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ABSTRACT: The Prussian blue analogues (PBAs) Na, Fe[Fe(CN)]-
z H,O (xz = 0—2) exhibit many phase transitions as a function of the
sodium and water content, which involves large volume changes that can 4% o @2
negatively affect its energy storage performance in a battery. However, ¢ S " \
the presence of water helps stabilize the PBA framework and thus PP
diminishes these volume changes. To improve the material for its >

desired applications, a deeper fundamental understanding of the Jg = |
interactions between water, sodium, and the PBA framework is needed. :J . ?
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Here, the local structure and vibrational dynamics of water were studied @Y O 250 S0 750 1000 1250 1500 1750 2000

using inelastic neutron scattering, neutron diffraction, and theoretical
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calculations. When the sodium content is high, the material exhibits

well-defined water environments that become less defined when the sodium content is lower. It was shown that the positions of
sodium and water are more complex than suggested by previous diffraction and computational studies. Most of the water in the high
sodium sample occupies the center of the PBA subcube, while only a small fraction is located close to the window site of the
subcube. For the low sodium sample, the results suggest that a large distribution of local water environments is present. These results
lay the groundwork for unraveling the ionic transport in PBAs and the development of improved energy storage materials.

1. INTRODUCTION

Sodium-based hexacyanoferrate compounds are a subgroup of
Prussian blue analogues (PBAs) that have gained great interest
due to their potential as positive battery electrodes, especially
the compound with chemical formula Na, Fe[Fe(CN)¢]z
H,0 (xz = 0—2)." The structure consists of a network of
octahedrally coordinated iron atoms that are linked together
via the bidentate cyanide ligands to form a porous framework
which alkali cations and/or neutral guest species can occupy
(Figure 1).>~* However, the presence of water in the material
greatly affects the electrochemical performance in nonaqueous
battery systems, e.g, the water can react with the organic
electrolyte and cause unwanted side reactions.” On the other
hand, water has proven to stabilize the PBA framework and
thus help reduce volume changes during sodium extraction and
insertion.®” To unravel the double-edged role of water, a
detailed understanding of the position and dynamics of water
as a function of the sodium content is needed.

Recent structural and dynamical studies of the water in
Na,Fe[Fe(CN)¢]-z H,O showed that during a room temper-
ature phase transition from P2,/n to R3 the ordering of the
water was lost.* Despite this loss of order, the localized water
dynamics, consisting of water being trapped within cavities in
the PBA framework, were the same in both phases.6 Thus, it is
evident that the water has a disordered nature, hence, its local
structure needs to be considered. A total scattering study of the
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low temperature P2;/n phase and the room temperature R3
phase showed that the local structure is characterized by
displacements away from the average structure, indicating
dynamics of the PBA framework, sodium, and water.® The
sodium ordered into planes in the P2,/n phase, which
consequently drove the water to obtain orientational order
with the hydrogen atoms pointing away from the sodium
plane. In the R3 phase, the sodium was less ordered, resulting
in less orientational order of the water molecules. In addition,
this material exhibits anisotropic thermal expansion, which
changes direction if the material is dried.* This indicates that
water plays a role in the phonon-driven thermal expansion as
previously shown for other hydrated PBAs.”

The experimental crystallographic data can be compared to
theoretically calculated structures. However, the position of
sodium within the PBA framework is still up for debate.
Smaller cations, such as lithium and sodium, are thought to
occupy the window sites of a PBA subcube due to their smaller
size and the possibility for optimal bonding conditions when
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Figure 1. Basic structural arrangement in PBAs showing the porous
framework built up by the iron octahedra coordinated either to
carbon or nitrogen. The gray transparent sphere represents the
available volume within a subcube, while the beige spheres show
actual possible positions for the alkali cations and/or neutral guest
species.

surrounded by the cyanide ligands (Figure 1).'”'" With the
cation positioned on the window site, the water occupies the
center of the PBA subcube. Larger cations, such as potassium,
are seen to occupy the center of the PBA subcube and also
limit how much water that can be present in the material due
to their larger size.''”"> The experimentally determined
average structure of Na,Fe[Fe(CN)¢]-z H,0 using neutron
diffraction (which enables differentiating the sodium and
water) showed that sodium occupies the center of the PBA
subcube while water is positioned on the window sites.”'® In
contrast, theoretically calculated structures of sodium-based
PBAs agree that the most favorable 3position for sodium is an
off-center or window site position.'”'*'” The experimentally
determined local structure using neutron total scattering
revealed that sodium can take a wide range of positions within
the PBA framework® spanning the center and out to the
window sites if a water molecule is not blocking its pathway.
Interestingly, this discrepancy between the experimentally and
theoretically determined structures is not observed when the
sodium content is low.”'® In summary, the sodium-based
PBAs seem to be more dynamic and are therefore hard to
predict based on electrostatic attractions and cation/molecular
size arguments as compared to PBAs with other cations.
Since the water greatly influences the material properties in
PBAs, combined with the ongoing uncertainty in where the
water and sodium are positioned within the PBA framework,
insight into water’s interaction with the PBA framework and
sodium is crucial. A method capable of probing the vibrational
water dynamics is inelastic neutron scattering (INS) combined
with theoretical calculations. This is because neutrons are very
sensitive to hydrogen, making it possible to separate the water
from the other elements present and investigate the vibrational
water dynamics in PBAs as a function of the sodium content.
To fully unravel the local environments for water and sodium
in Na, Fe[Fe(CN)4]-z H,O, further experimental data is

needed to verify the proposed structural models. Here, an INS
study of PBAs with a high and low sodium and water content is
presented, with the data interpreted using lattice dynamics
(LD) and molecular dynamics (MD) calculations. The
obtained local structure shows a dynamic system with different
water and sodium positions, and that the previous perception
of the positions of sodium and water within the PBA
framework cannot fully describe the system.

2. METHODS

2.1. Synthesis and Sample Characterization. The as-
synthesized powders were obtained from Altris AB and used as
received (denoted Na2.0 and Nal.9). The sample with a low
sodium content (denoted Na0.3) was made by chemically
removing the sodium from the Nal.9 sample.” The samples
were prepared and handled in an inert atmosphere to avoid
degradation. All samples were dried at 80 °C for 15 h to
remove any surface water.”'*'? The three samples investigated
have the compositions NaZ,OS(S)Fe[Fe(CN)é]~2.07(2)H20
(Na2.0), Na1.90(9)Fe&;0(7)Fe<)3.To§3 [Fe’*(CN)4]-2.12(2)H,0
(Nal.9), and Nag sy Fe**[Fe**)*(CN)6]-0.360(4)H,0
(Na0.3). Details about the sample characterization for the
Na2.0 sample can be found in the Supporting Information
(Tables S1—S2 and Figure S1), while the sample character-
ization for samples Nal.9 and Na0.3 can be found in ref 6.
Thus, two samples have a high sodium content and similar
water contents, while the third sample has a lower sodium and
water content. The Na2.0 sample was included to exclude the
effects of the minor impurity phase found in the Nal.9 sample
in ref 6.

2.2. Neutron Diffraction. Variable temperature neutron
diffraction data were collected on the NOMAD instrument at
the Spallation Neutron Source at the Oak Ridge National
Laboratory in the USA.** The Na2.0 and Nal.9 samples were
packed into 6 mm cylindrical vanadium cans inside a helium-
containing glovebox and sealed with copper. Data were
measured at 5 and 100 K for Na2.0, and S, 100, 200, and
300 K for Nal.9 for 1 h at each temperature. The data was
reduced in the autoNOM package, with the incoherent
background stemming from hydrogen being removed using a
pseudo-Voigt function. The data were refined in Topas
Academic V6”' and visualized in CrystalMaker.”* The variable
temperature neutron diffraction data (Figure S2a) for the
samples Na2.0 and Nal9 down to S K confirm P2,/n
symmetry at 5, 100, and 200 K, while the material transforms
to R3 symmetry at 300 K (Figure S3 and Tables $3, $4).° At 5
K, the Na0.3 sample has the same symmetry (Fm3m) as at
room temperature, suggesting no phase transitions between 5
and 300 K (Figure $2b).°

2.3. Inelastic Neutron Scattering. The INS experiments
were performed on the time-of-flight spectrometers TOSCA
and MAPS at the ISIS Neutron and Muon Source in the
UK™*™*” and VISION at the Spallation Neutron Source at the
Oak Ridge National Laboratory in the USA.”®* TOSCA was
used to study the low frequency librational region, while MAPS
was used to study the high frequency vibrations. To follow the
temperature evolution of the Nal.9 sample, VISION was used
due to its capability of simultaneous diffraction and INS. For
the TOSCA and MAPS experiments, 1—1.5 g of sample were
loaded into flat aluminum sample cans inside an argon-
containing glovebox. Data were collected at 10 K for different
durations depending on the water content (ca. 4 h for Na2.0

https://doi.org/10.1021/acs.jpcc.5c05783
J. Phys. Chem. C 2025, 129, 21553-21559


https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.5c05783/suppl_file/jp5c05783_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.5c05783/suppl_file/jp5c05783_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.5c05783/suppl_file/jp5c05783_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.5c05783/suppl_file/jp5c05783_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.5c05783?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.5c05783?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.5c05783?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.5c05783?fig=fig1&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.5c05783?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry C

pubs.acs.org/JPCC

and Nal.9, and ca. 9 h for Na0.3). For the VISION
experiment, 1 g of the Nal.9 and Na0.3 samples were loaded
into 6 mm cylindrical vanadium cans inside a helium-
containing glovebox and sealed with copper. Data were
collected at 5 K for ca. 2 h. For the Nal.9 sample, data were
also collected at 100, 200, and 330 K. An incident energy of
650 meV was used on MAPS, while TOSCA and VISION use
a distribution of incident neutron ener§ies. The data reduction
was done using the Mantid software, ° where the scattering
from an empty aluminum or vanadium sample can was
subtracted. For TOSCA and VISION, Q varies with the
energy, while the MAPS data were integrated over Q = 1.5—12
Al

2.4. Computational Details. Lattice dynamics simulations
by Density Functional Theory (DFT) were performed using
the Vienna Ab initio Simulation Package (VASP)* to calculate
INS spectra for the Na2.0 sample. The calculation used the
Projector Augmented Wave (PAW) method”"** to describe
the effects of core electrons, with an energy cutoff of 800 eV
for the plane-wave basis of the valence electrons. The lattice
parameters and atomic coordinates determined in this work
were used as the initial structure. The unit cell contains 44
atoms, including 4 Fe atoms. To account for the localized 3d
electrons in Fe, which have two different local environments
(Fe** bonding with C and Fe** bonding with N, respectively),
they were assigned different Hubbard U terms, 3 eV for Feg
and 7 eV for Fe}.** The electronic structure was calculated on
a 3 X 2 X 2 I'-centered mesh for the unit cell and at I" point
only for the 1 X 2 X 2 supercell. The total energy tolerance for
electronic energy minimization was 10™%, and 1077 eV for
structure optimization. The maximum interatomic force after
relaxation was below 0.002 eV/A. The optB86b-vdW func-
tional’*** for dispersion corrections was applied. The
vibrational eigenfrequencies and modes were then calculated
with phonopy using the finite displacement method.*® The
OCLIMAX software”” was used to convert the DFT-calculated
phonon results to the simulated INS spectra.

Ab initio molecular dynamics (AIMD) simulations at 100 K
were also performed using the 1 X 2 X 2 supercell, following
the canonical ensemble (NVT) implemented by Nose-Hoover
thermostat. A lower cutoff energy of 500 eV and a higher total
energy tolerance of 107> eV were used for faster calculations.
These settings are typical for DFT molecular dynamics, which
require lower accuracy than phonon calculations. The time
step for the simulations was 0.2 fs, and a total of 20,000 steps
were calculated for each trajectory. The trajectories were then
converted to simulated INS spectra by OCLIMAX. In addition
to the fully DFT-relaxed structure, constrained molecular
dynamics simulations (i.e., only the water molecules were
allowed to move while all other atoms were fixed at their
predetermined positions) were used to understand the effect of
different structure models on the INS spectra.

3. RESULTS AND DISCUSSION

3.1. General Observations of the INS Spectra. The INS
spectra of the Na2.0, Nal.9, and Na0.3 samples are shown in
Figure 2a. In an INS experiment on hydrogen-containing
samples, the signal from hydrogen is much larger than all other
elements, and thus dominates the INS spectrum.38 Therefore,
all peaks are assigned to the dynamics of the water molecules
in the samples. The INS spectrum of a dehydrated reference
sample shows only very minor contributions to the spectrum,
confirming that the peaks originate from the water (Figure S4).
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Figure 2. (a) INS spectra for the Na2.0, Nal.9, and Na0.3 samples
measured on TOSCA at 10 K emphasizing the low frequency region.
(b) INS spectra measured on MAPS at 10 K for samples Nal.9 and
Na0.3 emphasizing the high frequency region. (c) Temperature
evolution of the INS spectra measured on VISION for the Nal.9
sample.

For the two samples with a high sodium content, well-defined
peaks are present. This suggests that each local water
environment is well-defined, i.e., all water environments are
significantly separated so that they result in sharp INS peaks
rather than smeared out features. This is expected for the fully
sodiated samples since the PBA framework is filled with water
and sodium, creating similar local water environments
throughout the structure. Below ca. 600 cm™' are the
librational modes, i.e., movements of the whole water
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molecules without any distortions of bond lengths and angles.
Comparing the spectra for the Na2.0 and Nal.9 samples, there
are only minor differences. In general, the INS spectrum of the
Na2.0 sample (fully sodiated) has slightly sharper peaks,
possibly due to the slightly higher sodium content, and thus, a
slightly smaller distribution of local water environments. The
close to identical spectra for Na2.0 and Nal.9 show that the
minor impurity detected in the Nal.9 sample® does not affect
the INS spectrum. For the sample with a low sodium content,
the INS spectrum consists of broad features indicating a large
distribution of local water environments throughout the
structure. This is expected for the sample with a low sodium
and water content since the sodium and water content within
each subcube can vary due to the low occupancy.’ Therefore,
there is more space for the water to move around, resulting in a
large distribution of local water environments, which gives the
broad features in the INS spectrum. In addition, the intensities
of the peaks in the spectra are also reduced because of the
lower water content in this sample. There is a 6% reduction of
the volume during desodiation (286 A? for Nal.9 to 270 A? for
Na0.3 with the subcube cell length decreasing from 5.23 A to
5.13 A), which indicates a distribution of cell volumes and
subcube sizes due to the nonuniform distribution of sodium in
Na0.3. This observation is in line with the broader peaks seen
for the INS spectrum for Na0.3. The water-related vibrations
are present at 1550—1725 cm™" (bend) and 3450—3850 cm™
(stretch) for the samples with a high sodium content (Figure
2b).*” These vibrations increase in frequency to 1575—1725
cm™ (bend) and to 3550—3900 cm™' (stretch) when the
sodium content is lowered due to the weaker interaction with
the sodium and PBA framework. The peak at 34 cm™ is
present in all samples, indicating that it is related to the sodium
and water content. The intensity of this peak decreases when
the sodium and water content is decreased.

The temperature evolution of the INS spectrum for the
Nal.9 samples was investigated since there is a phase transition
at ca. 308 K.* A previous quasi-elastic study suggested that the
local dynamics of the water are the same in the two phases®
despite the water becoming disordered during the phase
transition.” Therefore, INS spectra were measured at 5, 100,
200, and 330 K to probe the effect of the phase transition. As
the temperature increases, the INS spectra become broader
due to increased thermal motion, with the peak at 98 em™!
being the only peak that remains clearly visible at 330 K. The
peak at 34 cm™' exhibits unique temperature dependence,
which diminishes quickly with increasing temperature and
disappears between 100 and 200 K, suggesting a different
origin from the other peaks. This peak might be related to the
previously observed quantum rotational tunneling.’ Apart from
the broadening of the spectra with temperature, no major
changes are observed indicating that the water environment of
the two phases is very similar, in good agreement with a
previous total scattering study.” However, since the features in
the spectra at higher temperatures are very broad, it is hard to
draw further conclusions about the phase transition from this
data.

3.2. Local Coordination Environment for Water. To
obtain information about the local water environments, INS
spectra calculated based on different structural models were
made and compared to the data. Details about the Na0.3
sample can be found in the Supporting Information Section III
A.

As previously discussed, there is a discrepancy between the
experimentally observed structures and the theoretically
calculated structures for hydrated high sodium PBA samples.
Results from theoretical calculations suggest that sodium is
located close to the window sites with water occupying the
center, while neutron diffraction experiments suggest that the
sodium is close to the center of the PBA subcube with water
on the window sites.”"® These two models were used as the
base for the calculations of the INS spectra for the Nal.9
sample (Figures 3a,b). The calculations were performed using
MD in selective dynamics mode (i.e., only the water molecules
were allowed to move, while the framework and sodium were
fixed) to avoid swapping of the sodium and water during
structure optimization. The third model tested was a DFT-
relaxed structural model containing different positions of
sodium and water (Figure 3c). The INS spectrum calculated
for the model with sodium at the center of the subcube (Figure
3a) describes the data poorly, especially the libration of the
water in the 250 cm™" region is too soft. Having sodium fixed
at the center of the subcube forces the water to be closer to the
window sites surrounded by the cyanide ligands. This creates
an unstable position for the water as the hydrogen atoms
cannot move freely or go to a desired position, and therefore,
end up performing a rattling motion instead, leading to the soft
librational region in the calculated spectrum. The INS
spectrum calculated for the model with sodium at the window
site of the subcube (Figure 3b) also describes the data poorly,
however, the low frequency libration of the water is better
captured in this model. The three librational peaks centered
around 500 cm™' in the data are also better described using
this model. The INS spectrum calculated using MD for the
third DFT-relaxed model containing different sodium and
water positions describes the data better with more peaks
assigned. For example, the peaks at ca. 300 and 1600 cm™" are
present in this model, whereas they are absent in the models
shown in Figure 3a,b. In general, the two calculated spectra
based on experimental and theoretical structures fail to
describe many of the peaks in the INS data, especially at
higher frequencies.

The structure in Figure 3¢ was fully relaxed, and therefore,
LD calculations were performed (Figure 3d). Phonons in LD
calculations are treated as full quantum excitations, resulting in
a better match of the peak intensities relative to MD
calculations. However, the peak positions are similar between
the two methods (Figures 3c,d). The calculated INS spectrum
shows a good agreement with the data with most features in
the data described. The model with mixed sodium and water
environments agrees with the observations from a previous
total scattering study, which found that sodium can be
positioned closer to a window site if no water molecule blocks
its pathway.® While the model with mixed sodium and water
positions describes the data the best, it is calculated based on a
cell with limited size, which may exclude some possible local
configurations. However, the agreement with a total scattering
study, which was carried out using big-box modeling, supports
that the LD model is a good description.®

The LD calculation allows assignment of the INS peaks to
their corresponding vibrational modes. Specifically, the group
of peaks below 250 cm™ is mainly due to vibrations of the
water molecules, e.g,, in-plane and out-of-plane rotations. Since
some of these low frequency librational peaks are still present
at 330 K, it suggests that the water moves similarly in the two
phases. In a previous total scattering study, the water
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Figure 3. INS spectra calculated using MD with their corresponding
structural models with sodium at (a) the center of the PBA subcube,
(b) on the window site, and (c) a mixed model. (d) INS spectrum
calculated using LD for the mixed model. The corresponding
structural model is shown as an insert in c.

environments were also seen to be similar in two phases within
a PBA subcube and at larger distances.” The peaks at 350 to
600 cm™! are different librational modes of the four water
molecules in the unit cell and the movement of the framework.
Above 605 cm™, only overtones are present (Figure SSa),
except for the water bend and stretch at ca. 1600 and ca. 3600
cm ™! and the peaks at ca. 2100 cm™L. Some overtones are also

present in the 500 cm ™' region. In the MAPS data (Figures 2b
and S5b), peaks around 2100 cm™" are present. These are due
to the stretch of the cyanide ligands, which consequently
causes the water molecules to move as well.”” This confirms
the strong influence of water on the thermal expansion
behavior observed in these materials.* Overall, the mixed
model suggests that most of the water is positioned in the
center of the PBA subcube (75%), allowing the water to move
freely in good agreement with a previous QENS study.’

3.3. Refinements of the Neutron Diffraction Data
Using the Mixed Model. The structural model that describes
the INS data the best suggests that sodium and water can
occupy different positions within the PBA framework. The LD
model was therefore used to refine against the experimental
neutron diffraction data for Nal.9 measured at 5 K to verify if
this model can also describe the diffraction data. That is, to
determine if this model is also compatible with the neutron
diffraction data and if the neutron diffraction data is sensitive
to distinguishing different sodium and water positions. The LD
model obtained from modeling the INS data has PI symmetry,
which was transformed into P2,/n symmetry and then fitted to
the neutron diffraction data. By applying the model, it is
possible to describe most of the diffraction data by only
refining the cell parameters (Figure S6 and Table SS).
However, some reflections below 3.5 A as well as the reflection
at 5.8 A are not described well. The reflections below 3.5 A
have previously been found to be related to the distortion of
the iron octahedra,” while the reflection at 5.8 A corresponds
to the sodium—oxygen interlayer distance.® For simplicity, it
was not attempted to improve the model. However, the
neutron diffraction data can be acceptably described using both
a model with sodium at the center of the PBA subcube (with
water on the window sites) (Figure S3 and in ref 8.) and a
model where the majority of the water is at the center (with
most of the sodium on the window sites). Thus, the mixed
model obtained from modeling the INS data can describe the
neutron diffraction data. These results show that neutron
diffraction (probing the average structure) alone cannot
unambiguously determine the position of sodium and water
in this material, and that local probes, such as INS, are
appropriate tools to obtain this information.

4. CONCLUSIONS

This work covers two major questions concerning PBAs: the
vibrational water dynamics in sodium-based PBAs, and the
position of sodium and water within the structure of the fully
sodiated PBA. To investigate these questions, INS and
theoretical calculations were performed. Samples with a high
sodium and water content exhibited sharp INS peaks
corresponding to well-defined local water environments,
while the sample with a lower sodium and water content
exhibited broad spectral features due to the existence of many
different local water environments. Through LD and MD
calculations, it was revealed that the local structure of the high
sodium sample consisted of sodium and water taking multiple
positions within the PBA framework, in agreement with a
previous total scattering study,” and further confirming the
disorder in sodium-based PBAs. The sensitivity of neutron
diffraction data against the position of sodium and water was
also tested, and revealed that neutron diffraction alone is not
sufficient to accurately determine the structure of these PBAs.
These results highlight that local structural characterization
using e.g., INS is crucial and the results lay the foundation for
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further computational studies, which could better explain the
ionic transport in these materials.
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