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A new triphosphate TIFeHP3010 was obtained by the hydrothermal method. It crystallizes in the
monoclinic space group C2/c with a=11.994 (5), b= 8.476 (2), ¢=9.276 (3), p=111.99 (3), V=874.4 (5)
and Z=4. The structure was determined by single-crystal X-ray diffraction data collection and provides
a clear identification of hydrogen bonds interconnecting the triphosphoric groups in order to build
HP3010 connected by FeOe octhaedra sharing corners. Thallium cations are located in tunnels. This
arrangement was confirmed by CHARDI and BVS models. IR spectrum confirms that most of the
vibrational modes are comparable to similar triphosphates and to the calculated frequencies. BVSP and
BVSE models were used to simulate conduction pathways migration in the tree dimensional
framework. The Bond valence analysis revealed that TI* conductivity was one dimensional insured by
crystal sites with an activation energy 0.664 eV. However, H" conductivity was insured by both crystal
sites and interstitials with 0.682 eV migration energy for one dimensional conductivity and 1.293 eV
for three dimensional migrations.

Keywords: Triphosphate, Crystal structure, lonic conductivity, Bond valence analysis, Vibrational
study.

1. INTRODUCTION

The triphosphates were studied with mineral cations like NaZn2P3010.9H20 [1], Sr3P3010ClI [2]
and CsAl:BP¢O2o [3]. Several mineral compounds with acidic triphosphoric anions have been reported,
for example, CsVHP3010 [4], (NHs)CrHP3010 [5], (H30)FeHP3O10 [6], (NHs)VHP3O10 [7],
(NH2)AIHP3010 [8] and KAIHP3O1o [8]. The inorganic triphosphates in particular AMnNHP3010 where
A is a monovalent cation has been widely studied due to their ferromagnetic and electric properties [9,
10]. They are well known for their open frame works such as KSmHP3010[11],NH4SmHP3010 [11],
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NH4BiHP3010[12],CsGaHP3010 [13] and RbPrHP3010 [14] especially for significant mobility of alkalis
and protons in the structure [15]. The present work describes the preparation and structural
investigation of a new triphosphate TIFeHP3O10. We also report here the vibrational and the bond
valence sum of the ionic conductivity study of the title compound.

2. EXPERIMENTAL

2.1. Synthesis and characterization

TIFeHP3010 has been synthesized using the hydrothermal method by mixing 0.990g TINOs,
1.113g Fe(NOz3)3.9H-0, and 4.10 mL H3PO4 (> 85%). The obtained solution was heated to 80°C and
stirred with 10 ml of deionized water. The reaction preparation was then poured into a Teflon-lined
stainless steel autoclave, 40% filled, and taken to 180°C temperature under autogenous pressure for 7
days. Then, the solution was gradually cooled to room temperature and washed with distilled water
various times. Prism shaped light pink transparent single crystals were obtained. The single phase has
been lately confirmed by X-ray diffraction (Fig. 1).

The infrared spectrum was recorded at room temperature in the frequency range 4000-400 cm’
1. The spectrometer used is a Nicolet 200 FT-IR spectrophotometer powered by OMNIC Spectra
software.

"

I

Figure 1. Polarizing microscope image of aTlIFeHP301o phase crystal.

2.2. X-ray data collection and structure refinement

The X-ray diffraction intensities were collected using an Enraf-Nonius CAD-4 diffractometer
equipped with a graphite monochromator of Mo K, radiation (A = 0.71073 A) (w-20 scan) [16, 17].
2410 reflections were measured for 949 independent reflections. Since the elaborated compound is
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isotype to (NH4)FeHP3O1o [7] the structure has been solved in C2/c space group using Patterson heavy
atom method provided by the SHELX computer programs [18] included in the WingX software
package [19].The Patterson heavy atom method helped obtaining the positions of the iron and
phosphorus atoms and successive Fourier analysis allowed the other atoms to be located.At this stage,
an empirical absorption correction by y-scan [20] was applied. The rest of the atoms of the structure
were located by Fourier difference. The structure was lastly refined by fixing the occupancy of TI1 and
TI2 at 0.52(4) and 0.24(2) respectively with setting the same Ueqfor them by using the appropriate
procedures (SUMP, EADP, FVAR). The highest remaining electron density is located at 0.74 A from
TI2. The slightly elevated residue on the thallium side is attributed to its free doublet [21].

The final refinement based on F? of all atoms converges to the following values of reliability
factors: R (F) = 0.067 and wR(F?) = 0.163.

The crystallographic data for TIFeHP3O1o is summarized in Table 1. The atomic coordinates,
fractional occupancies and isotropic thermal atomic factors Table 2.

Table 1. Crystal data and structure refinement for TIFeHP3O1o.

Crystal data
Empirical formula TIFeHP3010
Crystal system; Space group Monoclinic, C2/c
a=11.994 (5)(A)
Unit cell dimensions g; gg;g ggg\‘g
£=111.99 (3) (°)
Formula weight; Density peal 514.14 gmol™; 3.906 g-cm?
VA, z 874.4 (5); 4
Temperature, K 298(2)
Radiation; A, (A) Mo K,; 0.71073
Crystal size (mm) 0.65 x 0.50 x 0.40
Crystal color; Shape Pink, Prism
Absorption coefficient p; F(000) 19.97 mm*;928
Data collection
Diffractometer Enraf-Nonius CAD-4
Scan mode ®/20
0 range of data collection, deg 3.0-27.0
-15<h <15
Limiting indices h, k, | -2<k<10
-11<1<11
Number of reflections:
measured/independent 2410/949 [Rin =0.081]
Number of reflections with | > 26(1) 881
Absorption correction; Tmin, Tmax w scan; 0.303/0.781
Refinement
Refinement method Full-matrix least-squares on F?
Parameters/Restraints 55/1
R(F); wR(F? 0.067; 0.163
Extinction coefficient 0.063 (4)
Ap max ; Ap min (eA®) 4,32 ;-2,27
Goodness-of-Fit on F? 1.05
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Table 2. Atomic coordinates and equivalent displacement parameters (A2) for TIFeHP3O1o.

Atom | Wyck X y z Ueg”, A2 | Occ. (<1)
Fel 8f 0.25 0.75 0.5 0.0011 (5)*
P1 8e | 0.20942(2) | 0.4339 (2) | 0.2955(2) | 0.0030 (5)*
P2 4a 0.5 0.1249 (3) 025 | 0.0037 (6)*
o1 8¢ | 0.1768(5) | 0.2996 (8) | 0.3798 (6) | 0.015 (1)
02 8f | 04180 (5) | 0.0124 (7) | 0.3048 (6) | 0.009 (1)*
O3 | 16g | 0.2591(5) | 0.3840(8) | 0.1773(6) | 0.012 (1)
O4 | 169 | 0.4266(4) | 0.2187 (7) | 0.1089 (5) | 0.007 (1)*
06 | 16g | 0.2878(5) | 0.5586 (5) | 0.4032(6) | 0.007 (1)
TI1 8f 0 0.059 (1) 0.25 0.027(3) | 0.52 (4)
TI2 | 16g | 0.007 (1) | 0.0644(9) | 0.219(4) | 0.027(3) | 0.24(2)
H1l 8e 0.25 0.25 0.5 0.08 (8)*

“Ueq is defined as one-third of the trace of the orthogonalized Uij tensor.

2.3. BVS and CHARDI validation

The proposed structured model was confirmed by both methods charge distribution CHARDI
[22, 23] and bond valence sum BVS [24, 25] using CHARDI2015 [26] and SoftBV [25] programs
respectively

CHARDI model shows that the effective coordination numbers (ECoNs) are 3.89 and 3.90 for
P104 and P204 respectively which confirms that both tetrahedrons are slightly distorted (Table 3).
These results are in good agreement with those usually met in triphosphate anions. FeOsoctahedra is
nearly regular. The Fe-O distance varies from 1.968(5) to 1.994(5) A and the ECoN is 1.983A.

Table 3. CHARDI and BVS analysis of cationpolyhedra in TIFeHP301o.

Cation | q(i).sof(i) Q(i) V(i) CN() | ECoN()
TIl 0.52 0.52 0.05 8 8.54
TI2 0.24 0.24 0.913 8 8.00
P1 5.00 5.01 5.040 4 3.89
P2 5.00 5.02 4.938 4 3.90
Fel 3.00 2.97 3.203 6 5.99
H1l 1.00 0.99 1.012 2 2.00

Notes: q(i) = formal oxidation number; sof(i) = site occupation factor; CNs = coordination

number (thallium CNs for d(TI-O)max = 3,40A); ECoN(i)= number of effective coordination;
o = dispersion factor on cationic charges measuring the deviation of the computed charges
(Q) with respect to the formal oxidation numbers; 6ca = [Zi(qi-Qi)%N-1]"?=0.005.

The validity of the structural model in particular the distribution of M1 (TI1/TI2) site was well
confirmed by CHARDI and BVS models. CHARDI method shows a cationic charge distribution factor
ocat = 0.5% (Table 3). The BVS analysis exhibits that calculated charge values Q(i) and valences V(i)
match well the weighted oxidation numbers by occupation rates with a factor GIl = 0.094 v.u (global
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instability index) [27]. Table 4 shows that the P204 tetrahedron has a slight distortion compared to the
P104 tetrahedron and a low distortion at the Fe-O bond level for the Fe1Os octahedra.

Table 4. Distortion indices (DI) for the coordination polyhedra around Fe and P in TIFeHP30O1o.

P1 P2 Fel
Dlg 0.013 0.020 0.027
Dla 0.024 0.050 0.044
Dlo 0.013 0.035 0.035

DId = 2111:11 (ldl - dml)/nldm ; D[a = 2:1:21 (lai - aml)/nzam and DIo = 27;21 (loi - Oml)/nZOm-
d, a and o signify Fe/P-O bond distance, O-Fe/P-O angle and O-O edge within the relevant
polyhedron; index i indicates individual values, index m the mean value for the polyhedron. nl and n2
are 4 and 6 for the arsenate tetrahedral; 6 and 12 for the iron octahedral.

2.4. Bond valence pathway models

Relationships between bond length R and bond valence s

Ry — R,_
Seex = exp () ()

are commonly used in crystal chemistry to identify plausible equilibrium sites for an atom in a
structure as sites where the BV sum of the atom agrees with its oxidation state [28].Recently a
systematic adjustment of the empirical BV parameters (b and RO in egn 1) was introduced to the bond
softness [29]. The resulting BV parameter set, softBV,[25] and the inclusion of interactions beyond the
first coordination shell, permits more adequate estimates of non-equilibrium site energies.Originally
the interactions between cations A and anions X were expressed in arbitrary “valence units”. However,
they may be also related, as demonstrated recently [30, 31], to an absolute energy scale by expressing
the bond valence as a Morse-type potential. In this approach, the ionic transport pathway are identified
as regions of low site energy E(A)
SA-X;~Smin,A-X; 2

E(A) = Do[ L ) - N] + Ecouoms(A=B)  2)

where the second term accounts for Coulomb interactions between mobile ions and framework:
ECoulomb (A - B) =144 el ZaZp erfc (RA__B) (3)

A Ra-p Po

The fractional ion charges za, zg are derived from the nominal charges and principal quantum
numbers by the formalism explained in [30, 31]

Coulomb attraction terms are generally integrated in the Morse attraction term. The activation
energy required for the migration of a cation from a site A to a site B is the difference between the site
energy (B) and the site energy (A):

Ea=E (B) - E (A).

The Bond Valence Sum Pathways BVSP calculations were performed using JUMPITER
software [32]. The atoms used in our calculation are located in a sphere of radius 20 A. A beam of size

Smin,A-X;
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0.06 A and a pitch of 0.1 A, with a mesh distance of 0.02 A between the points of the belt, were used
[33].

The Bond Valence Bond Valence Site Energy (BVSE) calculations were accomplished using
TI* and H* as test ions and 0.1A resolution grid. The BVSE isosurfaces were visualized using the
VESTA 3 program [34].

3. RESULTS AND DISCUSSION

3.1. Structure description and discussion

The crystal structural of TIFeHP3O19 compound is isotopic to (NHs)FeHP3O10[7], and it
crystallizes in the monoclinic system with space group C2/c. The asymmetric unit is formed of FeOg
octahedra, two tetrahedrons of the P3Og group, one of which ((P2Os) is located on axis 2, and a
statistically disordered thallium cation on two positions (T11 and T12) (Fig. 2).

TIZ%C
"

Figure 2. Asymmetric unit of TIFeH P3010 compound.

The structure of TIFeHP3O10 compound is characterized by a Three-dimensional anionic
framework FeHP3O10 formed by triphosphate groups HP3O10 connected by FeOsoctahedra sharing
corners (Fig. 3). This arrangement leads to tunnels along c direction where thallium cations are
located. According to the literature, all compounds of A'M"'HP3010 formula adopt two-dimensional
anionic frameworks where the monovalent cations occupy the interlayer spaces [35-36]. However,
those which crystallize in C2 [36-38] and C2/c [4-9, 10,] space groups have three-dimensional
structures with tunnels along ¢ axis where the monovalent cations are housed.
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Figure 3. Projection of the TIFeHP301o structure in the [001] direction.

(HP3044)~* groups are linked with a short O—H . . . O (1.207A) symmetric hydrogen
bonding. The H atom is located at a centre of symmetry between two O (2) atoms (Fig. 4). Similar
symmetric O. .. H ... O hydrogen bonding was encountered in RoMnHP3010 [9], KMnHP3010 [10]
and CsMnHP3010 [10]. In these materials many experiments to exchange H* ion by Li* have failed. It
was explained by that strong hydrogen bonding linking triphosphate groups might be fundamental to
sustain the structure.

Figure 4. Projection of [HP3O10*] " along ¢ direction.

The P-O distances range from 1,492(5) to 1.606(6) A for P104 and vary from 1.503(5) to
1.584(6) A for P204tetrahedra. The distance P-P is (2.883A) and the angle P-P-P is 111.69(6). The
geometry of P3O19 group is very similar to that of its isotype [7]. It was shown in the literature that
tetrahedra distortion is very common in triphosphates [7, 9, 10].
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Thallium cations partially occupy their sites and TI-O distances vary from 2,864 (9) to 3,418
(6) A for TI1 and from 2.85 (2) to 3.63 (4) A for TI2 (Table 5). These thallium distances are in

agreement with values met in the literature [40].

Table 5. Interatomic distances (A) in the structure for TIFeHP301o.

P1 tetrahedron P2 tetrahedron
P2—04* 1.502 (5) P1—O3 1.492 (5)
P2—04 1.502 (5) P1—Ol 1.512 (6)
P2—02* 1.584 (6) P1—06 1.515 (5)
P2—02 1.584 (6) P1—O2i 1.606 (6)

Fel octahedron
Fel—O3! 1.968 (5) Fel—O6'! 1.987 (5)
Fel—O3i 1.968 (5) Fel—O4i 1.994 (5)
Fel—06 1.987 (5) Fel—0O4 1.994 (5)
TI1 polyhedron TI2 polyhedron

TI1I—O1% 2.864 (9) TI2—O1% 2.85(2)
T11—O3xi 3.089 (7) TI2—O3x 3.02(2)
TI1—O3X 3.089 (7) TI2—O6X 3.08 (4)
T11—O4xi 3.15 (1) T12—O4xi 3.13 (2)
T11—O4x 3.15(1) TI2—O3xii 3.23(2)
T11—O6X 3.348 (5) TI2—O6*Y 3.29(2)
TI1—O6* 3.348 (5) TI2—O4x 3.29 (1)
TI—O6Y 3.418 (6) TI2—O6" 3.60 (3)
TI1—06" 3.418 (6) TI2—O6X 3.63 (4)

Symmetry codes: (i) x, —y+1, z+1/2; (ii) —x+1/2, y+1/2, —z+1/2; (iii)

—x+1/2, —=y+3/2, —z+1; (iv) —x+1/2, —y+1/2, —z+1; (v) x, y+1, z; (vi) x+1/2,

—y+1/2, z+1/2; (vii) —x, y+1, —z+1/2; (viii) x+1/2, y+1/2, z; (ix) —x, ,

—z+1/2; (x) —x+1,y, —z+1/2; (xi) —x+1/2, y—1/2, —z+1/2; (xii) —x+1/2,
—y+1/2, —z; (xiii) x—1/2, y—1/2, z; (xiv) x—1/2, —y+1/2, z—1/2.

3.2. Pathways transport simulation proposed from bond valence analysis

3.2.1 Alkali pathways transport simulation by BVSP

The bond valence sum path (BVSP) showed that small tunnels, extending along [011], are not
favourable for thallium cations mobility. Cations meet bottlenecks of the valence unit maxima Vu max

=1.55 for an only 2.3 A covered distance (Fig. 5).

TI" migration seems to be easier only along c-axis (Fig. 6b). However, Vu max for thallium
migration along this direction reaches 1.367u.v for a 2.81A distance. In fact, the bottleneck widths of
the tunnels vary from 4.825 A to 5,709 A 4.943 A which are smaller than the geometrical size sum of
6.08 A corresponding to 2x(rri*+ro?) = 2x(1.64 + 1.40)A (Fig. 6a).
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Figure 5. Bond valence sum for thallium ions vs. the covered distance.

(b)
Figure 6. (a) Geometrical and size of tunnels parallel to c-axis.(b) The minimum BVS mismatch path
along the [001] direction for TI*, determined using the JUMPITER software.

3.2.2. Alkali pathways transport simulation by BVSE

The bond valence site energy (BVSE) showed that thallium migration is one-dimensional along
c direction. Although tunnels size is slightly lower than the geometrical size sum of oxygen and
thallium diameters low migration energy Emig = 0.664 eV was observed (Fig. 7). The same
phenomenon was noted in TIFeo22Al078As207 [41,42]. This material showed a one-dimensional
migration path of thallium atoms with experimental and theorical activation energies equal to 0.656
and 0.6 eV respectively.
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Figure 7. 1D migration pathways of thallium cation along c axis at Emig= 0.664 eV.

The BVSE is usually used to model alkali metal cations conduction pathways in the crystal
bulk [43-48]. However, It was successfully employed to determine proton migration model in
F82+Fe3+3_2(|\/|n2+,Zn)o_s(PO4)3(OH)4_2(H20)o_8 [49].

The bond valence site energy showed that proton migration is three-dimensional. At a
migration energy equal to 0.682 eV, proton migration channels along [110] and [-110] directions were
observed (Fig. 8). Despite thallium cations, protons are located in small cavities. However, their small
size allowed them to migrate at almost the same energy for one dimensional direction.

Figure8. 1Dmigration pathways of H* cation along [110] and [-110] directions at Emig=0.682 eV.
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Then each channel formed previously along the same direction is connected in (001) Plan at a
migration energy 1.203 eV (Fig. 9). The proton percolates in order to connect migration sheets at
energy equal to 1.293 eV. The BVSE shows that proton diffusion was not only allowed by
conventional proton crystallographic sites and structurally-equivalent sites in the neighbouring unit
cells but also insured by interstitials (Fig. 10). Proton percolation over interstitials was also observed in
the Cs3H(Se0s)2, RbsH(Se0s)2, KH2PO4 and the one and zero dimensional CsH2PO4 and MesH(AO4)2
materials respectively [50-51].

(b)

Figure 9. Projection of 2 D conduction pathways migrations of H" at Emig= 1.203 eV (a) Along b
direction (b) Along c direction.

c

Figure 10. Projection of 3 D conduction pathways migrations of H* along b axis at Emig= 1.293 eV.
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It can be deduced from this study that protons are the most responsible moving species for
ionic conduction of this material. Nevertheless, thallium contribution ameliorates the ionic
conductivity. As a result, TIFeHP3010 can be a good candidate for battery electrode material.

3.3. IR spectroscopy

Since the most significant absorption bands of the P3O10 group are located between 1500 and
400 cm™, we are interested in this domain (Fig. 11). Frequencies assignments of the P3O10> anion are
based on the characteristic vibrations of the P-O-P bridge, PO, and POz groups. The band observed at
1352 cm™ was attributed to (P=0) vibration which was also observed in the NiNasP3O10.12H20
infrared spectra [53] (Table 6). The bands generated by the symmetric and antisymmetric-stretching
frequencies of POz and PO3 in P3O10> are detected at 1143 and 1054 cm™ respectively. Since P-O
bonds in PO, and POz groups are weaker than bonds in the P-O—P bridge, then the vibrational
frequencies of POz and POg are likely higher than those for P-O—P. So bands found in the region 987-
624 cm* are ascribed to the antisymmetric and symmetric P-O-P stretching modes.

100

©
o
1

Trasmission (%)

(=]
o
1
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70
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Figure 11. Infrared spectrum of TIFeHP3O1.



Int. J. Electrochem. Sci., Vol. 15, 2020

8524

Table 6. Frequencies of the main IR vibrations (cm™) of PsO10 or HP3O10 entities encountered in the
bibliography data

Attribution | NiNasP3010-12H20 | KYHP30uo | 0:24NHAY0, | 4 1ib.010 | RbPFHP3O10 | KDYHP3O10 | KMnHP3O10 | TIFeHPsO10
ref. 53] Bs] |76 \(['5*53010 [54] [14] [36] [10] (This work)
- 2922 2838 2838 - 2925 2917 -
Von (P-OH) 2371 2370 2370 2370 2361
1355 1264 1258 1256 1255 1262 1248 1352
v (P=0) 1200 1182
1202 1186 1184 1122 1128 1116
V(PO (PO 1277 1129 1125 1125 1095 1100 1088
1188 1101 1106 1101 1051 1065 1037 1143
+ 1059 1066 1064 1065 1035 1036 1029 1054
Vas(PO3)+v5(PO3) 1002 1036 1038 1039 1010 1012 1006
1013 1015 1014
908 976 973 973 970 978 936 987
Vas(POP) 937 937 939 930 936 925
799 833 835 833 839 835 833 893
vs(POP) 700 783 783 783 773 782 764 779
650 701 701 701 696 700 689 624
625
Deformation 612 611 611 605 611 599
vibrations 586 584 585 578 586 568
+ 600 560 561 563 551 560 542 558
M-O vibrations 544 536 536 536 530 532 528 482
(M =Mn, Ni, 514 512 513 513 514 508 430
Fe, 485 485 486 480 485 474
Y, Pr.by) 434 434 435 428 433 423

4. CONCLUSION

New phosphate TIFeHP3010 was synthesized by hydrothermal method. The structure has been
solved and confirmed by X-ray diffraction and BVS and CHARDI methods respectively. The
compound is formed by triphosphate groups HP3O10 and FeOgoctahedra connected by corners. The
structure of this material has an open framework having tunnels along c axis where thallium cations
reside. Conduction migration pathways of thallium and proton were investigated using BVSP and
BVSE models. Migration energies for one dimensional thallium migration and three dimensional
proton migrations were 0.664 eV and 1.293 eV respectively. These values present a quite fast ionic
conductivity.

SUPPLEMENTARY INFORMATION

Crystallographic data for TIFeHP3O10 has been deposited with the Cambridge Crystallographic Data
Centre as supplemental publication numbers (CCDC)2008094.Copies of the data can be obtained free
of charge via http://www.ccdc.cam.ac.uk.
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