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The exploration of the systems Fe—H—P—0, Li—Fe—H—P—0, and K—Fe—H—P—0 using soft chemistry methods
has allowed three new hydrogenophosphates to be synthesized, whose structures have been determined by ab initio
calculations. The structures of two of them—FeH,P,0; and LiHsFe(P>0,),—exhibit close relationships: their 3D
framework consists of [FeOy].. and [LiFe,01,]... chains of edge-sharing octahedra, respectively, interconnected through
diphosphate groups. These two diphosphates exhibit a paramagnetic to antiferromagnetic transition at low temperatures.
The former phase exhibits intrachain ferromagnetic interactions (6, > 0) in competition with the antiferromagnetic
interchain ordering, whereas for the second one, the ferromagnetic interactions have disappeared due to the presence of
Liinthe chains. Differently, the third phosphate, KoFe(HP,07)(Ho.PO4),, exhibits a chain structure, involving isolated FeOg
octahedra, and consequently is paramagnetic in the whole temperature range (4—300 K). Among these three
phosphates, only the latter exhibits ionic conductivity, which may originate from the proton mobility.

Introduction

The crystal chemistry of iron phosphates is extremely rich
due to the ability of iron to adopt more than one oxidation
state, that is, Fe(II) and Fe(IlI), and to accommodate several
coordinations such as octahedral, tetrahedral, or trigonal-
bipyramidal. As a result, many Fe(III) phosphates such as Fe-
(1)03)3;1 LiFeP207;2’3 FeP 04;4 A3F32(PO4)3;5 LigFe;(P 207)3;6
and several Fe(II) phosphates such as NH4FePO,- H-0,’ Fe,-
P,0,.® and SrFe,(PO,),’ have been isolated. Several mixed
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valent iron oxides have also been synthesized, such as, for
example, Fe,POs,'" CsFey(POy);-2H,0,"" Fey(P,0),, '
AFes(PO,4)s(OH)-H,0 (A = Ca, Sr),"* and NH,Fe,(PO,),."*
Several of these phosphates exhibit a great potential for various
applications, such as, for example, FePO,4, which can be used as
cathode in lithium ion batteries'>'*"7or as heterogeneous
catalysts for selective oxidation reactions. The magnetic prop-
erties of mixed valent iron phosphates were also found inter-
esting in connection with the ordering of Fe?* and Fe** species
and structural transitions.'®"'> Another class of materials that
has not been thoroughly explored so far deals with the iron
hydrogenophosphates, which represent a potential for the
generation of novel structural frameworks, susceptible to
exhibiting either protonic conductivity or lithium intercalation,
as shown recently for H;O[Fe(H,0)J5[Hg(POy4)e]-3H,0,'®
Fe, 1oPO4F 11(OH)g 46(H20)043,"°  Fey 33(PO4)-(OH),* and
KFe(H,P,0),.2' In most of these hydrogenophosphates,
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Figure 1. Rietveld refinement plot of X-ray diffraction data for LiH;-
Fey(P,0O4),, HoFe(P,07), and K,;Fe(HP,O7)(H,POy),. Inset: SEM image
of the phase.

Table 1. Crystallographic Data for LiH;Fe,(P,07),, HyFe(P,0,), and K,Fe-
(HP,07)(H,PO4),

KzFC(HPzO7)-
compound LiHsFe,(P,0O7), H,Fe(P,0,) (H,POy),
atomic ratio from  1:2:4 1:2 2:1:4
EDS/AAS
fw 469.55 g/mol 231.85 g/mol 498.046 g/mol
cryst syst orthorhombic monoclinic orthorhombic
space group Pbnb (56) P12,/cl (14) Pb2ya (29)

a=13.4850(5) A a=9.2318Q2Q) A  a=19.0475(2)A

h=9.3502(4) A  h=1279432) A b=13.4613(2) A

c=824013) A  ¢=9.7256() A ¢=5.1012(1) A
B = 106.81(1)°

cell params

cell volume 1038.97(7) A® 1099.66(2) A* 1307.97(3) A®
z 4 8 4

caled density 3.00 g/em? 2.80 g/em? 2.55 g/em?

P 1.28 2.56 2.32

Rwp. Ry 2.18%, 6.61%  1.29%,8.71%  1.44%,9.36%

iron exhibits the trivalent state, as shown for the following
compounds: NaBaFe,(HPO,); - H,0,”> NH,HgFes(PO,)g - 6-
H,0,% FeH,P;04,,>* Fe4s(OH)(POy);, > Fe(H,PO,);,%® and
Fe(H;0)(HPO,),.”’ Very few hydrogenophosphates contain
divalent iron. Two examples can be cited: the pure Fe(II)
phase Fe,(PO4)(OH)* and the mixed valent iron hydro-
genophosphate Fe;(HPO4)(PO,)s.>’ Two mixed valent hy-
drogenophosphates, AFes(PO,)s(OH)-H,0." have also
been synthesized, with A = Ca and Sr. Bearing in mind
these results, we have revisited the synthesis of iron hydro-
genophosphates, using soft chemistry methods, that is, start-
ing from Fe,O; or metallic iron dissolved in phosphoric acid,
and adding eventually K,CO; or Li,COs to the solution.
We report, herein, the synthesis, structure, and phy-
sical properties of two novel Fe(II) hydrogenophosphates,
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Figure 2. TGA curve under nitrogen flow at 2°/min for K,Fe(HP,O,)-
(H,POy), (a), HoFe(P205) (b), and LiH;3Fey(P207), (c).
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Figure 3. Transmission Mdossbauer spectra registered at 298 K
for HzFe(P207) (a), LiH}Fez(P207)2 (b), and KzFC(HP207)(H2-
POy4) (o).

Table 2. Isomer Shift (IS) and Quadruple Splitting (QS) for LiH;Fe,(P,07),,
H,Fe(P,0,) and K,Fe(HP,0,)(H,PO,),

IS (mm/s) QS (mm/s) I (mm/s) %

H,FeP,0; 1.310 2.083 0.16 434
1.287 3.151 0.14 412
0.518 0.314 0.19 15.4
LiH;Fes(P,0-), 1312 2.588 0.17 91.2
0.520 0.327 0.18 8.8
K,Fe(HP,0,)(H,PO,),  0.445 0.522 0.17 100.0

LiH;Fe(P,07), and Fe(H,P,07), and one novel Fe(IlI)
hydrogenophosphate, K,;Fe(HP,O7)(H,POy)-.
Experimental Section

Chemical Synthesis. The synthesis of these three new hydro-
genophosphates was carried out in an acidic solution of H;POy4
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Table 3. Fractional Atomic Coordinates and Isotropic Thermal Factors for (a)
HyFe(P,0), (b) LiH;3Fex(P,07),, and (c) K,Fe(HP,07)(H,PO,),

(a) H2F€P207
atom  Wyck. xa y/b zJc UIA?
Fel 4e 0.747(3) 0.255(2) —0.249(3) 0.016(2)
Fe2 4e 0.746(3) 0.0830(6) 0.008(2) 0.016(2)
P1 4e 0.510(1) 0.2900(9) —0.063(1) 0.021(9)
o1 4e 0.613(7) 0.215(3) —0.113(5) 0.027(5)
02 4e 0.572(8) 0.317(5) 0.094(3) 0.027(5)
03 4e 0.345(2) 0.249(4) —0.102(6) 0.027(5)
04 4e 0.497(4) 0.396(2) —0.153(3) 0.027(5)
P2 4e 0.549(1) 0.0380(8) 0.229(1) 0.021(9)
05 4e 0.598(6) —0.034(4) —0.106(7) 0.027(5)
06 4e 0.596(7) —0.068(2) 0.308(5) 0.027(5)
o7 4e 0.672(4) 0.095(3) 0.185(4) 0.027(5)
P3 4e 0.986(1) 0.2829(9) 0.067(1) 0.021(9)
08 4e 0.878(6) 0.209(3) 0.110(5) 0.027(5)
09 4e 0.925(8) 0.183(5) 0.413(3) 0.027(5)
010 4e 0.137(3) 0.224(4) 0.087(7) 0.027(5)
Ol1 4e 0.047(3) 0.366(2) 0.195(3) 0.027(5)
P4 4e 0.972(1) 0.4434(8 0.286(1) 0.021(9)
012 4e 0.113(6) 0.475(4) 0.404(7) 0.027(5)
013 4e 0.919(7) 0.536(3) 0.184(5) 0.027(5)
Ol4 4e 0.842(4) 0.111(3) —0.179(4) 0.027(5)
(b) LiH3Fey(P,07),
atom  Wyck X/a v/b z/e U [AZ]
Fe 8e 0.90776(20)  0.4800(4) 0.8616(4) 0.0190(9)
Pl 8e 0.7985(3) 0.6696(5) 0.5433(5) 0.0232(9)
o1 8e 0.8727(5) 0.5651(10)  0.6169(14)  0.0232(9)
02 8e 0.8287(5) 0.7109(12)  0.3643(8) 0.0232(9)
03 8e 0.6893(4) 0.6286(6) 0.5319(10)  0.0232(9)
04 8e 0.7996(7) 0.8139(8) 0.6356(12)  0.0232(9)
P2 8e 0.9348(3) 0.2650(5) 0.1988(5) 0.0232(9)
05 8e 0.9106(8) 0.3234(7) 0.3701(8) 0.0232(9)
06 8e 0.9684(7) 0.3834(9) 0.0809(11)  0.0232(9)
o7 8e 1.0005(6) 0.1310(8) 0.1992(12)  0.0232(9)
Li 4a 0 0 0 0.0232(9)
(c) KxFe(HP,07)(HaPOy)s
atom  Wyck. x/a v/b z/c U [Az]
K1 4a 0.2696(5) 0.7553(11)  1.0042(12)  0.0151(20)
K2 4a 0.5587(6) 0.5788(10)  0.7848(14)  0.0151(20)
Fel 4a 0.3648(3) 0.50000 0.9388(10)  0.0013(17)
P1 4a 0.8536(7) 0.3468(11)  0.5445(17)  0.0052(12)
Ol 4a 0.9367(13)  0.3548(22)  0.584(4) 0.0162(20)
02 4a 0.8162(12)  0.4158(23)  0.756(4) 0.0162(20)
03 4a 0.8299(13)  0.2367(24)  0.608(3) 0.0162(20)
04 4a 0.8371(12)  0.3770(14)  0.269(2) 0.0162(20)
P2 4a 0.9898(7) 0.3583(9) 0.825(2) 0.0052(12)
05 4a 0.9813(14)  0.2612(15)  0.985(4) 0.0162(20)
06 4a 1.0598(13)  0.3890(21)  0.701(5) 0.0162(20)
07 4a 0.9659(11)  0.4512(21)  0.987(4) 0.0162(20)
P3 4a 0.1975(5) 0.5293(10)  0.7323(17)  0.0052(12)
08 4a 0.1648(13)  0.4417(13)  0.890(4) 0.0162(20)
09 4a 0.2031(9) 0.5029(22)  0.435(2) 0.0162(20)
010 4a 0.1491(13)  0.6222(17)  0.760(3) 0.0162(20)
Ol1 4a 0.2702(8) 0.5537(20)  0.839(4) 0.0162(20)
P4 4a 0.9066(7) 0.6478(13)  0.580(2) 0.0052(12)
012 4a 0.9859(15)  0.6693(19)  0.633(4) 0.0162(20)
013 4a 0.9085(13)  0.5757(17)  0.349(3) 0.0162(20)
Ool4 4a 0.8699(13)  0.6146(18)  0.837(4) 0.0162(20)
0Ol15 4a 0.8659(2) 0.7453(21)  0.495(4) 0.0162(20)

(85% weight), in ambient atmosphere. For the synthesis of Fe-
(IIT) hydrogenophosphates, iron is introduced in the form of
Fe,05, and for the synthesis of Fe(II) hydrogenophosphates,
iron is introduced in the form of metal or FeO. Such a method
allows the presence of any other anionic species than phosphates
to be discounted. Thus, for the synthesis of the Fe(III) phase
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K,>Fe(H,POy4),(HP,05), a mixture of Fe,O3 (1.5 g) and H3PO,4
(37 mL) was first placed in a borosilicate beaker. Then, after
homogenization, K,CO5 (10 g) was added, and the mixture was
stirred for one day at 200 °C. A white precipitate was obtained,
which was washed with water in order to remove the excess
phosphoric acid.

For the synthesis of Fe(Il) phases FeH,P,O; and LiFe,-
[H3(P,07),], a similar experimental method was applied, but
using metallic iron instead of Fe,Os.

The FeH,P,0; phase was prepared in a borosilicate beaker at
200 °C over two days. A total of 0.5 g of FeO was mixed with 20 mL
of H3PO4 (85% weight) and stirred. The white powder was washed
with pure acetone, filtered, and dried in the air. For LiHj3-
Fe(P,O5), synthesis, 2 g of an Fe powder were dissolved in
40 mL of H3PO, and stirred at room temperature. Then, an excess
of Li,CO; (7 g) was added, and the mixture was stirred for 2 days at
250 °C. After decanting and dropping the excess of the liquid, the
white precipitate was washed with water and filtered. The solid was
finally washed with acetone and dried at room temperature.

X-Ray Diffraction and Structure Determination. The X-ray
powder diffraction (XRPD) patterns were first collected on a
Philips X-Pert diffractometer in order to identify the new phases
and to check the purity. Then, pure samples were recorded either
on a Philips X-Pert diffractometer, using Ko, > wavelength
radiation, or on a Briicker D8 high-resolution spectrometer, using
Ko radiation, in order to carry out structural refinements. The
three structures were determined ab initio, from XRPD data
using the FOX program,’®3! based on Monte Carlo methods.
The work was done with all default options; hence, the parallel
tempering algorithm was used. Previously, a pattern matching
was done with the FullProf program®? for determining cell
parameters, peak profile parameters, and diffractometer zero
error. The latter parameters were introduced in the FOX pro-
gram. In order to reduce the degrees of freedom and increase the
probability to reach the correct solution, the P and O atoms
were introduced as POy tetrahedra in the calculations. Note that
the FOX program has the advantage of working on limited
data, so that the solution of the structure determination could
be found in a first step rapidly on a short scan pattern. The
structural refinement was finally carried out with the FullProf
program.

Chemical Composition and Morphology. Thermogravimetric
analysis (TGA) was performed in a N, atmosphere at a heating
rate of 2 °C/min with a TG92 Setaram microbalance. The
sample morphology was studied with a scanning electron micro-
scope (SEM) XL-30 Philips Field Effect Gun with a resolution
of about 1 nm. The cationic composition was checked by energy
dispersive spectroscopy (EDS) using a kevex analyzer. Atomic
absorption spectroscopy was performed for the titration of the
lithium content in the sample LiH;Fe(P»,05),.

Physical Measurements. The powder Mdssbauer resonance
spectra were measured at room temperature in transmission
geometry by use of a constant acceleration spectrometer and a

"Fe source diffused into a rhodium matrix. The velocity scale
was calibrated with a o-Fe foil at room temperature. The spectra
were fitted with Lorentzian lines using the unpublished MOS-
FIT program.®* The isomer shift values are given with respect to
metallic iron at 293 K. The magnetic susceptibility of a pow-
dered sample was measured from 5 to 400 K with a SQUID
magnetometer (MPMS, Quantum Design) for an applied field
B=3000 Oe. The sample was first zero-field-cooled at 5 K until a
stable temperature was reached before applying the magnetic
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Program, University of Le Mans: Le Mans, France.
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Figure 4. Crystal structure view of H,Fe(P,0-) along the ¢ axis.

field. The “’Fe transmission Mdssbauer spectra for powder
samples were measured at room temperature using a >'Co/Rh
source. Impedance measurements were carried out with an EG&G
7220 lock-in amplifier in the frequency range 10 Hz to 120 kHz.
Pellets were prepared by cold-pressing the powder sample. Gold
electrodes were deposited by vacuum evaporation. The impedance
measurements were carried out at steady-state temperatures
from room temperature to 600 K under an air atmosphere.

Results and Discussion

All of the peaks of the XRPD patterns of the three new
phases (Figure 1) were indexed either in an orthorhombic or
in a monoclinic cell, attesting their purity. The three com-
pounds show homogeneous shape from SEM analysis with a
size comprised between 2 and 5 um (inset, Figure 1). The
cationic composition deduced from EDS measurements
(Table 1), combined with atomic adsorption analysis and
thermogravimetric analysis carried out under a nitrogen flow
(Figure 2), allowed the chemical compositions of these phases
to be confirmed: LiH;Fe(P,O5),, Fe(H,P,05), and K,Fe-
(HP207)(H2PO4)2. The Welght loss in KzFC(HP207)-
(H,PO,), (Figure 2a) takes place in one step, up to 300 °C,
and corresponds exactly to the departure of 2.5 H,O molecule
per formula, leading to the formation of KFeP,O; and
amorphous phases. Whereas for FeH,P,0; and for LiH;Fe-
(P,O4), (Figure 2b,c) one observes a small weight loss below
100 °C, which corresponds to the departure of adsorbed
water due to the hygroscopic nature of these phases,
the large weight loss observed up to 335 °C corresponds
to the departure of 1.5 H>O molecule per formula for
LiH;Fe(P,O7), and ~0.9 H,O molecule per formula for
FeH,_sP,0,. The resulting powder obtained after the heat
treatment was amorphous. Due to the large quantity of

Pralong et al.
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adsorbed water, the physical properties characterizations
are limited. The fact that only 0.9 H,O molecule is removed
for the phase upon heating suggests a partial oxidation of the
FeH,_sP,0, which should be FeH; 3sP,O,. M&ssbauer spec-
troscopy measurements confirm this hypothesis.

Mossbauer Study. The Mossbauer spectra of the as-
synthesized compounds registered at room temperature
are shown in Figure 3. The Mdssbauer spectrum of
FeH,_sP,O; shows three quadrupole doublets. Two
doublets, with large isomer shifts, are characteristic of
divalent iron in octahedral coordination, while the third
doublet corresponds to iron in a trivalent state. In fact, it
appears that the sample reacts slowly with the tape used in
the sample holder to produce a brown phase. Then, the
third doublet originates certainly from the oxidation of
the sample (Table 2). The two other quadrupole doublets
show that there are two sites for divalent iron in equal
proportion in the structure of FeH,_sP,0-.

The Mossbauer spectrum of LiH;Fe»(P>05), shows only
one quadrupole doublet with a large isomer shift and a
small trivalent iron contribution. Again, the trivalent iron
contribution originates from the oxidation of the sample,
and the doublet with a large isomer shift shows that iron is
divalent and located on only one octahedral site. In con-
trast, the Mdssbauer spectra of K,Fe(HP,O7)(H,PO,4), can
be fitted with a single quadrupole doublet characteristic of
trivalent iron. The isomer shift and the quadrupolar split-
ting indicate that there is only one octahedral site for
trivalent iron in the structure of this compound.

Structural Study. The crystal data and details of refine-
ments of the structure of these three compounds are
summarized in Table 1. The values of y*> and Bragg
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Figure 5. Crystalstructure view of H,Fe(P,05) along the a axis (a), (100)
[FeOy].. layer of FeOg octahedra forming infinite [FeOy].. chains of edge-
sharing octahedra running along ¢ (b), and (100) layer of diphosphate
groups forming pairs oriented at 90° (c).

reliability factors show that satisfactory refinement is
achieved for the three compounds. The atomic coordi-
nates and isotropic thermal factors are listed in Table 3.
Nevertheless, the positions of the hydrogen atoms cannot
be determined from such a study and will be discussed

Inorganic Chemistry, Vol. 48, No. 14,2009 6839

later. Note also that no solution could be found in the
space group Pbma for K,HsFeP,0,(PO,),, and conse-
quently the crystal was determined in the non-centro-
symmetric space group Pb2;a.

The structure of FeH,P,O- is similar to that previously
determined by Blum et al.** for H,NiP,O,. It can be
described by the stacking along « of the [FeOy].. layers of
FeOg octahedra interconnected by layers of diphosphate
groups (Figure 4). Such [FeOy]., layers, parallel to (100),
consist of isolated [FeOy].. zigzag chains of edge-sharing
octahedra running along ¢ (Figure 5a,b). In the dipho-
sphate layers, the diphosphate groups are displayed by
pairs oriented at 90° (Figure 5c). Importantly, each
phosphate group shares four apexes with the FeOg octa-
hedra of two [FeQy].. chains, belonging to two different
layers. Consequently, each diphosphate group has two
free apexes, labeled O3, 06, 010, and O13, respectively,
for the four independent P atoms of the structure. Note
that the free apexes are directed toward the axis of
the [001] tunnels formed by the [FeP,O5].. framework.
The geometry of the polyhedra is in agreement with
that generally observed for transition metal phosphates.
The interatomic distances are reported in Table 4a.
The POy tetrahedra are almost regular with three P—O
distances ranging from 1.50 to 1.55 A, and a longer
one comprised between 1.60 and 1.61 A, corresponding
to the bridging oxygen. The Fe—O distances, ranging
from 1.97 to 2.18 A, are close to those expected for Fe(II)
oxides.

The structure of LiH;Fe(P,0O5), is unique (Figures 6
and 7a). It consists of [LiFe;O»].. layers of LiOg and
FeOg octahedra parallel to (010), interconnected through
layers of diphosphate groups (Figure 6). In each
[LiFe;O15].. layer, the octahedra share edges similarly to
FeH,P,0; (Figure 4), forming isolated zigzag [LiFe,-
0O1,].. chains running along ¢, but with different periodi-
city along that direction, since one LiOg octahedron alter-
nates with one bioctahedral Fe,O1( unit (Figure 7b). The
diphosphate layers exhibit a similar configuration to that
observed for FeH,P,O; that is, they are also displayed by
pairs oriented at 90° (Figure 7c). Each diphosphate group
shares six apexes with the surrounding FeOg octahedra,
the seventh oxygen atom being the bridging oxygen.
Consequently, none of the polyhedra have a free apex,
in contrast to FeH,P,0,. The PO, tetrahedra are rather
regular, with three P—O distances ranging from 1.53 to
1.55 A, and a longer one around 1.59 A (Table 4b),
corresponding to the bridging oxygen. The Fe—O dis-
tances, ranging from 2.10 to 2.22 A, show that the FeOyq
octahedra are rather regular and compatible with the size
of the Fe*" cation. The Li—O distances, with four short
bonds around 2.05 A and two longer at 2.31 A, show that
the Li* cations sit in elongated octahedra.

Interestingly and unlike H,FeP,0,, which shows the
same structure as for nickel and cobalt, this iron hydro-
xyphosphate is not isostructural with the nickel and the
cobalt phases. Indeed, the structure of LiNi,H3(P>0O7),
recently reported? is described in the monoclinic space
group C2/c witha=10.92 A, h=12.77 A, c=8.88 A, and

(34) Blum, M.; Thauern, H.; Glaum, R. Phos. Res. Bull. 2002, 13, 83 —86.
(35) Yang, T.; Yang, S.; Liao, F.; Lin, J. J. Solid State Chem. 2008, 181,
1347-1353.
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Table 4. Selected Distances and Calculated Valences for (a) H,Fe(P,05), Table 4. Continued
(b) LiH3Fex(P,07),, and (c) K,Fe(HP,07)(H,PO4), (b) LiHsFex(P205)
3L Ca2Y7)2
(a) H2F6P207
P1-02 1.579(9) 04 1.55(2)
bond length atom valence sum caled P1-03 1.524(7) 05 1.31(4)
P1-04 1.549(9) (2.07(4)%)
i U e poos 1o o 1530
el— . e . : : :
Fel—07 2.07(4) Pl 4.88(11) P2-06 1.541(10) Lil 1.02(1)
Fel—08 2.12(7) P2 4.81(12) P2-07 1.534(92)
Fel—09 2.08(6) P3 4.91(12)
Fel—014 2.07(4) P4 493(13) (¢) KoFe(HP207)(H2PO,)x
Fe2—0l1 2.16(5) o1 1.95(9) :
Fe2—05 2.06(5) 02 1.73(5) bond length/A atom valence sum calcd (exp)
E‘;g:g; giig; 82 égégg; Fel—02 2.14(2) Fel 2.97(5)

- : : Fel—04 2.04(2) Pl 4.74(11)
Fe2-012 1.9765) 05 1.68(%) Fel—08 2.072) P2 460(11)
IF,TZ__O?M fg% 8? ;(1)?% Fel-012 2.01(2) P3 4.65(10)
Pl_00 13103) o8 1 99(10) Fel—O14 1.97(2) P4 4.68(11)

B : : Fel—015 1.92(2) ol 2.11(6)
P1-03 1.55(3) 09 1.76(6) Pl_O1] L603) 02 1 56(5)
P1-04 1.60(3) 010 1.22(5) Pl_02 1593) o3 128(6)
P2-04 1.60(4) ol1 2.05(5) P1-03 1.58(4) o4 2'09(7)

P2-05 1.53(5) 012 1.83(9) Pl_on 13002) o3 L3307
P2—06 1.55(4) 013 1.27(6) P01 160%) o 1276)
P2-07 1.52(4) 014 2.08(7) P06 1550) o7 17966)
gg:gg {2(2)52 P2—-07 1.53(3) 08 1.28(5)
P3-010 13404) P2-08 1.57(3) 09 1.15(3)
P01 16103) P3—09 1.56(2) 010 1.39(6)
PA—O11 L6103) P3-010 1.56(2) o011 1.96(6)
Pi-O12 132(5) P3-0l1 1.56(3) o12 1.34(6)
PI—013 1330 P3-012 1.522) 013 1.92(6)
PA—O14 1314 P4—013 1.56(3) 014 1.99(5)
' P4-014 1.53(2) Ol15 1.20(6)
(b) LiHsFes(P207)5 P4-015 1.55(2) Kl 1.03(2)
P4—016 1.59(3) K2 0.96(2)
bond length atom valence sum caled
“With HI (x = 0.878(9), y = 0.268(4), z = 0.427(9)) taken into
Fel—01 2219(12) Fel 1.98(1) account for the valence calculation.
Ez%:gi gigég; g; jggg; B =123.2°, and its structure derives from the H,MP»0O,
Fel—06 2.180(10) o1 1.76(2) (M = Fe, Ni, Co) type structure described above.
Fel—06 2.155(10) 02 2.14(2) The structure of K,HsFeP,07(POy), is also original
Fel—07 2.097(10) 03 1.66(2) and very simple. As shown from the projection of the
P1-Ol 1.525(10) (1.92(2)%)

latter along ¢ (Figure 8), it consists of isolated FeOyg

| } [LiFe2O12]e
I

layer
— P,07 layer

Figure 6. Crystal structure view of LiH3Fe,(P,0O7), along the ¢ axis showing the stacking of [LiFe,O15].. layers of LiOg and FeOg octahedra with layers of
P,O; groups.
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(a)

Figure 7. Crystal structure view of LiH;Fe,>(P,0O5), along the b axis (a),
[LiFe;Oy5].. layers parallel to (010) (b), and (010) layer of diphosphate
groups forming pairs oriented at 90° (c).

octahedra only connected to diphosphate and single phos-
phate groups. In fact, this compound exhibits a chain
structure as shown from its projection along « (Figure 9).
It consists indeed of [FeP4O;s).. chains running along c.
In each chain, one FeOg octahedron shares two apexes
with the same diphosphate group, one apex with another
diphosphate group, and other apexes with three single PO,
tetrahedra. Note that only the P,O; groups (P1 and P2)
and the P4 tetrahedra ensure the connection between the
FeOg octahedra along the chain, whereas the P3 tetrahedra
share only one apex with one FeOg4 octahedron, the three
other apexes being free (Figure 9). Thus, the structure of
K,HsFeP,0,(POy,), can be described as built up of anionic
mixed “tetrahedral—octahedral” chains whose cohesion is
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ensured by the presence of K cations. The interatomic
distances are reported in Table 4c.

As already pointed out, the structure calculations give
no information about the hydrogen positions. Never-
theless bond valence sum calculations may sometimes
bring additional information. The latter were performed
according to the Alternatt and Brown method?® and are
listed for each compound in Table 4.

In the case of FeH,P->O-, the main valence deficien-
cies (Table 4a) appear on the O3, 06, O10, and O13,
corresponding to the free apexes of the P,O5 groups. This
result is in perfect agreement with the results and hypoth-
esis previously reported for the isotypic phase
H,NiP,0,.*” Thus, the FeH,P,0; structure can be de-
scribed as being built up of P,Os(OH), groups with H
atoms localized in the [001] tunnels (Figure 3) and be-
tween the diphosphate groups, reinforcing the cohesion
of the structure of this hydrogenophosphate Fe-
[P,O5(OH),].

For LiHsFe,(P,0),, the valence deficiency (Table 4b)
appears mainly on four oxygen sites—O1, O3, O4, and
O5—but the difference is not so obvious between these
different sites. Additionally, in this structure, there is no
free apex for the P,O; and FeOg polyhedra. The geometry
of the diphosphate layers (Figure 7c) is rather similar to
that observed for FeH,P,0O; (Figure 5) and suggests that
the H atoms are mainly localized between these dipho-
sphate groups. The unit cell should contain 12 hydrogen
atoms that should then be distributed either on one
general Wyckoff site (8¢) and a special Wyckoff site
(4b, 4c, or 4¢), or on two general Wyckoff sites, with at
least one site partially occupied. Otherwise, one hydrogen
atom located at 0.82 A from an oxygen atom brings a
contribution of about 0.77 to the oxygen valence. OS5 is
then the only oxygen site that can form a bond with a fully
occupied hydrogen site to have a valence close to that
expected. Furthermore, this hydrogen can form a hydro-
gen bond with the O3 site, increasing the valence of this
oxygen atom. A fully occupied hydrogen site at x=0.878,
y = 0.268, and z = 0.427 leads to correct distances
and proper valences for the O5 and O3 atoms by forming
O—H: - -0 hydrogen bonds. The four remaining hydro-
gen atoms should be localized at random near the O4 site.

In the case of K,HsFeP,O,(POy),, valence deficits
(Table 4c) appear clearly on five oxygen sites out of 15,
that is, on 06, 09, 010, O12, and O15. All of these atoms
correspond to free apexes either of the P,O; groups (O6)
or of the POy groups (09, 010, 012, and O15). Thus, the
structure can be described as being built up of P,O¢-
(OH) groups and PO,(OH), tetrahedra, leading to the
formulation K,Fe[P,Og(OH)][PO,(OH),],. Thus, the co-
hesion of the structure of this phase is ensured by both
ionic bonds between the anionic chains [H5FeP4015]n2”7
and K" cations and by O—H---O hydrogen bonds
between these chains.

(36) Brown, I D; Alternatt, D Acta Crystallogr. 1985, B41, 244.

(37) Yang, T.;Ju,J.; Li, G.; Yang, S.; Sun, J.; Liao, F.; Lin, J.; Sasaki, J.;
Toyota, N. Inorg. Chem. 2007, 46, 2342-2344.

(38) Torardi, C. C.; Reiff, W. M.; Takacs, L. J. Solid State Chem. 1989,
82,203-215.

(39) Song, Y.; Zavalij, P. Y.; Suzuki, M.; Whittingham, M. S. Inorg.
Chem. 2002, 41(22), 5778.

(40) Kittel, C. Solid State Physics; J. Wiley and Sons Inc.: New York,
1956.
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[FCP4O1 51«:

chains

Figure 9. Crystal structure view of K,Fe(HP,0O,)(H,POy,), along the a axis, showing the [Fe(PO,),P,05].. chains running along c.

Magnetic Properties. The magnetic susceptibility cur-
ves %(T) and y~ '(T), both zero-field-cooled (ZFC) and
field-cooled (FC) for the three compounds, are plotted in
Figure 10. For these three samples, the data registered
above 20 K can be fitted with the Curie—Weiss law: y; =
Xo+TCT"})P showing that, in this temperature range, they

exhibit paramagnetic behavior. The effective magnetic
moments iy per Fe, per = p/up With 4 = /[(3kpCrn)/Na]
(with kg being the Boltzmann constant and N4 Avoga-
dro’s number), deduced from these curves (Table 5) are in
quite good agreement with the expected ones for Fe’ " and
Fe’" in the high-spin ground state. Both FeH,P,O,
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Figure 10. Susceptibility versus temperature y(7) for LiH3Fe,(P,O-),,
H,Fe(P,0-), and K,Fe(HP,0,)(H,PO,),. Inset: corresponding y~(7)
curves.

(Figure 10a) and LiH;Fe,(P,0O5), (Figure 10b) show a
very narrow peak at 7= 11.0 K and T = 7.5 K, respec-
tively, with superposition of the ZFC and FC curves, that
is, characteristic of a transition from the paramagnetic to
the antiferromagnetic (AFM) state as 7" decreases below
these temperatures.

The sharp increase of y as T decreases from 50 K to Ty
and the positive value of 6, = 3.7K for H,FeP,05, toge-
ther with the decrease of y below Ty, suggest that this
phase exhibits short-range FM interactions below Ty in
competition with the AFM long-range ordering of the
matrix. Bearing in mind that such a structure consists of
[FeOy].. chains of edge-sharing FeOg octahedra, it is most
likely that the FM coupling appears along the chains,
whereas the AFM ordering is due to the AFM coupled
between the chains. In contrast, LiH;FeP,O5 is charac-
terized by a negative 6, value of —7.6 K, showing that the
FM interactions along [LiFe>O,].. chains do not exist,
due to the fact that the LiOg octahedra displayed between
the Fe,O,( bioctahedral units break such interactions.

No transition could be detected for K,FeHsP,O5
(Figure 10c) down to 5 K, and the compound remains
paramagnetic down to 5 K, in agreement with the fact
that the FeOg4 octahedra are isolated.

Ionic Conduction Properties. The presence of protons
and lithium or potassium cations in the three phosphates
raises the issue of protonic or ionic conductivity. The
compounds FeH,P,O; and LiH;Fe,P,0; do not show
any signature of such conductivity. In contrast, the
compound K,FeHsP,O5 is of interest. The impedance
plots were obtained for this phase, between 10 Hz and
120 kHz under air. The compound was studied between
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Table 5. Magnetic Properties of the Samples Calculated from the DC Magnetisa-
tion Data“

Uert/UB Op/ K ref
LiH;Fes(P,0-), (Fe*™) S5.12(1)  —=7.6(1) this work
FeH,P,0; (Fe*™) 5.393) 3.7(2) this work
K,Fe(HP,0,)(H,PO,), (Fe* 1) 5.98(5) —13.0(3)  this work
Fe(H,PO,); (Fe*™) 6.08 —42.7(4) 26
Fe.18(PO4)(OH)g.57(H20)0.43 4-4.5 37
Fe,(OH)3(POy); 4.2 86.6+0.3 38
FePO, 2H,0 monoclinic 6.392 —179.8 39
FePO, 2H,0 orthorhombic 6.305 —120.1 39
Fe?*(d®) high spin in octahedral site  4.90 40
Fe*" (d°) high spin in octahedral site  5.92 40

“6,,is the Curie—Weiss temperature. u.ris the effective paramagnetic
moment calculated in the paramagnetic regime of M—T data.
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Figure 11. Arrhenius plot log(o) versus 1000/T of K,Fe(HP,O,)-
(H,POy)s. Inset: Nyquist plot at room temperature.

room temperature and 250 °C, due to its poor thermal
stability. A semicircle is observed at high frequencies,
followed by a spike in the low-frequency region (inset,
Figure 11). The conductivity increases with temperature,
reaching 10~>7 S/cm at 500 °C (470 K). The plot of log(o)
versus 1/T (Figure 11) exhibits a linear behavior, char-
acteristic of the classical Arrhenius relation. It evidences
only one regime of conductivity characterized by an
activation energy E, = 0.24 eV. These results clearly
establish that this hydrogenophosphate is an ionic con-
ductor. It is of course not possible to distinguish between
K" or H" ion transport nor to detect which hydrogen
atoms are responsible for the conduction and then
to determine the exact nature of the conductivity, that
is, to distinguish surface conductivity from bulk conduc-
tivity. Nevertheless, it is worth pointing out that the same
order of magnitude of ionic conductivity was obtained for
the protonic conductor H3OFe(HzO)3gHg(PO4)6]~3HZO,18
whose ionic conduction reaches 107° S/cm at 300 K.
Similarly, the phase KFe(H,P,05),,>' which also contains
protons, exhibits a conductivity o =3.107° S/em in the
temperature range 370—550 K (E, = 0.59 eV).

Conclusions

In the present work, we have demonstrated the great
potential of iron hydrogenophosphate systems for the
generation of new frameworks, combining soft chemistry
methods for the synthesis and ab initio calculations for the
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structure determination. From the viewpoint of magnetic
properties, the phosphates FeH,P,O, and LiH;Fe(P,O-),
attract particular interest due to the fact that their structure
consists of isolated octahedral zigzag chains, suggesting
quasi-unidimensional magnetic interactions for the former
and more magnetic clusters at the level of Fe,O;( bioctahedra
for the second one. Such magnetic behavior should be studied
more in detail in the future. In contrast, the phosphate
K,Fe-[P,O4(OH)|[PO,(OH);],, which shows isolated FeOg

Pralong et al.

octahedra, is simply paramagnetic, but the evidence for ionic
conductivity in this phase, probably due to protons, suggests
that investigation of such a property in the family of hydro-
genophosphates should be encouraged.
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