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Introduction,

The development of electrodes for ambient tempeeasodium-ion batteries requires the study
of new materials and the understanding of how alystructure influences properties. In this
study, we investigate where sodium locates in twasBian blue analoguese[Fe(CN}]:«¥H,0
and FeCo(CNy The evolution of the sodium site occupanciestidatand volume is shown
during charge/discharge using situ synchrotron X-ray powder diffraction data. Sodium
insertion is found to occur in these electrodesirdurcell construction and therefore
Fe[Fe(CN}].x¥H.0 and FeCo(CN)can be used as positive electrodes,Ad&e(CNy electrodes
feature higher reversible capacities relative to,A¢&€o(CN) electrodes which can be
associated with a combination of structural factdos example, a major sodium-containing
phase,[Na, sFeFe(CNy with sodium locating either at the=y =z =0.25 orx =y =0.25
and z = 0.227(11) sites and an electrochemically inactsodium-freeFe[Fe(CN}]:«¥H,0
phase. This study demonstrates that key questiboateelectrode performance and attributes
in sodium-ion batteries can be addressed using -taselved in situ synchrotron X-ray
diffraction studies.

metal nodes and organic bridging linkers or ligaredg. metal-
organic frameworks (MOFs)/coordination polynf&rs !

Lithium-ion batteries, since their commercialisation the €xtended in 3-dimentional space, and these leadaro
1990’s? have dominated the market for high energy and powgxceptionally large array of 3-dimensional matarialvith
portab|e deviceg_ Emerging techn0|ogieS, such as ener@ﬁemingly infinite combinations of metals and linkanits.
storage from renewable enery generation' requfm‘,ga]eaper Such frameworks in turn exhibit a vast array Ofgﬂlﬂ)ies, such
and more reliable devices with higher power andrgne @s negative thermal expansion and spin-crossowver,can be

densities than are currently provided by lithium-teatteries: *

used in potential applications, such as gas separafyanide

Ambient temperature

sodium-ion

batteries provide kgidged frameworks form an important class of frame

Significanﬂy Cheaper (and in princip|e more abun'[qj’a mater?als ShOWing a hlgh |eVe|. of Strugtural fléb'(ib.lz'“
alternative to lithium-ion batteriés. Unfortunately, due to the Prussian blue analogues belonging to this classamfiework

inherently heavier mass of sodium compared to uithi
sodium-ion batteries are unlikely to compete imizof energy
density for mass sensitive portable or transpoptieations e.g.
portable electronics and electric vehicles. Howgvéor
stationary energy storage, ambient temperatureusen
batteries are likely to provide a cheaper and mefficient
alternative to lithium-ion batteries.

The limiting factors for sodium-ion battery devetopnt
currently are: the small number of insertion -eledés,
particularly anodes; their energy densities; areréversibility
of the sodium insertion/extraction processes. Ebelets range
from selected carbons, to metal oxides, phosphabes]

materials, have been applied as insertion electréatelithium-
ion batteries® ® and recently they have been adapted
sodium-ion batterie%?®

The investigations of Prussian blue analogues estredes in
sodium-ion batteries focus on the electrochemiatrgt require
further study in order to determine what featureameworks
are ideally suited for electrode applicatiéns.Typically the
positive electrode is referred to as the sodiunra®in a full
rechargeable sodium-ion battery, providing theiahgource of
sodium-ions to generate battery capacity. Howesedjum is
also present in the electrolyte and this can pmadcertain
amount of capacity for the battery. The concepwbére, how

fluorophosphate$. > An alternative class of materials fordnd by what means sodium inserts/extracts fromtrelde

insertion electrodes in sodium-ion batteries ar@mfwork-

materials can shed light on electrochemical perforoe and

based materiafs® Framework materials are a combination diirther electrode/battery development. Ideally cetedes will
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be able to reversibly insert/extract large quaggitof sodium, The positive electrodes were manufactured by mix@@éo wt.
i.e. high energy densities, and this process cancymed of the active material, 10% wt. conductive carb8Sager C65,
thousands of times with only minor structural chesyg.e. will Timcal) and 10% wt. polyvinylidenefluoride bindeP\(DF,
present longevity or long lifetimes. These factoaa be probed MTI Cooporation). A few mLN-methylpyrrolidone (NMP,
using specialised techniques, in particularsitu synchrotron MTI Cooporation) were added and the resulting glunas
powder X-ray diffraction (XRD), which has the capiyp to stirred overnight. This slurry was then coated kménium foil
provide detail on the structure and sodium siteligian while using a notch bar. The electrode film was driedG® C in a

a battery is functioning” *®In any sodium-ion battery, sodiumvacuum oven overnight. The electrode sheets wezsspd to
will carry the chargé? and thus it is important to know whatl00 kN using a flat plate press (MTI corporatiomdadried
happens to sodium, and specifically how it evolvesvernight at 100C before transfer to the Ar-filled glovebox.
crystallographically in the electrodes. Time-resalvin situ Coin cells with 3mm diameter holes in the casingl &mm
synchrotron XRD data provide insight on the struattueaction diameter holes in the stainless spacer were usedth®
mechanism evolution of electrodes in a battery rdyri construction of the coin cells for the situ measurements. The
charge/discharge or as they functién®® This is distinctly coin cells contained Na metalll mm thickness), glass fibre
different to providing a snapshot of the equiliedstructure at separators with 1M NaRFn dimethyl carbonate and diethyl
equilibrium conditions ax situ (post morte or pseudoin  carbonate (1:1 wt%) electrolyte solution. Furtheetails
situ data pl’OVidé.O' 21 with sufficient time-resolutionin situ regarding coin cell construction and beamline setap be
data show what happens under non-equilibrium redteby found inl’ 18 39 40

operation conditions. Laboratory XRD experiments were conducted on a Rtical
The capability of time-resolved determination oflismn atomic x'pert MPD employing Cu I§ radiation.In situ synchrotron
parameters ~was only recently demonstrated fQtray diffraction experiments were performed wittrd days
N&gV20,,(POy)2F3.2« €lectrodes within situ synchrotron XRD  after cell construction. The first Fe[Fe(GNXYH,O cell was
detailing reaction mechanism, lattice and sodiunte sipitia|ly discharged to 1 V and then charged at @A, while
occupancy evolution as a function of charge/disgaar the second cell was initially charged to 3.8 V & @A held at
Considering the larger quantity of lithium-ion teait literature, 3.8 v/ for 10 minutes and then discharged to 0.1t3.2 mA.
only a fewin situ studies describe the lithium site occupancype FeCo(CN) cell was cycled twice, by discharging to 1 V at
and evolution as a function of charge/dischdfgé’ **Note, 05 mA and charging to 4 V at 0.2 mA. These pracesiwere
for lithium-ion batteries, neutron powder diffrawti (NPD) is ysed to ensure sufficient information could be aoted from
required due to the weak signal lithium generateXRD data. {he limited beamtime available.

Thus XRD has a distinct advantage in the studyodisn-ion | sty synchrotron XRD data were collected on the powce:
batteries; it is sensitive to sodium atomic parargtdue 10 the giffraction beamling" at the Australian Synchrotron with a
larger atomic number of sodium relative to lithiumyayelength X) of 0. 73716(2) A, determined using the NIST
Additionally, smaller samples, e.g., simple coirlls€an be ggop | a5 standard reference material. Data were collecte”
probed with XRD, as compared to the larger, mordlehging ,ntinyously in 4.36 minute acquisitions on thenceell in
batteries required foin situ NPD. Limited research has been,ngmission geometry throughout the charge/digehaycles
conducted utilisingin situ XRD at both laboratory and yegcrined above. Further details about this exmeriad setup
synchrotron based sources on sodium battefié$.?>*"There .1, be found iR 2 The powder diffraction beamline employs
is clearly the ability to track in detail the evban of sodiumin o detector positions, and each position was eqpdsr 2
coin cells as a function of time during charge/d&ge usindn .0 tes and the changeover time between positicas O/36

situ synchrotron XRD. _ ) minutes, resulting in an overall collection time4086 minutes.
In this study, we determine the sodium uptake, riige and These two detector positions are merged to provide

extraction in Prussian blue analogues, Fe[Fe{l:NyH,0 and jffraction pattern. Rietveld refinements were @atrout using
FeCo(CNy, using time-resolveth situ synchrotron XRD data. ihe GSAS® software suite with the EXPGH software
We detail how cell preparation can turn the sodfée- interface. For then situ data, in the first dataset the lattice
versions of these compounds into sodium-containingrameters and atomic displacement parameters (APl
compounds and thus act as a positive electrodediusi-ion  5toms were refined. The ADPs were then fixed aedstidium
batteries. Further insight is detailed on storageetof the occupancies refined. For the sequential refinemehes ADPs

electrode and the influence of charging versushdisging the \yere kept fixed and the lattice and sodium occujgsnefined.
electrode as a first step.

. Results and discussion
Experimental

Fe[Fe(CNYLH,0 and Fe[Co(CN] were synthesised Initial structure of Fe[Fe(CN)g]1xMH -0 in a sodium-ion cell
according to the previously reported meti80 mL of a 0.1
M aqueous solution of Fe(CN)] or K3[Co(CN)s] was added
dropwise to 100 mL of 0.1 M aqueous Fge®or Fe[Fe(CNy ;.
LH-O, the reagents were heated to 53 °C, while f
Fe[Co(CN})] they were kept at room temperature. The resulti
mixtures were stirred at room temperature overnighallow
the precipitates to mature. The mixtures were deged and
the precipitates repeatedly washed with deioniseatery
followed by methanol, until the supernatant wasoudess.
Fe[Fe(CNy]1xH,O was obtained as a dark green solid a
Fe[Co(CN})] as a yellow solid.

The Fe[Fe(CNj):1xyH,O electrode in the as-constructed

sodium-ion cell shows the presence of two phases liave

gllstinctly different lattice parameters but addpt same space-
oup symmetryFm-3m, and structure type. The major phas-
s a refined lattice parameter af= 10.36543(27) A and

comprises 78.5(1) % of the electrode while the mpimase ia

= 10.2222(3) A and comprises 21.5(5) % of the etel

(Figure 1 and Table 1).

TJ1e as-synthesized dry Fe[Fe(GN)MH,O powder was found

S be single-phase with a refined lattice parametera =

2| J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 2012
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10.2260(6) A (see Supplementary Information Figlirevhich
corresponds to the minor phase of the electrod@éns
sodium-ion cell. Before proceeding further it ispiontant to
note that there are structural features that maybeowholly
captured by structural mod&lsn the literature for FeFe(CH)
The simple model (termed the vacancy-free modelthis

Physical Chemistry Chemical Physics

synchrotron XRD data is shown in Figure 2d. CleaNgn
captures the electron density of the species irptres of the
framework more precisely than O in timesitu electrochemical
cell. There still exists the possibility of both @d Na
occupancy on this site, a mixed site however, ithimlikely as
the N4 is likely to coordinate to D in these pores leading to

paper) assumes Eeis present at both metal centres and armsjgnificant local strain on the framework. The mefil atomic

water remaining in the pores is removed by dryimgl/ar
electrode manufacturing conditions resulting in ¢benposition

coordinates of Na arge = y = 0.25 andz = 0.227(11) and a
composition of NguggsfeFe(CN). Notably both models

Fe[Fe(CNjy]. If these assumptions are made the major phasepmovide virtually the same scenario a compositidose to

the electrode shows the structural features predentTable 2.
The location of the sodium sites for the vacanegfmodel is
determined by investigating the Fourier differenogaps,

Nay sFeFe(CNj with Na located near the centre of the pores
Where the models differ is the location of Na, eitlat the
special position at the centre of the pore or inoatahedral

locating the site ak = y = z = 0.25 which results in a arrangement surrouding this special position. In ease, both

significant improvement of the fit (Figure 1 and talked
below). The more complex model (vacancy-contaimmadel)
involves considering the potential for mixed valEstsites, e.g.

some of F& reduced to F&. In order for this to occur,

vacancies are required for Fe(1), C and N siteb piecedents

models indicate that Na is likely to be in the mor@nd if this is
the case then it should be possible to remove Ma,use this
material as a positive electrode.

Therefore, the sodium-free Fe[Fe(GN)XYH,O electrode has
chemically inserted a proportion of sodium presumdtnom

existing in the literatuf® * and which also show OH groupshe electrolyte into its pores prior to electrocheah cycling.

replacing CN. A further complicating factor is thetential for
water to remain in the pores of the structure as$an blue
analogues are known to absorb water. Laboratorydpow{RD
data fitted to the water-free vacancy-free modebwshmis-
matched observed and calculated reflection
(Supplementary Information Figure 1). Using Fouaealysis,
this leads to a model where Fe, C and N vacanceemadelled
and are found to bE12% and O is located at thhe=y = z =

intessitywithout

By placing the Fe[Fe(CN)x¥H,O electrode in a battery in
contact with the electrolyte there appears to Epa@ntaneous
reaction that allows sodium insertion into the F£EN)]..
«MH-0O transforming it to a sodium-free FeFe(GNvith or
water) minor phase and a sodium-containirg
[(NaysFeFe(CNy (water free) major phase. The observed
insertion of sodium maybe the result of either ahly presence
of electrolyte solution (i.e., chemical insertiam) the presence

0.25 site, leading ta = 10.2260(5) A and a composition ofof the electrode in an electrochemical cell withcgren circuit

Fe[F& as¢{Co.seNo.ssw)el 0.473(24)HO or x [0.15,y [10.47

potential. It is likely that the rate of sodium aké is dependent

in Fe[Fe(CN}]1«H,0. Note, OH groups are not considered ton time. To investigate chemical insertion, driddctrodes

substitute on the CN sites. Crystallographic datatie refined
model and fits to the XRD data are shown in Suppiletiary
Information Figure 2 and Table 1. In this analysighein situ
synchrotron XRD data we have utilised both modeécéncy-
free and vacancy-containing) to gauge whether dffigrences
are found.

were soaked in electrolyte solution inside an Aedi glovebox
for 1 and 24 hrs. The extracted electrodes weréedeand
analysis of XRD data revealed a larger time-dependecrease
in lattice parameters of Fe[Fe(GN)YH,O (1 hr a
10.144(2) A and 24 hrsa = 10.109(1) A) compared to
FeCo(CN} (1 and 24 hrs = 10.192(2) A). The slight change

For the firstin situ synchrotron XRD dataset the structurah lattice parameter indicates that the electrolg@ution

model of the major phase is detailed in Tablesd Zfor each
option. In the case of the vacancy-free model,niagor phase
intensities matched well with the 200 and 331 FETREg]:.

«yHO reflections but were poorly fitted (under-caldeld) to

influences the structure but other factors areirequo account
for the observed changes in the finstsitu dataset, e.g. the
electrochemical cell. The reduction in lattice paeters may
suggest dehydration and further experiments argqwsed

the 220 and 400 Fe[Fe(C§hH-O reflections (indicated by where vacancy content and time dependence of sodanment

the arrows in Figure 1a). Investigating the Foudédference
maps a positive scattering intensity is locatetheak =y =z =

changes in the electrode are probed.
Furthermore, the transformation of the electrodthosodium-

0.25 site (Figure 1b), placing sodium at this gfégure 1d) containing and sodium-free phases appears to belhase in
improves the fit (Figure 1c)_resu|ting in the r@‘mformula_o_f character. Thé Nay sFeFe(CNj phase forms at the expense or
Nag 51612 €Fe(CNy. Interestingly for the vacancy containinghe Fe[Fe(CNj.,¥H,O phase in both models. It is interesting

model the minor phase still shows evidence of FeCland N to note that a range of NeeFe(CN} phases where say= 0.2,
vacancies and O on the =y = z =0.25 site, but for the major0.4 and so on were not formed. This may indicate an

phase refined occupancies of Fe(1), C and N coevierd., full

occupation. Furthermore, removing thex® y = z = 0.25 site
from the calculated pattern and probing the diffiees Fourier
densities reveals Fourier intensity in an octahlealtangement

energetically favourable composition of10.5 and it may also
suggest that this is the maximum amount of sodiua ¢an be
reversibly inserted/extracted. Additionally, in theacancy
containing model, the Fe, C and N vacancies anderwat

around thex =y =z =0.25 site (Figure 2a). This indicates &ontaining pores are segregated to the minor phvaisite the

distribution of ions/molecules along these porea iisordered
manner. Placing oxygen on these sites, refining esitions
and occupancies, illustrates a large under-calonladf the
electron density. The Fourier difference map shamwvirigure
2b, shows that the electron density contributedokygen at
this site is not sufficient to capture the intepsibserved. The
replacement of O with Na (Figure 2c), where Na aors more
electrons or a larger electron density in Fouriaps results in
minimal remaining Fourier

This journal is © The Royal Society of Chemistry 2012

density and the fit toeth

major phase is vacancy and water-free. The quesé@orains
whether the minor phase is electrochemically activects to
‘trap’ water and vacancies allowing the majorityaph to be
electrochemically active.

J. Name., 2012, 00, 1-3 | 3
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Figure 1. The structure of the initial cathode material in th 1_.

sodium-ion battery using the vacancy-free modelet\wid
refined fit of the(a) FeFe(CNg and(c), (e) Nays1512FeFe(CNy
models to the synchrotron XRD data in 29, (b) 8 < 20 <
20° and(e) 6 < 20 < 48°
calculated data resulting from the Rietveld refieamof the
model are shown as a line through the crosses, thad
difference between the observed and calculatedatathe line
below. Arrows indicate data and model mis-matchEke

vertical reflection markers are for the two FeFejgNhases
present in the electrode. The crystal structure @amdaining
Fourier electron density (yellow) of the maj@dr) FeFe(CNy

and (d) Naysis2fFeFe(CNy phase with iron in light brown,

carbon in dark brown, nitrogen in blue and soditmyéllow
with the shading indicating occupancy. Notga), (c) and(e)
there are excluded regions for the sodium metalamohinium
reflections, in addition the features in the backgrd (indicated
in (c)) arise in part due to carbon-containing componantbe
electrode, e.g. PVDF and carbon blatk.
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Figure 2. The structure of the initial cathode material in the
sodium-ion battery using the vacancy-containing ehod
Fourier electron density (yellow) difference mapste major
phase using the (a) FeFe(CNy and (b)
FeFe(CNy0.473(24)HO models (atoms omitted for clarity).
(c) The structural model best capturing the electrensdy
with iron in light brown, carbon in dark brown, mgen in blue
and sodium is yellow with the shading indicatingcuggancy.
Rietveld refined fit of théd) Nay 4954F€Fe(CN) model to the
synchrotron XRD data in the 8 20 < 20 ° region. Data are
shown as crosses, calculated data resulting fremRietveld
refinement of the model are shown as a line throtigh
crosses, and the difference between the obsencddaoulated
data as the line below. Note there are excludemmedgor the
sodium metal and aluminium reflections, in additidhe
features in the background arise in part due tobarar
containing components in the electrode, e.g. PVBdF @arbon
black.*’
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Table 1. The initial structure of the major phase in th
FeFe(CNj battery using the vacancy-containing model.

Isotropic
*
Atom X y z SOF '(A;DP
100)/A2
Fe(1) O 0 0 1 291
Fe(2) 0.5 0 0 1 2.89
C 0.196 O 0 1 3.89
N 0.303 O 0 1 0.92
Na 0.25 0.25 0.227(11) 0.083(4) 6.50

*Refined for the sample-only pattern and subseduéixed
Spacegroup = Fm-3m, a 10.36543(27) A, 26 refineme
parameters of which 20 are background parametgfs,1.35,
R, = 2.61 %, wR = 3.33 %, atomic displacement paramete
(ADP), site occupancy factor (SOF). The sodiunmteanin the
formula unit would be 0.498(24) or Nas4FeFe(CNy.

Table 2. The initial structure of the major phase in th
FeFe(CNj battery using the vacancy-free model.

Isotropic
Atom X y z SOF ADP*

(x 100)/A2
Fe(1) O 0 0 1 0.57
Fe(2) 0.5 0] 0] 1 1.35
C 0.19 0 0] 1 0.96
N 0.31 0 0] 1 0.96
Na 0.25 0.25 0.25 0.516(12) 0.24

*Refined and subsequently fixed
Spacegroup = Fm-3m, a 10.36571(27) A, 24 refinem
parameters of which 20 are background parametgfs,1.34,

R, = 2.59 %, wR = 3.30 %, atomic displacement paramete

(ADP), site occupancy factor (SOF), Nas12FeFe(CNy.
In situ evolution of the Fe[Fe(CNj],x8H -0 electrode

This study examined two Fe[Fe(GN)YH,O-containing

batteriesin situ. For the first battery, the hypothesis of whethe

further sodium could be electrochemically inseriatb the

major (Nay sFeFe(CNy or minor FeFe(CN)phases were tested

by discharging the cell to 1 V. No changes are okeskin the
FeFe(CNg or FeFe(CNy0.473(24)BO minority phase. For

[(NaysFeFe(CN) small changes are observed in reflectic

positions (Figure 3), the refined lattice parang{@plume) and
sodium content (Figure 4). A small lattice and vo&i
expansion of 0.23(1)% and 0.68(1)% respectively wiinimal

change in sodium content is noted. This indicatest tany
further sodium insertion into this electrode islikvia surface
reactions or in a disordered manner, i.e., thewsodons do not
locate on a crystallographic site in a long-rangkeoed manner
and therefore are not detectable using XRD. Thislcc@lso

suggest that the current rate used for dischargs dot allow
sufficient time for the inserted sodium ions to dte onto
crystallographic sites, i.e., in non-equilibriumndiions. On
charge the volume contracts gradually and the sodiantent
marginally changes until the later stages of ché&figen 110 to
140 minutes), where the sodium content rapidly eleoes.

In terms of the two models used, the vacancy-coimtgiand
vacancy-free models both follow the same trendaitide and
volume expansion/contraction. The only discrepaobgerved
between these models is between 110 and 140 mimtites

the equivalent sodium content of the vacancy-cairtgimodel
appears to decrease more rapidly than the vacaseynfiodel.

This journal is © The Royal Society of Chemistry 2012
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@he vacancy-containing model subsequently showsaatium
occupation while the vacancy free model shows oeraye
0.12(2) sodium occupancy. It is worthwhile notirftatt the
vacancy-free and vacancy-containing models plackuso on
different sites, with the former at the=y = z = 0.25 site.
Investigating the Fourier difference map of the amay-
containing model, at 140 minutes there is no ewdewnf
electron density near this position.

Potential (V)
1.0 37

170

127.5

Time (minutes)

425

8.5

20 (degrees)
igure 3. Selected @ region ofin situ synchrotron XRD data
ighlighting the evolution of the 200 reflection$ the two
FeFe(CNa phases by a colour scale and the potential profile
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Figure 4. The time evolution of the sodium site occupancy ur
the major NasisufeFe(CN) (black squares) and majo
Nay 40824F€Fe(CN3 (red circles) phases in the two models. The
sodium evolution of the major Nayg24FeFe(CN) phase (blue
squares) scaled (to the corresponding formula uit)the
equivalent Ngsi612FeFe(CNg phase. The unit cell volume as
a function of time for both models (triangles), lwihe potential
profile included.

A second Fe[Fe(CN).«H,O containing battery was
examined to determine whether the oNa.feFe(CN) or
majority phase can be cycled as a positive eleetaydsodium
source, extracting the 0.516(12) sodium ions bytiaity
charging this electrode. Note this battery was estofor a
longer period of time before thén situ experiment was
undertaken (>1 day relative to the battery disalissleove).
Thus, first, the initial structure of the electrsdfor the two
batteries will be compared. Figure 5 shows the ieour
difference map of the majority phase in the elattrovithout
sodium for both models (vacancy-containing and magdree).

J. Name., 2012, 00, 1-3 | 5
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In both cases positive electron density is founthatcentre of
the pores at the = y = z = 0.25 site. This differs from the*1
battery where the vacancy-containing model shows
octahedral arrangement around the y = z = 0.25 site. This
may indicate that extended storage helps to lozad@im at the
centre of the pores.

For the initial electrode, the overall sodium caritend lattice
are within error in both batteries using the vagaoentaining
model. The vacancy-free model shows subtle diffeeen
slightly larger refined sodium content by 7(3) %5&0(11)
Table 3) and a 0.0020(4) A difference in the lattmrameter.
However, the major difference between the battaafgsears to
be the phase fractions of the constituent phasesrevboth

unit, but the reminder is in the form of disordesatlium that
is not detected by diffraction techniques which seasitive to
tre long-range ordered occupancy of crystallogmapties.

On discharge, there appears to be a pseudo-platgian
around 2 V that leads to most of the ordered sodiarthex =
y = z = 0.25 site re-inserting and the lattice parametat ar
volume reaching their respective maximum valuesesth
values are close to the fresh electrode. For ex@nespimparing
0 and 87 minutes or 4.33 and 1.31 V, sodium costemé
0.550(11) and 0.578(15), lattice parameters ar86B7,(3) and
10.3707(4) A, and volumes are 1113.12(8) and 1R[(53 A
respectively for the vacancy-free model. Below M3the
sodium content, lattice parameter and volume shdninmal

models show a larger phase fraction of the majoasph change in both models. This may indicate that gositive
compared in the™ battery relative to theSbattery, 89.9(7) %
which is 5.2(7) % larger for the vacancy-free moatadl 84.6(1)
% which is 6.1(1) % larger for the vacancy-contagnimodel.
This evidence indicates that extended storage nemergte a
more sodium rich electrode or a larger proportidn tloe

electrode that contains sodium prior to first use.

electrode should be cycledfol.2 V in order to re-insert all the
crystallographically ordered sodium that was ex@daduring
charge. Additionally, in both Fe[Fe(C§)x¥H,O batteries
using both models, the minor sodium-free FeFeOitase is
inactive during charge/discharge cycling.

Kinetics of sodium insertion/extraction in Fe[Fe(CNg.-
meZO

With time-resolved data, the rates and evolutionvafious
processes can be compared. The volume evolutidiigure 6
of the NgFeFe(CN) electrode appears linear during charge,
but closer inspection indicates a more complextimahip.
This is correlated to the non-uniform removal oflison from
the crystallographic site. Linear fits of the twistthct sodium
regions during charge, minimal sodium removal frahe

Figure 5. The crystal structure and remaining Fourier electrerystallographic site (between 0 and 31 minutes) dramatic

density (yellow) of the major FeFe(CNphase in the ™
battery, with iron in light brown, carbon in darkokvn and

removal from this crystallographic site (between &&d 52
minutes) show rate constants of -0.0010(4) SOFsimihute

nitrogen in blue.(a) and (b) show the vacancy-free and(R?=0.53) and -0.016(2) SOF units/minute’B.96) for the

vacancy-containing models respectively.

Table 3. The initial structure of the major phase in thereto
FeFe(CNj battery using the vacancy-free model.

Isotropic
*
Atom X y Z SOF '(A;DP
100)/A2
Fe(1) 0 0 0 1 0.57
Fe(2) 0.5 0 0 1 1.35
C 0.19 0 0 1 0.96
N 0.31 0 0 1 0.96
Na 0.25 0.25 0.25 0.550(11) 0.24

*Kept consistent with first electrode
Spacegroup = Fm-3m, a
parameters of which 20 are background parametgfs, 1.3,

vacancy-free model. There is at least an order afmnitude
faster removal of sodium from the crystallographycardered
site during the last part of charge starting at33v7than the
initial charge process. Linear fitting of the volanin these
regions show similar trends, with the rate constasrived
from the linear fits, increasing by more than atdacof two
from -0.68(5) to -1.5(1) Aminute (R=0.96). Similar trends in
the volume rate constant are noted on dischargéh wai
component corresponding to the filling of thee y =z =0.25
crystallographic site and another presumably toordered
sodium in the structure. These trends are mirraredhe
vacancy-containing model, with a more dramatic ¢feaim the
last part of charge and first part of dischargeate constant of
-0.034(4) SOF units/minute ¢R0.97) is noted during the last

10.36367(25) A, 24 refinsmdPart of charge which is double that of the vacafieg-model.

R, = 2.57 %, wR = 3.32 %, atomic displacement parameter

(ADP), site occupancy factor (SOF).

On charging thé Nay sFeFe(CNj electrode, a reduction in the

lattice and volume is observed (Figure 6). Themsfothe
sodium in the electrode from the construction psscean be
used as a sodium source - it behaves as a posiéotrode.
Notably, similar to the battery above, the sodiuantent is
fairly stable using both the vacancy-free and vagan
containing models, decreasing marginally, until ldger stages
of charge, 36 to 52 minutes where the sodium caondeops
rapidly. This may suggest that the actual sodiument in the
electrode is higher than 0.550(11) or 0.520(12) feemula

6 | J. Name., 2012, 00, 1-3
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Figure 6. The evolution of the sodium site occupancy for tF
vacancy-free (black) and vacancy-containing mo¢reld), and
unit cell volume (blue and cyan for the vacancyefrand
vacancy-containing models respectively) of the maj
[NaysFeFe(CNj phase as a function of time, with the potenti:
profile included.

Initial structure of FeCo(CN)g in a sodium-ion cell

For FeCo(CNy, a dramatically different initial phase
composition is found with phase 1 showing the largdtice
parameter ofi = 10.36663(19) A and comprising 55.7(2) % c
the electrode and phase 2 a smaller lattice pamnudta =
10.28105(22) A and comprising 44.3(2) % of the etase.
Thus one phase does not dominate the compositiothef
electrode. Notably, the single-phase raw matetéal & smaller
lattice parameter then either of the phases ircthe cell, with
a=10.2127(3) A and there is no indication of vatas in this
structure (see Supplementary Information Figure This
initially indicates that both phases of the eled&ran the coin
cell contain sodium and intuitively phase 1 withe tharger
lattice parameter is expected to contain more sndilsing a
sodium-free model clearly presents mis-matches d&mtwthe
refined model and the data, indicated by the arrowBigure
7a. The Fourier difference maps of each phasdrifitesregions
of positive electron density (Figure 7b and 7c)asth 1 is
similar to the majority phase in Fe[Fe(GNX¥H-O, with the
electron density situated at tlxe= y = z = 0.25 site, while
phase 2 differs in electron density with the siteresponding to
X =y = 0.25,z
octahedral dlstrlbutlon around tike= y = z = 0.25 site similar
to the arrangement found in the vacancy-contaimraglel of
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Figure 7. Rietveld refined fit of the(a) FeCo(CNy and (d)
Na&g 33217F€Co(CN} models to the synchrotron XRD data in
the(a) 8<20<25° and(d) 6 < 20 < 36 ° regions. Data are
shown as crosses, calculated data resulting fremRietveld
refinement of the model are shown as a line throtigh
crosses, and the difference between the obsendgdalculated
data as the line below. Arrows indicate data andiehanis-
matches. The vertical reflection markers are foe ttwo
FeCo(CN) phases present in the electrode. The crysta
structure and remaining Fourier electron densigli¢y) of the
two (b), (c) FeCo(CNy phases with iron in light brown, cobalt
in dark blue, carbon in dark brown and nitrogetight blue.

30 35

= 0.2. The site in phase 2 produces an

Table 4. The initial structure of the two phases in the
FeCo(CN) battery. Phase 2 is shown in bold.

the first Fe[Fe(CNj.,yH-O battery. The corresponding
formula for phase 1 is Naysi1.feCo(CN}, while phase 2 is

Nay 10812F€Co(CN} and the fit of these models to the

synchrotron XRD data is shown in Figure 7d and
crystallographic details of the two phases preskimtelrable 4.
The total long-range ordered sodium content in lpdthses is
0.332(17) which is lower than either of the ,NeFe(CNy
electrodes within a coin cell prior to electrocheaticycling.
This indicates that the capacity obtained from limeg-range
ordered sodium content prior to cycling is smalier the
FeCo(CN) electrodes relative to Fe[Fe(GIN)yH,0.

Isotropic
Atom X y z SOF ADP*
. (x 100)/A2
ure
0.44
Co 0 0 0 1 0.24
0.05
Fe 0.5 0 0 1 0.26
0.28
C 0.19 0 0 1 0.16
0.28
N 0.31 0 0 1 016
0.25 0.224(12) 0.25
Na 025 025 55 0.027(3) 0.0

This journal is © The Royal Society of Chemistry 2012

*Refined and subsequently fixed.

Spacegroup = Fm-3m, a = 10.36663(19}).28105(22) A, 26
refinement parameters of which 20 are backgrounchipeters,
X=1.43, R = 2.70 %, wR = 3.54 %, atomic displacement
parameter (ADP), site occupancy factor (SOF). Theism
sites for phase 2 equates to 0.108(12) in term@fphase 1
SOF.
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In situ evolution of the FeCo(CN) electrode
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Considering the evolution of the NM&@Co(CN} phases during 5 ooy 32
discharge/charge, there is no apparent change imitfal S ooPCe, ®eel: 3
discharge, e.g. no change in the structure witth&usrinsertion " ?o-'..', =
of sodium. This is evidenced by the 200 reflectioofs 120 140 160

Na,FeCo(CNj} in Figure 8 and the refined structural paramete Time (minutes)

in Figure 9 prior to 65 minutes showing virtuallp khange. Figure 9. The evolution of the unit cell volume of the
Similar to NaFeFe(CN) this indicates that any charge storagla,;FeCo(CN} phases as a function of time, with the potentizi
or further sodium insertion occurs either in a digwed manner profile included, where the black and red symbapresent
or on the surface of the electrode/particles wigahot resolved Phase 1 and Phase 2, respectively.

with  synchrotron XRD. Upon charge phase 1,

Nay 22412F€Co(CN}) shows the largest change in the latticeomparison of Fe[Fe(CN}],xBH,0 and FeCo(CN)

parameter and volume, both of which decrease Aay =

0.0530(3) A andAvolume = 17.0(1) A A decrease in the |n both Fe[Fe(CNJ,,¥H,O and FeCo(CN) sodium insertion
lattice and volume is also noted for phase 2 bua tsmaller occurs during the construction of the coin celltéxags. The
extent byAa = 0.0179(3) A andAvolume = 5.7(1) A The fact that Fe[Fe(CN).{yH,O can be charged initially suggests
charge regions are shaded blue in Figure 9. Phaggpdars to the electrode is indeed sodium-inserted FeFe{@N)opposed
converge with phase 2, see Figure 8, but closgrert®n of to water-inserted FeFe(CM)In addition, the presence of the
the XRD .patterns clearly shows two distinct reﬁl@ns second phase in Fe[Fe(GINx¥H.O corresponding to dry (or
corrgspondlng to gach phase.throughout Fhe eldatroal vacancy-containing) Fe[Fe(CN),§H,O confirms that any
cycling performed in this experiment. The! Blischarge shows \yater and vacancy that is present in the porebektectrodes
an increase in Iqttlce and volume for both phadesimilar g |imited to this inactive phase. The JRaFe(CN} electrode
extents (phase 1 increasesfy= 0.0122(3) A and\volume = contains more sodium than the ;RaCo(CN} electrode and
3.9(1) & while phase 2 increases ia = 0.0189(4) A and thus shows higher capacity, both initially and omerumber of
Avolume = 6.0(1) A), potentially suggesting similar levels ofcycles. Although, both electrodes contain two phashese
sodium insertion in both phases. Additionally, tfeanges in phases are different, with the JR@Fe(CN} electrode showing
phase 2 seem to be of the same extent suggestimaxinum a sodium-containing and an inactive sodium-freesphavhile
reversible amount of the structural change wittiis vvoltage the NgFeCo(CN) electrode shows a sodium-rich and sodium-
window. However, the lattice and volume of phaseethains poor phase both of which are electrochemically vactiThis
overall higher than phase 2. Thé“2charge repeats thephase distribution, the resulting phase evolutioaring
behaviour for the 1 charge noted above. Overall, phase dharge/discharge and the amount of sodium eaclraieccan
contains more sodium initially, but over the coursiethe reversibly insert/extract are directly related toe tbattery
experiment the lattice and volume parameters appeare capacity and performance parameters.

closer to the phase 2 values although not complet@d is interesting to note the shrinking of the ,N@Co(CN)
overlapping. Both phases are active in the eleh&rodcal |lattice/volume (Figure 9) relative to the NaFe(CN)
process, with phase 1 showing slightly larger cleanop the Ilattice/volume (Figure 6). Although this is not aredt

lattice and volume during charge/discharge. comparison due to the different number of cycles procedure
undertaken first between the batteries, a resultlirofted

Potential (V) beamtime, it may shed light on the differences lketwthe

1.0 44 electrodes. Typically the NleeCo(CN} electrode shows lower

capacities relative to the DMN&eFe(CNj electrode (see
Supplementary Information Figures 4-7), thus thduotion in
the lattice/volume is likely to correspond to lownsertion of
sodium into the electrode as shown in Figure 9.eOfhctors
that may contribute to this observation includeevarsible
processes at the electrode and CN vibrations sindathat
found during negative thermal expansion of thiseriat'**
Initial studies were performed to explore the aggidie voltage
ranges and the longevity of the electrode, does cycling to
1.2 V enhance the lifetime of the electrode oryisliog to 0.1
or 1 V more optimal? This was undertaken for both
Fe[Fe(CNy]1,H,O and FeCo(CN) The key findings were
the same for both chemistries, the longevity, omteamance of
8 85 battery capacity and cyclability of the batteryojstimal if the
20 (degrees) batteries containing these electrodes are discHdigs to 1 V
and then charged. Discharging to 0.1 V renders them
Figure 8. Selected @ region ofin situ synchrotron XRD data inoperative after a few cycles and charging firstoalimits
highlighting the evolution of the 200 reflection$ the two battery lifetime (see Supplementary Informationufes 3-7).
FeCo(CN) phases by a colour scale and the potential profile In situ synchrotron XRD data of the"2 cycle of the
NaFeFe(CNy battery shown in Figure 6, which was discharger
to 0.1 V in the I cycle, shows minimal changes that
correspond to minimal capacity (Supplementary Imf@tion
Figure 3c). Therefore, a discharge to 1 V as thst fstep

Time (minutes)

\ 4
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appears to be beneficial for battery performancdiicv 3. J. B. Goodenough and Y. Kim, Power Sources2011,196, 6688-
presumably acts to activate the electrode, althdugher work ggg4.

is required to determine precisely why this is so. 4. V. Palomares, P. Serras, |. Villaluenga, K. Biebb, J. Carretero-

. Gonzalez and T. Roj&nergy Environ. Sgi2012,5, 5884-5901.
Conclusions . .
5. S. Wenzel, T. Hara, J. Janek and P. AdelhElnergy Environ. Sgi.

Both Fe[Fe(CNj1xH,O and FeCo(CN) electrodes insert 2011,4, 3342-3345.
sodium during the construction of sodium-ion bagteforming 6. C. Combelles, M. Ben Yahia, L. Pedesseau and..MDeublet, J.
phases that contain long-range ordered sodium rama Which  phys. chem. (2010,114, 9518-9527.
sodium extr_actlon can be performed._ Both elt_ectronle_ase 7. H. Lee, Y. I. Kim, J. K. Park and J. W. Ch6hem. Commun2012,
separate, with Fe[Fe(CN)¥H,O forming a major sodium-

o . . . 48, 8416-8418.
containing phase and a minor sodium-free phase hwic
equivalent to the as-prepared powder, while FeCo{@hms a 8- Y- Lu. L. Wang, J. Cheng and J. B. Goodenoughem. Commun.
sodium-rich and sodium-poor phase in approximaiedyal 2012,48, 6544-6546.
guantities. The Fe[Fe(CN)..yH,O electrode features a large®. X. Wu, W. Deng, J. Qian, Y. Cao, X. Ai and H.ngJ. Mater.
overall long-range ordered sodium content whichitgated in Chem. A2013,1, 10130-10134.
the major phase atthe=y =z =0.250rx =y =0.25andz= 10. T. R. Cook, Y.-R. Zheng and P. J. StaBfem. Rey.2012,113
0.227(11) sites depending on whether a vacancy-bee ;5,4 ;77
vacancy-containing model is used to for the inisalucture. . . .
Storage of the battery appears to converge thaispins to 11. S. Kitagawa, R. Kitaura and S.-i. NoAngew. Chem. Int. Ed2004,
thex = y = z = 0.25 site. In the FeCo(CNglectrode, sodium is 43 2334-2375.
located on thex = y = z = 0.25 site for the sodium-rich phasél2. K. W. Chapman, P. J. Chupas and C. J. KepeAm. Chem. Sqc.
and on thex = y = 0.25,z = 0.2 site for the sodium-poor phase2005,127, 15630-15636.
Initial discharge or insertion of further sodiumtdnthe 13 A. L. Goodwin, M. Calleja, M. J. Conterio, M. Dove, J. S. O.

Na,FeM(CN)g electrode does not result in the insertion gvans, D. A. Keen, L. Peters and M. G. Tucl8smience 2008,319, 794-

further long-range ordered sodium. In Fe[Fe(gNyH-O
only the sodium-containing major phase is electeotically
active while in FeCo(CN)both phases are electrochemicall
active. It appears that a minor concentration ofirarctive
sodium-free phase in these Prussian blue analaogibeneficial
for battery performance, presumably assisting & dlectronic
conductivity of the electrode. Following sodium isuch
frameworks opens up the possibility of understagdinhy
certain frameworks work better as electrodes inilsndon
batteries relative to others and what structuradl gohase
composition features may be necessary to maxim
performance of such frameworks.
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