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Abstract

Phosphate materials have attracted a growing interest for their promising
applications such as catalysts and electrode materials. In the context of the elab-
oration and structural study of novel phosphates, we present in this work a new
phosphate, Na . Co, , Cr,  (PO,),, belonging to the well-established structure
type, a-CrPO,. This phosphate was produced via a solid-state process and its
structure was deduced from single-crystal diffraction data.The Na . Co, . Cr, (-
PO,); crystallizes in orthorhombic symmetry, with the Imma space group and
unit cell parameters: a = 10.4148(1) A, b = 13.1091(2) A, ¢ = 6.4403(1) A,and V
=879.29 (2) A3. The framework is made up of PO, tetrahedra, (Cr1/Co1)O, octa-
hedra and (Co2/Cr2),0,, dimers octahedra. The structure of the title compound
can be described as an assembly of two building units: (1) sheets parallel to the
(b,c) plane, consisting of the corner and edges sharing (Co2/Cr2),0, dimers and
P(2)O, tetrahedra, (2) chains made from corner-sharing (Cr1/Co1)O, octahedra
and P(1)O, tetrahedra running along the 4-axis. The association of these building
units gives rise to a 3D (Three-dimensional) architecture with two distinct kinds
of tunnels parallel to the a and b directions where the Na*ions are situated. The
Naatoms are both surrounded by eight oxygens.
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Introduction

Mixed alkali and transition metal phosphates with tunnel and layered struc-
tures have received much attention and have been explored in several research
areas such as magnetism [1, 2]. Indeed, the inclusion of transition metals within
the structure results in exceptional magnetic properties, like ferromagnetic [3],
antiferromagnetic [4, 5] or ferrimagnetic [6, 7] behavior, in addition to their pos-
sible applicability as electrode materials for batteries [8, 9]. Owing to their high
structural stability, several transition metal phosphates with a 3D architecture
have undergone in-depth research. Among the well-known families of those ma-
terials, we can cite, Alluaudite [10], a-CrPO, [11], NASICON [12], and Olivine
[13,14].

In fact, out of the various categories of phosphates, one of our areas of focus
is centered on tunnel-type structures [15, 16]. These materials have shown their
usefulness in a diverse range of applications as catalysts, anticorrosive pigments,
sensors, or materials used to manufacture lasers [17-19]. For instance, a signifi-
cant research effort has been reported on the a-CrPO -type structure. This type
of structure is effectively used in electrode materials due to the large channels

available for alkali-ion migration, for instance, NaCoCr,(PO,),, NaNiCr,(PO,),,
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and Na Ni,Cr(PO,), were tested as anodes in Na-ion batteries
and it has been shown that these compounds delivered high
specific capacities [11]. Moreover, a-VPO, has been investi-
gated as an effective anode component for Na-ion batteries

[20].

During our investigation of the A/ O/MO/P,QO,, seeking
new materials with open structures likely to exhibit exciting
properties, many new crystalline compounds with diverse
structures and belonging to distinct chemical classes have
been identified, namely, a-CrPO -type structure. In the same
framework, our research team has synthesized and character-
ized new transition metals-based materials belonging to this
type of structure, such as MNi,Fe(PO,), (M = Ca and Sr) [21,
22],MCo,Fe(PO,),(M = Ba and Sr) [23, 24], MMn" Mn'"(-
PO,),(M = Ba, Sr, and Pb) [25-27].

To further enrich this specific area of research, the present
work introduces the elaboration and structural characterization
of a new non-stoichiometric phosphate Na, . Co, , Cr

PO,), exhibiting the a-CrPO, structure.

1464<_

Materials and Methode

Single crystals synthesis
The phosphate Na,  Co, Cr (PO,); was synthesized

through a solid-state reaction, with the reactants consisting
of NaNO, (2 99%, Merck), (CH,CO0),Co.4H,O (= 99%,
Merck), Cr (NO,),.9H,O (= 98%, Merck), and NH H,PO,
(2 99.6%, Acros Organics) in the molar ratio of Na:Co:Cr:P
= 2:2:1:3. 'This mixture was dissolved in an aqueous solution
containing a few drops of HNO,, stirred continuously for two
hours on a magnetic stirrer and then air-dried overnight on
a hot plate to evaporate the water. The collected powder was
then transferred to a platinum crucible and heated in a furnace.
'The temperature was raised to 1343 K, where melting occurs,
and held for two hours before being cooled to 1143 K at a
rate of 5 K/h. Dark brown crystals of an appropriate size were
found for the X-ray diffraction (XRD) study.

Structure determination

An appropriate single crystal was placed on a thin glass
fiber on a Bruker D8 Venture Super DUO diffractometer
with PHOTON100 CMOS area-detector and monochro-
matic MoKa radiation (A = 0.71073 A) for the data acquisi-
tion. The data collection was gathered using the APEX3 pro-
gram [28] and the absorption correction was carried out by a
multi-scan semi-empirical approach using SADABS [29].'The
direct method was used to solve the crystal structure, while
SHELXT 2013 and SHELXL 2013 were used for refinement
[30, 31]. These programs are implemented in the WinGX
software package [32]. In order to create the structural graph-
ics, DIAMOND software was used [33]. The structure is de-

termined at nanometric scale.

Results and Discussion
The Na, . Co,,Cr, (PO,), crystallizes with the well-
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known a-CrPO, structure in the Imma space group and the

unit cell parameters: a = 10.4148(1) A b=13.109112) A, c =

6.4403(1) A, V = 879.29 (2) A3, and Z = 4. Besides O1 and
O2 oxygen atoms which are located in general positions, all
remaining atoms are located in special positions of the Imma
space group. Indeed, the Cr and Co atoms share the 42 and
8¢ special positions with Cr*/Co* occupancy fractions of
0.828/0.172 and 0.406/0.594, respectively. Moreover, the
phosphorus atoms occupy 8¢ and 4e¢ Wyckoff positions of
the Imma space group. The sodium atoms are in the 44 and
4e special positions, the 44 site is partially occupied by 36.8%
of Nal, while the 4e site is fully filled by Na2. The principal
crystallographic parameters, atomic positions, and anisotropic
displacement parameters for each atom are presented in
table 1, table 2, and table 3, respectively. The Bond Valence
Sum (BVS) calculations are given in table 2. The BVS values
calculated for Crl and Cr2 atoms are higher than the BVS
values of Col and Co2 atoms, which is consistent with the
expected oxidation state of Co* and Cr** ions. Not that the
BVS values of Co atoms are slightly higher than expected
which can be explained by site disorder. Moreover, the BVS
calculations indicate that the values of P and Na atoms closely
align with the anticipated formal total valences of +5 and +1,
respectively. Additionally, the BVS values determined for all
oxygen atoms are within the expected range of 1.83 - 2.08.

Figure 1a shows the environments of the mixed sites Crl/

Table 1: Crystal data, data collection, and refinement structure details of

Na1.37col.36cr1.64(PO4)3‘
Crystal data

Chemical formula Na, .Co,,Cr (PO,

M (g/mol) 481.64
Crystal system, space group Orthorhombic, Imma

a,b,c(A) 10.4148 (1),13.1091 (2), 6.4403 (1)
V(A 879.29 (2)
VA 4
p (mm™) 5.21
Data collection
Diffractometer Bruker D8 Venture

Multi-scan (SADABS; [29])

Absorption correction

No. of measured, independent

and 18003, 1462, 1382
observed [I> 206(I)] reflections
R 0.029
0_-0_() 3.1-40.0
Temperature (K) 296
Radiation type X-ray, Mo Ka radoiation (A=
0.71073A)

Refinement

R[F > 25(F)], wR(), § 0.019,0.055,1.11

No. of reflections 1462
No. of parameters 60
Ap, ., Ap_. (e A%) 1.21,-0.72

Col and Co02/Cr2, as well as P and Na atoms. The (Crl/
Co1)O, octahedron shows a moderate dis‘Eortion as the Crl/
Co1—O distances range from 1.9745 (7) A to 2.0400 (12) A.
Similarly, the cationic disorder causes a strong deformation of
the (Co2/Cr2)O, as illustrated in ﬁg}}re 1a. The Co2/ Cro2—O
distances vary between 2.0414 (8) A and 2.0609 (7) A. The
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Table 2: Fractional atomic coordinates, equivalent isotropic displacement parameters (A?), and BV for Na, . Co, , Cr, . (PO,)..
Wyck. x y z . Occ. (1) BVS
Crl 4a 0.5000 0.5000 0.5000 0.00514 (6) 0.828 (13) 2.884 (3)
Col 4a 0.5000 0.5000 0.5000 0.00514 (6) 0.172 (13) 2.645(3)
Co2 8¢ 0.7500 0.63485 (2) 0.7500 0.00551 (5) 0.594 (12) 2.294 (2)
Cr2 8¢ 0.7500 0.63485 (2) 0.7500 0.00551 (5) 0.406 (12) 2.501(2)
P1 8¢ 0.7500 0.42747 (3) 0.7500 0.00520 (8) 1 4.856(5)
P2 e 1.0000 0.7500 0.91635 (8) 0.00485 (9) 1 4.956(8)
Nal 4b 1.0000 0.5000 0.5000 0.0314 (11) 0.368 1.113(1)
Na2 e 1.0000 0.7500 1.4029 (3) 0.0571 (6) 1 0.776(1)
O1 16§ 0.78634 (9) 0.36528 (6) 0.56147 (13) 0.01115 (14) 1 1.845(3)
02 165 0.86197 (7) 0.50675 (6) 0.79028 (12) 0.00732 (12) 1 2.060(3)
O3 8i 0.88141 (11) 0.7500 0.76930 (17) 0.01008 (18) 1 2.082(4)
04 8h 1.0000 0.65381 (9) 1.0481 (2) 0.01117 (18) 1 1.833(5)
Table 3: Anisotropic displacement parameters (A2) of all atoms.
Ull U22 U33 UlZ U13 U23
Crl 0.00349 (10) 0.00509 (11) 0.00683 (11) 0.000 0.000 -0.00144 (8)
Col 0.00349 (10) 0.00509 (11) 0.00683 (11) 0.000 0.000 -0.00144 (8)
Co2 0.00500 (8) 0.00531 (8) 0.00621 (9) 0.000 -0.00067 (5) 0.000
Cr2 0.00500 (8) 0.00531 (8) 0.00621 (9) 0.000 -0.00067 (5) 0.000
P1 0.00591 (13) 0.00491 (13) 0.00478 (14) 0.000 -0.00002 (9) 0.000
P2 0.00375 (16) 0.00537 (17) 0.00544 (18) 0.000 0.000 0.000
Nal 0.0048 (10) 0.088 (3) 0.0016 (10) 0.000 0.000 -0.0052 (14)
Na2 0.0568 (12) 0.0989 (19) 0.0155 (7) 0.000 0.000 0.000
01 0.0151 (3) 0.0101 (3) 0.0083 (3) 0.0031 (2) 0.0008 (3) -0.0029 (2)
02 0.0063 (2) 0.0075 (2) 0.0081 (3) -0.0007 (2) -0.0012 (2) 0.0009 (2)
O3 0.0072 (4) 0.0139 (4) 0.0091 (4) 0.000 -0.0034 (3) 0.000
04 0.0099 (4) 0.0095 (4) 0.0141 (5) 0.000 0.000 0.0058 (3)
phosphorus atoms adopt tetrahedral environment. The frame-
work of the phosphate Na, . Co, , Cr,  (PO,), can be shown @) A e, corceno, vo, 0 M. @ N0,
as a 3D assembly of PO, tetrahedra, (Cr1/Co1)O, octahedra % < A) ° f,{ e
and (Co2/Cr2),0, dimer units of edge-sharing (Co2/Cr2)O, .2". ¢ :
octahedra. As seen in figure 1c, these dimer units create sheets o ©
parallel to the (b,c) plane by sharing corners and edges with <
P(2)O, tetrahedra. Adjacent sheets are bridged to each other
through infinite chains of corner sharing (Cr1/Co1)O, octa-
hedra and P(1)O, tetrahedra running along the b-axis (Figure
1b). The sheets and chains are joined together to construct
an open three-dimensional structure displaying two different e
kinds of tunnels parallel to [100] and [010] directions where
the sodium atoms are positioned as in figure 1d. The Na* cat- )
ions are both surrounded by eight oxygens (Figure 1a). The Qe
Nal—O distances are in the range of 2.3599 (8)- 2.8683 (9) -
A, whereas the Na2—O bond length varies between 2.610 (2) ;Z
and 2.6995 (8) A.'The structure of the title compound resem-
bles that of NaCoCr,(PO,), and Na,Ni,Cr(PO,), with two
types'of §od1um atoms in the tunnels [1 11. The selected inter- Figare 1:(a) The environments of Cr/Co, P,and Naatoms, (b) [Co. . Cr. (-
atomic distances and angles are gathered in table 4. PO,),] framework, (c) sheet of edge and corner-sharing (C02/1é6r2)2810
units and PO, tetrahedra parallel to the (b,c) plane, and (d) polyhedral rep-
Conclusion resentation of the tridimensional framework showing Na* cations in two
distinct kinds of channels running parallel to [100] and [010] directions.

In summary, single crystals of Na, . Co,,Cr, (PO,

1.64
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Table 4: Main interatomic distances (A) and angles (°) in Na, . Co, . Cr, . .(PO,)..
Atom
Distances (A) Cr1/Co1—O
Cr1/Col Cr1/Co1—02! 1.9745 (7) Cr1/Co1—0O2% 1.9745 (7)
Cr1/Co1—02i 1.9745 (7) Cr1/Col1—04i 2.0400 (12)
Cr1/Co1—02i 1.9745 (7) Cr1/Co1—04" 2.0400(12)
Angles (°) O—Cr1/Co1—O
02—Cr1/Co1—0O2¢ 180.0 02i—Cr1/Col—04it 93.42 (3)
02—Cr1/Co1—02ii 86.55 (4) 02—Cr1/Col—04i 86.58 (3)
02i—Cr1/Co1—02i 93.45 (4) 02—Cr1/Co1—04" 93.42 (3)
Cr1/Col 02—Cr1/Co1—02¥ 93.45 (4) 02i—Cr1/Col—0O4" 86.58 (3)
02i—Cr1/Co1—O2" 86.55 (4) 02ii—Cr1/Col1—O4" 86.58 (3)
02ii—Cr1/Co1—O2" 180.0 02—Cr1/Col—04" 93.42 (3)
02—Cr1/Col1—04it 86.58 (3) 04i—Cr1/Col—0O4" 180.0
02i—Cr1/Col1—04i 93.42 (3)
Distances (A) Co2/Cr2—O
Cor/Cry | Co2/Cr2—03 2.0414 (8) C02/Cr2—03" 2.0414 (8)
Co2/Cr2—01v 2.0414 (8) Co2/Cr2—02 2.0608 (7)
C02/Cr2—O01" 2.0414 (8) Co2/Cr2—02¢ 2.0609 (7)
Angles () O—Co02/Cr2—0O
03—Co02/Cr2—O1* 86.34 (4) 01'—Co02/Cr2—02 88.89 (3)
03—Co02/Cr2—01¥ 93.73 (4) 03i—C02/Cr2—02 171.72 (3)
01—C02/Cr2—O1" 179.91 (5) 03—Co02/Cr2—02" 171.72 (3)
Co2/Cr2 03—Co02/Cr2—0O3i 84.63 (5) 01"—Co02/Cr2—0O21 88.89 (3)
01"—Co02/Cr2—0O3 93.73 (4) 01'—Co02/Cr2—02i 91.04 (3)
01'—Co02/Cr2—03i 86.34 (4) 03"i—Co02/Cr2—QO2 102.44 (3)
03—C02/Cr2—02 102.44 (3) 02—Co02/Cr2—0O2t 70.86 (4)
01"—Co02/Cr2—02 91.04 (3)
Distances (A) P1—O
P1 P1—O01 1.5107 (8) P1—O1¥ 1.5107 (8)
P1—0O2t 1.5835 (7) P1—02 1.5835 (7)
Angles () O—P1—0O
P1 01—P1—O01t 114.68 (7) 01—P1—02 107.54 (4)
01—P1—021 114.02 (4) 01i—P1—02 114.02 (4)
01i—P1—02i 107.54 (4) 02i—P1—02 97.95 (6)
Distances (A) P2—O
P2 P2—04 1.5200 (11) P2—03i 1.5563 (11)
P2—O4vi 1.5200 (12) P2—03 1.5563 (11)
Angles (°) O—P2—0O
P O4—P2—O04i 112.11 (10) 04—P2—03 109.86 (3)
04—P2—03i 109.86 (3) O4i-pP2—03 109.86 (3)
O4vii —pP2—Q3viit 109.86 (3) O3vii —P2—03 105.04 (9)
Distances (A) Na1—O
Na1—O02 2.3599 (8) Na1—O1 2.8683 (9)
Nal Nal—02x 2.3599 (8) Nal—O1* 2.8683 (9)
Nal—024 2.3599 (8) Nal—O1* 2.8683 (9)
Nal—O2% 2.3599 (8) Nal—O1+ 2.8683 (9)
Distances (A) Na2—O
Na2—04 2.610 (2) Na2—O1~ 2.6995 (9)
Na2 Na2—0O4i 2.610 (2) Na2—O1 2.6995 (9)
Na2—O3x 2.664 (2) Na2—O1xi 2.6995 (9)
Na2—O3+ 2.664 (2) Na2—O1xi 2.6995 (8)
Note: Symmetry codes: (i) x-1/2, -y+1,2-1/2; (ii) -x+3/2,y, —2+3/2; (iii) x-1/2,y, -2+3/2; (iv) -x+3/2, -y+1,2-1/2; (v) -x+3/2, =y+1,2+1/2; (vi) x, -y+1, -z+1;
(vii) =x+3/2, -y+3/2, -z+3/2; (viii) —x+2, -y+3/2, z; (ix) X, y, z-1; (x) -x+2,y, z; (xi) —x+2, -y+1, -z+1; (xii) x+1/2, y, -z+3/2; (xiii) -x+2, —=y+3/2, z+1; (xiv) X, y,
z+1; (xv) =x+2, y+1/2, -z+2; (xvi) x, -y+1, —z+2; (xvii) —x+2, -y+1, -z+2; (xviii) x, y+1/2, —z+2.
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were successfully grown using solid state method and
identified structurally through single-crystal XRD data. This
phosphate crystallizes with the a-CrPO,-type structure, the
latter consists of [(Co2/Cr2),0, | dimer units sharing corners
and edges with P(2)O, tetrahedra to create sheets parallel to
the (b,c) plane. These sheets are associated together by infinite
chains of corner sharing [(Cr1/Co1)O,] octahedra and P(1)
O, tetrahedra to construct a 3D framework including channels
where the sodium atoms are situated.
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