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Na,CoyFe(POy)s crystallizes with the alluaudite-type structure (S.G. C2/c) and plays a dual
anode/cathode behavior in sodium ion battery.
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Alluaudite Na,Co,Fe(PQO,); as electroactive material
for sodium ion batteries
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Received ooth January 2012,
Accepted ooth January 2012 The electroactive orthophosphate Na,Co,Fe(PO,); was synthesized using a solid state reaction.
Its crystal structure was solved using the combination of powder X-ray- and neutron-diffraction
data. This material crystallizes according to the alluaudite structure (S.G. C2/c). The structure
consists of edge sharing [MOg] octahedra (M= Fe, Co) resulting in chains parallel to [-101].
These chains are linked together via the [PO,4] tetrahedra to form two distinct tunnels in which
sodium cations are located. The electrochemical properties of Na,Co,Fe(PO,4); were evaluated by
galvanostatic charge-discharge cycling. During the first discharge to 0.03V, Na,Co,Fe(PO,);
delivers a specific capacity of 604 mAh/g. This capacity is equivalent to the reaction of more
than seven sodium ions per formula unit. Hence, this is a strong indication of a conversion-type
reaction with the formation of metallic Fe and Co. The subsequent charge and discharge involved
the reaction of fewer Na ions as expected for a conversion reaction. When discharged to 0.9 V,
the material intercalated only one Na'-ion leading to the formation of the new phase
Na;Co,Fe(PO,)s. This phase could then be cycled reversibly with an average voltage of 3.6 V vs.
Na'/Na and a capacity of 110 mAh/g. This result is in good agreement with the theoretical
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capacity expected from the extraction/insertion of two sodium atoms in Na;Co,Fe(PQOy,)s.

1. Introduction

Due to their environmental compatibility and low cost, iron-
based phosphate compounds have been intensively explored as
electroactive materials during the last decade. Moreover, their
reasonable energy density, enhanced safety and of the diversity
of their structural frameworks make them of interest as positive
or negative electrode materials for both lithium and sodium ion
batteries.["®) Of significance, one can cite phosphates whose
crystal structures comprise cavities and tunnels such as FePOy,,
NaFePO4, [Nal,xLix]MnFez(PO4)3, NazFe3_anx(PO4)3,
NazFe3(POy)q, Na,Fe(P,0,), NayFe3(POy4)»(P,05),
Na;Fe(PO,)(CO;) and Na,FePO,F.["13]

Our group recently reported on the preparation and
electrochemical performance of a new orthophosphate o-
Na,Ni,Fe(PO,);.' The electrochemical results for this new
phase, tested as anode material, indicated that during the first
discharge to 0.03 V vs. Na'/Na, the material delivers a capacity
of 960 mAh/g. This capacity corresponds to the reaction of
more than seven sodium atoms per formula unit, which
indicates a conversion-type behavior with the formation of
metallic Fe and Ni. In addition, we demonstrated that this kind
of materials has the ability to be used as a cathode material.
Indeed, Na,Ni,Fe(PO,); can insert one Na' ion which leads to
the formation of Na;Ni,Fe(POy);.'! This compound can be
hence charged and delivers a capacity of 160 mAh/g at 3.6V vs.
Na'/Na. It is worth nothing that LiFePO,, which is one of the
mainstream cathodes in the Li-ion battery technology, can
deliver a capacity of 160 mAh/g at 3.45V vs. Li*/Li.l!"18!

This journal is © The Royal Society of Chemistry 2013

In order to search for new sodium based compounds, we
herein report on the synthesis, crystal structure determination,
and the electrochemical properties of the orthophosphate
Na,Co,Fe(PO,);. This material and its sodiated homologous
Na3;Co,Fe(PO,); are studied as anode and cathode materials for
sodium ion batteries, respectively.

2. Experimental Section

2.1. Synthesis

In typical solid state reaction, a stoichiometric mixtures of
Na,COj; (Aldrich, 99.5 %), Co(NO3),*6H,0 (Merck, 99.9 %),
Fe(NO3);3;°9H,0 (Merck, 99 %), and NH,H,PO, (Aldrich, 99.99
%) were ground in an agate mortar, then the powder mixture
was transferred into a platinum crucible and heated at 200°C
for 6 h and at 500 °C for 24 h in air in order to release H,O,
NH;, and CO,. The obtained powder was then ground and
calcined at 850 °C for 48 h.

2.2. Powder X-Ray diffraction measurements

The sample was characterized by high precision powder X-ray
diffraction (PXRD), wusing a Panalytical diffractometer
operating with CuKo radiations. The sample was scanned
between 10 and 120 (°). Full pattern matching refinement was
performed with the Jana2006 program package.!'” The
background was estimated by a Legendre function, and the
peak shapes were described by a pseudo-Voigt function. The
refinement of peak asymmetry was performed using four
Berar-Baldinozzi parameters (Fig. S1). Evaluation of these data
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revealed the refined cell parameters a = 11.7522 A, b =
12.4489 A, ¢ = 6.4534 A, f=114.06 (*), and V' = 862.12 A°>.

2.3. Neutron powder diffraction

Neutron powder diffraction (NPD) data were collected on the
high-resolution diffractometer HB-2A at the High Flux Isotope
Reactor of Oak Ridge National Laboratory, using neutrons of
wavelength 2.413 A. For the measurements, the sample in the
form of ~3 g of powder was loaded in a vanadium can and the
data were collected at 290 K using a top-loading closed-cycle
refrigerator. The Rietveld analysis of the data was performed
using the Fullprof Suite®”! and Jana2006 program packages.

Table 1. Crystallographic and structure refinements data for
N32C02Fe(PO4)3

Rietveld Refinement

Crystal data

Chemical formula Na,Co, 935Fe; 06sP3012

Dalton Transactions

3.1. Structure refinement

The crystal structure of Na,Co,Fe(PO,); was solved using the
crystal structure of Na,Fe3(PO,); as a starting structural
model.*"! A Co/Fe statistical disorder has been introduced over
the two crystallographic sites of iron [4e (0 0.272 1/4) and &f
(0.781 0.156 0.368)]. The refinement of the occupancies
indicated the presence of iron mainly at the 8f atomic position,
leading to the chemical composition Na,Co,g3sFe; ¢65P3012
which is in perfect agreement with the expected composition
Na,Co,Fe(POy);. Since, few atomic displacement parameter
(ADP) tensors displayed negative values; atoms of the same
nature have been restricted to have the same ADPs. The
Rietveld analysis of the neutron powder diffraction data
collected at 290 K led to the reliability factors listed in Table. 1
[Rp = 2.3%, wRp = 2.9%, Rz = 1.4%]. The final atomic
positions are given in Table. 2. Fig. 1 shows a good agreement
between the experimental and calculated patterns.

M, 504.4

Crystal system Monoclinic

Space group C2le

Temperature (K) 290 z

a(A) 11.7599 (3) z

b (A) 12.4522 (3) g

c(d) 6.44063 (16) E :

B ) 113.913 (2) o

V(A% 862.18 (4) B

z 4 =

Data collection ~

Diffractometer HB-2A

Radiation type A=2413 A 11 I O T A N N AT N T T

20min > 20steps 20max values (°) 17.63, 0.05, 123.98 . ‘

Refinement sttt ol Yy LA ANt -k

RP 0'024 T T T T T T T T T T T

gwp 8838 20 30 40 50 60 70 80 90 100 110 12
exp .

R(F) 0.011 26(deg)

Rbprage 0.016 Fig. 1. Observed, calculated and difference plots for neutron

goodness of fit 0.578 powder diffraction of Na,Co,Fe(PO,); collected at 290 K.

No. of data points 2380

No. of parameters 59

Profile function Pseudo-Voigt 3.2 Crystal Structure

Background Chebyshev function with15 terms Na,Co,Fe(PO,); is isostructural with Na,Fe;(PO,);.2"! The

2.4. Electrochemical cycling

The positive electrode was prepared by spreading a mixture of
80% Na,Co,Fe(PO,); powder (active material), 15% super-P
(conductive additive) and 5% of polyvinylidene difluoride
(PVDF binder) onto a copper foil, and drying at 100°C
overnight. The electrolyte was made of 1 M NaPFg salt
dissolved in ethylene carbonate (EC) and dimethyl carbonate
(DMC) solvent combination. Metallic sodium was used as the
negative electrode. Coin cells (CR2032) comprising
[Na,Co,Fe(PO,4);/NaPF¢-EC-DMC/Na] were assembled inside
an argon-filled glove box. Electrochemical performances were
evaluated by galvanostatic charge-discharge cycling at 10
mA/g, in the voltage range of 0.03-3.0 V vs. Na'/Na. The
sodiated Na3;Co,Fe(PO,); phase was obtained by discharging
the pristine material electrode Na,Co,Fe(PO,4); down to 0.9 V.
The Na;Co,Fe(POy); electrode was then washed several times
with EC, dried, and used as a positive electrode. The
Na3;Co,Fe(PO,);/NaPF¢-EC-DMC/Na coin-type cells were
cycled using a constant current charge—discharge at a rate of 5
mA/g in the voltage range of 1.8-4.5 V vs. Na'/Na.

3. RESULTS AND DISCUSSION

2 dalton trans. , 2015, 00, 1-3

structure consists of edge-sharing MOg (M= Co, Fe) octahedra
running along the [-101] axis (Fig. 2b). The MO, infinite chains
are cross connected by the PO, tetrahedra giving rise to
channels along the [001] axis, within which eight-coordinated
sodium atoms are located (Figs. 2a, 2c¢). The interatomic
distances and bond valence sums (BVS) > ?*! are listed in
Table 3.

The d(Col-O) distances range from 2.074 to 2.182 A with
an average distance of 2.142 A which is in good agreement
with the value of 2.145 A calculated from the sum of the
effective ionic radii of the six-coordinated high spin Col1*" and
0% .4 The d(Co2-0) distances range from 1.945 to 2.160 A
with an average distance of 2.048 A. This would indicate that
Co2*" is at the low spin state, since in this case the distance
d(Co-0) was reported to be 2.05 A.[**! Moreover, it should be
noted that there is a statistical disorder between Co2** and
Fe2’" at the 8f atomic position (0.781 0.156 0.368). The BVS
values of 1.795 and 2.331 indicate that Col is under bonded,
whereas Co2 is over bonded.

This journal is © The Royal Society of Chemistry 2012
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Table 2. Atom positions and isotopic displacement parameters for Na,Co,Fe(PO,); from neutron diffraction data at 290 K.

Atom Wyck. Occ. x y z U, (AD)
Nal 4b 1 0 1/2 1/2 0.051(2)
Na2 4e 1 12 0.4872(8)  1/4 0.051(2)
Col/Fel 4e 0.993/0.007 0 0.2723(9) 1/4 0.031(7)
Co2Fe2 8 0.476/0.524  0.7816(3)  0.1566(2)  0.3682(6)  0.0030(18)
Pl 8f 1 0.7646(3)  0.1101(3)  0.8780(7)  0.0127(14)
P2 4e 1 0 0.2936(5)  3/4 0.0127(14)
o1 8f 1 0.83833)  0.16702)  0.1086(6)  0.0145(9)
02 8f 1 0.0412(3)  0.2197(3)  0.9668(7)  0.0145(9)
03 8f 1 0.7778(3)  0.1778(2)  0.6852(5)  0.0145(9)
04 8f 1 0.8252(2)  0.0011(4)  0.3868(5)  0.0145(9)
05 8f 1 0.6028(3)  0.1343(2)  0.2511(5)  0.0145(9)
06 8f 1 0.8740(3)  0.3981(3)  0.1734(6)  0.0145(9)

Table 3. Interatomic distances (in A) and bond valences (B.V.)
of Na,Co,Fe(PO,);. Average distances are given in brackets.

distance
Nal-O5 2.300
Nal-O6 2.388
Nal-O6 2.529
Nal-O5 2.898
<2.529>
*1.318 [8]
Na2-04 2413
Na2-04 2.550
Na2-O1 2.838
Na2-02 2.877
<2.669>
%0.882 [8]
Col-06 2.074
Col-02 2.169
Col-0O1 2.182
<2.142>
%1.795 [6]
Co2/Fe2-05 1.945
Co2/Fe2-04 1.994
Co2/Fe2-0O1 2.039
Co2/Fe2-02 2.072
Co2/Fe2-03 2.078
Co2/Fe2-03 2.160
<2.048>
%2.331/2.794[6]
P1-06 1.529
P1-O4 1.548
P1-O1 1.554
P1-03 1.559
<1.548>
*4.83 [4]
P2-05 1.503
P2-02 1.576
<1.539>
*4.96 [4]
* bond valence sum, B.V. = " with the

following parameters: b = 0.37, ry (Na'-O) = 1.803,
7o (Co"-0) = 1.692, ry (Fe"-0) = 1.759, and r
(PY-0) = 1.617 A=

This journal is © The Royal Society of Chemistry 2013

The P10, tetrahedra are quite regular, however the P20,
tetrahedra are distorted. The distances range from 1.529 to
1.559 A and from 1.503 to 1.576 A with the average values of
1.548 A and 1.539 A for P1 and P2, respectively. These values
are consistent with the value of 1.55 A calculated from the sum
of the effective ionic radii of the four-coordinated P°* and O*
121 The BVS values of 4.83 and 4.96 are in agreement with the
expected value of +5 for P, which is of the same order of
magnitude reported for Na,Ni,F e(PO,),.[1"

The Nal' and Na2" cations are bonded to eight oxygen
atoms (Fig. 2¢). The Nal-O and Na2-O distances range from
2.300 to 2.898 A and from 2.413 to 2.877 A with the average
values of 2.529 A and 2.669 A, respectively. The BVS values
of 1.318 and 0.882 indicate that Nal and Na2 are overbonded
and underbonded, respectively. Even if the coordination sphere
of Nal is decreased to six, Nal remains overbonded with a
BVS value of 1.214.

Fig. 2. (a) Projection view of Na,Co,Fe(PO,); along the [001]
axis , (b) View of the edge-sharing octahedra running along [-
101], and (c) Coordination spheres of the Nal and Na2 cations.

3.3. Electrochemical properties

3.3.1. Na,Co,Fe(POy); as an anode material for sodium
batteries

The electrochemical performances of the studied electrodes
were evaluated at room temperature. Fig. 3a shows the first
three cycles of the [Na,Co,Fe(PO,);/NaPFs-EC-DMC/Na] cell
cycled between 3 and 0.03 V at the 10 mA/g current density.
The initial discharge capacity of 604 mAh/g is much higher
than the theoretical capacity of 371.8 mAh/g arising from the
consecutive reduction of Fe*' to Fe’ and 2 Co*"' to 2 Co’. The
additional 230 mAh/g capacity is most probably due to the
reduction of the electrolyte over the positive electrode.**>** The
first discharge can be segregated to three voltage regions (Fig.
3). The first region can be observed as a plateau upon the

dalton trans. , 2015, 00, 1-3 | 3
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discharge to around 0.9 V where the cell delivered a capacity of
65 mAh/g. This capacity is close enough to the insertion of a
one sodium atom per formula unit owing to the reduction of
Fe’" to Fe*. Similar results were observed in other phosphate
materials such as NaMnFe,(PO,); and o-Na,Ni,Fe(POy);.5!"
The second voltage region consists of a long plateau that ends
at around 0.6 V, and the capacity (325 mAh/g) associated with
it corresponds to the conversion reaction of Fe*" and Co*" to
their metallic forms. Below 0.6 V, the observed voltage slope
and the capacity associated with it are attributed to the
reduction of the electrolyte and/or the formation of solid
electrolyte interface (SEI).

The second and third discharge profiles are different from the
1" one because during the first discharge to OV the
Na,Co,Fe(PO,); structure collapsed in an irreversible process.
In the first discharge, some of the obtained capacity is related to
the electrolyte decomposition and the formation of the solid
electrolyte interface (SEI). The same behavior has been
observed in various oxyphosphates such as M, s;TiOPO, (M=
Ni, Co and Fe).[?+27]

Na' ions, x
0 2 4 6 8 10 12
3.0 T T T T T T T T T T T T
(a) .
r Insertion = Cycle 1
25+ reaction Cycle 2
Cycle 3
z
£ 20
«
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>
g Conversion reaction Electrolyte
S 1.0 > decomposition/
S8 SEI formation
S R —
i \
0.0 PN L L I T
0 100 200 300 400 500 600
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Fig. 3a. Charge-discharge curves of Na/Na,Co,Fe(PO,); cell
between 3 and 0.03 V at the current density of 10 mA/g.
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N32C02FG(PO4)3
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Fig. 3b shows the differential galvanostatic profile (dQ/dV) of
Na,Co,Fe(PO,); material. The first cycle profile shows three
reduction peaks and one oxidation peak. For the first discharge
scan the minor peak, at 1.30V, is assigned to iron reduction
from Fe’" to Fe?'. The major peak centered at 0.63V has been
attributed to the irreversible process by which the reduction of
Fe®" and Co?' to their metallic forms occur. This phenomenon
was reported for FePO,?, LiFePO4PY and M, sTiOPO, (M=
Ni, Co and Fe).>?* The third minor peak at 0.36V can be
attributed to the decomposition of the electrolyte, which results
in the formation of the solid electrolyte interphase (SEI) film.
During the charge, one broad peak is observed around ~1.76 V
and corresponds to the oxidation of metallic Fe and Co.!?>28-3%

3.3.2. Na,Co,Fe(POy); as a cathode material for sodium
batteries

= .’.f,‘;."f-!;-“-‘-&w-mw&..-.......
= 4.0
st
% 1% cycle
Z 3.5 a e
N 3.0 & s
Z/ J
1)
g 2.5
= ]
> 2.0 1
1.5 ] 33{:;{';"‘
T . : I | |

0 20 40 60 80 100 120 140 160 180
Capacity (mAh/g)

Fig. 4. Charge-discharge profiles of Na/Na;Co,Fe(PO,); cell

between 1.5-4.5 V at the current rate 5 mA/g.

Na;Co,Fe(PO,); was obtained through the partial sodiation of
Na,Co,Fe(POy4); upon discharge to 0.9 V and its PXRD is very
similar to that of Na,Co,Fe(PO4); (Fig. S2). The
electrochemically prepared material was then evaluated as a
cathode by a galvanostatic charge-discharge cycling under the 5
mA/g current rate in the voltage range 1.5-4.5 V vs. Na'/Na
(Fig. 4). When charged to 4.5 V, Na;Co,Fe(PO,); displays a
sloppy voltage profile vs. Na'/Na with a first charge capacity of
170 mAh/g. This capacity is slightly higher than 152 mAh/g,
corresponding to the removal of three sodium atoms. The
electrolyte oxidation may have contributed to the excess of
capacity. This capacity and voltage profile are similar to the
ones reported for Naz;Ni,Fe(PO,);, Na,Fe3(PO,); and
NaFePO,.'*7] By analogy to these works, the observed
capacity of NazCo,Fe(PO,); arises from the consecutive
oxidation of Fe*' to Fe*' and 2 Co®" into 2 Co’". Extensive
investigations are needed to better understand the
electrochemical reaction mechanism of the sodium storage in
both N32C02F6(PO4)3 and N33C02F6(PO4)3.

4. Conclusion

The new orthophosphate Na,Co,Fe(PO4); was successfully
synthesized by a solid state reaction route. PXRD and NPD
confirmed the formation of a pure phase, which crystallizes
with the alluaudite-type structure. When discharged to 0.03V
vs. Na'/Na, Na,Co,Fe(PO,); delivered a capacity of 604 mAh/g
which is higher than the predicted theoretical capacity of 371.8

This journal is © The Royal Society of Chemistry 2012
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mAh/g. The large irreversible capacity observed during the first
discharge can be mainly attributed to the conversion reaction
and the formation of the SEI film and decomposition of the
electrolyte. When the discharge is limited to 0.9 V vs. Na'/Na,
Na,Co,Fe(PO,); intercalates one sodium atom forming the
sodiated phase Na;Co,Fe(PO,);. The electrochemical tests
proved the ability of this material to be useful as cathode
material for sodium ion batteries.
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