysis (TGA) of KsFe3(PO4)s-H20 performed under

argon flow at 5°C/min.

Figure 3: Comparison between the experimental (*) X-ray diffraction pattern of
KaFe3(PO4)4.H20 (P2/n) and the calculated (-) one using the Le Bail method. The difference
plot (lobs. — Icalc.) is also given, as well as an enlargement of a selected angular range is given

to evaluate the quality of the refinement.

Figure 4: Representation of the structures of KsFe3(PO4)s-H20 (a) from Lii et al. [13] and

NasFes3(PO4)4 (b) [5].

Figure 5: SEM micrographs of NasFe3(POa)s (a) and KaFe3(PO4)s-H20 (b).

Figure 6: Experimental Mdssbauer spectra of KsFe3(POa4)s-H20 and NasFe3(POs)s recorded at

room temperature and calculated Lorenztian quadrupole doublets associated to Fe(1) and Fe(2).

Figure 7: A plot of the reciprocal susceptibility versus temperature for KsFe3(POs)s-H20 and

NasFe3(PO4)4 with an applied field 10 KOe.
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Figure 8: In-situ XRD patterns recorded while heating KsFe3(POa)s-H20 from room
temperature to 800°C. a) global view and (b) zoom on specific 26 ranges and temperature

domain.

Figure 9: Ex situ room temperature XRD patterns of compounds obtained from
KsFe3(POa4)4-H20 after heat treatment performed at 350°C and 600°C compared with the one
of the parent phase KzFe3(PO4)s-H:0.

Figure 10: Comparison between the experimental (*) X-ray diffraction pattern of
K3Fe3(P0O4)4.0.75H20 (C2/c) obtained at 350°C and the calculated (-) one using the Rietveld
method. The difference plot (lobs. — Icalc.) is also given, as well as an enlargement of a selected

angular range is given to evaluate the quality of the refinement.

Figure 11: Comparison between the experimental (*) X-ray diffraction pattern of KzFe3(POa)a

(C2mb) obtained at 750°C and the calculated (-) one using the Lebail method. The difference

plot (lobs. — Icalc.) is also given, as well as an enlargement of a selected angular range.
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Table I:

Exchange medium Temperature Time reaction Results

Distilled water 100°C 72h NasFe3(POas)s

Molten salt LiNOs 350°C 1h30 NasFe3(PO4)4
LisFes(PO4)s3

Molten salt LiNO3 350°C 12h LisPOq4
LisFe2(POa)3

LiCl (5M) aqueous solution Room 72h NazFe3(POa4)4

Li/Na=40 temperature

LiCl (5M) aqueous solution 100°C 72h LiFePO4-OH

Li/Na= 40

LiCl (5M) aqueous pH=4 100°C 72h FePO4-2H,0

Li/Na=40

LiCl (2M) methanol solution 60°C 72h NasFe3(POas)s

Li/Na=40

LiCl (5M) butanol solution 110°C 72h NasFe3(POas)s

Li/Na=40 LisPO4
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Table II:

(750°C heat treatment)

Space a(A) b(A) c(A) B(°) V(A
group
NazFes(POas)4 C2lc 19.6494(3) | 6.3924(1) | 10.5969(2) | 91.776(1) 1330
from Ref. [5]
KsFes3(POs)s-H20 Pnna 10.0717(1) | 20.823(4) | 6.5296(9) 90 1457
from Ref. [13]
K3Fes(PO4)s-H0 P2/n 20.857(1) | 6.529(1) | 10.727(1) 90.15(1) 1460
KsFe3(PO4)s-0.75H20 C2/c 20.865(1) 6.530(1) 10.732(1) 90.44(1) 1462
(350°C heat treatment)
KsFe3(POa)s C2/c 20.906(1) 6.535(1) 10.731(1) 90.94(1) 1467
(600°C heat treatment)
KaFes(POa4)4 C2mb 9.300(1) 32.122(1) | 13.872(3) 90 4144
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Table I11:

Site | 8(mm/s) | A(mm/s) | T(mm/s) | % Site
3+
KoFes(POeHo0 | FE(D) | 0421(3) | 1401(3) |0270(2) |35 | Fe* [O]
Fe(2) | 0.426(2) 0.683(2) 0.290(1) 65 Fe3* [Oh]
3+
NasFes(POs)s Fe(1) 0.409(5) 1.153(5) 0.294(4) 36 Fe®* [Oh]
Fe(2) | 0.413(3) | 0.315(3) | 0.336(3) | 64 | Fe** [Oh]
Table IV:
C (emu.K.mol Op (K) Tn (K) peff exp. eff theo.
Y
(u8) (u8)
KsFes(PO4)a-H20 12.6 -191 29.0 5.79 5.91
NazFe3(POa)s 12.0 -183 27.7 551 5.91
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Table V : Refined structural parameters using the Rietveld method with the Thompson-Cox-
Hastings function from the XRD pattern of the KsFe3(PO4)4.0.75H,0 phase obtained at 350°C.

K3F63(PO4)4-0.75H20 (With y < 1)

C2/c

a = 20.8649(3) A; b = 6.5304(3) A; ¢ = 10.7323(3) A; 5= 90.444(6)°

Space group:

Atom Site Wyckoff position Occupancy
Fe(1) 4d Ya Ya Ya 1
Fe(2) 8f 0.1631(1) 0.4907(7) 0.7486(4) 1
P(1) 8f 0.2030(2) 0.0130(13) 0.2417(8) 1
0O(11) 8f 0.1688(6) 0.8451(17) 0.2756(11) 1
0(12) 8f 0.2522(7) 0.0507(19) 0.3609(12) 1
0(13) 8f 0.1656(7) 0.2164(16) 0.2245(13) 1
0(14) 8f 0.2510(7) 0.9748(21) 0.1557(12) 1
P(2) 8f 0.9018(2) 0.3464(8) -0.0001(8) 1
0(21) 8f 0.9087(7) 0.4919(24) 0.9019(13) 1
0(22) 8f 0.8911(6) 0.4906(19) 0.1301(13) 1
0(23) 8f 0.9543(5) 0.2302(14) 0.0283(13) 1
0(24) 8f 0.8515(5) 0.2089(14) 0.0110(15) 1
K(1) 4e 0 0.3401(10) Ya 1
K(2) 8f 0.0902(2) 0.1465(6) 0.9823(6) 1
Conditions of the run

Temperature 293 K

Angular range 5°< 20 £120°

Step scan increment (26) 0.0167°

Sample displacement (26) 0.005(1)°

Number of reflections 675

Profile parameters of the Thompson-Cox-Hastings function
Instrumental parameters *; V = -0.0009 and W = 0.0017
Anisotropic size broadening described using the IsizeModel 1 (i.e. a broadening of the

(h00)-type reflections): SZ = 1.33(1)
Anisotropic strain parameters: Sag) = 0.27(1), So22) = 0.56(2), S(oosy = 0.04(1); Ls = 0.21(1)
Conventional Rietveld R-factors :
Rwp = 14.6 %; Rg= 8.2 %; Scor = 3.4

(*) Determined using LaBe as standard
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