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The reaction mechanism occurring during the (dejaatiation of sodium into the host olivine FePO
structure is thoroughly analysed through a commnatf structural and electrochemical methodsitin s
XRD experiments have confirmed that the chargedischarge reaction mechanisms are different and
have revealed the existence of a solid solutionaioriom 1 < x < 2/3 in N&ePQupon charge. The
second part of the charge proceeds through a Zpkastion between MNgFePQ and FePQwith
strongly varying solubility limits. The strong callismatch between NgFePQ and FeP@enhances the
effects of the diffuse interface and therefore iragysolubility limits are first observed here in

micrometric materials.

Introduction

Recent progress in the field of Na-ion batteriedB¢}p is
endorsing the potential of this technology as dleialternative
to Li-ion batteries (LIBs) in the mid-term, partlady for
stationary applications [1]. The numerous studiesvoted to
materials for SIBS in the last couple of years, agnavhich the
promising report of several full cells with honobi& energy
densities [2, 3, 4], is a clear sign of the quiekelopment of this
reborn research field after almost a three-dechdesk owing to
the eclipsing success of LIBs.

There are however several aspects of Na-ion clgntisat
remain to be understood for the development of mpstitive
technology. Among these, one can cite the electetelgrolyte
reactivity [4, 5], or the reaction kinetics and tfnagisms of
numerous electrode materials. Although the mirrérLoion
technologies can be used as a solid backgrounthéresearch
of viable Na-ion systems, important differencesaaen the two
systems are continuously being revealed. Examfdlésave the
poor insertion Na into graphite [6], the fact tiNg" ions are too
large to be accommodated in a compact lattice tilee spinel
framework [7, 8] or the different reaction mechamisf Sb with
Na when compared to Li [2].

The olivine host structure is also a good exampfiethe
differences between Li and Na intercalation chemisindeed,

NaFePQ exhibits one of the highest reversible capacities

reported up to date for a polyanionic cathode mnelt¢®] and

maintains some of the exceptional features of itsdunterpart:
reaction within a narrow voltage range inside thitage stability
window of the electrolyte, good stability and googtlability.

Numerous works devoted to the mechanism of LiFeRéve
revealed that the 2-phase reaction usually obserued
micrometric materials can turn into a complex phasesition

mechanism that depends strongly on microstructwsize (

morphology, defects) and that are still the sousteexciting

debate. For example, several works have shown msédef the
so possibility of inter-particle lithium diffusion imulti-sized multi-

particle systems (i.e. electrodes) in equilibrivahich leads to a

suppression of interfaces and stabilizes into gurexof lithiated

and delithiated single-phase particles [10, 11, t2jas also been
found that the reaction mechanism can switch frotwa phase

ss reaction to a single phase reaction through a moiilierium
transformation path [13] by tuning the size androstructure of
the material [14]. The ensemble of the works reldtethis active
field, recently thoroughly reviewed by Malik et fL5], is key to
identifying the origin of the excellent rate perfance this

e material exhibits and represent a step forward tdsvathe
understanding of electrochemical systems basedhtencalation
reactions.

Conversely, very little is known about the meckaniof the
sodium system despite some noticeable differemoes EiFePQ
s have already been reported. Contrary to the synmaétsiphasic
mechanism observed in micrometric LiFeH®6], Na extraction

occurs in two voltage plateaus separated by amietiate phase

NaFePQ (x~2/3), whereas three phases (FgP&,;FePQ and

NaFePQ) appear simultaneously during Na insertion [17s&d
70 0n ex-situ XRD and TEM analysis, we attributed tsymmetry
to the mechanical aspects of the transformatioacaount of the
strong volumetric mismatch that the two end membmsrshe
system exhibit (17.58% for FeR@aFePQ compared to 6.9%
for the Li counter-parts).

We report here new insights into the mechanismNaf
insertion and extraction into Fe@NaFePQ based on a detailed
in-situ  X-ray diffraction study, from which intezsy new
features have been identified and are thoroughdyyaed.
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Experimental
Synthesis of NaFePO4

NaFePQ/C has been synthetized after chemical delithiatind
further sodiation of commercially available 6% acambcoated
LiFePQ, of 800nm primary particle size. The chemical axion
was performed by stirring a mixture of pristine &#K), using

(blue dashed line in figure 1). This voltage didauuity separates
two rather constant voltage plateaus, typicallyoeisded with
biphasic phase transformation mechanisms accordinghe
Gibbs phase rule [22], and corresponds to the foomadf an
eo intermediate ordered phase as previously repo@gdHowever,
and despite a flat plateau is observed in PITT expants before
the voltage discontinuity as reported by Moreaal [9], a solid

NO,BF, (Sigma-Aldrich) as oxidizing agent in acetonitrile solution transformation mechanism is revealed hedeed, the

(Sigma-Aldrich) at room temperature. The reacticas vearried
out in a glove box under argon atmospherg ¢&d HO ppm<
5). After the reaction was completed the mixtures wacuum

reflections initially corresponding to NaFepP@ontinuously
es Change in 2 theta position to reach the intermediatlered phase
NaysFePQ at the voltage discontinuity (region I, figure 1Lb)
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acetonitrile twice and dried under vacuum at 80c¥ernight. I I I
The obtained FePpowder was chemically sodiated with Nal : ! ———— '
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(Sigma-Aldrich) in acetonitrile under reflux in angatmosphere. < 35 Ty :
The Na/Fe ratio of the final NaFeRP@ompounds has been = S b -
verified by ICP and found to be equal to 0.95 +0.03 g ;
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Characterization techniques. 1 i
For XRD measurements, Cw kadiation was used on a Briker ] %Om
D8 Advance X-ray diffractometer equipped with a LYEYE a0+ i 020
detector. Forr situ XRD experiments we have developed our 1 op— o
own 22 mm inner diameter electrochemical cell, pped with a T e — 301
Be window as current collector, operating in reflet geometry. 32_. :
Each scan was collected in 0.02° increments bet@8éand 38° ] 301
at a scanning speed of 0.018466° $he active material was & 5 557
prepared by mixing NaFeR@ with carbon (ketjen Black EC- 1 T
600JD, Akzo nobel) in a ratio 80:20. About 25 mgta$ mixture t J 311
were placed into the cell against the Be windowlowea 35 ' —121
Whatman GF/D borosilicate glass fiber sheet separat 1 | c— G311
impregnated with 1.0 M sodium hexafluorophosphataRF, - 121
Sigma-Aldrich) in ethylene carbonate (EC, Acro)MC (1:1 38 ] 12} s
by volume) liquid electrolyte and high purity Na tale(Sigma- 3 S &
Aldrich) as anode. The cell was galvanostaticafgled at a % %:n_ @ &
current of 2.4 mA/g for a rate of C/66 using a SPH&iologic =5 E Iel
potentiostat. Le Bail refinements were carried outh the €= . L
FullProf program [18] (Windows version, May 2010). S 45 55 A 4 %0 A0 7B elo %0 700

Transmission electron microscopy (TEM) measuremermre
carried out by using a FEI Tecnai F20 electron ascope
operated at 200 keV and equipped with High Angledar Dark
Field (HAADF) detector and X-ray Dispersive Ener@§DX)

time (h)

Figure 1. a) Voltage versus time curves of the XRD in situ experiment. b)

spectrometer. The samples were ultrasonicated wua¢one and
the resulting dispersion of the powder was tramsterto a
quantifoil carbon film fixed on a 3 mm copper g(R00 mesh).

Results and discussion

The results of the in-situ XRD experiment of a NaBg

electrode during the first cycle are presentedigufe 1. The top
panel 1a presents the voltage vs. time curve, ¢h&ra panel 1b
displays a 2D plot of the diffraction patterns nelzl along the
electrochemical experiment and the bottom panelidglays the
sum of the integrated intensity of the (020) antllj2peaks of
NaFePQ NaFePQ (1<x<0) and FeP© As shown in figure 1a,
the cell exhibits the typical asymmetrical voltageofile

invariably found in this system [9, 19, 20, 17, .2tideed, while
upon discharge a single plateau is observed invtitage-time
curve, a voltage discontinuity is observed aroun@d, X on charge

70 2theta versus time plot of the XRD patterns comprising a full cycle
(charge and discharge). The level of grey indicates the relative intensity
(the darker the more intense). Horizontal bars at the right indicate the
position of the Bragg peaks for each of the phases involved. c) Sum of
the integrated intensity of the (020) and (211) reflections for each of the

75 phases involved versus time.

As can be seen in figure 1b and 1c, soon aftervtitage

discontinuity, FePQreflections emerge as the amount of sodium

decreases within the electrode. These reflectiowsease in
intensity throughout the charge reaction and coewith the
so vanishing reflections of the intermediate orderedhage

NaysFePQ until the end of charge. During the first part of

discharge this mechanism is reversible, with agghdecrease of

FePQ peaks parallel to an increase of,MeePQ reflections.

Therefore, in a broad region covering the second pfthe
ss charge reaction and the first part of the dischgrggion Il in

2 | Journal Name, [year], [vol], 00-00
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figure 1) the system displays a symmetrical biphasic of discharge are not plotted as the low intensitythe peaks
transformation mechanism, similar to what is usuablserved in  prevented their reliable estimation. The latticeapgeters found
the LiFePQ system (except that in the latter the reactiorurec  for the end members, NaFepP@t beginning of chargea(=
between the end members FaR@d LiFePQ). However, before  10.393(1) Ab = 6.207(6) A and = 4.9335(8) A) and FePCat
s reaching the middle of the discharge (region Il figure) the end of chargea(= 9.7989(9) Ab = 5.7962(4) Ac = 4.806(2)
NaFePQ starts forming as more sodium is inserted into theA), are in accordance with previously reported ealtor these
system, although FeRGand NajszFePQ reflexions are still  phases [9, 17]. As was observed from the 2D pldigefre 1b,
observed. The main feature of the end of chargthis the the solid solution mechanism can be clearly idedifn figure 2c
simultaneous presence of 3 phases, in accordantte our by the linear decrease of the unit cell parameetgrthe beginning
10 previous observations in ex-situ XRD patterns ofrtiphy of charge in accordance with Vegard's empirical [@d] until
discharged electrodes [17]. a0 the cell parameters of the pfrePQ phase are obtained at the
voltage discontinuityg = 10.284(1) Ab = 6.0848(7) A and =
) CHARGE + «— DISCHARGE——» 4.9381(7) A), also indicated by the horizontal tioes in figure
I T M 2. The evolution of the cell parameteis completely different as
—— . r L ) it begins decreasing linearly but drops abruptlyl wefore the
S5 biphasic triphasic ss voltage discontinuity, indicating a drastic shrimiiof the unit
' ' cell. This finding might suggest that the orderstgrts to take
place before the composition N&ePQ is actually reached.
Unexpectedly, beyond the voltage discontinuity, aadcomitant
to the appearance of FeRGhe cell parametera andb of the
so intermediate phase are not constant as would beceeg in a
two-phase reaction but rather continue evolvingdity with a
reduced slope. Therefore |#@PQ compositions are formed
with y<2/3, and reach limit cell parameter valuéa e 10.197(4)
A, b=6.026(4) A and = 4.911(2) A around x = 0.3 (note that
ss from now on x is used to define the average Naeamnin the
electrode and y to define the average content adhitlae Na-rich
phase, NgePQ). Assuming that the change of slope in the
evolution of cell parameters is entirely due to Himultaneous
formation of FeP@ an extrapolation of the linear dependence o.
s0 the parameteat before the voltage discontinuity leads to a sodium
content close to y = 0.5 in MePQ at the end of charge.
Therefore the solubility limit of the Na-rich phaseould be
Nay sFePQ for x = 0.3. The cell parameters of Fefalso evolve
slightly (not plotted), as will be shown below.
65
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Figure 2. Evolution of the cell parameters of Na,FePO, during charge and b 3.7 7.4 5.0 23
15 discharge of the battery. The size of the symbols is approximately the
[ 1.9 34 3.3 0.2

size of the error. The dotted horizontal lines indicate the cell parameters
of the chemically synthesized intermediate ordered phase Na,;FePO, as Volume 6.9 17.6 13.5 3.6
previously reported [17]. The plain vertical line indicates end of charge,
and the two dashed vertical lines indicate the limit of the regions with

: ) Table 1. Cell mismatch (in %) between the coexisphases in LiFePO
20 different mechanisms.

and NaFeP® systems, for individual crystalline directions atwtal

. . 70 volume.
The evolution of the cell parameters for the sodiich phase,

obtained from Le Bail's refinements of each XRDdisplayed in
figure 2 (see supporting information for more dsjaiThe cell
parameters of all involved phases have been refinad patterns
2s together with profile parameters and backgroundampaters.
Although the intermediate phase is known to exhibit
superstructure, the cell parameters and the spame f the
subcell have been used for simplicity throughoug tihole
experiment. The values between the end of chardéaginning

Upon discharge, the cell parametesf NaFePQ also evolves
quite symmetrically to the end of charge, incregsimearly
despite two phases are present. At the end of aligeh when

s FePQ has almost disappeared, the value correspondirtheto
intermediate phase BgePQ is reached. Curiously, the cell
parametela increases faster thanand reaches the value of the
intermediate phase BgePQ around the middle of discharge.
Remarkably, neithera nor b go beyond the value of the

This journal is © The Royal Society of Chemistry [year] Journal Name, [year], [vol], 00-00 | 3
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intermediate phase upon charge. Finally, cell patanmc is
almost constant during the whole charge/dischaygiecas was
predictable in regard of the very low mismatch lesw the Na-
rich phases along this direction (table 1).

s In order to get more insight into the solid sauatimechanism
and verify these compelling results, the evolutioh two
individual reflections, (301hrera and (020)epe, has been
thoroughly examined upon charge. Both peaks aré is@hted
from others, even in the simultaneous presencethf inaterials,

10 making them good independent probes for the ewwiutif the

40 have the time to homogenise the bulk concentradioring Na
extraction. A maximum is reached around x=0.85rafteich the
FWHM of (301)\rera Starts to decrease to reach a minimum at
the voltage discontinuity because of the accomniodatf strains
that results from the ordering of sodium and vamcThis

4s would support the hypothesis that the ordering cctefore the
composition NgsFePQ is actually reached. Above the voltage
discontinuity and while the amount of FeP8§arts increasing,
the FWHM of the Na-rich phase increases again demnably,
reaching even higher values than in the first garterse factors

two phases. Since the cell parameatdras been found to varyso can be invoked to explain this observation, theralv/é=WHM
only slightly in NgFePQ, it can be considered that most changes being probably the result of their combination. @ve hand, the

in the position of reflection (304)repe arise from the cell
parameter. A lorentzian fit has been used in order to extthet
15 evolution of their position and full width at hathaximum
(FWHM), both shown in figure 3. The peak positidrreflection

decrease of Na content in jf@PQ might result again in an
increase in coherency strains. Moreover, the poesesf an
interface between the sodium-rich and sodium-pbasps would
ss also lead to an increase of coherency strains aredigction of

(301)\arepa is found to constantly shift towards higher angles domain size for the vanishing phase. This factorfugher

indicative of a decrease in cell parameters. Thidution follows
a linear trend with a change of slope at the veltdigcontinuity,
20 in good agreement with the evolution of the cellapaetera of

supported by the FWHM reduction of (02@h peak, shown as
well in figure 3b, which is expected to follow thaverse
evolution as the biphasic transformation proceedsthe size of

NaFePQ plotted in figure 2, and confirms the continuouso FePQ domains increases. Finally, since the initial FWHIYI

variation in composition of the Na-rich phase thgloout the
whole reaction. The same behaviour is observedJ20)cra
reflection, which is shown to move towards largeiglas as

25 sodium content in the electrode decreases. Thiodsimates that
the solubility limits vary with concentration botbr the Na-rich
(NaFePQ) and the Na-poor (FeRDphases.

X
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Figure 3. Evolution of (301)narepa@Nd(020)repq reflections during the
30 charge reaction. a) Peak position, b) FWHM (°). The dotted horizontal
line indicates the voltage discontinuity.

Regarding the evolution of the FWHM of (3Qdgera
reflection, a rapid increase is found at the begigprof charge
within the solid solution domain (correspondingréemgion 1 in

ss figure 1 a)). Since no interface between differeampositions
has been formed yet, this result indicates thaegteaction of Na
induces coherency strains. These are probably etefirom the
presence of a small gradient of sodium concentratithin the
crystalline phase which in turn suggests that ffstesn does not

(301 \arera reflection is not completely recovered at the efid

charge, the volume reduction derived from Na rerhowald also

result in textural transformations to accommoddte strains,

leading to a mosaic texture and finally to cracknfation, both
es resulting in a reduced size of the crystallites.

TEM has been used to characterise a sample treastopped
in the vicinity of the voltage discontinuity upoharge after six
cycles. Figure 4a shows a low magnification imadethe
different particles, where it can be seen thattal particles are

7o uniformly surrounded by carbon black. Many parsclexhibit
well developed cracks which are typical macroscogéects
formed in olivine-phosphates during®Linsertion or extraction
[23]. Overall the amount of cracks is now largeaarttprevious to
cycling and partial fragmentation of the originalaP&PQ

75 particles can indeed be observed. Figure 4b showisitarface
between two crystalline domains corresponding tgFRRQ
(y=2/3) and FeP@ according to the ratio of the interlayer
distances alongb direction. Note that a different contrast
perpendicular to [120] direction can be observedhia lower

so domain due to Na/vacancy ordering. In figure 4c the
superposition of the Fourier Transform of eachhaf domains is
shown. Red spots originate from the FeB@main, green from
NaFePQ (y=2/3) and yellow results from the superposition of
both. These two images further confirm that thehdses coexist

ss Within the particles and, interestingly, the intéed between the
two materials is found alongc plane. This observation is in
contrast with what occurs with LiFeRCJor which the interface
has been reported to occur usually alonglibeplane because
contains the lower mismatch strains (see table i allows

90 minimizing coherency strains by keeping the largestmatch
direction out of the interface [24]. In the caseaof interface
between NgFePQ and FePQwhile thelowest mismatch is also
along ¢, the mismatch alon@ and b directions is very close,
although slightly higher alonlg (4.67% and 4.98%, respectively).

9s The energy difference between an interface abmor bc will be
low and might even change with the extent of reactWe thus
expect the orientation of the interface to be gaaffected by

4 | Journal Name, [year], [vol], 00—00
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other factors such as kinetics or history of thega. In this case
the interface we observe is the most favourablgeins of

LiFePQ, [13, 25]. The same could apply to the interfacevben
1s NaFePQ and NgFePQ although in this case the cell mismatch is

mismatch &c), which might additionally be kinetically favoured much lower and a larger difference is observed eetwboth

Indeed, the interface orientation will be kinetigamore facile

5 Figure 4. a) Low magnification TEM image of a material stopped during
charge after 6 cycles where areas with cracks are highlighted. b) High
magnification image of [001] zone axis where a domain boundary can be
observed between Na-rich and Na-poor phases. c) Superposition of
Fourier transform from the top and from the bottom of the image,

10 presenting a splitting of the diffraction spots. Superstructure spots
corresponding to Na,FePO, (y=2/3) are marked with squares.

perpendicular to the direction of N&ansport [24], e.gb as in

directions.
Several complex new features in the reaction nmésha
between NaFePfand FePQhave been shown in this study. In
20 addition to the asymmetric reaction path betweeargdh and
discharge, a solid solution range between x=1 an@/8 and a
variation of N& solubilty as a function of its overall
concentration in the 2-phase and 3-phase regionsthef
electrochemical curve has been revealed. Integdgtivarying
25 solubility limits have been predicted [26] and neity reported
for nanosized LiFePQ[27, 28, 29, 30]. Based on the seminal
work of Burch et al. [31], in which a contraction of the
miscibility gap with particle size reduction to tiseale of the
diffuse interface thickness between Li rich andpbior phases
30 was shown, Wagemaket al concluded that the change in phase
domain size with composition also results in contpmsal
changes within each phase [28]. However, thesectsffare
observed in LiFeP® nanoparticles with dimensions below
100nm, while the primary particle size of our pristmaterial is
ss around 800 nm. On the other hand the two systegmfisantly
differ in lattice mismatch of the end members (648in volume
for LiFePQ/FePQ and 13.48% in volume for NgFePQ/FePQ
as shown in table 1). Lattice mismatch has a dffattein the
free energy of mixing; it contributes to the gradipenalty of the
w0 interface, leading to more extended interfaces, tarithe elastic
stress generated by the two-phase coexistencereBut is that
an enhanced effect is observed when the cell m@matlarge.
What occurs in the 3-phase domain is however mifieut to
decipher, and probably depends on dynamics andtiésne
4s Resolving such a question will require additiorfeddretical and
experimental work.

The results shown here witness of the impact oériace
effects and open the door to a systematic investigeof the
particle size dependence of Na insertion into FeRM@reover,

so Similar behaviours are also expected in other Nardalation
materials operating at room temperature througlwe:phase
process with the end members having a large uhitréematch.
The notable differences in the reaction mechanisomd here
between LiFeP@and NaFeP@are reminders that the simple

ss transfer of Li-ion technology to Na-ion systems Vebie an
oversimplification. Detailed knowledge of the tréorsation
mechanisms occurring will be key for the developmerf
improved SIB materials, as has been shown in LtBrielogy.

Conclusions

s0 The mechanism of NaFeR ®attery material has been thoroughly
analysed by in situ X-ray diffraction. This stubgs confirmed
that the typical asymmetrical voltage profile of eth
FePQ/NaFePQ system results from a different reaction path.
Sodium is extracted from NaFepOthrough a single

es homogeneous phase process until the intermediataseph
NaysFePQ forms at the voltage discontinuity. This process i
accompanied by a drastic reduction of the cell patarb and
accommodation of coherency strains as a resultadfd¢ancies
ordering. Further sodium extraction occurs in ahage process

70 between a Na-rich NRePQ phase and a Na-poor FePghase

This journal is © The Royal Society of Chemistry [year]
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whose composition has been found to vary with diveda
content in the electrode. More complex is the disgh reaction,
with the simultaneous presence of three phases watlying

miscibility limits. Diffuse interfaces between difent phases are

s considered accountable of their varying average position,
enhanced here by the stress caused by a largmisetiatch. The
remarkable consequence of these findings is th#fusdi
interfaces will have a higher impact in Na-ion thanLi-ion
intercalation chemistry. Indeed, a reduced misitybilgap,

w0 strongly dependent on the overall composition, hase been
found in micrometric materials.
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Insight into the mechanism of Na insertion and extraction into FePO4/NaFePO, based
on a detailed in-situ X-ray diffraction study, from which interesting new features were
identified and analysed.



