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Numerous publications exist concerning LiFePO,, especi-
ally with regard to its remarkable electrochemical storage
properties.' Aside from research in the field of phosphate-
based water treatments for high pressure steam genera-
tors,” NaFePO,, the chemical equivalent with sodium,
has not been as extensively explored.® The typical NaFe-
PO, maricite phase seems to be the thermodynamically
favored phase because it is obtained at high temperature
or in hydrothermal conditions.>* The maricite phase, how-
ever, presents one-dimensional, edge-sharing FeOg octa-
hedrons and no cationic channels (Figure 1a), contrary to
the olivine LiFePO, (Figure 1b). An olivine-based NaFe-
PO, phase would therefore be particularly interesting in
order to study its electrochemical properties, especially in
the context of the renewed interest for sodium batteries.’
Possible physical new properties of a sodium-deficient phase
could also be of interest, much like Na,CoO,, following
the discovery of supraconductivity or thermoelectric
properties in its derivatives.® Because the direct synthesis
of the olivine phase seems unfavorable, the cation exchange
from LiFePO, is the logical way forward. This process of
synthesis was shown to be effective for the electrochemical
insertion of sodium in FePOy (olivine Prnma).>*® Surpris-
ingly, the resulting structure is still unpublished and no
intermediate phase was reported. If one is to understand
the fundamental differences between the insertion of lithium
versus sodium in similar host materials, as well as study the
stability and properties of such phases, precise structu-
ral determinations are essential. This communication
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presents the resolution of the NaFePOy olivine structure,
along with that of an intermediate phase, Nag,FePOy,
obtained during the charge of a sodium battery. Both ab
initio calculations, as well as thermal analyses, illustrate
the relative stabilities of the electrochemically prepared
phases.

Sodium intercalated samples were synthesized electro-
chemically using a positive electrode made with a mixture
of 70% FePO, (olivine) and 30% carbon black (Ketjen).
FePO, was obtained from LiFePO,,’ by chemical oxida-
tion in acetonitrile using NO,BF4.® The mixture was ball-
milled (30 min, 500 rpm) and pasted onto an Al current
collector. Swagelok-type batteries were mounted with
sodium as the negative and reference electrode and EC:
PC (50/50) 1 M NaClOQy, as the electrolyte. Batteries were
cycled in potentiodynamic mode (PITT) with time steps
being limited by a current limit. The latter was set equi-
valent to 1 Na/50 h for cycling experiments and 1 Na/200 h
when equilibration of samples was performed prior to XRD
analysis. In this case, powders were recovered at different
stages of the cycling curve (Figure 2) and analyzed by
ex situ X-ray diffraction on a D5000 diffractometer.
Whether starting from noncarbon or carbon-coated LiFe-
POy, or using galvanostatic or potentiodynamic mode,
electrochemical results were identical.

The complete sodiation of the FePO, olivine is obtai-
ned and is reversible. Unlike the Li/FePO, system, how-
ever, it occurs in two steps, with the formation of the
intermediate Nag ;FePO4 composition (Figure 2). X-ray
diffraction patterns at the end of the charge (point C in
Figure 2) lead to the same olivine structure as the pristine
FePQO, structure. The atomic structure of the fully inter-
calated compound (point A in Figure 2) was obtained
by Rietveld refinement of the X-ray diffraction diagram
(Figure 3).” The sodium site occupancy was refined as
1.003(12), confirming the full intercalation. NaFePOy, cell
parameters are slightly larger than for the lithium equiva-
lent: @ = 10.4063(6) A, b = 6.2187(3) A, ¢ = 4.9469(3) A
and V = 320.14(3) A* (compared to a = 10.332(4) A, b =
6.010(5) A, ¢ = 4.692(2) A, and V = 291.35(10) A* for
LiFePO,)."” The ~0.2 A increase for the b and ¢ axes is
consistent with that of ionic radii from lithium (90 pm) to
sodium (116 pm). The a parameter, on the contrary,
increases only by 0.07 A. In this direction, FeOq octa-
hedrons are linked by PO, tetrahedrons, which are known
for being particularly rigid entities. Bond valence sums
(BVS) calculated using the charge distribution procedure
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Figure 1. Structure of (a) maricite NaFePO,, (b) olivine LiFePO,, and
(c) olivine NaFePO,.
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Figure 2. Typical electrochemical curve for the synthesis of NaFePOy,
and Nag ;FePOy in PITT mode.

are in perfect agreement with expected values (BVSy, =
0.995, BVSg. = 2.005, BVSp = 5.001)."" One can thus be
very confident concerning the quality of the structural des-
cription. Although the average value of Fe—O distances
within the octahedrons are very similar in both olivine
structures (2.1567(15) A for LiFePO,compared to 2.185(9) A
for NaFePOQy), the octahedron distortion in the sodium
compound is much higher. The distortion parameters
(A, A, 0),'* already significant for the FeOg octahedron
in LiFePOy, (1.4 x 103, 1.045, 156), increase noticeably
(2.1 x 1073, 1.065, 217) in NaFePO,. On the contrary, PO,
tetrahedrons, while presenting a little bond-angle distortion,
are not affected by the replacement of lithium for sodium.
Very similar (A, A, 0) values are found in LiFePO, (8.1 x 10,
1.004, 19) and NaFePOy (4.1 x 1076, 1.004, 18). The relative
stability of this olivine-based NaFePO, structure with respect
to the well-known maricite structure was studied using ther-
mal differential analysis. The positive electrode mixture was
placed in a platinum crucible and heated up to 650 °C. An
exothermic peak at around 488 °C was obtained on heating
but was found to be not reversible (Figure 4, inset). Tempera-
ture-dependent in situ X-ray diffraction diagrams under
nitrogen gas confirm the transition around 480 °C on heating
and prove the transformation of the olivine phase into the
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acterize bond-length dlstomons with d; the length of the bond i, <d > the
average bond length, d, the bond length of in a regular polyhedron and
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bond-angle distortion with (m, 6) equal to (12, 90°) and (6, 109.47°)
for octahedrons and tetrahedrons, respectively .
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Figure 3. Rietveld refinement of NaFePO, olivine structure obtained
after full Na intercalation in FePOy,.
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Figure 4. Insitu X-ray diffraction patterns of the olivine NaFePO, phase,
for an increasing temperature from 25 to 650 °C. Inset: Thermal differential
analysis of the NaFePO, olivine phase.

maricite phase. Up to the transition, both b and ¢ parameters
expand regula.rly with to the first order Ab/T = +21.4(4) x
10 °AK "and A¢/T=49.9(1)x 10 >AK ™" whereasthea
parameter slowly decreases with Aa/T = —2. 4(2) x 1075 A

! (see the Supporting Information). This result should
be linked once again to the high rigidity of POy, tetrahe-
drons. At the olivine to maricite transition, a significant
volume shrinkage is observed.

Stability of both olivine and maricite NaFePO, phases
were also studied by calculations of their respective total
energies. The computer program VASP in the GGA+U
approximation was used considering antiferromagnetic
orders and U, parameters identical to those used for the
treatment of the LiFePOy, olivine structure (details in the
Supporting Information). The maricite phase is found to
be 0.016 eV/formula unit more stable than the olivine one.
An evaluation of the enthalpy of the transformation
measured by TDA leads to 0.044 eV/per formula unit.
Because of the sizable errors in both techniques, the
qualitative agreement can be considered as satisfactory.
The fact that the transition is exothermic and irreversible
is consistent with the fact that this phase is usually obta-
ined at high temperature or in hydrothermal conditions.*
VASP optimization of the olivine NaFePO, structure
converged readily toward the experimental parameters.
This result demonstrates that this structure shows at least
a strong enough relative stability not to be transformed
into the maricite phase while cycling. Theoretical calcula-
tions also allowed us to determine the theoretical potential
of a hypothetical plateau between FePO,4 and NaFePO,
versus Na/Na™ (see the Supporting Information). The ob-
tained value, 2.92 V, is in good accordance with equilibrium
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Figure 5. Rietveld refinement of Na, ;FePOy olivine structure obtained
inoxidationata 2.95V potential. Asterisks denote possible superstructure
peaks.

values (defined as the potential obtained upon rela-
xation to dV/dz < 0.1 mV/h): 2.863 V on discharge and
2.869 V and 2.972 V on charge (Figure 2). We note that with
respect to a Li/Li* reference electrode (3.20 V), this value is
substantially lower than that expected from the Li/FePO,
system (3.45 V). As mentioned above, a discontinuity in the
potential-composition curve occurs in the vicinity of x = 0.65
(£0.05) both on discharge (less visible) and on charge
(Figure 2). This discontinuity corresponds to an electroche-
mical biphasic process involving a Nag-0FePO4 phase in
equilibrium with FePO,, as confirmed by ex situ X-ray
diffraction diagrams performed at x = 0.4 (see the Sup-
porting Information). Because the biphasic process is
better defined on charge, Nay ;FePO,4 was obtained with
high purity by equilibrating the sample at 2.95 V versus Na/
Na™ (point B in Figure 2). The corresponding single phase
ex situ X-ray diffraction diagram is presented in Figure 5.
This diffraction pattern can be partially indexed with a
Pnma orthorhombic unit-cell having parameters inter-
mediate between those of NaFePO, and LiFePOy: a =
10.2886(7) A, b = 6.0822(4) A, ¢ = 4.9372(4) A, and V' =
308.95(4) A®. A consistent average structure is obtained
from Rietveld refinement with, in particular, an occu-
pancy for the sodium site (0.710(18)) in good agreement
with the expected composition inferred from electroche-
mical experiments. However, the significant deviation of
the calculated BVS from the theoretical values (BVSy, =
0.736, BVSg, = 2.083, BVSp = 5.181) and the important
anisotropic atomic displacement parameters for the sodium
(Uy; &= 3Usz and Uy =~ 5Usz) are the signature of a not fully
resolved structure with probably the existence of a disorder.
Extra diffraction peaks are in fact observed in the diffracto-
gram (asterisks in Figure 5) and could correspond to a
5-fold superstructure in the ¢ direction, although their
limited intensity and number prevent a definitive answer
from powder diffraction diagrams. Electron diffraction
studies are in progress to confirm such a possibility.
Following thermal differential analysis, Nag;FePOy4
is found to be stable up to 469 °C. It transforms into a
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mixture of maricite NaFePO, and alluaudite-type
NaFes ¢7(PO,4); (composition close to Nag;FePOy),"
as demonstrated by in situ X-ray diffraction experiments
(see the Supporting Information). Alluaudite phases pre-
sent one-dimensional sodium channels.'"* The similarities
between the two structures suggest that, upon heating,
some channels in the partially intercalated olivine are
preserved, whereas others collapse to lead to the alluau-
dite phase. This transformation is still complex. In parti-
cular, pretransitional modifications can be observed
around 430—470 °C, both in NaFePO, (Figure 4) and
Nag ,FePOy4 (see the Supporting Information). A full
phase diagram determination is currently under way in order
to determine the precise reaction path as well as to allow a
comprehensive comparison with the FePO,/LiFePO,
system. '’

The occurrence of an intermediate phase while cycling
in the case of sodium, whereas intermediate compositions
for lithium iron phosphate were only characterized in
special conditions,'® illustrates the increased interaction
of sodium ions compared to lithium ions with the host
structure. A similar behavior is observed by comparing
the number of phases obtained in Li,CoO,'” compared to
Na,Co00,.'8

Two new Na FePO, phases (x = 0.7, x = 1) were elec-
trochemically synthesized and their olivine-based struc-
tures reported. Electrochemical tests of carbon coated
FePO,4 powders in sodium batteries are currently in
progress. Good cycling properties, as well as noticeable
differences with the lithium equivalent LiFePO,, will hope-
fully motivate further studies in order to develop sodium
battery technologies based on olivine iron phosphates.
Future work will also focus on finding out whether these
new phases present interesting physical properties.
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