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ABSTRACT: Phase separation and transformation induced
by electrochemical ion insertion are key processes in achieving
efficient energy storage. Exploration of novel insertion
electrode materials/reactions is particularly important to
unravel the atomic/molecular-level mechanism and improve
the electrochemical properties. Here, we report the unconven-
tional phase separation of a cyanide-bridged coordination
polymer, Eu[Fe(CN)¢]-4H,0, under electrochemical Na-ion
insertion. Detailed structural analyses performed during the
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electrochemical reaction revealed that, in contrast to conventional electrochemical phase separation induced by the elastic
interaction between nearest neighbors, the phase separation of NaEu[Fe(CN)4]-4H,O is due to a long-range interaction,
namely, cooperative rotation ordering of hexacyanoferrates. Kolmogorov-Johnson-Mehl-Avrami analysis showed that the
activation energy for the phase boundary migration in Na, Eu[Fe(CN),]-4H,0 is lower than that in other conventional electrode

materials such as Li,_ FePO,.

B INTRODUCTION

Phase separation and transformation are subjects of particular
importance in the field of materials science, because of their
relevance to a number of applications such as sensors,
thermoelectrics, and data storage.l_5 Electrochemical ion
insertion, an elemental process of insertion electrode materials
for Li- and Na-ion rechargeable batteries, frequently accom-
panies both phase separation and transformation.”'* For
example, LiFePO, olivine, which is a common cathode material
in Li-ion batteries, undergoes phase separation into Li-rich and
Li-poor phases, and the Li-rich phase is transformed into the Li-
poor phase by varying the relative fraction of each phase on
charge (Li-ion extraction).*">”'¢ Numerous efforts have been
devoted to unraveling the mechanism of electrochemical phase
separation and transformation, which is essential for being able
to control the rates of both nucleation and boundary migration,
as well as for achieving efficient energy storage.17_20

On the basis of the elastic interaction between nearest
neighbors,21 the unit cell volume change, AV, between the
initial and final states is regarded as a primary indicator of
whether the system undergoes phase separation during ion
insertion: The system shows solid solution Nernst-type
behavior for small AV (e.g, 2.0% for Li,_,FeP,0,)** and
phase-separating behavior for large AV (e.g, 8.3% for
Na;_,V,(PO,);).* The large elastic interaction between the
nearest neighbors contributes to the positive mixing enthalpy,
which leads to phase separation. Despite the importance of AV,
however, the atomic/molecular-level mechanism of electro-
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chemical phase separation and transformation is not yet fully
understood, because of complex coupling of structural changes,
boundary migration, ionic/electronic transport, and ionic/
electronic correlation.'”*® In order to tailor electrochemical
properties, it is highly desirable to develop electrochemical ion
insertion materials that have structural and electronic tunability
allowing a microscopic understanding.

Metal organic frameworks (MOFs) have been regarded as
promising candidates for exploring novel functionalities, in part
due to their structural and electronic tunability.”* > In
addition, MOFs exhibit structural flexibility, which makes
them suitable for constructing robust functionalities upon
intercalation of guest species.”*® As for electrochemical
applications, cyanide-bridged coordination frameworks are
among the most widely studied frameworks.”” ' Orbital
hybridization between the metal centers and cyanide ligands
provides electronic conductivity, while the porous channel
allows guest ions to diffuse in the framework, both of which
contribute to enabling electrochemical ion insertion. Many
research groups have taken on the challenge to apply them in a
wide variety of fields including electrochemical energy
storage.”> *' In the present work, our target is to control
phase separation and transformation of cyanide-bridged
coordination frameworks under electrochemical ion insertion
with tuning structures.
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In this work, we report the electrochemical properties of
Eu[Fe(CN)4]-4H,0. In contrast to conventional phase
separation, described by the elastic interaction between nearest
neighbors, Eu[Fe(CN)¢]-4H,0O under Na-ion insertion/extrac-
tion exhibits phase separation owing to a long-range
cooperative interaction.

B EXPERIMENTAL SECTION

Synthesis. Eu[Fe(CN)4]-4H,0O was synthesized by a precipitation
method. 2.5 mL of an aqueous solution of Eu(NO,);-6H,0 (0.5 M)
was added to an equal volume of an aqueous solution of K;Fe(CN);
(0.5 M). The resulting aqueous solution was stirred vigorously for 1 h
at 60 °C. Precipitates were filtered and washed with deionized water.
After being dried under vacuum, an orange powder was obtained. The
chemical composition of Eu[Fe(CN)¢]-4H,0 was determined by the
standard microanalytical method for C, H, and N and by inductively
coupled plasma mass spectroscopy for Eu and Fe. Calcd for
Eu[Fe(CN),]-4H,0: Eu: 34.86%, Fe: 12.81%, C: 16.53%, N:
19.28%, H: 1.85%. Found: Eu: 34.8%, Fe: 12.7%, C: 16.46%, N:
18.89%, H: 1.76%.

Analysis. For electrochemical Na-ion insertion/extraction, three-
electrode beaker cells were used. Eu[Fe(CN)¢]-4H,0 (75 mg, 75 wt
%) was ground with acetylene black (20 mg, 20 wt %) and
polytetrafluoroethylene (PTFE) (S mg, S wt %) into a paste for the
electrochemical experiments. Sodium metal was used for the counter
and reference electrodes. As electrolyte, a 1 M NaClO, propylene
carbonate solution was used. The cutoff voltages were 4.0 V for
charging (Na-ion extraction) and 2.0 V for discharging (Na-ion
insertion). The open circuit voltages (OCV) were recorded by the
galvanostatic intermittent titration technique (GITT), where a 10 min
slow charge/discharge at 12 mA/g followed by a 30 min interruption
process was repeated alternately. The powder X-ray diffraction (XRD)
measurements for structural analysis on Eu[Fe(CN)¢]-4H,0 and
NaEu[Fe(CN)4]-4H,0 were carried out at BL02B2 of SPring-8, Japan.
The wavelength of the X-rays was calibrated to 4 = 0.6003 A by a
CeO, standard. Rietveld refinements were conducted using the
TOPAS-Academic Ver.5 software. The crystal structure was solved by
the structure determination from the powder diffraction (SDPD)
procedure, which has been reported elsewhere.** Ex situ XRD patterns
during Na-ion insertion/extraction were recorded with a SmartLab
(Rigaku) diffractometer with Cu Ka radiation in steps of 0.01° over
the range from 10 to 60°. The samples were washed with ethanol after
Na-ion insertion/extraction in the GITT mode, then used in the ex situ
XRD measurements. The unit cell parameters were calculated by least-
squares fitting. Thermogravimetric curves (Bruker, 2010SA G4H) for
samples were recorded up to 500 °C in air flow condition. For *"Fe
Mossbauer spectroscopy, “’Co in Rh was used as the Mossbauer
source. The spectra were calibrated by using six lines of a-Fe, the
center of which was taken as the zero isomer shift.

B RESULTS AND DISCUSSION

Eu[Fe(CN)4]-4H,0 was synthesized by the precipitation
method, whereby an aqueous solution of K;[Fe(CN)4] and
Eu(NO,);-6H,0 was stirred at 60 °C for 1 h. Both elemental
analysis and thermogravimetric measurement (Figure S,
Supporting Information) determine the chemical composition
as Eu[Fe(CN)¢]-4H,0. Though Prussian blue analogs
generally contain a large amount of hexacyanoferrate
vacancies,” the Eu/Fe molar ratio determined by inductively
coupled plasma (ICP) spectroscopy is 1.0, which indicates that
vacancies are not formed in Eu[Fe(CN)4]-4H,O0.

On the basis of synchrotron powder X-ray diffraction (XRD)
measurement of Eu[Fe(CN)4]-4H,0 and the Rietveld refine-
ment (Figure 1a), the crystal structure was successfully refined
in the space group Cmcm, with unit cell dimensions a
7.3992(9) A, b = 12.8285(16) A, ¢ = 13.6748(17) A, and V =
1298.0(3) A® (z 4). The calculated pattern fits the
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Figure 1. (a) Synchrotron powder X-ray diffraction pattern for
Eu[Fe(CN);]-4H,0 and the Rietveld refinement (R,,, = 6.096%, R, =
4.419%, S = 2.77, Ryrg, = 2.26%); red dots: observed; green line:
calculated; blue line: difference. Inset in the figure shows the enlarged
patterns from 25 to 40°. (b) Local coordination structure in
Eu[Fe(CN)]-4H,0 composed of hexacyanometallate ferricyanide
and square antiprism Eu, which are bridged with two crystallo-
graphically independent cyanide moieties (CINI1 and C2N2). (c)
Crystal structures of Eu[Fe(CN)]-4H,O along the [110] direction.
Solid lines in the image indicate the unit cell.

experimental result well; thus, the obtained compound is a
single-phase Eu[Fe(CN)¢]-4H,0, without any crystalline
impurity.

The Rietveld refinement revealed that Eu[Fe(CN)]-4H,0
has one crystsallographically independent Fe metal and two
crystallographically independent CN ligands (CIN1 and
C2N2). Fe is coordinated equatorially by 4 C of C2N2 and
axially by 2 C of CINI. Eu has a square antiprism geometry

dx.doi.org/10.1021/ic403088r | Inorg. Chem. 2014, 53, 3141-3147



Inorganic Chemistry

(D4g), in which one square consists of 4 N of C2N2 while
another square consists of 2 N of CINI and 2 O of
coordinating water (Figure 1b). Both CIN1 and C2N2 bridge
between Fe and Eu to form a 3D cyanide-bridged framework
with open pore channels along the [100],., [110]y4, and
[110],,q, directions (Figure 1c). All these structural character-
istics of Eu[Fe(CN)¢]-4H,0 are the same as isomorphous
Ln[Fe(CN)]-4H,0 (Ln = Sm, Tb).**

Open circuit voltages (OCVs) for Eu[Fe(CN)¢]-4H,O were
recorded using the cathodic/anodic galvanostatic intermittent
titration technique (GITT)* with a Na-ion electrolyte (Figure
2). In Figure 2, the Na-ion content, x, in Na,Eu[Fe(CN),]-
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Figure 2. Open circuit voltage (OCV) curves for Eu[Fe(CN),]-4H,0.
Solid lines are voltage changes during the galvanostatic intermittent
titration technique (GITT) measurement; triangles are OCVs
recorded after the 30 min interruption intended to bring the system
to equilibrium.

4H,0 is calculated under the assumption that the electric
current during GITT is derived entirely from Na-ion insertion/
extraction. The OCVs clearly indicate that the cathodic/anodic
reactions occur reversibly with the flat potential plateau at 3.33
V vs Na/Na'. The calculated value of x reaches 1.0 when
cathodic GITT finishes. Thermogravimetric measurement after
Na insertion shows ca. 12 wt % loss at 120—180 °C, which
corresponds to 4 water molecules per the formula unit (Figure
S2, Supporting Information). Therefore, the coordinating water
remains in the framework even after electrochemical Na-ion
insertion, and the end composition is determined as NaEu-
[Fe(CN),4]-4H,0.

The crystal structure of the end composition after cathodic
GITT was determined by synchrotron powder XRD measure-
ment. The observed pattern shows clear peak splitting which
indicates a distortion of the crystal lattice (Figure 3a). The
observed reflections are fully indexed by adopting a triclinic
distortion with a prismatic form of the original lattice. The
refined lattice parameters are a = 7.254(2) A, b = 7.322(2) A, ¢
13.663(4) A, a = 88.6742(9)°, f = 91.2030(9)°, y =
117.9398(8)°, and V = 640.9(3) A’ (Z = 2). The positions of
the heavy atoms, i.e, Eu and Fe, are derived by transformation
from the original C-centered lattice to the primitive one, while
the residual atomic positions are determined by subsequent
Rietveld refinements and difference Fourier synthesis. As
shown in Figure 3b,c, while the 3D cyanide-bridged framework
is maintained, there are two crystallographically independent
Na ions (Nal and Na2) in the unit cell. One Na ion is inserted
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Figure 3. (a) Synchrotron powder X-ray diffraction pattern for
NaEu[Fe(CN);]-4H,0 and the Rietveld refinement (R, = 3.669%, R,
= 2.788%, S = 2.04, Ry = 1.65%); red dots: observed; green line:
calculated; blue line: difference. Inset in the figure shows the enlarged
patterns from 25 to 40°. (b) Local coordination structure in
NaEu[Fe(CN),]-4H,0. Triclinic NaEu[Fe(CN)4]-4H,O structure is
composed of an antiprism square Eu and two crystallographically
independent hexacyanoferrate moieties (Fel and Fe2). (c) Crystal
structure of NaEu[Fe(CN)4]-4H,O along the [010] direction. Solid
lines in image indicate the unit cell.

per formula unit of Eu[Fe(CN)s]-4H,0, which is consistent
with the electrochemically calculated value of x.

Both Nal and Na2 occupy the center of the cyanide-bridged
Eu,Fe, square (Figure 4). The Eu,Fe, square shares edges with
the adjacent Eu,Fe, squares to form open pore channels
(Figure 3c). Nal aligns in the open pore channels along the
[100],; and [010],; directions (equivalent to the [100],,4;, and
[110] .4, directions in the original orthorhombic cell), in which
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Figure 4. Eu,Fe, squares surrounding a Na ion. Eu[Fe(CN)4]-4H,0
composed of two kinds of Eu,Fe, squares: (a) two crystallography
independent cyanide moieties (CIN1 and C2N2) bridge between Eu
and Fe atoms and (c) one kind of cyanide moieties (C2N2) bridge
between Eu and Fe atoms. (b) and (d) show the Eu,Fe, structures
after Na-ion insertion from image (a) and (c), respectively.

the distance between the Na ions is 7.253(2) and 7.321(1) A,
respectively (Figure S3, Supporting Information). Na2 aligns in
the open pore channels along the [010],; and [110],; directions
(equivalent to the [110],,4 and [110],, directions), in which
the distance between the Na ions is 7.321(1) and 7.513(1) A,
respectively (Figure S4, Supporting Information). On the basis
of the Na-ion distribution in NaEu[Fe(CN),]-4H,0, 2D Na-
ion diffusion may occur within the ab plane.

To confirm the electronic structure change and the amount
of inserted Na ions, we carried out *’Fe Mossbauer spectros-
copy (Figure S and Table 1). The spectrum of pristine
Eu[Fe(CN)4]-4H,0 shows a doublet peak, which is typical of
an octahedral low-spine Fe™™ jon in [Fe"(CN)¢]*~ (isomer shift
(IS) = —0.17 mms ™!, quadrupole splitting (QS) 0.76
mms™!).* After cathodic GITT, the Mossbauer spectrum
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Figure 5. Mdssbauer (black dots: experimental data; solid lines: fitted

curves) for pristine Eu[Fe(CN)¢]-4H,O, full-discharge Na,Eu[Fe-
(CN)4]-4H,0, and full-charge NajEu[Fe(CN),]-4H,0.
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shows a slightly split peak, which is fitted by two singlet peaks.
The IS values are in the range of the previously reported values
for an octahedral low-spin Fe' ion in [Fe(CN)4]*" (IS =
—0.12 and —0.31 mms™!).* Two singlet peaks are consistent
with two crystallographically independent Fe sites in the
triclinic cell. Thus, [Fe™(CN)s]*~ in Eu[Fe(CN)4]-4H,0 is
completely reduced to [Fe"(CN)¢]*” by Na-ion insertion,
which confirms that the end composition is NaEu[Fe(CN);]-
4H,0. Furthermore, the spectrum of the compound after
anodic GITT recovers a doublet peak, as does that of pristine
Eu[Fe(CN)4]-4H,0. Therefore, electrochemical Na-ion in-
sertion/extraction accompanies the reversible and complete
solid-state redox of the [Fe"™(CN)4]*~/[Fe'(CN)4]*~ couple.

Ex situ XRD patterns obtained during Na-ion insertion/
extraction clearly indicate that electrochemical Na-ion
insertion/extraction for Eu[Fe(CN),]-4H,0 proceeds through
a two-phase process, almost over the entire range of Na-ion
concentration (Figures 6a and SS, Supporting Information).
When Na-ion insertion starts, new peaks appear in addition to
those of the initial orthorhombic phase. The new peaks
correspond to triclinic NaEu[Fe(CN)4]-4H,0. As Na-ion
insertion proceeds, these new peaks increase in intensity at
the expense of the original peaks. The original Eu[Fe(CN)]-
4H,0 peaks disappear when «x reaches 1.0; thus, the entire Na-
ion insertion occurs through a two-phase process between
Eu[Fe(CN)4]-4H,0 and NaEu[Fe(CN)4]-4H,0, in perfect
agreement with the flat potential plateau in the electrochemical
data (Figure 2). The change in the ex situ XRD patterns is
reversed when Na ion is extracted, indicating the full
reversibility of the process. The constant V/Z for each phase
indicates that only the relative phase fractions vary on Na-ion
insertion/extraction (Figure 6b).

Here, it should be emphasized that the AV between the two
phases, 1.4%, is much smaller than that for other two-phase
systems such as Li;, Mn,0, (6.0%),” Li,_FePO, (6.6%),° or
Na,_,V,(PO,); (8.3%).° The bulk moduli, K, of coordination
polymers (e.g,, 23 GPa for RbMn[Fe(CN),] and 11.7 GPa for
Zn(HO,PC,HPO,H)-2H,0)*"** are generally smaller than
those of polyanion compounds (e.g, 90 GPa for LiFePO,).*
Thus, the elastic interaction between the nearest neighbors in
Eu[Fe(CN)4]-4H,0 is less pronounced than that in polyanion
compounds with the same AV. Besides, typical cyanide-bridged
frameworks like Prussian blue analogue exhibit a solid solution
process even with a AV of 3.5%.>° Therefore, the nearest
neighbor model could not explain the phase separation on the
basis of the negligibly small AV for Na,Eu[Fe(CN)]-4H,0.

Another class of two-phase systems is the “zero-strain”
system, such as spinel Li,,, TisO,, or spinel Li,, Rh,0,.'>" In
the case of Li, Ti;O), for example, even though AV is
negligibly small (0.2%) and the true equilibrium state is a solid
solution, the apparent two-phase reaction occurs kinetically
because of strong Coulombic repulsion between nearest Li ions
(interatomic distance: 1.81 A).>> However, the distance
between Na ions in NaEu[Fe(CN)(]-4H,O is too long
(7.25-7.50 A) to induce a two-phase reaction due to
Coulombic repulsion.

We conclude that the phase separation is caused by the long-
range cooperative rotation ordering of hexacyanometallates.
Comparing the crystal structures of Eu[Fe(CN)¢]-4H,0
(Figure 1c) and NaEu[Fe(CN)4]-4H,0O (Figure 3c) reveals
that the structural change occurs mainly through the rotation of
the hexacyanoferrates, keeping the Eu—Fe distance almost
constant (Figure 7a). Two rotational modes of hexacyanofer-
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Table 1. ¥’Fe Mossbauer Parameters of Eu[Fe(CN),]-4H,0, Na,Eu[Fe(CN),]-4H,0, and Na,Eu[Fe(CN)4]-4H,0

isomer shift (mm/s)

Eu[Fe(CN)4]-4H,0 Fe'' (S=1/2) -0.17
Na,Eu[Fe(CN),]-4H,0 Fe'' (S =0) —0.12

Fe' (S =0) —0.31
NayEu[Fe(CN),]-4H,0 Fe' (§=1/2) -0.17

quadrupole splitting (mm/s) fraction (%)

0.76 100
0 45.7
0 54.3
0.78 100
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Figure 6. (a) Ex situ powder XRD patterns during insertion/extraction
of Na ions in the GITT mode. Blue dotted lines indicate the peaks of
the original orthorhombic phase, while red dotted lines indicate the
peaks of the Na-inserted triclinic phase. (b) Unit cell volume per
formula unit, V/Z, during Na insertion/extraction for Eu[Fe(CN)]-
4H,0 (blue triangles) and NaEu[Fe(CN)4]-4H,O (red triangles).

rates induced by Na-ion insertion arouse two crystallo-
graphically independent Fe sites (Fel and Fe2) in NaEu[Fe-
(CN)4]-4H,0, each of which forms a porous cyanide-bridged
layer on the ab plane (NalFel layer or Na2Fe2 layer). As Fe
positions are fixed during the unit cell change, averaged rotation
angle of Fel—C is ca. 5.9°, while that of Fe2—C is ca. 7.7°.
Note that the layers are stacked alternatively along the ¢ axis
(Figure 7a). The layer consisting of cooperatively rotated
hexacyanoferrates causes the hexacyanoferrates in the adjacent
layer to exhibit another cooperative rotation, which reduces the
interlayer elastic strain. Such long-range interaction, i.e., the
cooperative rotation of the hexacyanoferrates in each layer as

3145

" Na2Fe2 layer
el

"NalFel layer
K Na2Fe2 layer

2 bNall’cl layer
72\ Y

NaEu[Fe(CN),]-4H,0

Na insertion
phase boundary

Na2Fe2-layer
NalFel-layer

¢ direction

Eu[Fe(CN),]-4H,0
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alternative stacking of NalFel and Na2Fe2 layers in the triclinic
NaEu[Fe(CN)¢]-4H,0 structure. (b) Schematic of the domino-
cascade mechanism of phase transformation in Na,Eu[Fe(CN),]-
4H,0.

well as the alternative stacking of the NalFel and Na2Fe2
layers, presumably stabilizes the triclinic NaEu[Fe(CN),]-
4H,0 phase and destabilizes the solid solution state, leading
to phase separation.

The cooperative rotation and dominant long-range inter-
action in NaEu[Fe(CN)4]-4H,O may arise from the weak Eu—
N bond, although at this point their mechanism is not
completely understood. Certainly, the weak Eu—N bond allows
for facile rotation of the hexacyanoferrates to adapt to the
Madelung potential perturbed by insertion of Na-ion and
electron. Indeed, after Na-ion insertion, three Eu—N bonds
become shorter by ca. 0.05 A while the other bonds become
longer by ca. 0.04 A. Although Eu is a redox inactive site, these
changes are comparable with the distance change of the Fe—C
bonds in the redox-active hexacyanoferrates, suggesting weak
flexible Eu—N bonds. Alternatively, or in parallel, the weak Eu—
N bond makes the nearest-neighbor interaction less pro-
nounced, which relatively enhances the importance of long-
range interaction.

Taking into account the Na-ion diffusion within the ab plane,
the domino cascade model,"® proposed by Delmas et al,
predicts 1D boundary migration along the ¢ axis (Figure 7b). At
the beginning of Na-ion insertion, the NaEu[Fe(CN),]-4H,0
phase nucleates at the particle edge. The Na ions are then
inserted into a Fe layer at the phase boundary between
Eu[Fe(CN)4]-4H,0 and NaEu[Fe(CN)¢]-4H,0O on the ab
plane, in which hexacyanoferrates are rotated cooperatively to
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form the NalFel or Na2Fe2 layer depending on the adjacent
layer. Then, the phase boundary migrates to vary the fraction of
the phases on Na-ion insertion (Figure 7b).

To support the above phase transformation dynamics, we
carried out an analysis based on the Kolmogorov-Johnson-
Mehl-Avrami (KJMA) model,”® which assumes a stochastic
distribution of nucleation sites, a constant nucleation rate and
linear domain growing. In the KJMA model, the volume
fraction, f, of the equilibrium state is given by f = 1 —
exp{—(kt)"}, in which k, ¢, and n are the rate constant, time, and
Avrami exponent, respectively. n depends on the dimensionality
of the phase growth as well as the nucleation homogeneity.

The evolution of f for NaEu[Fe(CN)4]-4H,0 was obtained
by recording the transient current after application of the
potential step from 3.4 to 3.2 V (vs Na/Na*). Figure 8a shows

(@) 4

(b)

-6.61

E,=0.11eV
-0.81

-7.04

In k

-7.41

34 3.5

1000/7 (K™

)
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P
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Figure 8. (a) Evolution of the phase volume fraction, f, of
NaEu[Fe(CN)]-4H,O with time, , under a cathodic potential step
of 200 mV (from 3.4 to 3.2 V) at various temperatures (283—303 K).
(b) Arrhenius plot of the reaction rate, k. Activation energy for phase
boundary migration, E,, is calculated with the fitted result (solid line).

the curves of In[In(1/(1 — f(t)))] vs. Int at various
temperatures. If the phase transformation follows the KJMA
model, the curve should have a slope of n and an intercept of
nlnk. All the experimental curves at various temperatures give
an n value of almost unity. This suggests that the phase
boundaries move in a one-dimensional direction (presumably ¢
direction) during Na-ion insertion. Figure 8b shows an
Arrhenius plot of k, which gives an activation energy, E,, of
0.11 eV for phase boundary migration. This is much smaller
than the E, for typical two-phase systems like Li;, Mn,0, (E,
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=042 eV, AV = 6.0%)** and Li,_,FePO, (E, = 0.41 eV, AV =
6.6%)."® The small E, agrees with the small elastic strain
minimized by the cooperative rotation ordering.

B CONCLUSION

We have demonstrated spontaneous phase separation and
topotactic transformation of Eu[Fe(CN)y]-4H,0 under elec-
trochemical Na-ion insertion/extraction. Although the phase
transformation from Eu[Fe(CN)4]-4H,O to NaEu[Fe(CN)]-
4H,0 is accompanied by a small volume change, AV, of 1.4%,
which would not generate sufficient elastic strain to cause phase
separation, Eu[Fe(CN)]-4H,0 under Na-ion insertion/
extraction clearly shows a two-phase reaction almost over the
entire range of Na-ion concentration. We conclude that the
phase separation occurs through a long-range interaction,
namely, the cooperative rotation ordering of hexacyanoferrates.
The present work demonstrates a novel cooperative mechanism
whereby an electrochemical phase separation can be induced
through the use of coordination framework electrodes.
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Details of the crystal structure investigations for Eu[Fe(CN),]-
4H,0 and NaEu[Fe(CN)¢]-4H,0, in the form of crystallo-
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ments for Eu[Fe(CN)4]-4H,0 and NaEu[Fe(CN),]-4H,0, ex
situ XRD patterns of the samples after Na-ion insertion/
extraction in the GITT mode, and SEM image of pristine
sample. This material is available free of charge via the Internet
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