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ABSTRACT: Prussian blue analogues (PBAs) are interesting
cathode materials for sodium-ion batteries, especially the iron-
based, [Fe(CN)6]n− vacancy-free PBA Na2−xFe[Fe(CN)6]·zH2O.
However, the presence of water has an opposing role in the
application of PBAs as electrode materials: the water provides
structural stability ensuring minimum volume changes during
sodium extraction and insertion, however, water can react with the
electrolyte leading to unwanted side reactions. Therefore, water
must be replaced with another compatible small molecule to ensure
optimal performance. To achieve this, insights into the dynamics of
water are crucial. Two samples with compositions of
Na1 .90(9)Fe0 .90(7)

2+ Fe0 .10(3)
3+ [Fe2+(CN)6] ·2.12(2)H2O and

Na0.34(5)Fe3+[Fe2.66(5)+(CN)6]·0.360(4)H2O were investigated using quasi-elastic neutron scattering (QENS). The results show
that the water dynamics strongly depend on the sodium content. The water was found to diffuse within a spherical cavity in the
porous framework with a radius of 2.6 Å for the high sodium-containing sample and 1.8 Å for the low sodium-containing sample
consistent with the pore sizes in the crystal structures. In addition to the water diffusing within the pores, it was found that a small
fraction of the water exhibits a rattling or rotational motion suggesting that this water strongly interacts and binds to the sodium
ions. For the high sodium-containing sample, this rattling or rotational motion transforms into quantum rotational tunneling of the
water below 75 K. These results give new fundamental insight into the role of water in PBAs, laying the groundwork for substituting
water with another small molecule compatible with nonaqueous battery systems while also ensuring structural stability.

1. INTRODUCTION
As the demand for batteries continues to rise, the search for
cheap, non-toxic, and abundant materials becomes increasingly
essential. Prussian blue analogues (PBAs) are a material class
widely researched as the positive electrode in sodium-ion
batteries since they fulfill the required criteria. In particular, the
iron-based, vacancy-free, sodium-containing PBA, Na2−xFe[Fe-
(CN)6]·zH2O, is an attractive material because of its high
theoretical capacity (171 mAh/g for x, z = 0) comparative to
current lithium-ion technologies such as LiFePO4.

1 The
porous framework makes it possible to insert (extract) sodium
ions during electrochemical cycling, while the nitrogen-bound
high-spin iron and carbon-bound low-spin iron are reduced
(oxidized) (Figure 1). Sodium-based PBAs adopt different
structures depending on the sodium and water contents.2

Initially, the hydrated material has a monoclinic structure
(space group P21/n), which upon dehydration transforms to a
rhombohedral structure (space group R3) coinciding with a
∼20% reduction in the volume.3 Removal of sodium from the
dehydrated material leads to a transformation to cubic
symmetry (space group Fm3m) and a volume expansion of
∼17%, which can induce particle cracking. The large volume

changes are avoided during sodium extraction and insertion in
the hydrated material, thereby minimizing the risk of particle
cracking. Thus, the presence of water provides structural
stability,4 however, its presence is highly damaging in
nonaqueous battery systems due to side reactions with the
electrolyte. Therefore, water must be replaced with another
compatible molecule to stabilize the structure and allow PBAs
to reach their full potential as electrode materials. Knowledge
about the water dynamics in PBAs, i.e., long-range vs localized
processes, gives insights into which other guest molecules to
consider. For example, localized processes are favored for
structural stability since the guest molecule stays within the
structure during ion extraction/insertion. However, to enable
guest molecule exchange, some long-range diffusion is
required. In addition, the new guest molecule should not

Received: August 19, 2024
Revised: November 8, 2024
Accepted: November 8, 2024
Published: November 16, 2024

Articlepubs.acs.org/cm

© 2024 The Authors. Published by
American Chemical Society

11246
https://doi.org/10.1021/acs.chemmater.4c02326

Chem. Mater. 2024, 36, 11246−11253

This article is licensed under CC-BY 4.0

D
ow

nl
oa

de
d 

vi
a 

94
.2

34
.9

8.
20

2 
on

 D
ec

em
be

r 
11

, 2
02

4 
at

 0
6:

57
:2

6 
(U

T
C

).
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ida+Nielsen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alexandra+Ulander"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Fanni+Juranyi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Simon+Rosenqvist+Larsen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Maths+Karlsson"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="William+R.+Brant"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="William+R.+Brant"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mikael+S.+Andersson"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.chemmater.4c02326&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.4c02326?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.4c02326?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.4c02326?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.4c02326?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.4c02326?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/cmatex/36/22?ref=pdf
https://pubs.acs.org/toc/cmatex/36/22?ref=pdf
https://pubs.acs.org/toc/cmatex/36/22?ref=pdf
https://pubs.acs.org/toc/cmatex/36/22?ref=pdf
pubs.acs.org/cm?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.chemmater.4c02326?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/cm?ref=pdf
https://pubs.acs.org/cm?ref=pdf
https://acsopenscience.org/researchers/open-access/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


bind strongly to sodium to avoid the molecule being extracted
during sodium extraction (and possibly not reinserted again).

As the [Fe(CN)6]n− (where n equals 3 or 4) vacancy
content is low (leading to fewer sites to bind water) and the
concentration of the alkali cations is high, the dynamics of the
water molecules and the thermal behavior are expected to be
very different from the previously studied Prussian blue
Fe[Fe(CN)6]0.75·zH2O.5 For Prussian blue, the water mole-
cules exhibit local diffusion inside the large cavities created by
the [Fe(CN)6]4− vacancies (Figure S1). The water dynamics
decreased if such vacancies were removed as in ferriferricya-
nide, Fe[Fe(CN)6]·zH2O.5 In both cases, water was found to
undergo localized diffusion within a sphere with different
cavity radii matching the pore sizes within the structures of the
two materials. There were no signs of long-range diffusion in
PB and ferriferricyanide. The water dynamics in iron-based,
vacancy-free, and sodium-containing PBAs have never been
studied before. Previous neutron diffraction (ND) studies of
the structure of the material with a high sodium content
showed that water exhibits several different orientations
implying water dynamics.3 Due to the structural changes
upon desodiation, the dynamics might differ as a function of
the sodium content, however, the water in the low sodium-
containing sample is expected to have similar dynamic
behavior as in ferriferricyanide.5

Here, we used quasi-elastic neutron scattering (QENS) to
probe the dynamics of water in iron-based, vacancy-free PBAs.

Two samples were prepared to study the water dynamics as a
function of the sodium content and the temperature. One
s amp l e con t a i n ed a h i gh sod i um con t en t o f
Na1.90(9)Fe0.90(7)

2+ Fe0.10(3)
3+ [Fe2+(CN)6]·2.12(2)H2O (Na1.9),

whi le the other had a low sodium content of
Na0.34(5)Fe3+[Fe2.66(5)+(CN)6]·0.360(4)H2O (Na0.3), thereby
covering the two compositional extremes of the sodium
content (Figure 1). The dynamic behavior of the water
molecules in the two samples was extracted and related to their
structures. Most of the water was found to move within a
spherical cavity with decreasing cavity size as the sodium
content decreased, while a small fraction of the water exhibited
a rattling or rotational motion due to the interaction with
sodium. Understanding the nature of the water dynamics (e.g.,
local or long-range) is important for designing chemically
modified PBAs where water is substituted with a molecule
better suited for battery applications.

2. METHODS
2.1. Synthesis. The as-synthesized powder was obtained from

Altris AB and used as received (denoted as Na1.9). To make a sample
with a low sodium content, part of the Na1.9 sample was desodiated
using oxygenated water followed by a second desodiation step
involving NO2BF4. The first oxidation step was performed with water
to decrease the chemical damage of the particles (surfaces, kinks, and
other reactive surfaces) since water is less oxidative. Using NO2BF4
directly on the as-synthesized material results in less effective
oxidation as NO2BF4 is consumed through the reaction with water.
Dehydrating the as-synthesized material first will lead to particle
cracking and loss of crystallinity,3 which is undesirable. Oxygen
dissolved in water can be described as a mild oxidizing agent with an
oxidation potential of 3.11 V against Na/Na+ yielding a sodium
content of ∼1 sodium-ion per formula unit (f.u.). Oxidation with
water and oxygen was achieved by putting 5.0 g of Na1.9 in 1 L of
water while continuously stirring and bubbling with air. This was left
for 5 days. The powder was filtered and dried to remove all water
from the surface and crystal bulk (150 °C for 15 h). To further
desodiate, NO2BF4 was used in a 4:1 molar ratio of NO2BF4/water
oxidized powder (4 g of NO2BF4 and 2.16 g of the water oxidized
powder). The water oxidized powder was added to 30 mL of
acetonitrile in a Nalgene bottle, and the NO2BF4 was added. The
solution was mixed for 10 min and then left to sediment. When
sedimented (up to 3 days), approximately 20 mL of acetonitrile was
removed with a syringe, and 20 mL of new acetonitrile was added.
This procedure was repeated three times after which all acetonitrile
was removed. The atmosphere was kept inert (N2) during the entire
synthesis. Finally, the Nalgene bottle containing the sample was dried
in a Buchi oven to remove any remaining acetonitrile (85 °C for 20
h). The resulting sample (denoted as Na0.3) was left for hydration in
a fumehood for 2−3 days. Details about the reaction mechanisms can
be found in the Supporting Information.

To ensure that only crystal water was present in the samples (since
the different kinds of water in PBAs cannot be distinguished in a
QENS experiment), both samples were surface dried in a Buchi oven
at 80 °C for 15 h.6,7

2.2. Compositional Characterization. Inductively coupled
plasma-optical emission spectroscopy (ICP-OES) was used to
determine the relative Na and Fe contents, and elemental analysis
was used to determine the C, N, and H contents. The measurements
were performed by Medac Ltd., U.K. Thermogravimetric analysis
(TGA) was performed on TA Instruments TGA5500 instrument to
determine the water content. Around 5 mg of powder was placed on a
platinum pan that was placed in the furnace. The samples were heated
from room temperature to 500 °C with a heating rate of 5 °C per min
under flowing N2 (25 mL/min). The water content was determined in
the temperature range of 30−250 °C since all water is expected to be
gone by 250 °C.6,7 Mössbauer spectroscopy was performed to
determine the ratio of the two iron sites, i.e., the [Fe(CN)6]n− vacancy

Figure 1. Local structure of (a) Na1.9 and (b) Na0.3 showing the
position of sodium and oxygen within one subcube of the PBA
framework. Sodium and oxygen are shown with partial occupancies
based on the compositionally determined values.
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content in the samples. In addition, the sodium content can indirectly
be estimated from the iron valences. The measurements were carried
out at room temperature on a spectrometer with a constant
acceleration type of vibrator and a 57CoRh source. The samples
were enclosed in a sealed aluminum cover to form an absorber with a
sample concentration of ∼7 mg/cm2. Calibration spectra were
recorded at 295 K using a natural Fe metal foil as a reference
absorber. The spectra were folded and fitted using the least-squares
Mössbauer fitting program Recoil to obtain the values of the center
shift CS, the magnitude of the electric quadrupole splitting |QS|, the
full-width at half-maxima W of the Lorentzian absorption lines, and
the spectral areas A.
2.3. X-Ray and Neutron Diffraction. In-house X-ray diffraction

(XRD) was performed on a Bruker D8 Powder diffractometer
(double Cu Kα radiation λ1 = 1.540600 Å and λ2 = 1.5444390 Å)
with a Lynxeye XE-T position sensitive detector. The samples were
placed on a powder holder surrounded by a Si disk, and the
experiments were performed between 10 and 80° with a step size of
0.02°.

Variable temperature synchrotron X-ray diffraction was performed
on the Na1.9 sample at the DanMAX beamline at the MAX IV
Laboratory in Lund, Sweden. The sample was packed in a 0.3 mm
borosilicate capillary inside an argon-containing glovebox. The data
were collected with a wavelength of 0.6199 Å and a Dectris Pilatus3 2
M CdTe area detector. The temperature was varied between 85 and
500 K with a heating rate of 5 K/min using an Oxford Cryostream
800+.

Neutron diffraction (ND) data were collected on the time-of-fight
instrument POLARIS8 at the ISIS Pulsed Neutron and Muon
Source.9,10 Around 1.0 g of each sample was loaded into 8 mm
cylindrical vanadium cans inside an argon-containing glovebox and
sealed using indium wire. The experiments were conducted at room
temperature for 1.5 h.

The XRD and ND patterns were refined in Topas Academic V6.11

The structures were visualized using CrystalMaker.12

2.4. Quasi-Elastic Neutron Scattering. Quasi-elastic neutron
scattering experiments were performed on the cold neutron direct
geometry time-of-flight spectrometer FOCUS at SINQ, Switzerland.13

The samples were packed inside an argon-containing glovebox by
evenly distributing the powders (1.45 g for Na0.3 and 0.97 g for
Na1.9) in an aluminum foil bag optimized to allow for 90% neutron
transmission to minimize multiple neutron scattering. The bag was
folded into a cylindrical shape and inserted into an annular aluminum
can with a diameter of 12 mm (two bags for Na0.3) sealed with lead
wire. The QENS experiments were conducted in the temperature
range of 45−330 K using a closed-cycle refrigerator and a wavelength
of 6 Å (Q range of 0.4−1.8 Å−1). The instrument’s resolution was
determined to be ∼0.04 meV by collecting spectra from a vanadium
standard at room temperature. QENS measurements were performed
at 45, 150, 250, and 330 K for sample Na0.3 and at 45, 50, 60, 75, 90,
105, 150, 200, 280, and 330 K for sample Na1.9.

The obtained quantity from a QENS experiment is the scattering
function, which can be described in general with the following
function:

[ + ]S Q R Q A Q L A Q( , ) ( , ) ( ) ( ) ( ) ( )i iE QE,

(1)

where ω is the angular frequency of the neutrons, δ is the delta
function used to describe the elastic scattering, Li are the Lorentzian
functions used to describe the quasi-elastic scattering, and AE and
AQE,i are the areas corresponding to the delta and Lorentzian
functions, respectively. The data were reduced and fitted in the DAVE
software.14 The Q binning was performed such that the sample Bragg
peak at Q = 1.20 Å−1 was avoided. By fitting the data to eq 1 using
two Lorentzian functions, the elastic and quasi-elastic contributions
were extracted, and the elastic incoherent structure factor (EISF) was
estimated using the following relationship:

=
+
A Q

A Q A Q
EISF

( )
( ) ( )i

E

E QE, (2)

The reorientational dynamics were determined by comparing the
experimentally determined EISF to EISF models, which consider both
local and long-range dynamics.

3. RESULTS AND DISCUSSION
3.1. Composition and Structure. The composition of the

s a m p l e s w a s d e t e r m i n e d t o b e
Na1.90(9)Fe0.90(7)

2+ Fe0.10(3)
3+ [Fe2+(CN)6]·2.12(2)H2O (Na1.9)

and Na0.34(5)Fe3+[Fe2.66(5)+(CN)6]·0.360(4)H2O (Na0.3)
from TGA and Mössbauer spectroscopy confirming PBA
samples with no [Fe(CN)6]n− vacancies and a high and low
sodium content, respectively. Details for the TGA and
Mössbauer measurements can be found in the Supporting
Information Table S2 and Figures S2, S3. The reduction in the
water content as the sodium content is lowered follows
previously observed trends for iron-based, [Fe(CN)6]n−

vacancy-free PBAs.6,15 ICP-OES analysis revealed similar
sodium content for Na0.3 as determined by Mössbauer
spectroscopy, while the results implied the presence of a
sodium-containing impurity in Na1.9 (Table S1).15 Based on
previously reported water and sodium contents for samples
similar to Na1.9,6,15 the impurity is not believed to contain
hydrogen and/or iron. Thus, the impurity will not affect the
QENS results reported here since QENS is dominated by the
large incoherent scattering cross section of hydrogen, which is
present only in the main phase. The determined compositions
are similar to previous reports on high and low sodium
content, vacancy-free, iron-based PBAs.15 The structure of the
samples was determined after the synthesis using laboratory
XRD. The sample Na1.9 consists of mainly a rhombohedral
phase (88.7(7)%, space group R3) with a minor cubic phase
(11.3(7)%, space group Fm3m) possibly due to a slight
oxidation of the powder (Figure S4). The sample Na0.3 has a
face-centered cubic structure (space group Fm3m). The low-
temperature synchrotron XRD patterns of Na1.9 show a
monoclinic structure (space group P21/n) at 85 K, which
converts to a rhombohedral structure above 280 K (Figure
S5). The structural relationship between P21/n and R3 is
described in detail in a previous study.3 It should be noted that
there is negligible change in the cavities within the structures
during this phase transition, and therefore, it does not
significantly change the water environment.

Neutron diffraction was employed to accurately determine
the structure and position of water within the PBA framework
in the two samples. The structure of Na1.9 was modeled using
R3 symmetry (Figure S6, Table S3). The minor Fm3m phase
was not included in the refinement because of the very hkl-
dependent peak shape of this phase. However, the addition of
the Fm3m phase or exclusion of the high-resolution detector
bank (where this phase is mainly present) did not affect the
refinement outcome for the R3 phase. After the PBA
framework and the position of sodium were determined,
Fourier difference maps were used to locate the position of
oxygen (water). The Fourier difference map indicated one
oxygen position (Figure S7), which was included in the model
with the water content fixed to the value obtained from TGA.
The final model resulted in an acceptable fit and reasonable
refined parameters similar to previously reported high sodium
content, iron-based PBAs.3 However, the refined atomic
displacement parameter (ADP) for the oxygen atom was
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quite high, indicating positional disorder. The positional
disorder indicates that water may exhibit dynamics, which
can be captured by QENS and is discussed in Section 3.3. A
lower ADP value could be obtained if the oxygen occupancy
was refined, however, this resulted in a much lower water
content (1.2 H2O per f.u. vs 2.12 H2O per f.u.), which is
unreasonable based on the water content determined from
TGA. This outcome could possibly be due to the presence of
the second phase, which may contain water and was not
included in the refinement. The oxygen atoms are located on
three of the six faces of a subcube surrounded by the iron
atoms and cyanide ligands between the sodium ions (Figures
1a and S1b). Similar to previous work, a model with oxygen
occupying all six faces of each subcube did not fit the data, and
this model was thus discarded.3

The structure of Na0.3 was modeled using Fm3m symmetry
(Figure S8, Table S4). Here, Fourier difference maps were
initially used to locate the positions of sodium and oxygen,
however, because of the higher symmetry, there are larger
uncertainties in the Fourier difference maps. Thus, different
positions of sodium and oxygen were tested and evaluated
based on the refined ADPs, positions, and occupations. The
best model has sodium ions located close to the faces of the

subcube while oxygen (water) occupies the center of the
subcube (Figure 1b). The sodium and water contents were
fixed to the values obtained from ICP-OES and TGA.
Comparing the structure of the two samples, the reduction
of the sodium content results in the sodium ions migrating
toward the faces of the subcubes leading the water to occupy
the center of the subcube. This agrees with theoretical
predictions16 and is similar to the structure of ferriferricyanide,
which contains no sodium ions but only water in the structure
placed in the center of the subcube.17

3.2. General Observations of the QENS Spectra. For
both samples, quasi-elastic broadening is observed in the
investigated temperature range of 45−330 K (Figure 2) with
the broadening being more pronounced for Na0.3. The
broadening is attributed to the hydrogen atoms of the water
molecules in the samples since the incoherent scattering
contribution from the other elements (iron, sodium, nitrogen,
carbon, and oxygen) is 2% for Na1.9 and 7% for Na0.3.
Noteworthy, dynamics are still present even at 45 K for both
samples. For Na1.9, two satellite peaks are observed in the
QENS spectra recorded at 45 K suggesting quantum rotational
tunneling of the water molecules at this temperature. The
tunneling is discussed in detail in Section 3.4.

Figure 2. QENS spectra at selected temperatures (Q = 1.6 Å−1 with a bin size of 0.4 Å−1) for (a) Na1.9 and (b) Na0.3.

Figure 3. Fitted QENS spectra for (a, b) Na1.9 and (c, d) Na0.3 showing the individual components of the fit (Q = 1.05 Å−1 with a bin size of 0.1
Å−1). The insets show the broad Lorentzian 2 (orange). The error bars are one standard deviation.
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Fitting of the spectra using eq 1 revealed that two Lorentzian
functions are needed to describe the quasi-elastic broadening:
one narrow and one broad component. The widths of the two
Lorentzians were determined by fitting data of a single Q bin
(1.4−1.8 Å−1). These widths were used to fit spectra over the
entire Q range (0.4−1.7 Å−1) and accurately describe the
spectra at each Q value. The spectra with Q values of 1.15 and
1.25 Å−1 were removed from the fit due to contamination from
a sample Bragg peak at Q = 1.20 Å−1. Representative fits of the
spectra are shown in Figure 3. The fact that the data can
accurately be described by two Lorentzians with fixed widths
over the entire Q range suggests that the water dynamics are of
local character, such as rotational motion (i.e., not long-range
translational motion). The two Lorentzians used to describe
the data suggest different dynamics for the water molecules
with either different time scales or types of motion. The width
of the broad Lorentzian (Lorentzian 2 in Figure 3) is 100 times
larger than the width of the narrow Lorentzian (Lorentzian 1
in Figure 3), e.g., 0.15(1) meV for Lorentzian 2 vs 0.004(1)
meV for Lorentzian 1 for Na1.9 at 330 K (Table S5). The area
of the broad Lorentzian (Lorentzian 2) is ∼6% of the area of
the narrow Lorentzian (Lorentzian 1) at Q = 1.65 Å−1 meaning
that only a small fraction of the water is contributing to the
broad Lorentzian. This motion is attributed to water most
likely being coordinated to sodium resulting in a rattling or
rotation around the 2-fold axis, i.e., the sodium−oxygen axis.
Because this is a small fraction of water, it is not possible to
experimentally confirm this motion from this data. On the
other hand, the area of the narrow Lorentzian (Lorentzian 1)
changes as a function of Q and is therefore associated with
local diffusion of the water molecules. The width of Lorentzian
1, related to local diffusion, is lower than previously observed
for Prussian blue and ferriferricyanide, where no sodium is

present.5 Thus, the presence of sodium appears to reduce the
speed of the water dynamics in the PBAs. However, it should
be noted that the width of the narrow Lorentzian curve is close
to the limit of the resolution of the spectrometer. Therefore, it
was only possible to fit the two highest temperatures for each
sample since the width of Lorentzian 1 became too narrow
upon cooling. To probe the dynamics stemming from the
narrow component at lower temperatures, QENS studies using
a spectrometer with a higher energy resolution are required,
however, this is outside of the scope of this study.
Nevertheless, fitting the QENS spectra using only the broad
component is not sufficient to describe all of the quasi-elastic
broadening (Figure S10). Since this broad component is seen
for both samples, it is not believed to originate from the minor
Fm3m phase observed for Na1.9 nor the sodium-containing
impurity in this sample (Table S1).
3.3. Water Diffusion. After extracting the elastic and

quasi-elastic contributions from the data, the experimental
EISFs were determined (Figure 4a,b) and compared to several
EISF models for water dynamics with the mathematical
expressions provided in the Supporting Information. The
presence of the broad Lorentzian (Lorentzian 2) does not
affect the calculated EISF (Figure S9) and is thus neglected.
The experimental EISFs were compared to four different EISF
models.5 The first EISF model describes the 2-fold rotation of
the hydrogen atoms around the C2-axis (Figure 4c). The
second EISF model describes the 8-fold rotation (as a
representation of a many-fold rotation) around the C2-axis
(Figure 4d). The third EISF model describes the isotropic
rotation of the hydrogen atoms around the water molecule’s
center of gravity (Figure 4e). The last EISF model describes
the diffusion of the water molecule inside a sphere with a
specific radius (Figure 4f).18

Figure 4. EISFs determined from the QENS spectra for (a) Na1.9 at 330 and 280 K and (b) Na0.3 at 330 and 250 K. The error bars are two
standard deviations. (c−f) Representations of common reorientational motions for water molecules. (c) 2-fold rotation around the C2-axis. (d) 8-
fold rotation around the C2-axis. (e) Isotropic rotation model with the hydrogen atoms moving in a sphere around oxygen’s center of gravity. (f)
Spherical cavity model where the water molecule can diffuse within a cavity of a certain size. The incoherent contribution from other elements in
the sample was calculated to be 2% for Na1.9 and 7% for Na0.3 and is accounted for in the EISF cavity model.
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All experimental EISFs agree well with a spherical cavity
model, while the data cannot be described by the local rotation
of the water molecule. The sizes of the cavities were
determined by fitting the EISF model to the experimental
EISF data while considering possible cavities in the structure of
the samples. For Na1.9, a cavity with a radius of 2.6 Å was
determined from the EISF fits and can be found in the
structure between the two sodium ions between two subcubes
(Figure 4f). This agrees with the average structure determined
from neutron diffraction, where the oxygen atom is positioned
on the face of the PBA subcube with a Na−O distance of
2.610(8) Å. Water’s diffusion within a spherical cavity of a few
Å agrees with the positional disorder found for oxygen in the
structural model. The determined cavity radius of 2.6 Å is
similar to PB,5 however, the cavity is relocated to be in
between the sodium ions as compared to PB where the cavity
is created by the [Fe(CN)6]n− vacancies in the structure.5 This
suggests that the presence of sodium does not restrict the
movement of water within the structure. For Na0.3, a cavity
with a radius of 1.8 Å was determined from the EISF fits.
Relating this to the structure of the sample, a cavity with a
radius of ∼2.1 Å can be found between water and sodium in
the center of the subcube (Figure 1b). The flexible PBA
framework, resulting in local distortions of each subcube,
combined with the presence of sodium might contribute to a
smaller effective cavity within each subcube. It is implied that
sodium and water occupy a subcube simultaneously since the
QENS and ND data suggest a smaller cavity size than if water
was alone in a subcube. In addition, for sodium- and iron-
based PBAs, the water content strongly depends on the sodium
content. Thus, when lowering the sodium content, the water
content is also lowered6,15 indicating a strong interaction
between sodium and water to stay together inside the
structure. The determined cavity radius of 1.8 Å for Na0.3
from the EISF fitting is similar to the cavity radius of 1.85 Å
previously found for ferriferricyanide.5 In contrast to earlier
findings, there is no temperature evolution of the EISF for
these samples. However, this might be due to the relatively
small temperature range probed since the dynamics become
slower than the resolution of the spectrometer at lower
temperatures.

To further verify that most of the water performs local
diffusion within a cavity, the spectra were fitted using the
incoherent scattering law for diffusion within a sphere with a
cavity radius a.18
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In contrast to the above section, where the experimental EISF
was only compared to the EISF for diffusion within a cavity,
the data are now directly fitted with eq 3 using the first six
Lorentzians. In this model, the widths can be calculated
numerically only for a given value of a and D. The width of the
quasi-elastic broadening is related to the diffusion coefficient
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maximum for each Lorentzian, and xn
l is the dimensionless

parameter relating the widths and areas. By fitting the
incoherent scattering law directly to the data, a more restricted

fitting approach is applied since the only fitting parameters are
the area (An

l ) and the width of the narrowest Lorentzian, which
then are related to the other Lorentzians through xn

l (Figure
S11). The value of a is fixed to the determined cavity sizes
from the EISF fits in Figure 4a,b, while the fraction of
incoherent scattering from other elements is fixed to 2% for
Na1.9 and 7% for Na0.3 (as in Figure 4a,b). Figure S12 shows
the fit of the QENS spectra using the incoherent scattering law
for diffusion within a sphere. The first six Lorentzians in the
model cover 97.8% and 99.3% of the total scattering (Q = 1.55
Å−1) for Na1.9 and Na0.3, respectively. Similar to the QENS
fits in Figure 3, a broad Lorentzian was added as the
background in the fitting. All quasi-elastic broadening can be
described well using this model with the respective cavity radii
(2.6 Å for Na1.9 and 1.8 Å for Na0.3), and the refined widths
are in the same order of magnitude as found for the QENS fits
in Figure 3, e.g., 0.45(9) meV for the Lorentzian background
and 0.00208(6) meV for the cavity model for Na1.9 at 330 K.
The diffusion constant D was estimated using eq 3 and is 3.92
× 10−8 cm2/s for Na1.9 and 2.17 × 10−8 cm2/s for Na0.3. The
small change in D between the two samples is most likely a
consequence of the limited space in Na0.3 relative to that in
Na1.9. Thus, the data suggest that water diffuses inside a
spherical cavity where the size of the cavity decreases with
decreasing sodium content.
3.4. Tunneling. As mentioned earlier, satellite peaks in the

QENS spectra for Na1.9 at 45 K were observed indicating
quantum rotational tunneling. Therefore, the temperature
evolution of this phenomenon was investigated (Figure 5).
The two tunneling peaks move toward the elastic peak when

Figure 5. Fitted QENS spectra of the tunneling as a function of the
temperature for Na1.9. The individual components of the fits are
shown in blue. The error bars are one standard deviation.
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the temperature is increased. By 90 K, the tunneling peaks are
indistinguishable from the typical quasi-elastic broadening
meaning that the dynamics of the hydrogen atoms are
thermally activated jumps over the rotational barrier rather
than tunneling through the rotational energy barrier. Usually,
quantum rotational tunneling is observed at much lower
temperatures19 suggesting that the features observed here
would be more pronounced at lower temperatures. Such
satellite peaks in the QENS spectra could also arise from a
magnetic transition due to the presence of iron in the sample.
However, the temperature-dependent magnetization of Na1.9
shows no magnetic transitions upon cooling to 10 K (Figure
S14). The possibility of an ortho−para transition of the water
molecule20 is also excluded since there are no changes in the
intensity of the satellite peaks as a function of time as expected
for an ortho−para transition. The tunneling energy is quite
high (meV scale while tunneling often occurs at μeV scale19)
suggesting that the rotational barrier of the water molecules is
very small. The QENS spectra containing tunneling peaks were
fitted with a delta function and two Gaussian functions, one for
each tunneling peak. The tunneling EISF was determined by
comparing the tunneling peak areas with the area of the delta
function (Figure S13). Since the tunneling EISF is close to 1, it
is clear that only a small fraction of the water molecules are
involved in the tunneling. Due to the low fraction of tunneling
water, the tunneling EISF contains large error bars making it
impossible to determine a Q dependence. Since there is no
broad component in the tunneling temperature range, the
tunneling water could be the same fraction of water
contributing to the broad Lorentzian (Lorentzian 2 in Figure
3), i.e., the rattling or rotational motion around the sodium−
oxygen axis. Quantum rotational tunneling was not observed
for Na0.3 and has not been observed for other PBAs
previously. The tunneling energies are very sensitive to the
local environment of water indicating that it strongly depends
on the PBA composition and structure. Nevertheless, sample
Na0.3 could potentially have tunneling at temperatures lower
than those probed in this study. The energy barrier for
tunneling can be investigated with inelastic neutron scattering
probing the librations of the water molecules, which have a
similar energy barrier.

4. CONCLUSIONS
To ensure structural stability during ion insertion and
extraction and a long lifetime of PBA electrode materials, it
is necessary to replace water with another compatible
molecule. Quasi-elastic neutron scattering experiments on
iron-based, vacancy-free PBAs with either a high or low sodium
content were performed to gain insights into the water
dynamics, which are directly correlated to the stabilizing effect
water has on the structure. The water dynamics were of local
character with most of the water diffusing within a spherical
cavity of a few Å consistent with the pore sizes within the
structures. Furthermore, there were no signs of long-range
diffusion of the water. The cavity radius for the high sodium-
containing sample is similar to the previously studied Prussian
blue (2.6 Å), but the cavity is instead placed in between the
sodium ions. Thus, the insertion of sodium does not restrict
the movement of water within the structure. Upon removal of
sodium, the cavity radius decreased to 1.8 Å similar to the
previously studied ferriferricyanide. Quantum rotational
tunneling of a small fraction of the water molecules was
found for the sample with a high sodium content below 75 K,

while it was absent in the sample with a low sodium content in
the investigated temperature range. For the low sodium-
containing sample, there was a rattling or rotational motion
still present at 45 K. This further shows that the water
dynamics in PBAs are composition-dependent and highly
dependent on the local structure. These results show that if
water is to be replaced with another small molecule compatible
with nonaqueous battery systems, it should not necessarily
have a specific geometry but instead exhibit localized dynamics
filling out the pores in the structure thereby stabilizing the
structure, not binding strongly to sodium, and not containing
any protic hydrogen. Acetonitrile is a possible candidate
molecule that may fulfill the above criteria. This work provides
important information about the water dynamics in PBAs and
lays the groundwork for what other small molecules with which
water can be substituted. This knowledge can also be applied
to PBAs used in other applications, such as gas absorption and
catalysis, where the interaction among the PBA framework,
alkali cations, and neutral guest species is important for their
performance.
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