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ABSTRACT: Lij 45[Fe"; 43Fe' o s7(HPO3)6] - 1.5H, O has been synthesized by mild
hydrothermal techniques. This phase exhibits a crystal structure formed by the
[Fe", 43Fe™ ) s7(HPO3)s]"** ™ inorganic framework with the Li* cations as coun-
terions. The anionic inorganic skeleton is based on layers of FeOg4 octahedra linked
along the c-axis through (HPO;)*" oxoanions. The sheets are constructed using
12-membered rings of FeOg4 octahedra that repeat in the ab plane, giving rise to
channels ca. 3 A in diameter along the [100] direction in which the water molecules
and Li" cations are located showing positional disorder. The limit of the thermal
stability is ~285 °C. The IR spectrum shows the vibrational bands belonging to the
phosphite groups. From the fit of the Mossbauer spectrum, in the paramagnetic state,
characteristic values of the isomer shift and quadrupolar splitting for the simultaneous
presence of Fe(I) and (III) cations have been obtained. From the ac-magnetic
measurements, spin glass behavior was inferred, which can be attributed to the
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presence of both Fe(II) (S = 2) and Fe(III) (S = */,) cations. The spin-glass-like state was confirmed by specific-heat experiments,
with this phase being the first ordered transition-metal phosphite exhibiting this magnetic behavior. The existence of mobile lithium
cations in the channels of Li; 43[Fe", 43Fe™o 57 (HPO3)4] - 1.5H,O was studied by impedance spectroscopy at different
temperatures. The obtained Nyquist diagrams reveal two conduction processes. Electrochemical characterization was completed by
cyclic voltammetry experiments and galvanostatic measurements. A reversible exchange of lithium is also observed for this

compound for more than 100 galvanostatic cycles, equivalent to 12 mAh g~ ' of sample.
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B INTRODUCTION

Research in the area of framework solids exhibiting open struc-
tures continues to be exciting, because of their many potential
applications.”” Prior to the early 1980s, when the nanoporous
aluminum phosphates were first reported by Flanigen and co-
workers, the aluminosilictae zeolites” and closely related systems
represented the predominant class of open-framework materials
with a three-dimensional crystalline structure. Today, this in-
vestigation has given rise to a flurry of activity, resulting in many
structures with different dimensionalities.*

Recently, several reviews dealing with organically templated
phosphate, arsenate, and phosphite compounds have been
published.” With only very few exceptions, the synthesis of these
materials has been achieved by soft hydrothermal conditions
in the presence of an organic molecule—generally an amine,
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although other organic molecules are increasingly being used.
These molecules act as a structure-directing template around
which the structure is built and counterbalances the charge of the
anionic inorganic framework.

Referred to the phosphite oxoanion, systems containing Zn, the
so-called zincophosphites, are, by far, the most numerous in either
one, two, or three dimensions. However, an increasing number of
structures exists where the metallic centers are occupied by open-
shell transition-metal ions, thus giving rise to new magnetic phases.”

Open-framework solids that have large channels and cavities
have been exploited for catalysis and related studies.”™® It is
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becoming equally important to discover new solids with fascinat-
ing structures that offer new properties and applications. In this
sense, lithium intercalation into the channels or cavities of these
open-framework solids opens the gates to the attainment of new
phases with interesting ionic conductivity properties.

Within this field, many lithium transition-metal and polya-
nion-based materials have been widely studied, in search of novel
lithium conductors and intercalation compounds, including
different structures with (XO,4)" ™ and (X,0,)"” (X =P, S, As,
Mo, W).”~® However, to the best of our knowledge, no lithium
and transition-metal compound has been obtained with the phos-
phite oxoanion, (HP™0,)*", which is an oxoanion with only
three bonding oxygen atoms and a P—H group. To date, the
most important work has been carried out in organically tem-
plated inorganic—organic solids;**® however, no research on
lithium —iron(ILIII) phosphites has been reported.

In this work, we report on the hydrothermal synthesis, the
spectroscopic behavior, and the magnetic and electrochemical
properties of Lij 43 [Fe", 4;sFe™ s,(HPO;)s] - 1.5H,0, which
exhibits lithium ionic conductivity and an unusual magnetic
behavior. As far as we are aware, this is the first phosphite
oxoanion compound showing a spin-glass-like state and rever-
sible lithium insertion/extraction into the structure.

B SYNTHESIS AND CHARACTERIZATION

Lij 43[Fe', 43Fe™ ) s,(HPO;)s] - 1.5H,O has been synthesized
under mild hydrothermal conditions and autogenous pressure
(10—20 bar at 170 °C). The reaction mixture was prepared with
30 mL of distilled water, 19.2 mmol of H3;PO, acid, and 0.37 mmol
of FeCls - 6H,O. Finally, Li(OH) - H,O was added in an amount of
20.5 mmol, reaching a final pH value of ~3.0. The reaction mixture
was sealed in a polytetrafluoroethylene (PTFE)-lined steel pres-
sure vessel, which was maintained at 170 °C for five days. This
procedure allowed the formation of single crystals with a dark
green color and good quality for the structural study by XRD.

The metal and phosphorus contents were determined by induc-
tively coupled plasma—atomic emission spectroscopy (ICP-AES),
atomic absorption spectroscopy (AAS), and inductively coupled
plasma—mass spectroscopy (ICP-MS). The following results are
observed:

Found: Fe, 37.4; P, 21.1; Li, 1.2.

Required; Fe, 37.6; P, 21.4; Lj, 1.3.

In order to calculate the Fe(III):Fe(II) ratio, Mossbauer ex-
periments at room temperature were carried out. The results ob-
tained and the electroneutrality condition, together with the ICP
data, allowed us to obtain the following chemical composition:
Liy 43[Fe'"y 43Fe™ o 57(HPO3)s] "o 57+ 1.SH,0.

The density was measured by the flotation procedure in a mix-
ture of diiodomethane (CH,I,) and trichloromethane (Cl;CH),
using a single crystal. The result is 3.01(4) g cm™ >, with the
theoretical density obtained from X-ray diffraction (XRD) data
being 3.137 g cm .

The compound was characterized by XRD on a powdered
sample. The diffraction maxima of its pattern were indexed using
the TREOR program,' and the following unit-cell parameters:
a=102(1) A, c=92(1) A, and y = 120° were obtained. The
study of the systematic absence of reflections pointed to the P3c1
space group of the trigonal system. Starting from this data, the
pattern was fitted usin% the pattern matching routine of the
FULLPROF program,'’ confirming the purity and the high
crystallinity of the sample.

B CRYSTAL STRUCTURE DETERMINATION

A single crystal with dimensions of 0.51 mm X 0.03 mm X
0.03 mm was selected under a polarizing microscope and mounted
with inert oil on a Mitegen micromount. Single-crystal X-ray
diffraction (XRD) data were collected on an Oxford Diffraction
Xcalibur2 automated diffractometer (Mo Ka radiation) equipped
with a Sapphire2 CCD detector, at 100(1) K, using an Oxford
Cryosystems Cryostream 700 unit. The diffractometer software'>
was used to make the Lorentz polarization and absorption
corrections, taking into account the size and shape of the crystal,
as well as the data reduction. The integration of the data yielded
13713 reflections to a maximum 6 angle of 30.5° (0.7 A re-
solution); 863 of these reflections were unique, with an Ry, factor
of 0.036S. The number of observed reflections with I > 20(I)
was 818. The structure was solved by direct methods using
Superflip"** in the P3¢, space group. All atoms belonging to the
inorganic framework were located at this stage; however, the high
agreement factors indicated that the crystal could be twinned.
This was confirmed to be twinned by merohedry with the
TwinRotMap option of PLATON."® The twin element is a
180° rotation around the (110) direction, or any other equivalent
representative of the left co-set decomposition of the 6/mmm
holohedry under the 3m1 crystal class. The twin law (010/100/
001) was used during the refinements, and the twin volume of the
second component was refined to a value of 0.379(1).

The least-squares F*-based refinement of the structure, per-
formed by SHELXL97,"* allowed the location of the phosphite
group hydrogen, and showed residual density inside the channels
of the structure, which could be successfully modeled as water
molecules and lithium cations, both positionally disordered over
two mutually exclusive crystallographic sites.

All of the atoms, except the hydrogen of the phosphite group
and the lithium cations, were anisotropically refined. The hydro-
gen of the phosphite group was restrained to be equidistant to the
three oxygen atoms of the group, and was assigned a fixed
isotropic displacement parameter with a value equal to 1.2Uq
of the parent P atom. The two lithium atoms were constrained to
have the same isotropic displacement parameter, but their oc-
cupancy factors (as well as those of the water molecules) were
freely refined.

The final R-factors were R1 = 0.0167 and wR2 = 0.0450, with
R-factors of R1 = 0.0177 and wR2 = 0.0451 for all data. The
structure factor parameters have been deposited at the Cam-
bridge Crystallographic Data Centre (CCDC File No. 824501,
http:// www.ccdc.cam.ac.uk). All drawings were performed with
the ATOMS program.”® Crystallographic data are given in
Table 1.

B PHYSICOCHEMICAL CHARACTERIZATION
TECHNIQUES

Thermogravimetric analysis was carried out in a Model DSC
2960 simultaneous DSC—TGA instrument, under a synthetic air
atmosphere. A crucible with ca. 20 mg of sample was heated at a
rate of 5 °C min~ ' from room temperature to 800 °C. Tem-
perature-dependent X-ray diffraction (XRD) study on powdered
sample was performed in a Philips X'Pert automatic diffract-
ometer (Cu Ka radiation) equipped with a variable-temperature
Anton Paar HTK16 Pt stage. The patterns were recorded
from 30 °C to 810 °C in intervals of 15 °C in the range of
5° = 20 =< 38.5° with an integration time of 1 s per 0.03°
step. The IR spectrum was recorded using KBr pellets, within the

4318 dx.doi.org/10.1021/cm201337g |Chem. Mater. 2011, 23, 4317-4330



Chemistry of Materials

Table 1. Details of the Crystal Data, Structural
Resolution, and Refinement Procedure for
Li1.43[FeH4_43FeHIO.57(HPO3)6] *1.5H,0

Li; 43[Fe"y 43Fe™ o 57 (HPO3)6] - 1.5H,0
79239 g mol

formula

molecular weight

crystal system trigonal

space group (number) P3¢l (165)

a 10.2568(2) A

c 9.2086(2) A

v 838.97(3) A3

V4 2

Pobs 3.01(4) gem >

Peale 3137 gem?

F(000) 771.6
Collection data

temperature 100(1) K

Oxford Diffraction Xcalibur2

1

diffractometer
u 4.899 mm
radiation, (Mo Ka) 0.71073 A

reflection collected/ 13713/863 [Ryp= 0.0365]

unique
range 0 3.19°—30.48°
interval h, k, | —14<h=<14-14<k=<14-13=<1=13
Refinement
number of data/restraints/ 863/4/65
parameters

R factors [obs. data]®
R factors [all data]”

R1 =0.0164, wR2 = 0.0436
R1 =0.0174, wR2 = 0.0438

max. electronic residual 0.526e A”?
density
min of electronic residual  —0.303 e A™3
density
goodness of fit, GOF 1.133
>
wsn el o R
Sp[ YT T ™
; mas| o] + 2| _
5 ,and x = 0.0238.

400—4000 cm ™' region on a Mattson FTIR 1000 spectrometer.
The absorption spectra from 210 nm to 2000 nm, measured by
diffuse reflectance, were obtained with a Cary Model 5000
UV—vis—IR spectrometer. The Mossbauer measurements were
performed in the paramagnetic state at room temperature using
a source of *’Co—Rh and calibrating the velocity with a-Fe.
Magnetic susceptibility measurements (dc) were performed
in an applied field of 1 KOe over the temperature range of
2.0—300 K, using a Quantum Design MPMS superconducting
quantum interference device magnetometer. Data were collected
after both zero field cooling and field cooling of the sample.
Magnetization was measured as a function of field in a standard

Quantum Design PPMS system, the data were collected in the
range —85 =< H/kOe = 85 at different temperatures between
2 and 100 K after cooling the sample in a zero field. For the ac
magnetic susceptibility, a PPMS system with an alternate excita-
tion field of 4 Oe and frequencies between 10 and 10* Hz was
used. The heat capacity was also measured in a PPMS device
using a two-T model; the sample was a plate 0.4 mm thick and
8 mg in weight, obtained by compressing the original powder.
The conductivity of the sample was analyzed by electrochemical
impedance spectroscopy measurements up to 190 °C on square-
shaped pellets with Cu electrodes, using a Solartron 1260 Frequency
Response Analyzer.

Cyclic voltammetry and galvanostatic tests were conducted
on Swagelok-type cells assembled in an Ar-filled glovebox
(LabMaster 130, MBraun), with lithium metal foil as the negative
electrode. A powder mixture of Lij 43[Fe"y 43Fe™ s,(HPO3) 6] -
1.5H,0, carbon black (for electrical conductivity), and poly-
(vinylidene fluoride) (PVDF) as binder, in a 61:30:9 weight ratio,
was compressed as an 8-mm-diameter disk (<0.3 mm thick) and
used as the positive electrode. A glass microfiber sheet soaked in a
solution of 1 M LiPF4 in EC:DMC (1:1 w/w) (Merck) as the
electrolyte was placed between the two electrodes. Measure-
ments were carried out using a Biologic Multichannel Potentio-
stat Galvanostat (MPG) system.

B RESULTS AND DISCUSSION

Crystal Structure Description. Atomic coordinates and se-
lected bond distances and angles are listed in Tables 2 and 3,
respectively.

The lithium and water content per unit formula were refined
to values of 1.41(3) and 1.47(3), respectively, so that the
crystallographically determined formula, Li; 4;[Fes(HPO3)s]"
1.5H,0, agrees nicely with that obtained with the other analytical
techniques, Li; 43 [Fe", 4sFe™ s,(HPO;)6] - 1.5H, 0.

This phase has a crystal structure formed by sheets of FeOg
octahedra linked along crystallographic direction ¢ via phosphite
groups (see Figure 1). The Fe ions occupy two different special
sites with a relation Fe(1):Fe(2) of 3:2, whereas the P atoms
occupy general positions. In the FeOg octahedra, the Fe—O
bond distances range from 2.032(2) A to 2.186(2) A, while the
bond angles are between 77.45(5)° and 103.17(5)° for the cis
structure and between 163.49(6)° and 177.55(9)° for the trans
structure. The phosphite group presents P—O bond distances
between 1.521(2) A and 1.539(2) A, and a P—H distance of
1.27(4) A, while the O—P—O bond angles range from
109.96(8)° to 114.12(9)°. The sheets are formed by 12-mem-
bered rings of FeOg octahedra that repeat in the ab plane. Each
ring is formed by six octahedra of Fe(1) and the other six of
Fe(2). Linked to each ring by the most interior oxygens of
each level, there are six phosphite groups (see Figure 2).
The coincidence of the rings along the [001] direction gives rise
to 12-membered ring channels ca. 3 A in diameter (see Figure 3).
The water molecules and lithium cations, showing a positional
disorder, are located in these channels.

The two crystallographic independent Fe(1) and Fe(2) cat-
ions exhibit octahedral coordination, each one surrounded by six
oxygen atoms. In the Fe(1)Og and Fe(2) O4 octahedra the Fe—O
bond distances range from 2.032(2) A to 2.186(2) A and from
2.134(2) At 2.141(2) A. The cis-bond angles are in the 77.49(6)°—
100.68(6)° and 77.45(5)°—103.17(5)° ranges, whereas the
trans-bond angles have mean values of 170.14(6)° and 163.49(6)°

4319 dx.doi.org/10.1021/cm201337g |Chem. Mater. 2011, 23, 4317-4330



Chemistry of Materials

Table 2. Wyckoff Positions, Atomic Coordinates, Equivalent Temperature Factors, and Occupancy Factors for

Li1.43[FeH4.43FeHIo.57(HP03)6] -1.5H,0

Positions
multiplicity,
atom Wyckoft letter site symmetry 5
Fe(1) 6f 0.2 0.38334(4)
Fe(2) 4d 3 0.66667
P(1) 12g 1 0.41005(5)
H(1P) 12g 1 0.317(2)
o(1) 12g 1 0.3201(2)
0(2) 12g 1 0.5418(2)
0(3) 12g 1 0.4669(2)
o(1w) 4c 3 0.0
0(2w) 2a 32 0.0
Li(1) 6f 0.2 0.110(6)
Li(2) 12g 1 0.047(5)

¢ Ueq = 1/3{(‘1“*)2[[]11 + Uy + Usz + 2 cos a(Up + Ups — Uys) ]}

equivalent
temperature occupancy
y z factor, Uy* (A%) factor, OF
0.38334(4) 025 0.0076(1) 1.0
0.33333 0.33295(6) 0.0061(1) 1.0
0.11556(5) 0.08911(6) 0.0073(1) 1.0
—0.026(3) 0.090(2) 0.0090 1.0
0.1870(2) 0.1435(2) 0.0138(4) 1.0
0.1477(2) 0.1902(2) 0.0091(3) 1.0
0.1579(2) —0.0680(2) 0.0107(4) 1.0
0.0 0.079(2) 0.051(4) 0.45(5)
0.0 0.25000 0.083(10) 0.54(2)
0.110(6) 0.25000 0.043(11) 0.16(4)
0.096(5) 0.152(5) 0.043(11) 0.16(2)

Table 3. Selected Bond Distances and Bond Angles for
Li1.43[FeH4.43FeHIo.57(HPO3)6] - L.SH,0"

Fe(1)Og4 Octahedron

Fe(1) 0O(1) o(1)’ 0(2)" o(2)* o®3)" o@3)"

0(3)" 90.62(6)° 90.99(6)° 100.69(6)° 77.49(6)° 177.55(9)° 2.186(2) A
0(3)" 90.99(6)° 90.62(6)° 77.49(6)° 100.68(6)° 2.186(2) A

0(2)" 89.17(6)° 166.43(6)° 86.01(8)° 2.086(2) A

0(2)" 166.43(6)° 89.17(6)° 2.086(2) A

O(1)" 9821(9)° 2.032(2) A

0(1) 2032(2) A

Fe(2)Og4 Octahedron

Fe(2) 0(2) 0(2)" 0(2)" 0o(3) 0(3)" 0(3)"

0(3)" 92.62(6)° 163.49(6)° 77.45(5)° 103.17(5)° 103.17(5)° 2.141(2) A

0O(3)" 163.49(6)° 77.45(5)° 92.62(6)° 103.17(5)° 2.141(2) A
0(3)" 77.45(5)° 92.62(6)° 163.49(6)° 2.141(2) A
0(2)" 86.04(6)° 86.04(6)° 2.134(1) A
0(2)" 86.04(6)° 2.134(1) A
0(2) 2.134(1) A
HPO; Tetrahedron
P(1) o(1) 0(2) o@3)” H
H(1P) 105(1)° 108(1)° 106(1)° 127(4) A
0(3) 114.12(9)° 109.96(8)° 1.539(2) A
0(2) 112.20(9)° 1.535(2) A
0o(1) 1.521(2) A

“ Symmetry codes: i =y, x, —z+ Y yii=—x+1, —x+y+1, —z+ 'y iii=—
x+y+1,—x+1,z;iv=x—y,x, fz;v:x,xfy,z+1/2;vi:fy+1,xf
y,z;vii:—x+y+1,y,z+1/2;viii:—y+1,—x+1,z+ /5.

for Fe(1)Og and Fe(2)Og octahedra, respectively. The distortions
of the Fe(1)Og and Fe(2)Og4 polyhedra have been calculated
using the Muetterties and Guggenberger description.'® The
values of the distortion (A) between the ideal geometries,
octahedron (A=0) and trigonal prism (A= 1), for every octahedron

4320

are 0.23, and 0.18, respectively. These values indicate an appreci-
able deviation from the ideal octahedral geometry.

The water molecules are located in the center of the channels,
disordered over two sites [(O1W) and (O2W)] with occupation
factors of 0.45(2) and 0.55(3), respectively. They are both at the
hydrogen-bond distance of the O(1) oxygen atoms that line the
inside wall of the channels: O(1W) at 2.917(4) A of three O(1)
atoms, and 3.14(2) A of O(1W); and O(2W) at 3.021(2)A of six
O(1) atoms (see Figure 4 and Table Sl in the Supporting
Information). The Li cations are placed around the water
molecules, between them and the channel walls, disordered over
two sites, Li(1) and Li(2), with occupation factors of 0.17(2) and
0.16(2), respectively. The Li(1) site shows a distorted tetrahedral
LiO, environment, coordinated to two water molecules at the
O(1W) site and two O(1) oxygen atoms, with Li—O distances in
the range of 1.93(4)—2.13(4) A. On the other hand, the Li(2)
site shows much longer coordination distances to only two water
molecules, 2.29(6) and 2.48(5) A. (See Figure S and Table S2 in
the Supporting Information).

Thermal Behavior. The thermogravimetric measurement
exhibits a rapid mass loss of ~2% between room temperature
and 220 °C due to the elimination of the water molecules inside
the channels. From this temperature and up to 345 °C, the
percentage of mass in the thermogravimetric (TG) curve is
constant. Above this temperature, the experiments show a
moderate increase in mass. In the 315 and 335 °C range, the
DTA curve shows an exothermic peak, which corresponds to
the Fe**-to-Fe®* oxidation process. The oxidation from phos-
phite to phosphate occurs in the 415—425 °C range, with a
maximum observed in the DTA curve and a mass gain of
~25%. The exothermic peak observed at temperatures above
425 °C corresponds to a process in which the crystallization of
the inorganic residues occurs. These have been characterized
by powder XRD data. The hematite (Fe,O3) [R3¢, a = 5.032 A,
¢ =13.733 A]""* and the trigonal Fe(PO,) phase [P3,21, a =
5.027 A, ¢ =11.234 A]17b were identified. Furthermore, the
residue contains LiFe(P,0,) [P2y, a = 4.825 A, b = 8.079 A,
c=6938 A, 8= 109.38°],""¢ which explains the considerable
increase of the final mass observed in the TG curve at the
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Figure 1. View of the octahedral sheets linked by phosphite groups for Li 43 [Fe™, 4sFe™; < (HPO; )4 ] - 1.5H,0.

Figure 2. View along the c-axis of the crystal structure, where the channels along the [001] direction can be seen.

Figure 3. Rings constructed by twelve octahedra; the disposition of the Fe(1)Og and Fe(2)Og octahedra is shown on the left-hand side, and the
connectivity of the phosphite groups to the rings is reflected in the image on the right-hand side.

higher temperature measured (800 °C), which corresponds to
a mass gain of ~20%.

Temperature-dependent XRD experiments show that the
thermal stability limit for the compound is 285 °C, which is
the temperature at which the destruction of the crystal structure
begins. After that temperature range, from 315 °C to 390 °C, no
diffraction maxima appear (see Figure 6). At temperatures above
390 °C, the presence of different residual phases, corresponding

to those observed in the TG measurements, were observed. The
hematite crystallizes in the temperature range from 390 °C to
510 °C and disappears at 780 °C, while Fe(PO,) crystallizes
between 555 °C and 630 °C, and the lithium —iron(III) pyropho-
sphates crystallize between 465 °C and 690 °C.

Infrared (IR), Ultraviolet-Visible Light (UV—Vis), and
Mossbauer Spectroscopies. The IR stectrum (Figure 7) shows
a broad band centered at 3490 cm™ ~ that corresponds to the

4321 dx.doi.org/10.1021/cm201337g |Chem. Mater. 2011, 23, 4317-4330
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Fe1

Figure 4. View perpendicular to (left) and along (right) the c-axis, of the water molecules at the center of the channels along the [001] direction: (left)
perpendicular to the c-axis and (right) along the c-axis. The Li cations have been omitted for the sake of clarity.

LiFe(P,0y)

*FePOy4 Trigonal
# LiFe(P207) " Fe,0; Disappears
{ 4 t) Svmsareamye e
> ( % e / 750°C

Initial Phase
Liy 45[Fely 43Fely s7(HPO;)s]

Figure 6. Thermodiffractograms for Liy 43[Fe™, 43Fe™o 5,(HPO;)] - 1.5H,O.

stretching vibration of the water molecules, v(H—O—H). The 1600 cm ™ ".'%* Besides the IR spectrum shows the stretching and
bending mode of these molecules, 6(H—O—H), is detected at deformation modes of the P—H bond at ~2500 and 1045 cm ™,
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Figure 7. Infrared (IR) spectrum of Li1'43[Fen4'43FeIHO,57(HPO3)6] .
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Figure 8. Ultraviolet—visible light (UV-Vis) spectrum for Li; 43[F ey as-
Fe'''y ,(HPO5),] - 1.5H,0.

respectively. The bands corresponding to the symmetric (v,) and
antisymmetric (V,,) stretching vibrational modes of the (PO5)*~
groups appear at 930 and 1115 cm ™', whereas the symmetric
(0,) and antisymmetric (J,,) deformation modes are centered at
450 and 590 cm ™ 1.1

The diffuse reflectance spectrum has been registered at room
temperature in the 200—2000 nm range, and it shows the presence
of three bands (see Figure 8). One broad band located between
770 nm and 820 nm that corresponds to a Fe(II)—Fe(III)
intervalence transition'® is observed. This fact can be attributed
to the existence of shared oxygen atoms between the metallic
cations. The weak bands centered at ~1050 and ~1550 nm
correspond to the transitions from the split °T, g(SD) ground state
to the °E, g(SD) excited level of the Fe** cations.”® The Dq
parameter has been calculated from the mean positions of these
two transitions and the obtained value being 820 cm ™ ! whichisin
good agreement with those obtained for similar phases.*"

In the Mossbauer spectrum, shown in Figure 9, the presence of
three components is observed: two doublets, corresponding to
Fe?* cations, and a third doublet, corresponding to Fe’* cations.
The spectrum was fitted with the NORMOS program.** Accord-
ing to the structural data, the Fe ions occupy two crystallogra-
phically independent sites with a multiplicity ratio of 3:2 for
Fe(1):Fe(2), and a substitution of Fe** by Fe** occurs in both
crystallographic sites of the Fe cations. The relative quantity of
Fe®" and Fe®" was calculated from the relative spectral areas. The
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Figure 9. Mossbauer spectrum at room temperature for Li1.43[FeH4A43-
Fe'''y 57 (HPO;)s] - 1.5H,0.

Table 4. Values of the Isomer Shift (0), Quadrupolar
Splitting (AE), and Iron Percentages, Obtained through the
Fit of the Spectrum, Assigned to Every Crystallographic
Position for Li; 43[Fe", 43Fe™ s-(HPO;)s] - 1.5H,0

site O (mms ") AE (mms ") % Fe
Fe**(1) 1272(2) 1.643(7) 42.68(2)
Fe**(2) 1.269(1) 0.977(6) 45.92(1)
Fe** 0.109(3) 0.214(5) 11.40(1)
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Figure 10. Thermal evolution of the susceptibility for Li; 43 [Fe, 5-
Fe' s,(HPO3)4] - 1.5H,O measured at 1 kOe. The inset shows the zero
field cooling—field cooling (ZFC-FC) susceptibility at different mag-
netic fields.

values of the isomer shifts and quadrupolar splitting are in the
range observed for these cations,” and are shown, together with
the relative quantities of Fe** and Fe, in Table 4.

Magnetic Behavior. The magnetic susceptibility measure-
ments have been performed on a powdered sample in the
temperature range of 2—300 K, under applied magnetic fields
of 1 kOe. The results are given in Figure 10.

The thermal evolution of the ¥, vs T curve shows a maximum,
at ~6 K; above this temperature, the susceptibility continuously
decreases with increasing temperature, suggesting a paramag-
netic behavior. Indeed, the inverse of the magnetic susceptibility
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follows a perfect Curie—Weiss law above 15 K (see the Support-
ing Information), using a value of i.g = 5.5 up as the para-
magnetic effective moment and 6, = —4.1 K as the paramagnetic
Curie temperature.

In order to obtain a more-complete picture of the magnetic
behavior, ZFC and FC magnetic susceptibility measurements
were carried out under different magnetic fields. ZFC-FC curves
at some selected magnetic fields are depicted in the inset of
Figure 11. First, at 50 Oe, after the maximum at 6 K, the curves
exhibit a small kink at 10 K. This kick disappears for fields higher
than 200 Oe. Second, the ZFC-FC curves show a small irrever-
sibility below 10 K. This irreversibility becomes larger at tem-
peratures below 6 K. The irreversibility that initiates at 10 K
disappears for small magnetic fields (200 Oe), whereas below
6 K, the irreversibility is stronger against the field, although
continuously decreases with increasing magnetic field, disappear-
ing at ~10 kOe.

Although the peak in the magnetic susceptibility is character-
istic of either antiferromagnetic or spin-glass behavior, the
existence of clear irreversibility below 6 K is more compatible
with the second one. In order to confirm the existence of the
spin-glass transition, ac susceptibility measurements have been
performed. The real (') and imaginary (}”) components of the
susceptibility have been measured at 4 Oe and different frequen-
cies between 10 and 10000 Hz (see Figure 12). The real
component shows a well-defined peak at ~6 K and a small
shoulder at 10 K, which is in excellent agreement with the dc
susceptibility at low fields. These two transitions give rise to two
small peaks in the imaginary component (see Figure 12b). The
most important feature is that the transition at 6 K is frequency-
dependent, as can be clearly observed in )’ and y” (see
Figure 12). The peak height of ' decreases and the position of
the maximum shifts to higher temperatures with increasing
frequency. These dependences are consistent with a cooperative
freezing of individual magnetic moments, as in spin glasses,
where the frozen state occurs at temperatures below that of the
maximum of y'.

In the frozen state, we can define a relaxation time 7., (T),
which corresponds to the measured time (7,, = 1/v) in ac
susceptibility measurements. The freezing temperature (Tf) is
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Figure 12. Evolution with temperature of the ac magnetic susceptibility
measured (a) in phase (/') and (b) out of phase (/). The arrows show the
increase of the temperature of the maximum with the increasing frequency.
The inset shows the fitting to the Vogel—Fulcher law (see text).

defined as that corresponding to the maximum in . In order to
analyze the temperature dependence of 7,,, we have used the
Vogel—Fulcher law:**

E,
fm = TP [kB(Tf - To)}

in which 7,, diverges at a temperature T, which is smaller than
the freezin% temperature Ty We should notice that, in Lij 43-
[Fe', 43Fe™ o 57(HPO;)4] - 1.5H,0, the frequency shifts of the
maximum in the susceptibility, assuming the variation of ¥’ to be a
Gaussian function around T yield the ratio AT¢/[T{A(log v)] =
0.023, which is in good agreement with the values found in
canonical semiconductor spin glasses,”**° as well as those recently
reported for some insulating spin glasses.”” In accordance with the
Vogel—Fulcher law rewritten in term of frequency, T is plotted
again [In(vo/v)] " in the inset of Figure 10a with v, = T, =
10" Hz.** The experimental data follow this law well, with fitt-
ing parameters of T = 4.71 K and an activation energy of E, =
35 K. These values are similar to those usually encounted in spin
glasses.24’26’27

Regarding the above procedure that we have followed, it
should be stressed that, although T; is usually defined as the
maximum of )/, this is strictly not correct and must be defined as
the temperature corresponding to the onset of the magnetic
irreversibility. In addition, because spin-glass freezing is a phase
transition and, as such, must be characterized by critical expo-
nents, the more-appropriate law near the spin-glass transition is
the power law. In any case, our analysis is sufficient to identify the
transition at 6 K as being due to the spin-glass behavior, even
though we could not go to the lower time scales needed to
determine the dynamic critical exponent. All of these aspects
have been discussed in detail by Mauger et al.*®
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Figure 13. Specific heat measurements in the temperature range of
2—300 K. The upper inset shows the dependence of Cp with the
magnetic field. The thermal dependence of the magnetic contribution
(CPumag) is shown in the lower inset.

The specific-heat data between 2 K and 200 K are shown in
Figure 13. The heat-capacity measurements exhibit a magnetic
peak at ~8.3 K. The temperature at which this peak appears is
larger than that obtained from the magnetic susceptibility
measurements (6 K). The relatively rounded magnetic peak,
together with the ratio between the temperature of the peak at Cp
and at the peak in the magnetic susceptibility (Tmax( Cp) /T nax
(%) = 1.4) are fingerprints of a spin-glass transition.”*

The strong increase of Cp at higher temperatures is due to
the lattice contribution (Cppho). In order to determine Cpyp,, We
fitted the experimental data above the magnetic transition to
the Debye model; however, a large difference between both the
theoretical and experimental data was observed. The reason of
such discrepancy can be attributed to the presence in the unit cell
of atoms such as Fe and P with higher masses than those of the
O and H atoms. Therefore, more than one phonon spectrum can
be present in the compound. For this reason, using the same
criteria as that used in Co,(OH)PO,,*® we determine CPpho
using the Debye model, which has three Debye temperatures
(the minimum number of free parameters that will allow us to fit
the experimental data). In this way, if the number of atoms in the
unit cell is N, we suppose n; atoms with a Debye temperature 6,
n, atoms with a Debye temperature 6,, and n3 = (N — n; — n,)
atoms with a Debye temperature 0. Therefore, there are five free
parameters, namely, 1y, n,, 01, 0,, and 0. The best fitting is
obtained for n,= 5, 6;= 192 K, n,= 14.73, 6, = 500 K, and 6 =
1444 K. The good quality of the fit (see the continuous line in
Figure 13) allows us to consider that this phenomenological
model determines the phonon contribution reasonably well. The
magnetic contribution was calculated as Cppnag = Cp — Cppho, and
has a triangular shape, extending up to 40 K (see Figures 13 (inset
at bottom) and 14). It is interesting to note the small change of
slope at temperature close to the maximum (see the lower inset
of Figure 11, which could correspond to the small magnetic
transition observed in the susceptibility at ~10 K.

The effect of the magnetic fields on Cp has been also studied.
With increasing field, the maximum becomes more rounded and
shifts to higher temperatures (see the upper inset in Figure 13).
This effect is clearly observed in the magnetic contribution (see
Figure 14, where the maximum shifts from 8.3 K to 17 K when
the field increases from 0 T to 9 T).

35 :

F T
Smag = R*[4.43*In5 +0.57*In6] =
60 67.8J/mol K
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Figure 14. Temperature dependence of the magnetic specific heat
(CPumag) under different magnetic fields. The inset shows the thermal
dependence of the magnetic entropy (Sin,); the horizontal solid line
represents the theoretical value of S,

The thermal evolution of the magnetic entropy is shown in the
inset of Figure 14. The entropy tends to saturate at ~35 K, -
which is well above the magnetic transitions, due to the existence
of a short-range order magnetic interactions. The value at
saturation is 50.3 J/(mol K), which is lower than the expected
value (67.8 J/(mol K)) for a system with 4.43 Fe(Il) cations with
S =2and 0.57 Fe(III) cations with S = °/,. A small reduction of
the experimental entropy has been observed in other Fe
materials;”® however, in this compound, the reduction is sig-
nificantly larger. This feature could be related to the spin-glass
state at low temperatures, which has intrinsic disorder; therefore,
below 2 K, there should be residual magnetic entropy, which
should be added to our experimental values.

From the magnetic and the specific-heat measurements, it is
possible to deduce a spin-glass behavior below 6 K for this
compound. This result could be due to the simultaneous but
random presence of Fe(I) and Fe(III) cations in this phase,
which gives rise to the competing interactions. Both randomness
and competing interactions lead to spin frustration, ultimately
resulting in the spin-glass state. The origin to the anomaly at10 K
currently is not clear: it could be due to a “weak” ferromagnetic
transition, as a precursor of the spin-glass state, or it could be due
to a ferromagnetic impurity (<1%) that is not detected via XRD.

Impedance Spectroscopy. Given the ideal chemical and
structural conditions for ionic conduction in this phase—that
is, the existence of wide 12-membered ring channels in the
structure and the presence of lithium cations in these channels—
a study by impedance spectroscopy was carried out. Low con-
ductivity values (<10™° S cm ™ ") were observed in the sample
below 120 °C. At higher temperatures, however, two conductlon
processes can be distinguished for Li, 4a[Fey 43P oo
(HPO3)4), as two semicircles in the Nyquist diagrams (see
Figure 15). Thus, the experimental data were fitted to a model
formed by a resistance (R,) due to the experimental setup
(electrodes, wires, sample holder) and two equivalent circuits
(representing one process each), consisting of a resistance (R,,)
and a constant phase element (CPE,) (see Figure 16). Con-
ductivity at different temperatures was consequently calculated
for each process, as well as corresponding capacitance values
from the CPE data (see Table S). Taking into account the
obtained capacitance values and following the classification
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Figure 16. Equivalent circuit model used to fit the impedance spectra of
Lil.43[Fell4.43Femo.57(HPO3)6] - L.SH,0.

proposed by West,*® one conduction process by a ferroelectric
bulk phenomenon, together with a second process related to the
resistance at the grain boundaries and/or surface layer, are
observed in this compound. The ferroelectric behavior associated
to the bulk conduction process might be due to the polarization
caused by the charge carrier movement into the channels of the
structure (mainly Li*, but the possibility of H" species from water
should not be discarded). Nevertheless, a detailed study of this
phenomenon falls outside the scope of this work.

Conductivity increases with temperature for both processes,
and from the Arrhenius plots of conductivity (shown in
Figure 17), activation energies of E4 = 1.007 and 0.854 eV have
been obtained, with values near 10 > S cm ™' at 189 °C.

B ELECTROCHEMICAL PROPERTIES: CYCLIC VOLTAM-
METRY STUDY

The electrochemical behavior of the sample was analyzed by
cyclic voltammetry, applying a very low scan rate (0.1 mV's~ ') in
the range from 4 Vto 1.5 Vvs Li/Li" (see Figure 17), which is the
voltage window at which reversible Fe**/Fe”* redox reactions are
usually found. The observed OCV for the system [Li/LiPF4(EC:
DMC)/phosphite] is ~2.9 V.

Figure 18 shows the presence of two quasi-reversible pro-
cesses, centered at 2.5 and 3 V (second cycle: oxidation, 2.74 and
3.12 V; reduction, 2.34 and 2.85 V). This result is in good
agreement with the structural analysis revealing the existence of
two crystallographic sites for the Fe atoms both occupied by
Fe(II) and Fe(I1I). In the absence of impurities, the two observed
processes will therefore correspond to the Fe(1l)/Fe(1II) redox
reaction in two slightly different environments. This behavior is
similar to that observed for [Li;M,(PO,4);] NASICON-type
materials.”" Their structure presents two crystallographic sites
for the metal ions that have been related to the two neighboring
but distinguishable processes observed in the electrochemical
measurements as two voltammetric peaks.

It is also well-known that the redox potential of the Fe(1I)/
Fe(III) pair varies with the crystal structure and nature of the
polyanion, in such a way that a stronger X—O bond weakens via
the inductive effect of the covalence of the Fe—QO bond, thus
increasing the iron redox potential. Samples with iron and
polyanions reported in the literature show values in the range of
2.5-3.6 V [ie., 2.55V for LiFeAsO,, 2.6 and 2.8 V of Li;Fe,-
(PO,);, 3.4V of LiFePQOy, 3.6 V for Li,Fe,(S0,);].** The sample
Lij 43[Fe"; 43Fe™ s,(HPO3)6] - 1.5H,O, with peak potentials at
2.5 and 3V, fitted into the cited interval with values very near to
those of NASICON-type phosphates. This feature supports
assignment of the processes given above and shows the similarities
in the polyanion environments of this sample and LizFe,(PO,);,
although their crystal structures are quite different. Therefore, the
inductive effect on the Fe—O—P system of phosphite and
phosphate groups, respectively, is similar in both phases.

There is no other process appearing in the cyclic voltammetry
that would indicate the presence of iron oxide secondary phases
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Table 5. (a) Values of the Resistance (R) Obtained from the Fits of the Impedance Spectroscopy (IS) Data, Values of the
Resistivity (p), and Conductivity (0), Calculated from the Resistance Data; and (b) Values of the CPE-T and CPE-P Parameters
Obtained from the Fits of the IS Data, and Values of the Capacitance (C), Calculated from Them

(a) Resistance, Resistivity, and Conductivity Values

T (°C) R (Q) R, (Q) p1 (R cm) 0y (7" em) R, (Q) p2 (R em) 0, (Q7 em™)
123 162(18) 2.8(1) x 10* 45724 2.1870 x 10~° 36(2) x 10* 58024 1.7234 x 10°
136 178(7) 1.64(3) x 10* 26453 3.7804 x 10~° 14.2(6) x 10* 23000 43478 x 10°
150 150(7) 7.5(7) x 10° 12194 8.2009 x 10~° 7.3(2) x 10° 11786 84844 x 10°
165 121(6) 3.24(3) x 10° 5237.5 1.9093 x 10~* 3.10(6) x 10° 5019.2 1.9924 x 10°*
180 92(7) 1.40(1) x 10° 22622 4.4205 x 10°* 0.95(2) x 10° 15353 6.5132 x 10°*
189 110(4) 0.83(8) x 10° 1339.7 7.4644 x 10* 0.48(1) x 10° 769.53 1.2995 x 107°

(b) CPE-T and CPE-P Parameters Obtained from the Fits of the IS Data, and Capacitance Values
T (°C) CPE,-T CPE,-P c, (F) CPE,-T CPE,-P G (F)
123 1.20(5) x 1077 0.927(9) 53214 x 107 2.8(4) x 1077 0.65(3) 2.3465 x 1078
136 1.78(9) x 1077 0.892(9) 5.0106 x 10 ¢ 1.7(3) x 1077 0.81(3) 3.9986 x 10°°
150 2.5(1) x 107° 0.873(9) 5.0040 x 10" 1.6(3) x 1077 0.84(2) 4.4943 x 107°
165 3.9(3) x 10°° 0.847(8) 50025 x 10 ° 1.6(2) x 1077 0.86(2) 49606 x 10~°
180 6.7(7) x 10~° 0.813(8) 47490 x 10~ ° 3.1(4) x 1077 0.85(2) 7.2996 x 10~°
189 5.4(5) x 107° 0.839(8) 5.0247 x 10°1° 9(1) x 1077 0.75(1) 74511 x 1078
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Figure 17. Arrhenius plots corresponding to the two conduction processes in Liy 43[Fe™y 43Fe™ <,(HPO;)s] - 1.5H,O.

(~1.5 V) or the degradation of phosphite groups to phosphate
that would occur at ~2 V vs Li/Li* for the PO,>~ <> HPO3>~
reaction. Voltammetry measurements with a lower cutoft voltage
were also performed to observe any process corresponding to the
structural water in the compound, which is expected in the
interval of 0.8—1.4 V vs Li/Li" (see Figure S1 in the Supporting
Information). Therefore, the signal at 1.2 gradually shifting to
higher voltage and lower intensity is ascribed to H,O reduction,
accompanied by the formation of small amounts of FeO,
characterized by a peak at 1.6 V. As for other hydrated phases,
such as Fe(PO,).2H,O polymorphs previously studied as positive

4327

electrodes for lithium batteries,®> structural water should not
hinder the Li" exchange capability. Below 1V, irreversible peaks
appeared in reduction, indicating the formation of metallic Fe®
and the structural degradation of the compound.

It is also usual to find differences between the first and
following cycles, because the kinetic effects affect foremost the
first cycle response. However, the progressive overlapping of the
two processes with cycling is more significant (Figures 18a and
18b). This could indicate a restructuring of iron octahedra
toward more similar environments. Prior to cycling, the structural
characterization showed that the Fe(1)Og4 octahedron is more
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Figure 18. Cyclic voltammetry (0.1 mV s~ vs Li/Li") of a Lij 43
[Fe", 43Fe™) 57 (HPO3)6] - 1.5H,O cell, oxidizing the sample up to
4V from OCV: (a) first three cycles and (b) three more cycles after a
rest period.

distorted than Fe(2)Og with the subsequent difference between
peaks observed in the voltammetry (500 mV in reduction).
Therefore, the decrease in peak separation (330 mV) with
cycling could indicate a reduction of the octahedral distortion
to give a more symmetric environment.

In contrast with this behavior, the initial oxidation from OCV
to 4 V is anomalous. Taking into account the major presence of
Fe(II) in the sample (4.5:1 formula ratio), a sign of its oxidation
to Fe(IIT) will be expected. However, a total charge of barely 61 mC
was observed, whereas the following reduction processes can be
clearly seen (349 mC). The oxidation charge was ~0.13 mol of
Fe(Il), whereas the reduction process involved 0.79 mol of
Fe(III). For subsequent cycles, the total oxidation and reduction
charges were the same, equivalent to ~0.49 mol of Fe. Starting
from a 4.5:1 formula ratio of Fe(II):Fe(III), the observed low
oxidation could be due to surface characteristics of the material,
i.e,, encapsulation of Fe(II) that hinders the redox reaction, but
due to the water/Li" disorder and coordination in the channels of
the structure, it can be better ascribed to the lower mobility of the
lithium that must migrate outside the structure during the
oxidation process.

A voltammetry with a first negative potential gradient was
carried out to observe if the first reduction is also hindered in this
case. In Figure 19, both reduction peaks can be clearly observed,
corresponding to 0.58 mol of Fe, thus indicating that all the
Fe(1Il) in the compound would be accessible for reaction.
Therefore, the accompanying Li" ion insertion is easier than
the deintercalation needed for the initial oxidation in this sample.
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Figure 19. Cyclic voltammetry (0.1 mV s~ ' vs Li/Li") of the sample
Liy 43[Fe™; 43Fe™o s7(HPO3)s] - 1.5H,O performing the reduction first.
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two processes.

B GALVANOSTATIC MEASUREMENTS: LITHIUM
EXCHANGE CAPABILITY

The lithium exchange reaction was analyzed by galvanostatic
measurements performed in the 2—4 V vs Li/Li" potential
window (see Figure 20), in which the voltammetric measure-
ments have shown that the Fe?*/Fe>' reaction occurs. The
applied intensity (11 #A) was low to ensure the study of lithium
reaction, corresponding to a moderate C-rate (C/13) in a lithium
ion battery rate

Several intercalation/deintercalation cycles of a cell are shown
in Figure 20. No clear plateau is observed, indicating that little
phase separation occurs with the lithium exchange. The plot of
the differential capacity (dQ/dV) vs V (inset in Figure 20) allows
the distinguishing of two oxidation peaks at 2.6 and 3.1 V, in
accordance with the results obtained in the voltammetries.
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The stability of the sample against cycling is represented in
Figure 21. This compound withstands more than 100 oxidation/
reduction cycles without capacity fading, indicative of the
reversible exchange of lithium along the [001] channels with
only the slight restructuring of the surrounding FeOg octahedra
discussed in the cyclic voltammetry studies. Taking into account
the 1.43 mol of Li present in Li1,43[FeH4,43FeHIO,57(HPO3)6] .
1.5H,0, this compound would present a maximum theoretical
specific capacity value of 50 mAh g~ '. From the voltammetry
measurements, however, lithium in one of the crystallographic
positions appears less prone to migrate, so the practical specific
capacity can be expected to reduce even down to 25 mAh g~ '
(experimental, 12 mAh g~ ) since the occupation factors of Li(1)
and Li(2) are nearly equal.

Bl CONCLUDING REMARKS

A new lithium —mixed-valency iron (ILIII) phosphite has been
synthesized under mild hydrothermal conditions. The structure
is formed by layers of FeOg4 octahedra that link along the c-
direction via phosphite groups. There are 12-membered ring
channels parallel to the c-axis, ca. 3 A in diameter, where the Li
cations are located, showing a positional disorder. After reaching
the thermal stability limit, located at 285 °C, the destruction of
the crystal structure occurs. Mossbauer data showed substitution
of Fe’* by Fe** in both crystallographic sites of iron. This phase is
the first phosphite exhibiting a spin glass magnetic behavior. It
presents ideal crystallographic and chemical features for ionic
conduction and electrochemical properties. In this regard, two
ionic conduction processes have been observed above 120 °C.
The sample also shows reversible redox behavior due to the
mixed Fe(ILIII) with processes at 2.5 and 3 V vs Li/Li", coupled
with a lithium extraction/insertion capability. This phase is the
first phosphite polyanion-based material that shows reversible Li-
ion intercalation and iron redox reaction.

B ASSOCIATED CONTENT

© Ssupporting Information.  Selected hydrogen-bond con-
tacts (A) for the two water molecules sites OIW and O2W

(Table S1). Li—O distances (A) for the two lithium sites, Lil and
Li2 (Table S2). Voltammmetric measurement for the detec-
tion of the structural water in Li; 43[Fe'; 43Fe™ ) s,(HPO;)g] -
1.5H,O (Figure S1). This information is available free of charge
via Internet at http://pubs.acs.org/.
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