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Abstract
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Prussian blue analogues (PBAs), AM[M’(CN)4];,'zG, are used in many different applications,
such as energy storage, due to their tunable composition and structural diversity. To understand
the material properties, it is important to accurately determine the composition and atomic
structure of these materials. However, this is challenging due to the interdependent relationship
between the three compositional parameters: the alkali cation (4,), water (z), and [M’(CN),]™
(v) vacancy content. Furthermore, the atomic structure depends on the composition, which leads
to a rich structural landscape that further influences the material properties. This thesis presents
a comprehensive strategy for characterizing the composition and atomic structure of iron- and
sodium-based PBAs. To accurately determine the composition of iron-based PBAs, it was found
that a combination of multiple characterization techniques is needed; especially Mossbauer
spectroscopy proved vital for accurately determining the vacancy content. Neutron diffraction,
neutron total scattering, quasi-elastic neutron scattering, and inelastic neutron scattering were
applied to probe the local and average structures as well as the dynamics of the water in PBAs as
a function of sodium content and temperature. It was found that the PBA system is more dynamic
than previously thought, and that the sodium and water can occupy a broad range of positions,
which change with temperature. The material becomes more disordered upon dehydration or
when the sodium content is lowered. Additionally, distortions of the PBA framework proved to
be an inherent property of these materials. This work also demonstrates that neutron diffraction
alone is insufficient to describe sodium and water positions, confirming the need for local probes
such as total scattering and inelastic neutron scattering. These findings highlight the importance
of proper compositional, structural, and dynamical characterization using multiple techniques
and lay the groundwork for further development of new PBAs.
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Abbreviations

A list of the abbreviations used in the thesis.

Abbreviation Meaning

EISF
fu.
ICP-OES
INS
PALS
PBAs
PDF
QENS
RDF
RMC
TGA

Elastic incoherent structure factor

Formula unit

Inductively coupled plasma-optical emission spectroscopy
Inelastic neutron scattering

Positron annihilation lifetime spectroscopy

Prussian blue analogues

Pair distribution function

Quasi-elastic neutron scattering

Radial distribution function

Reverse Monte Carlo

Thermogravimetric analysis




1. Introduction

1.1 Prussian blue and its analogues

Prussian blue is a mixed-valence iron cyanide compound with the chem-
ical formula Fe43+[Fez+(CN)6]3 named after its deep blue color and usage
as a pigment in the early 18" century [1]. Despite the early discovery, the
structure was only first described in 1936 by Keggin and Miles using X-ray
diffraction [2]. Prussian blue crystallizes in the cubic space group Fm3m,
where the unit cell is built up by eight subcubes (Figure 1.1). Each sub-
cube consists of eight iron atoms occupying the corners of the subcube
linked together by bridging cyanide ligands which creates a porous frame-
work. The cyanide ligands selectively bind via carbon to one iron atom,
and thus, only nitrogen to the second iron atom. This specific coordination
of the cyanide ligands to iron is what gives rise to the face-centered struc-
ture [3]. The selective bonding is also shown in the chemical formula by
having the carbon-bound iron atom inside the square brackets. Prussian
blue has a very porous structure due to the 25% stoichiometric deficiency
of [Fe(CN)g]*™ units relative to the nitrogen-bound iron. The large cavities
created by the vacancies can be occupied by a range of small molecules, but
are most commonly occupied by water molecules that are either hydrogen-
bonded to other water molecules inside the cavities or coordinated to the
nitrogen-bound iron atoms to fulfill the coordination sphere of iron [4].
The arrangement of carbon and nitrogen in the cubic Fm3m structure
of Prussian blue results in the iron atoms having different electronic struc-
tures [3]. The difference in the electronic structure of the two iron atoms
is related to which end of the cyanide ligand is coordinated to iron. When
carbon is bound to iron, electrons from carbon are donated into the iron
d-orbitals via a o-bond. The filled d-orbitals on the iron atom then donate
electrons back into an empty ¥ -orbital in the cyanide ligand via the car-
bon atom. The strong nm-backbonding effect results in a large splitting of
the d-orbitals of the carbon-bound iron leading to a low-spin electron con-
figuration for Fec2+ (Figure 1.1a). On the other hand, the nitrogen atom of
the cyanide ligand is a strong o-donor resulting in a smaller splitting of the
d-orbitals relative to that of the d-orbitals on the carbon-bound iron atom.
The smaller splitting of the d-orbitals results in a high-spin electron con-
figuration for Feg". The deep blue color of Prussian blue originates from an
intervalence charge transfer from Fe2* to Feg" that absorbs orange-red light
in the visible spectrum. By changing the oxidation states of the iron atoms
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High-spin Fen3+

Figure 1.1. a) The structure of Prussian blue consists of two octahedrally coordi-
nated iron atoms (with their respective electronic configuration) linked by cyanide
ligands via the corners of the octahedra. The presence of [Fe(CN)4]* vacancies in
the structure is represented by the grey octahedra, while the missing atoms are rep-
resented by grey spheres. b) The cavity within a subcube (shown as a transparent
grey sphere covering the window faces as well) can be occupied by alkali cations
(A" and/or neutral guest molecules (G).

in Prussian blue, compounds with different colors, such as white and green,
can be obtained [3].

The compositional versatility of Prussian blue, and hence the existence
of a large number of Prussian blue-related compounds, comes from the
possibility to substitute iron with other transition metals and to incorpo-
rate different alkali cations into the porous framework in addition to water
molecules (Figure 1.1b). Due to the high stability of the [Fe(CN)6]4_ unit, it
is typically the nitrogen-bound iron atom that is substituted with another
transition metal [3]. However, in rare cases, the carbon-bound iron atom
can be substituted as well. All these compounds are referred to as Prus-
sian blue analogues (PBAs) whose chemical formula can be described as
AMIM’(CN)gl;_y2G, where A is an alkali cation, M and M’ are transition
metals, y denotes hexacyanometallate [M’(CN)g]™" vacancies, and G is a
neutral guest species such as water. The compositional variability leads to
PBAs being used in a broad range of applications such as biomedical appli-
cations, electrode materials in batteries, magnetic applications, catalysis,
and gas adsorption [5-9].

1.2 Iron-based Prussian blue analogues

While it is possible to make many different PBAs, the majority of studies
are focused on hexacyanoferrates. This is because the material contains
cyanide, which, if released from the metal complex, can hydrolyze to form
toxic hydrogen cyanide gas. Cyanide binds more strongly to iron than many
other transition metals, leading to frameworks that are structurally stable
[10]. Consequently, the compounds consisting of A,M[Fe(CN)g],_y are very
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stable, and thus, safe to handle. Using iron in PBAs also has other advan-
tages, such as iron’s relative abundance and the simplicity of the synthesis
conditions required to make iron-based PBAs [3]. This thesis specifically
investigates the PBAs where both transition metals are iron. PBAs can, in
general, accommodate a wide range of alkali cations e.g, Li*, Na*, K*, Rb",
and Cs™ [11]. The choice of sodium in this work is based on the PBA’s appli-
cation as a positive electrode material in sodium-ion batteries.

The PBAs investigated in this thesis can be described by the chemical for-
mula Nay_4,_(Fe[Fe(CN)gl,_y-zH,0. The formula differs from the above in-
troduced general PBA formula as it describes the correlations between the
three compositional parameters x, y, and z that exist for iron-based PBAs.
The maximum amount of sodium that can be included in the structure is
determined by the oxidation state of the two iron atoms. Since it is unlikely
that iron will adopt an oxidation state lower than 2+, the upper limit for the
sodium content is two per formula unit (f.u.) when y=0 and both iron atoms
are 2+. As both iron atoms can be oxidized to 3+, the sodium content can
vary accordingly, ranging from fully sodiated to fully desodiated, giving the
limiting range of 0 < x < 2. The total sodium content that can be included
in the structure also depends on the [Fe(CN)4]"~ vacancy content. For ex-
ample, if starting from Fe3+[Fe3+(CN)6], removal of one [Fe(CN)G]s_ unit re-
sults in one less sodium ion that can be included. Furthermore, an addi-
tional three Fe* ions must be reduced to Fe?" to counteract the loss of the
3- charge of the lost [Fe(CN)g]>~ complex. This results in four fewer sodium
ions that can be included in the structure. Since the loss of one [Fe(CN)g]*>~
unit results in a total of four changed iron atoms (one complex missing and
three reduced iron atoms), the impact of vacancies on the sodium content
is -4y. The vacancy content can in principle be between 0 < y < 0.5, how-
ever, vacancy contents of 25-30% are commonly observed [12, 13]. Since
the synthesis of these materials happens in water, the resulting compounds
contain water. As for the sodium content, the water content is also strongly
affected by the number of vacancies. In general, the more porous the ma-
terial (vacancy-rich), the more water can occupy the large cavities, while
vacancy-free materials contain less water. In the presence of smaller alkali
cations, such as lithium and sodium, there is still space for water to occupy,
while for larger cations, the possibility for including water decreases [11,
14]. As will be discussed later in this thesis, the sodium and water content
appear to be correlated [15].

The composition of PBAs is complex, and the complexity of the mate-
rial is also increased by the fact that the structure varies as a function of the
composition (Figure 1.2) [11]. The fully sodiated (x = 0), vacancy-free (y =
0), hydrated material, Na,Fe[Fe(CN)g4]-zH,0, adopts monoclinic P2;/n sym-
metry, while for sodium contents below ~1.2 per f.u., the material has cu-
bic Fm3m symmetry [11]. According to a meta-study of the PBA literature,
there exists a compositional region that lies between a sodium content of

13



Dehydrated R3

Hydrated

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0
X

Figure 1.2. Phase diagram for Na,_,Fe[Fe(CN)4l-zH,0 as a function of the sodium
and water content.

0.2 < x< 0.8 and a vacancy content between 0 < y < 0.2, where no phase pure
materials have been reported [11]. Thus, for compositions where there are
1.2-1.8 sodium ions per f.u., the material consists of both monoclinic P2;/n
and cubic Fm3m phases. The dehydrated material obtains rhombohedral
R3 symmetry at high sodium contents, which converts to cubic Fm3m sym-
metry upon sodium removal. The two-phase region lies between a sodium
content of 0.4 < x < 0.7 [16]. Iron-based PBAs with a vacancy content of y
> 0.2 generally result in undistorted structures with cubic Fm3m symmetry
as traditional Prussian blue [11]. However, it is hard to tell what specific va-
cancy level gives rise to distorted vs undistorted structures since the alkali
cation and vacancy content are correlated, and it is hard to obtain synthetic
control over the vacancy content.

1.3 The role of water

The material in focus in this thesis is the iron-based, vacancy-free (y = 0)
PBA described by the general formula Na,_,Fe[Fe(CN)gl-zH,0. Sodium-rich
PBAs exhibit rich structural diversity due to structural distortions, which
depend on the composition. With different structures for different com-
positions, phase transitions are unavoidable. This is also the case for the
PBA of interest in this thesis, where the structure changes as a function of
the sodium and water content. Due to the negative effects of using the hy-
drated material as an electrode material in non-aqueous batteries, e.g., side
reactions, ion transport hindrance, and gas formation [17, 18], the water
is removed from the structure before use. However, dehydration induces an
18% volume contraction resulting in particle cracking and strain [16]. More-
over, in the absence of water, the structure of the material changes between
rhombohedral R3 and cubic Fm3m phases during sodium extraction and
insertion (Figure 1.2). This also coincides with large changes in the volume
(+17%) leading to loss of capacity and poor cycling stability during long-
term cycling [16, 19]. This large change in volume is not observed during the
desodiation of the hydrated material. In fact, the presence of water modifies
this phase transition preventing the large volume changes from occurring
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resulting in improved structural stability during long-term electrochemical
cycling due to better support of the PBA framework [20].

The wide phase diagram for cation-rich PBAs is in contrast to most PBAs,
which exhibit cubic symmetries [11]. The size of the cation is believed to af-
fect this different behavior; non-cubic symmetries are commonly obtained
due to optimized bonding conditions when having smaller cations such as
lithium and sodium. The presence of water adds another layer of complex-
ity to this description since there is still space for water to occupy the in-
terstitial and window sites even when smaller cations are present (Figure
1.1b). The role of water on phase transitions is yet to be fully understood,
and its investigation has proven challenging. For example, thermogravi-
metric analysis (TGA) measurements can be dependent on the experimen-
tal setup and should be combined with mass spectrometry to fully decouple
the mass loss processes [11]. Furthermore, the low X-ray scattering length
of light elements and the disordered nature of the water make it hard to
determine its position accurately, and hence its role during phase transi-
tions. A PBA meta-study indicated that the presence of water does not in-
duce phase transitions but instead modifies the magnitude of distortions
already existing within a given symmetry [11]. To investigate this hypothe-
sis, local probes and other types of radiation, such as neutrons, need to be
used to aid the understanding of the role of water in PBAs. This will bene-
fit the understanding of PBAs both from a fundamental and an application
point of view.
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2. Scope of the thesis

The PBA materials class has proven challenging to characterize, both in
terms of composition and atomic structure, which may lead to inconsis-
tencies in the reported properties. In addition, there is limited informa-
tion about the dynamics of water in PBAs, which is related to how water
interacts with the PBA framework and how it affects the phase transitions
in the material. This thesis aims to determine the position and dynamics
of water in iron-based PBAs as a function of the sodium content and tem-
perature. There is a strong emphasis on applying different techniques and
modeling different types of data to get a full picture of the PBAs. The main
technique used in this thesis is neutron scattering because of its sensitivity
towards lighter elements and the possibility for dynamic information. This
work also aims to bridge the gap between experimental data and theoret-
ical calculations to characterize PBAs thoroughly and lay the groundwork
for more advanced calculations. Improved calculations of PBAs give higher
certainty in the calculated properties, and thus, better guidance in the de-
sign of new and improved PBAs tailored for different applications. Paper I
investigates the techniques necessary to properly characterize the compo-
sition of iron-based PBAs, and positron annihilation lifetime spectroscopy
is introduced as a possible technique to determine the internal porosity of
PBAs. Paper II-1I1I study the average and local structure of a sodium-rich,
iron-based PBA as a function of the temperature. Papers IV-V explore the
local dynamics of water and its effect on stabilization of the PBA framework
as a function of the sodium content. With the detailed knowledge of the
composition, atomic structure, and dynamics of water, Paper VI focuses on
an applied system looking into volume changes and phase transitions dur-
ing long-term cycling of a sodium-rich, iron-based PBA in a non-aqueous
sodium-ion battery.
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3. Methodology

3.1 Materials synthesis

To obtain sodium-rich PBAs with a low [Fe(CN)g] "~ vacancy content, syn-
thetic control is crucial. In this work, the pristine materials have been syn-
thesized from either an acid decomposition or co-precipitation method by
collaborators. The two synthesis methods yielded similar material com-
positions (Na,Fe[Fe(CN)g]-zH,0) with particle sizes ranging from 2-30 pym.
The Prussian blue sample in Paper I and the samples used in Papers II-III
were synthesized in-house. The starting material/electrodes in Papers I and
IV-VI were obtained from Altris AB. The PBAs with lower sodium contents in
Papers I and IV-V were synthesized using the pristine powder obtained from
Altris AB and oxidizing agents of different strengths, e.g., H,0, I,, or NO,BF,.
Details about the syntheses can be found in the experimental methods sec-
tions of the respective papers [15, 21, 22]. The obtained materials (except
for Prussian blue) are air- and moisture-sensitive, hence all further handling
and treatment were performed under an inert atmosphere. Since the work
in this thesis primarily focuses on characterization aspects, the synthesis
will not be discussed further. Table 3.1 summarizes all samples investigated
in this thesis. For simplicity, when referred to in this thesis, the samples are
divided into four categories: "high", "intermediate", and "low" sodium con-
tent, with the Prussian blue sample being under "vacancies" since it con-
tains no sodium, but has vacancies.

17



Table 3.1. Overview of the samples investigated in this thesis. "Thesis sample name"
are the names used in this thesis, while "paper sample name" are the samples’ respec-
tive names in each paper.

Thesis Paper
sample Composition sample | Paper
name name
High Nay g2 Fers 7 Feq s [Fe* (CN)gl-2.092)H,0 | FS-PW I
Nay 147 Fe[Fe(CN)gl-2.07(2)H,0 H-PW 1
Nay g(7)Fe[Fe(CN)glo 9g2) D-PW I
Nay, 175 Fe[Fe(CN)g]-1.96(2)H,0 CP-PW | 1I
Nay 42/ Fe[Fe(CN)g]-2.24(2)H,0 Hyiﬁ;‘;ed I
Dehydrated
Nay 42/ Fe[Fe(CN)] T i

Nay g0 FecaonFeqiom [Fe* (CN)gl-2.12(2)H,0 | Nal9 | IV-V

Intermediate | Nay ;o Fei3o 6 Feger s [Fe*> (CN)gl-1.57(1)H,0 | HS-PW I

Low Fe[Fe(CN)4]-0.807(9)H,0 DS-PW I
Nayg 345 Fe’* [Fe*%0®*(CN)4]-0.360(4) H,0 Na0.3 | IV-V
Vacancies Fe[Fe(CN)gly.75-1.5H,0 PB-1 I

3.2 Neutron scattering

A neutron is a neutral particle that is part of the atomic nucleus and has a
mass and a magnetic moment. Thermal neutrons have an energy of around
25 meV corresponding to wavelengths of a few A. This wavelength is on the
same order of magnitude as interatomic distances in materials and can thus
be used to probe the atomic structure. Neutrons can also be used to study
excitations in materials because the neutron energy matches the energy
change involved in various excitations, e.g., phonons or crystal field exci-
tations [23]. In neutron scattering experiments, the neutrons are treated
as waves when interacting with a sample. A neutron is characterized as
a plane wave with an initial wave vector k; and energy E; = (h? kf/ 2my).!
After scattering via a nuclear interaction with the sample, the wave vec-
tor changes to the final wave vector k¢ and energy E = (ﬁzk]zc/Zmn) [23].

The measured quantity in a neutron scattering experiment is the differen-

. . 2 o .
tial cross section S—d‘gf which is the number of scattered neutrons per time

1% is the reduced Planck’s constant, my, is the neutron mass, dQ is solid angle subtended
by the detector, and o is scattering cross section.
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Figure 3.1. Scattering of neutrons by a nucleus with incident wave vector k; and
energy E; and final wave vector k¢ and energy Ey.

unit onto a small solid angle d(2 with final energy Er. Because neutrons in-
teract with the atomic nucleus, the point scatter approach works well for
describing neutron scattering (Figure 3.1). The scattering data is expressed
as a function of the momentum transfer 7Q and energy E. The scattering
vector Q (Equation 3.1) describes the relation between the incident (k;) and
scattered beam (kg).

Q=k;- kf 3.1

The magnitude of the scattering vector can be expressed in terms of the
energy (Equation 3.2) [23].

Q= %(E’ +Efp—2y/(E;Ey) cos(20)) (3.2)

where 260 is the angle between the incident and final neutron wave vec-
tors. The accessible Q,E space depends on the incident energy and avail-
able scattering angles, and thus, varies between instruments. These param-
eters should therefore be carefully selected when designing the experiment.
The scattering process is called elastic when there is no change in the neu-
tron’s energy after interacting with the sample. Thus, only a change in the
momentum is detected. The process is called inelastic scattering if there is
a change in the neutron energy after interacting with the sample. Here, a
change in momentum and energy is detected.

The scattering cross section above does not take into account the differ-
ent scattering amplitudes of the same element. Each isotope of an element
has its own scattering length b. In addition, if the isotope has a spin, the
isotope will have two scattering lengths b, and b. [23]. This is because the
scattering power depends on the spin of the neutron relative to the spin of
the nucleus. The spin of the nucleus can randomly flip, generating the two
observed scattering lengths b, and b. when interacting with the neutron’s
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spin. Taking the isotope and spin effects into account (for several elements
in a material), the scattering cross section consists of both coherent and in-
coherent scattering (Equation 3.3).

deEf deEf * deEf)incoh

Coherent scattering gives information about collective behavior, i.e., self-
other correlations. Incoherent scattering lacks coherence in scattering be-
tween the nuclei, and thus, the scattering amplitudes of the nuclei can vary
in time and space. Incoherent scattering provides information about indi-
vidual atoms regardless of their arrangement relative to other atoms, i.e.,
self-self correlations.

In summary, neutron scattering provides information about the atomic
structure and dynamics in many materials since both Q and E are measured
giving a wide range of length (I ~ %) and time (¢~ %) scales.

3.2.1 Neutron diffraction

Neutron diffraction is a coherent elastic method probing the atomic struc-
ture of materials. This method is the main technique used in this thesis
to determine the structures of iron-based PBAs. With neutron diffraction,
it is possible to distinguish between carbon and nitrogen (b, = 6.6 fermi
for C and b.,j, = 9.4 fermi for N)?, which are almost impossible to detect
with X-rays due to their low and similar scattering lengths (6 and 7 elec-
trons for C and N, respectively), especially in the presence of the strongly
scattering iron (26 electrons). Additionally, it is expected to be possible to
differentiate a sodium ion (Na*) and a water molecule (10 electrons each)
using neutrons (b, = 3.6 fermi for Na, b, = 5.8 fermi for O, and b.,p, =
-3.7 fermi for H). However, X-ray diffraction provides complementary infor-
mation and should not be neglected.

Powder diffraction

Powder diffraction is a useful technique to study the average structure of
crystalline materials. In a powder diffraction experiment, a powdered sam-
ple is irradiated by e.g., X-rays or neutrons, and the diffracted radiation is
detected and analyzed. Typically, a powder consists of multiple randomly
oriented small crystallites, where the individual crystallites consist of re-
peating units in space (called the unit cell) containing all the information
needed to generate the crystal. Due to the long-range periodicity in the
crystal, stemming from the unit cell and space group symmetry elements,
the scattered waves will interact constructively (or destructively). The co-
herent scattering of radiation from the crystallites results in a diffraction

2] fermi=10"% m
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pattern that is a fingerprint of the specific crystal structure observed with
diffraction. Bragg’s law describes the relationship between the radiation
wavelength A, the inter-planar spacing dj;, and the scattering angle 6 (Equa-
tion 3.4) [24].°

nA:Zdhklsin(H) (3.4)

where 7 is an integer = 1. The Miller indices (hkl) describe the reciprocal
intercept on the unit cell vectors and are used to index the different crystal-
lographic planes in the crystal structure that are separated by inter-planar
distances dyj;. Note that in Equation 3.4, the scattering angle is given by 6,
while an experimental diffraction pattern commonly is plotted as the scat-
tered intensity as a function of the scattering angle 20. Using Bragg’s law
and the measured scattering angles, the inter-planar spacings for each hkl
can be calculated and used to determine the unit cell size and space group
symmetry. However, Bragg’s law does not take into account the different
atoms and their occupancies, positions, and displacements on the differ-
ent crystallographic planes, i.e., it does not contain any structural informa-
tion. Therefore, one needs to consider the structure factor Fp; (Equation
3.5), which is related to the intensity distribution of the measured diffrac-
tion pattern Ipx; (Equation 3.6) [23, 24].

unit cell _B: sin26 st kvt ]
Fhkl — Z bi e iT)2 627”( XitKy;+ z;) (3‘5)
i=1
2
Tnki o< | Fpil (3.6)

where x;, y;, and z; are the fractional coordinates of atom i in the unit cell, B;
is the atomic displacement factor describing the thermal vibrations of the
atom i, and b; is the coherent neutron scattering length for atom i [23]. For
X-rays, bin Equation 3.5 is replaced with the atomic form factor f.
Structural information from a diffraction pattern can be obtained by eval-
uating the intensity, position, and peak shape of the Bragg reflections. As
seen in Equation 3.5, the intensity depends on which atoms are present
in the sample, the position of the atoms on the different crystallographic
planes, and the atomic displacement factor, which describes the average
displacement of the atom from its equilibrium position. A way to quan-
tify this information is to use the Rietveld method [25]. In this method, a
diffraction pattern is calculated using a starting structure and then com-
pared against the observed data. The starting structure gradually changes
by refining different structural parameters to improve the fit between the
calculated and observed data until a satisfactory fit and a chemically rea-
sonable refined structure are obtained. The square sum of the difference
between the observed y,;s and the calculated y.,;. intensities at the i step

3Here 6 is defined as 6 = %
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of the pattern is minimized using a least-squares method (Equation 3.7).

Z(wi(yobs,i _}/calc,i)z) —min (3.7)

l
where w; is the weight assigned to each intensity step with the sum running
over all data points. The calculated intensities consist of different functions
(Equation 3.8) that account for different effects such as the background in-
tensity yp,;, the scale factor S that is proportional to the volume fraction of
the contributing phase(s) ¢, the multiplicity factor j of the k™ reflection, the
Lorentz factor Lp, preferred orientation Oy, the structure factor F, and the
peak profile function Q; which accounts both for instrument and possible
sample effects [24].

phases ko
Yeale,i =¥ni+ . S¢ Y Jok-LPok- Ok [Fpkl* Qigpk (3.8)
p=1  k=k;

The first sum is over all contributing crystalline phases, while the second
sum is over all calculated Bragg reflections of a specific phase. The peak
shape is usually modeled using a Gaussian or Lorentzian function, or with
the pseudo-Voigt function, which is a linear combination of a Gaussian and
a Lorentzian function. The background in a diffraction pattern comes from
the sample environment, diffuse scattering, absorption, and multiple or in-
coherent scattering. This is typically modeled using a polynomial or by lin-
ear interpolation, which is the case for the refinements in this thesis.

Rietveld refinements are evaluated by different agreement factors that
determine how well the calculated model fits the observed data [26]. How-
ever, it is important to keep the chemistry of the material in mind when
evaluating the fits. The Rietveld method relies on the search for a mini-
mum (Equation 3.7) and every minima found is a possible solution to the
fit. However, a low agreement factor in itself does not equal a good solu-
tion. Therefore, each solution has to be evaluated so that the solution makes
chemical sense, i.e., the refined parameters, such as site occupancies and
bond lengths, must be reasonable.

The diffraction data presented in this thesis were collected using multi-
ple different instruments both in-house and at large-scale facilities. The in-
house X-ray diffraction data were collected on a Bruker D8 Advance diffrac-
tometer or on a STOE Stadi P diffractometer. The synchrotron X-ray data
were collected at the P02.1 beamline at the German Electron Synchrotron
(DESY) in Germany [27] or at the DanMAX beamline at the MaxIV Labora-
tory in Sweden. The neutron diffraction data were collected on the time-of-
flight diffractometer POLARIS at the ISIS Pulsed Neutron and Muon Source
in the United Kingdom [28] or on the time-of-flight diffractometer NOMAD
at the Spallation Neutron Source in the USA [29]. Refinements of the data
were done using TOPAS Academic V6 [30] and crystal structures were visu-
alized in CrystalMaker [31].
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Total scattering with pair distribution function analysis

Total scattering is an extended case of diffraction where both the Bragg and
the diffuse scattering are considered. The Bragg scattering pattern consists
of well-defined peaks arising from constructive interference effects from
having atoms in a sample arranged in a periodic pattern. Diffuse scatter-
ing covers the scattering due to deviations from the average periodic struc-
ture, i.e., the interference effects from any other atomic arrangements in the
sample, and gives information about the short-range structure of a sample
[32].

Total scattering data is converted into a function in real space called the
pair distribution function (PDF). Before doing so, the data need to be cor-
rected for contributions from other scattering processes, e.g., inelastic scat-
tering, scattering from the sample holder, etc., to isolate the coherent elastic
scattering signal originating from the sample only. The corrected scattering
data is normalized to the numbers of scatters N and their scattering lengths
b giving the total scattering structure function F(Q). The PDF is obtained by
Fourier transforming F(Q) (Equation 3.9).

1 Qmax szn(Qr)
G(r)= ——— 4 F 3.9
) 2m)3po mein T[Q @=o Qr 4Q (39

where py is the average atom number density in atoms per A3 [33]. The
PDF is a histogram of interatomic distances in a material and shows the
probability of finding an atom at a distance r from another atom in real
space. This is expressed in the partial radial distribution function (RDF)
&ij(r) (Equation 3.10).

nij(r)

_— 3.10
4nridrp; (.10

gij(r)=
where n;;(r) is the number of particles of type j at a distance between r and
r + dr from a particle of type i. pj is the number density for particles j [33].
The sum of the RDFs add up to give G(r) by weighting with their coherent
scattering lengths (b;, bj) and concentrations (c;, ¢;) (Equation 3.11) [33].

n
G(r)= ) cicjbibj(gij(r)—1) (3.11)
i,j=1

As seen in Equation 3.9, the Fourier transform is taken from a minimum
to a maximum Q value since it is not possible to integrate from zero to infin-
ity from an experimental point of view. High Q. values are desired for to-
tal scattering experiments to obtain high resolution in real space. This can
be achieved by using high energy X-rays or at spallation neutron sources,
giving Qmax values up to 50 A"l. However, by extending the Q range, the
inclusion of noise in the data also increases. Thus, determining the Qmax

value is a trade-off between resolution in real space and noise level [32].

23



The total scattering data presented in this thesis were collected on the
time-of-flight diffractometer NOMAD at the Spallation Neutron Source in
the USA [29] and analyzed using small-box modeling in PDFgui [34] or big-
box modeling in RMCProfile [35, 36].

3.2.2 Neutron spectroscopy

Neutron spectroscopy was applied to determine vibrational, translational,
and rotational dynamics in iron-based PBAs. These dynamics are related
to self-self correlations, and thus, scatter neutrons incoherently. Due to the
large incoherent scattering cross section of hydrogen (82.0 barns)? [23, 37],
the scattering from the water in the investigated samples will dominate, and
thus, the coherent term in Equation 3.3 can be neglected.

Inelastic neutron scattering

Inelastic scattering is, as previously mentioned, when there is a change in
the energy of the neutron after interacting with the sample. The neutron
can both gain or lose energy when interacting with the sample (Figure 3.2).
However, at very low temperatures, at which inelastic neutron scattering
(INS) measurements are typically done, there is very little scattering with
neutron energy gain [23]. This is because the neutron has to interact with
an excitation from the sample to gain energy, and at low temperatures, there
are very few sample excitations. Thus, only neutron energy loss is observed
in INS spectra at very low temperatures. INS is often used as vibrational
spectroscopy to study molecular vibrations in many materials. The tech-
nique is complementary to infrared and Raman spectroscopy but differs in
the fact that there are no optical selection rules [23, 37]. This means that all
modes in principle are possible to measure, however, the relative intensity
strongly depends on the neutron scattering cross section of the atoms in
the material. The intensities of the peaks are proportional to the amount of
the atoms in the sample, their vibrational amplitudes (displacement), and
their scattering cross section [37], and thus, the obtained INS spectrum is
a direct measure of the vibrational frequency and amplitude of the nucleus
of an atom in a sample [23]. For example, hydrogen has a large incoherent
neutron scattering cross section and is also a very light element (it displaces
easily), thereby having a huge contribution to the INS peak intensity.

The inelastic neutron scattering data presented in this thesis were col-
lected on three different spectrometers covering different energy ranges and
resolutions. The instruments used were the indirect geometry time-of-flight
spectrometer TOSCA, covering the low frequency region, and the direct ge-
ometry time-of-flight spectrometer MAPS, covering the high frequency re-
gion, at the ISIS Pulsed Neutron and Muon Source in the United Kingdom

4] barn = 1028 m?

24



S(Quw)

Elastic

\

Quasi-elastic

Inelaiiic /

hw

Neutron energy gain 0 Neutron energy loss

Figure 3.2. Elastic, quasi-elastic, and inelastic scattering regions.

[38-40]. In addition, INS data were collected on the indirect geometry time-
of-flight spectrometer VISION at the Spallation Neutron Source in the USA
[41]. VISION offers the possibility of measuring diffraction data simulta-
neously to probe the structure of the sample under investigation. This is
especially useful for iron-based PBAs that exhibit many phase transitions as
a function of the temperature. The data were analyzed through either lattice
dynamics or molecular dynamics calculations based on density functional
theory or ab initio molecular dynamics, respectively. The density functional
theory calculated phonon results and the ab initio molecular dynamics tra-
jectories were converted to calculated INS spectra using OCLIMAX [42, 43].

Quasi-elastic neutron scattering

Quasi-elastic neutron scattering (QENS) is a limited case of INS since there
is a change in the neutron’s energy after interacting with the sample, but
the energy change is much smaller (ueV to a few meV) compared to the
energy used for many excitations. The small energy change is caused by
the interaction between the neutrons and atoms in the sample performing
translations and/or rotational dynamics. Because these single-particle mo-
tions are not quantized, there is a continuous distribution of energies which
gives rise to a broadening of the elastic line (Figure 3.2) [23]. The measured
quantity in a QENS experiment is the incoherent scattering law S(Q,w) [23].

S(Q,w) ~R(Q,w) ® [6(w)Ap(Q) +Y_ L;i(w) Agk,i(Q)] (3.12)

where w is the angular frequency of the neutrons,’ § is a delta function used
to describe the elastic scattering with area Ag, and L; are the Lorentzian
functions used to describe the quasi-elastic scattering with areas Agg,;. From
analysis of the QENS data, it is possible to separate long-range and localized

SE=rhw
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dynamics. Long-range diffusion is characterized by the movement of the
mass of a particle with the diffusing particle not being restricted in its move-
ment within the structure. Localized dynamics (or restricted diffusion) are
characterized by no mass transport of the diffusing particle. Thus, what is
observed is the random rotation or change of orientation of a molecule in
time where the mass is fixed in space [23].

Another phenomenon that can be observed with QENS is quantum ro-
tational tunneling. Here, molecular groups are at low temperatures frozen
into well-defined positions. This means that for the molecular group to un-
dergo a rotation, it happens via tunneling through the energy barrier rather
than going over the energy barrier. Tunneling is observed as satellite peaks
centered around the elastic peak. These satellite peaks will slowly move
closer to the elastic peak with increasing temperature until they become
part of the quasi-elastic broadening [44]. Usually, tunneling happens at yueV
energies meaning that the rotational barrier is quite high, however, as will
be shown later in this thesis, tunneling can also occur at higher energies.

The quasi-elastic neutron scattering data presented in this thesis were
collected on the cold neutron direct geometry time-of-flight spectrometer
FOCUS at SINQ in Switzerland [45] and analyzed using DAVE [46].

3.3 Other characterization techniques

Inductively coupled plasma-optical emission spectroscopy

Inductively coupled plasma-optical emission spectroscopy (ICP-OES) and
elemental analysis were used to determine the composition of the samples
by calculating the atomic ratios of Na:Fe, C:N, and C:Fe. This gives informa-
tion about the sodium and [Fe(CN)g]"~ vacancy content, which are impor-
tant inputs when developing accurate structural models, especially if the
scattering properties of certain elements are either low or similar to each
other. The ICP-OES measurements reported in this thesis were performed
by the company Medac Ltd in the United Kingdom.

Thermogravimetric analysis

TGA measurements give information about mass losses during heat treat-
ment. Depending on the mass loss temperature, one can infer how much of
a particular species has been lost. However, it should be noted that the iden-
tity of the lost masses cannot be distinguished by TGA alone, but in combi-
nation with mass spectrometry. In this thesis, the observed mass losses are
assumed to be water up to ~250 °C based on previous TGA mass spectrom-
etry measurements [47]. Knowledge of the water content in PBAs gives indi-
rect information about the [Fe(CN)4]"™ vacancy content since a high num-
ber of [Fe(CN)g]"~ vacancies increases the porosity, and thus, the number
of bare metal sites to which water can bind. The different water losses can
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be related to different water sites within the structure of PBAs. This can in
turn be combined with e.g., variable temperature diffraction studies to un-
derstand how the structure changes upon heating.

Mdssbauer spectroscopy

5"Fe Mossbauer spectroscopy is a useful technique for studying iron-based
materials because of the possibility to probe the local chemical environ-
ment around iron in a material, i.e., the oxidation states, local coordination
chemistry and geometry, and ratios of the different iron sites. The technique
has become particularly important for the investigation of [Fe(CN)G]n_ va-
cancies in iron-based PBAs due to ambiguity in determining the true com-
position of PBAs from other characterization techniques when both tran-
sition metal sites are occupied by iron. Additionally, indirect information
about the cation content in the material can be obtained based on the oxi-
dation states of iron, i.e., the ratio of Fe?* and Fe3*, which can be determined
from the center shift CS and the magnitude of the quadrupole splitting |QS|
(assuming that no other charge compensating ions are present in the sam-
ple). The Mdéssbauer experiments and analysis reported in this work were
performed by collaborators. Thus, only the results obtained from the mea-
surements and not the method itself will be discussed in this thesis.

Scanning electron microscopy

Scanning electron microscopy was used to determine the particle size and
morphology of the synthesized samples. Depending on the synthesis met-
hod, different particle sizes and morphologies were obtained, which sub-
sequently influence the properties. The method can also reveal if there are
any surface deposits that might originate from impurities in the sample or
if particle cracking is present.

Positron annihilation lifetime spectroscopy

To obtain further insight into the internal porosity and hence the composi-
tion of PBAs, positron annihilation lifetime spectroscopy (PALS) was used.
PALS is able to probe defects in a material and quantify them within a cer-
tain sensitivity range by measuring the lifetime of a positron inside a mate-
rial. This can then be related to the water, sodium, and [Fe(CN)g]"" vacancy
content, which all influence the internal porosity in PBAs. The measure-
ments were performed by collaborators. Thus, only the results obtained
from the measurements and not the method itself will be discussed in this
thesis.
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4. Determining accurate compositions

The large compositional and structural space for iron-based PBAs (and PBAs
in general) leads to a wealth of properties. The composition of iron-based
PBAs is particularly challenging to determine since both transition metal
sites are occupied by iron in Na, 4, ,Fe[Fe(CN)g];_y-zH,0 (with 0 = x < 2
and 0 < y < 0.5). To accurately determine the vacancy content (y) the two
iron sites need to be distinguished from each other. The vacancy content
is the key component of the composition to determine since both the wa-
ter content (z) and the sodium content (x) are dependent on this. The first
study (Paper I) was therefore dedicated to determining the internal poros-
ity of iron-based PBAs using the PALS method for the first time. However,
before applying a new method or any complex characterization tool, the
composition of the samples needs to be established using current charac-
terization methods.

By applying X-ray diffraction, Mdssbauer spectroscopy, TGA, and ICP-
OES, the composition and structure of the samples were determined (Table
4.1). The water content for all four samples was in line with similar compo-
sitions previously reported [47, 48]. From ICP-OES, problems regarding the
sodium and vacancy content were found. For example, for the high sodium
sample, a sodium content above 2 sodium ions per f.u. was found, which is
unlikely since it would indicate that iron has an oxidation state lower than
2+. Sodium was also detected in the sample with vacancies, which is un-
expected when considering the non-reducing synthesis conditions. This

Table 4.1. Composition and structure of high, intermediate, low, and low sodium
with vacancies samples as determined from X-ray diffraction, ICP-OES, Méssbauer
spectroscopy, and TGA. The ICP-OES and Méssbauer results state the sodium content
per f.u., while it is water molecules per f.u. for the TGA results.

TGA  ICP-OES X-ray diffraction Mossbauer Mossbauer

Sample z X symmetry X 1-y
High 2.09(2) 2.34(6) R3 1.8(2) 0
Intermediate 1.57(1) 1.52(5) Fm3m 1.1(2) 0
Low 0.807(9) 0.19(3) Fm3m 0 0
Vacancies 1.5 03002 Fm3m 0 0.75
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implies that the samples contain a sodium impurity. For all three sam-
ples without vacancies, the C:Fe ratio was found to be more than 3, sug-
gesting that the impurity could contain carbon and/or nitrogen in addition
to sodium. If the impurity is crystalline and there is a substantial amount
present in the sample, it can be observed in the X-ray diffraction pattern.
However, all four samples were phase pure with phases that are expected
for the different sodium contents, except for the sample with an interme-
diate sodium content. Here, a Fm3m phase was determined. The sodium
content of 1.52(5) per f.u. determined from ICP-OES does not match the
Fm3m symmetry determined from X-ray diffraction since a sodium con-
tent of 1.52(5) per f.u. lies in the compositional range where a two-phase
mixture is expected [11]. Thus, the X-ray diffraction results suggest that this
sample also contains less sodium than determined from ICP-OES, as seen
for the other samples.

Due to the ambiguity regarding the sample compositions, especially from
ICP-OES, Mossbauer spectroscopy was applied. That is, the sodium con-
tent can be determined by evaluating the valence sum of the two iron sites.
For all four samples, the sodium content was found to be lower than what
was determined from ICP-OES. The vacancy content was determined to be
zero for the high, intermediate, and low sodium samples, while the vacancy-
rich sample had 25% [Fe(CN)g]*~ vacancies as expected from the synthe-
sis. The final compositions determined after careful characterization were
Na, g2 Fe[Fe(CN)gl-2.09(2)H,0 (high), Na, ;) Fe[Fe(CN)gl-1.57(1)H,0 (inter-
mediate), Fe[Fe(CN)4]-0.807(9)H,O (low), and Fe[Fe(CN)glg 75-1.5H,0 (va-
cancies). Since all four samples have additional sodium detected by ICP-
OES, this raises a question as to whether the extra sodium comes from the
sample preparation for ICP-OES analysis. Thus, elemental composition can
not be supported by ICP-OES alone, but should include a combination of
techniques.

4.1 Positron annihilation lifetime spectroscopy

From the combination of characterization techniques discussed above, the
compositions of the four PBA samples were determined with well-quantified
sodium, water, and/or [Fe(CN)G]n_ vacancy contents. PALS probes the elec-
tron density by evaluating the lifetime of a positron within a material. Thus,
the PALS results can reliably be related to the internal porosity of the four
samples through cross comparison with compositional and structural data.

Firstly, the average lifetime was evaluated. The average lifetime of the
positron increases from 337(3) ps to 397(3) ps with decreasing sodium and
water content (Figure 4.1a). Furthermore, when the [Fe(CN)g]"" vacancy
content increases, the average lifetime increases to 423(5) ps as seen for the
sample with vacancies. Typically, a change in the average lifetime of 2 ps
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Figure 4.1. a) Average positron lifetime for the high, intermediate, low, and low
sodium with vacancies samples. b) The lifetime components and their related in-
tensity for each sample. For all four samples, two lifetimes (205 and 405 ps) were
fixed in the fitting. For the low sodium sample and the sample with vacancies, a
third component with a lifetime of ~514 ps was observed.

is considered a significant change [49] and implies a change in the cavi-
ties within the structure. Here, changes between 12 and 48 ps are observed
throughout the investigated samples, illustrating a significant change in the
average lifetime. When the sodium and water content decreases (with no
significant changes in the unit cell volume), more space becomes available
in the large cavities of the PBA framework. This leads to less electron den-
sity in the cavities, resulting in a longer average positron lifetime. When
[Fe(CN)¢]"™ vacancies are present, the internal porosity increases further,
leading to a longer average lifetime. However, some of this space is occu-
pied by water molecules, resulting in a shorter lifetime due to the increased
electron density. Thus, the presence of water molecules counteracts the ef-
fect that [Fe(CN)g]" vacancies have on the average lifetime. Yet, the average
lifetime is still higher for the sample with vacancies relative to the vacancy-
free samples.

By evaluating the PALS spectra with a free fit (all parameters allowed to be
refined), two positron lifetimes were found. A lifetime of 205 ps is present
for all four samples, indicating a cavity in the structure that is similar. A
second higher lifetime was determined, which increases from 369(1) ps to
458(2) ps with decreasing sodium content. For the sample with vacancies,
the second lifetime is 471(1) ps. The two lifetimes were fixed at 205 ps and
405 ps in the fitting procedure to ensure comparable lifetime intensities be-
tween the samples (Figure 4.1b). The intensity gives the relative proportion
of each type of defect that the positron experiences at a specific lifetime. For
the 205 ps lifetime, the relative intensity increases when the sodium and wa-
ter content increases, and the [Fe(CN)g]"" vacancy content decreases. This
can be explained by the smaller distance between sodium and water in the
fully sodiated material giving a higher electron density within the structure
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resulting in a shorter lifetime of the positron. For the 405 ps lifetime, the in-
tensity decreases when the sodium and water content increases. This result
shows that the fraction of positron annihilation events in this type of defect
decreases when more sodium and water are present in the structure. For a
high [Fe(CN)gl "~ vacancy content, the relative intensity of the 405 ps lifetime
is lower than for the high sodium sample (43% vs 64%). Thus, this lifetime
falls out of the trend that the other samples follow. It should be noted that a
higher percentages of [Fe(CN)G]n_ vacancies increase the porosity relative to
the vacancy-free samples, however, some of the porosity is lost since the va-
cancies are filled with water molecules. Additionally, a third high-intensity
component with a lifetime of ~514 ps was observed for the sample with
vacancies indicating another dominant positron trap within the structure
of Prussian blue. The third component could stem from a surface effect
due to the smaller particle size for this sample. The presence of the third
component makes it hard to compare the relative intensities of the sample
containing vacancies with the vacancy-free samples. Despite that, the 205
ps lifetime was observed for all four samples indicating a positron trap that
is the same in all four samples independent of the sodium, water, and/or
[Fe(CN)g]"™ vacancy content. Taking the relative intensity ratio of the 405 ps
and 205 ps as a function of the water content (Figure 4.2), it is clear that the
observed lifetimes are mostly correlated with the water content.

In summary, the PALS method showed a correlation between the aver-
age positron lifetime and the degree of filling of the cavities in the struc-
ture of iron-based PBAs. Despite that, the method does not give insight into
how this is related to the successive filling of the cavities by sodium and wa-
ter and/or the presence of [Fe(CN)4]"™ vacancies in varying concentrations.
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Figure 4.2. Relative ratios of the 405 ps and 205 ps lifetime intensities as a function
of the water content.
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Nevertheless, since the average lifetime changes significantly between the
samples, there is a large compositional space of PBAs that can be examined
in future studies. To improve the PALS method as a characterization tool
for PBAs, further investigation is needed. For example, the accuracy of the
PALS method compared to the other standard methods (ICP-OES, M&ss-
bauer spectroscopy, TGA, and X-ray diffraction) needs to be determined as
well as how the presence of impurities affects the PALS results. In addi-
tion, knowledge about which cavity each lifetime corresponds to within the
structure is needed, which can be aided by computational modeling. This
work shows that a combination of these characterization methods is cru-
cial to unravel the true composition of iron-based PBAs and further proves
that Mdéssbauer spectroscopy is a powerful method to obtain reliable and
complementary information to the other characterization techniques.
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5. Temperature and composition dependent
phase transitions

Paper II presents the first neutron diffraction study of iron-based PBAs with
a high sodium and low vacancy content (Na,Fe[Fe(CN)¢]-zH,0, Table 3.1
Paper II). The compositions and phase purity of the studied samples were
determined using ICP-OES, Mossbauer spectroscopy, TGA, and X-ray diffrac-
tion. The focus was to determine accurate atomic structures of the hydrated
and dehydrated phases and to follow the structural changes between these
phases from room temperature (~298 K) to 523 K. In the literature, there is
not yet a consensus about the structure, especially for the hydrated mate-
rial, due to the extensive use of X-ray diffraction alone to study the struc-
ture. Neutron diffraction provides a solution to this since it is possible to
differentiate between carbon and nitrogen, and also between a sodium ion
and a water molecule. To investigate the impact of the synthesis method,
the structure of a sample made by a co-precipitation synthesis method was
compared to that of a sample produced by the acid decomposition synthe-
sis method. The refined structures were differentiated in terms of their oc-
tahedral tilt system and sodium displacement. This is a useful way of in-
terpreting PBA structures since PBAs tend to distort when the [M’(CN)g]™"
vacancy content is low and the alkali cation content is high, which is the
case for most of the investigated PBAs in this thesis [11].

5.1 The average structure of the hydrated material

Variable temperature neutron diffraction was carried out on the hydrated
sample synthesized using acid decomposition and revealed a near room
temperature phase transition (Figure 5.1a). The room temperature pattern
consists of two phases with P2;/n and R3 symmetry due to an incomplete
phase transition between 303 and 313 K (30-40 °C). The R3 phase is visible in
the room temperature diffraction pattern at 2.6 A by the presence of the 204
reflection of the R3 phase between the 022 and 400 reflections of the P2;/n
phase. The phase transition is complete at 313 K. Interestingly, this phase
transition is also observed for the hydrated sample with a similar composi-
tion but synthesized via a co-precipitation synthesis method (Figure 5.1b)
indicating that the phase transition is independent of the synthesis method.
Thus, unlike previously reported [50], the structure of the material depends
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Figure 5.1. a) Neutron diffraction data of the hydrated sample synthesized using
acid decomposition. The inset shows the split peak at 2.6 A in the room tempera-
ture data. b) Synchrotron X-ray diffraction data of the hydrated sample synthesized
using co-precipitation. The inset shows the main difference between the P2;/n and
R3 phases, which are the extra superstructure reflections at 3.5-3.6° and 4.7° and
peak splitting at 4.5° in the P2;/n pattern.

on the composition rather than the synthesis method. The P2;/n and R3
structures have previously only been reported individually at room temper-
ature [19, 50, 51]. The data presented in this thesis is the first to show that
both symmetries can exist for the same composition, separated by a phase
transition close to room temperature.

The phase transition from P2;/n to R3 can be explained in terms of octa-
hedral tilting, which is common for PBAs, and influences the material prop-
erties [11, 52]. Typically, PBAs with a high sodium or potassium content
have the tilt pattern a”a"b* driving the monoclinic P2;/n symmetry (Figure
5.2a). This means that one of the crystallographic axes has an in-phase tilt
(+) along the pseudo-cubic axis with a specific magnitude (b), while the two
other directions have an out-of-phase tilt (-) with another magnitude (a)
[53]. Dehydrated sodium-containing PBAs often have the tilt pattern a a a”
driving the R3 symmetry (Figure 5.2b). Here, all three crystallographic axes
exhibit an out-of-phase tilt with the same magnitude. The two tilt patterns
are differentiated in the room temperature diffraction pattern by the ap-
pearance of the split peak at 2.6 A indicating that one of the three crystallo-
graphic axes is different from the other two (Figure 5.1a).

Since the room temperature diffraction pattern of the hydrated sample
(synthesized using acid decomposition) has two phases present, the diffrac-
tion pattern at 313 K was refined first using symmetry-mode refinements
with space group R3. With the final structural model for the R3 phase estab-
lished, it could be included as the second phase with fixed parameters in the
refinement of the room temperature diffraction pattern using P2;/n sym-
metry. The phase fractions were determined to be 82.8(5)% and 17.2(5)%
for the P2;/n and R3 phases, respectively. For both models, hydrogen was
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Figure 5.2. The tilt patterns for the a) monoclinic P2;/n and b) rhombohedral R3
symmetries. c) Pseudo-cubic structural representation emphasizing the sodium
channels along the a direction and the layering of sodium and oxygen in the bc-
plane in the P2;/n model. d) Pseudo-cubic structural representation of the R3
model.

not included due to the positional and orientational disorder of the water
molecules.

In the room temperature P2;/n structure (Figure 5.2c), the oxygen atoms
are randomly distributed within the bc-plane, occupying four of the six win-
dow faces of each PBA subcube. This arrangement results in clear sodium
channels along the a direction. Notably, these channels are along the same
direction as the in-phase tilt (b"), suggesting that the position of water might
direct the nature of the tilting in PBAs. One of the oxygen atoms was in-
cluded as a splitsite in the P2;/nmodel, indicating that water in fact must lie
slightly closer to one of the sodium atoms. However, these displacements
are not long-range ordered and thus give rise to a split site in the model
of the average structure. The final R3 structure at 313 K (Figure 5.2d) has
oxygen distributed on three of the window faces of each subcube with no
clear sodium channels. For the 313 K data, it was found that several differ-
ent models with different distributions of oxygen atoms could fit the data
equally well. Consequently, the data suggest that the water is more disor-
dered in the R3 model than in the P2;/n model. To unravel the local order
of water in the R3 structure, neutron total scattering experiments are nec-
essary and will be discussed in Chapter 6.
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5.2 Dehydration mechanism

The structural evolution was studied by following the dehydration using
variable temperature X-ray and neutron diffraction (Figure 5.3). Firstly, the
hydrated material adopts a P2;/n phase, which converts to an R3 phase
close to ~308 K. Depending on the heating rate used (1 K/min for X-rays vs
0.4 K/min for neutrons), a phase transition to Fm3m happens at ~393 K and
~449 K, respectively. The Fm3m phase co-exists with a dehydrated R3 phase
from 493 to 518 K in the X-ray diffraction data. Notably, the transition to the
Fm3m phase did not go to completion before conversion to the dehydrated
R3 phase at 503 K in the neutron diffraction data. The different sample sizes
used in the X-ray and neutron experiments (~2 mg vs ~2 g) also affect the
heating homogeneity and the rate of water removal through the whole sam-
ple. However, it is clear that the dehydration process heavily depends on the
heating rate used [51]. Reasons for the limited kinetics can be explained by
the strong interaction between sodium and water within the structure [47],
the large diffusion pathways across the micron-sized particles, and the en-
ergy required to convert to the strained dehydrated R3 phase.

To investigate the structural changes from dehydration, neutron diffrac-
tion data on a fully dehydrated sample were collected. The volume shrinks
by 20% upon dehydration relative to the hydrated material, and the crys-
tallinity is lowered as indicated by the broadening of the diffraction peaks
(Figure 5.4a). However, it is important to note that the symmetry of the
313 K structure and the dehydrated structure is the same, both being R3.
Symmetry-mode refinements revealed the key distortion modes and the
magnitude with which they change upon dehydration. The key distortion
modes include displacement of sodium along the ¢ direction towards the
nitrogen-bound iron octahedra and tilting of the rigid iron octahedra (Fig-
ure 5.4b-c). The sodium displaces along ¢ due to the Coulombic attraction
to the electron-dense nitrogen-bound iron atoms. Simultaneously, the rigid
iron octahedra are rotated with the Fe-C-N angle remaining unchanged due
to the strong n-backbonding character of the Fe-C bond. The sodium dis-

I Hydrated P2;/n BB Hydrated R3 + Fm3m [ Fm3m + dehydrated R3
[0 Hydrated R3 3 Fm3m [ Dehydrated R3

4K,
Neutron 0 ’/Vnzmg
X-ray 1NK2/r:1|;
300 325 350 375

400 425 450 475 500 525 550

Temperature (K)

Figure 5.3. Variable temperature phase diagram extracted from the X-ray and neu-
tron diffraction data for the hydrated material synthesized using acid decomposi-
tion.
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placement is also evident from the refined distortion magnitudes (see de-
tails in Paper II). Here, the I's* irrep responsible for sodium displacement
increases from 0.05(1) to 1.358(4) A reflecting the distance that sodium dis-
places toward the nitrogen-bound iron atom relative to its original posi-
tion in the hydrated R3 structure. The structural collapse can also be inter-
preted from the iron octahedra rotation angles that increase from 1.69(1)°
to 17.44(6)° for the carbon-bound iron octahedra and 1.52(7)° to 22.60(4)°
for the nitrogen-bound iron octahedra. Thus, removing water does not in-
duce phase transitions but rather modifies the magnitude (a) of pre-existing

distortions within the R3 symmetry.
‘{ 2.7 /1 t/%

a) Bank 5 ) b) ' . *
: .LS Fe
.HS Fe
‘Na ##’#
B 41
e LT Y (T T N R § 1 ' ' ' J J J
0.5 10 15 20 25 ‘ 1/
Figure 5.4. a) Rietveld fit to the neutron powder diffraction data of the dehydrated

d-spacing (A)
sample. The data are shown as black dots, the calculated pattern in red, and the
difference curve in blue. Allowed reflections for R3 are represented by black vertical
lines. b) Pseudo-cubic structural representation of the dehydrated structure. c)
Selected bond lengths and angles within a subcube. The arrow shows the direction
in which sodium is displaced.

5.3 Thermal expansion

An interesting property arising from the large functionality of PBAs is neg-
ative thermal expansion. Therefore, the thermal expansion of the hydrated
material was investigated from 313 to 413 K. Most PBAs have isotropic neg-
ative thermal expansion upon heating due to their cubic symmetry [12, 54—
56]. However, the hydrated sample exhibits a small positive volumetric ex-
pansion and anisotropic thermal expansion with the ab-plane contracting
and expansion along c. The coefficients of thermal expansion are a 4, = -
1.2(9) MK)! and a. = 34(2) (MK)'!. When dehydrated, the material still
exhibits anisotropic thermal expansion in the temperature range 303 to 523
K, however, with the ab-plane expanding and contraction along the c di-
rection. The coefficients of thermal expansion are @, = 52.2(3) (MK)"! and
a. =-31.1(2) (MK)"!. The dehydrated material also exhibits a positive vol-
umetric expansion with increasing temperature, but with a higher rate of
expansion compared to the hydrated material. This anisotropic thermal
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expansion behavior is different compared to other PBAs due to the lower
(non-cubic) symmetry, thereby making it hard to draw comparisons. Nev-
ertheless, the different thermal expansion behavior of the hydrated and de-
hydrated materials suggests a strong influence of water and sodium on the
magnitude and rate of thermal expansion. The fact that the direction of
the thermal expansion changes when water is present indicates that water’s
interaction with the PBA framework is important to consider. Thus, local
structural studies are necessary to unravel this behavior.

5.4 Phase transitions during battery cycling

The dehydrated material Na,_,Fe[Fe(CN)] is used as the positive electrode
in sodium-ion batteries. As mentioned in Section 1.3, the material under-
goes a phase transition from R3 to Fm3m symmetry during charging, i.e.,
sodium extraction. During discharge, i.e., sodium insertion, the phase tran-
sition is, in principle, reversible. This phase transition involves large changes
in the volume (+17%), which is considered detrimental to the material over
time because of structural degradation and increased sodium ion insertion
resistance [16]. In particular, a study showed that most of the capacity is
lost from the lower voltage plateau where the phase transition occurs [57].
Paper VI presents a study of full cells consisting of the dehydrated mate-
rial and hard carbon anodes, aiming to determine the structural evolution
after prolonged cycling using different restricted potential ranges. These
potential ranges were selected to isolate different regions where the phase
transition occurs, i.e., cycling only within the Fm3m solid solution, through
the phase transition, or in between these two endpoints.

Based on the synchrotron operando X-ray diffraction data for all the cells,
the possible degradation mechanisms were narrowed down to any combi-
nation of polarization, particle orphaning (both cracking and/or delamina-
tion), and/or sodium inventory loss, i.e., inaccessible sodium for reversible
reactions during cycling. Evidence for sodium inventory loss was found
from the significant loss of the R3 phase in the first couple of cycles. In addi-
tion, after prolonged cycling in different restricted potential ranges, which
cycled the material only within the Fm3m solid solution range or partly
through the phase transition, it was observed that the cells performed sim-
ilarly and had more of the R3 phase recovered when subsequently cycled
in the full potential range (1.3-3.6 V) compared to cells cycled in the full
potential range for many cycles. These results indicated that the structure
might not be degraded from cycling through the phase transition, but that it
is more likely that the R3 phase is inaccessible because there is less sodium
available in the system. More specifically, the phase transition depends on
the composition, where the R3 phase is obtained when the sodium content
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Figure 5.5. a) Electrochemical cycling of the 3-electrode cell consisting of a PBA
electrode, a hard carbon counter electrode, and a sodium metal reference elec-
trode. b) The cycling curve for the 3-electrode cell (dark blue) and the continued
discharge curve (light blue) after sodiation of the hard carbon electrode. The col-
ored dots correspond to the X-ray diffraction pattern in (c), showing the Fm3m 200
and R3 102 reflections, respectively.

is high, and is thus not possible to obtain when the sodium in the system is
inaccessible.

To test the sodium inventory loss hypothesis, a 3-electrode cell consisting
of a PBA working electrode, a hard carbon counter electrode, and a sodium
metal reference electrode was built, and in-house operando X-ray diffrac-
tion was performed. Firstly, looking at the electrochemistry (Figure 5.5a),
the hard carbon anode’s potential rapidly increased upon discharge, while
the PBA electrode was still on the lower voltage plateau when the full cell
potential dropped to 1.3V, giving a final capacity of 118 mAh/g. Secondly,
the X-ray diffraction data showed the conversion to the Fm3m phase during
charge (Figure 5.5b-c), however, at the end of discharge, a mixture of the two
phases was present (51% Fm3m phase). The hard carbon counter electrode
was then sodiated overnight, and the discharge was continued the day af-
ter resulting in a final discharge capacity of 150 mAh/g and 7% Fm3m phase
present. Thus, by adding more sodium to the system, a higher percentage of
the R3 phase was obtained demonstrating that the structure has not com-
pletely degraded and that sodium can be inserted into the structure. The
difference between the initial capacity of 168 mAh/g and the final capac-
ity of 150 mAh/g could be due to side reactions, inactive materials, and/or
polarization, as the lower voltage plateau for the PBA electrode had been
passed. The polarization could be due to volume changes since the initial
cracking caused by the phase transition can cause particle orphaning. In
summary, by using the learnings from the fundamental studies of the com-
position and phase transitions (Papers I-1I), it was possible to describe a
property when the material is used in its desired application.
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6. Beyond the average structure

Paper III presents the first neutron total scattering study of the local struc-
ture of iron-based PBAs with a high sodium content and low vacancy con-
tent (Nay o4 Fe[Fe(CN)gl-2.24(2)H,0, Table 3.1 Paper III). The composition
and phase purity of the studied samples were determined using ICP-OES,
Maossbauer spectroscopy, TGA, and X-ray diffraction. In Chapter 5, disorder
of the water was observed in the P2;/n phase as one of the oxygen atoms
was included as a split site, while the ordering of the water was completely
lost during the transition to the R3 phase. Additionally, peak broadening in
the diffraction pattern of the dehydrated material was observed, indicating
a loss of crystallinity due to either strain or size effects. Because of these
observations, there is a need for local structural insight. Neutron total scat-
tering with PDF analysis can be used to obtain local and average structural
information since both the Bragg and diffuse scattering are considered. The
data were modeled using Reverse Monte Carlo (RMC), where the contents,
e.g., atoms or molecules, of a big box are moved around randomly until an
agreement with the data is obtained. This method does not rely on sym-
metry, but the refinement can be driven by refining against different data,
which contains different types of information about the system, and by ap-
plying constraints to obtain physically meaningful structures. This method
is especially useful for modeling materials with disordered molecules, such
as hydrated PBAs.

6.1 The neutron pair distribution functions

The neutron diffraction data of the high sodium hydrated material revealed
that the P2;/n phase exists down to 100 K, with a transition to the R3 phase
between 300 and 330 K. The dehydrated material has R3 symmetry at both
100 and 300 K. The neutron PDFs for the hydrated and dehydrated material
show that below 5 A, the peaks are sharper relative to the peaks at larger dis-
tances (Figure 6.1). This suggests that there is a structural unit that is well-
defined, but that this structural unit arranges in a disordered way to make
up the larger structure. Small-box modeling of the data from the dehydrated
sample revealed that this structural unit corresponds to a PBA subcube with
sodium (and water for the hydrated material) within the subcube. The ar-
rangement of the subcubes to form the larger structure can affect the rigid-
ity of the PBA framework. The distribution of sodium and water within the
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Figure 6.1. a) Neutron PDFs of the hydrated and dehydrated samples at 100 to 330
K. b) Selected pair distances present in the PDE

framework can further create additional disorder. The main difference in
the PDFs of the hydrated and dehydrated material is the presence of hy-
drogen in the hydrated sample, which makes the intensity of some peaks
negative due to the negative coherent scattering length of hydrogen, e.g., at
5A. The PDFs at 300 and 330 K for the hydrated material are visibly very sim-
ilar, indicating only subtle differences in the local environment in the two
phases. Thus, modeling of the data is needed to obtain accurate structural
information from the PDFs.

6.2 The local structure of the hydrated material

The RDFs, describing the different atom pairs, were used to evaluate the
PBA framework and the sodium and water coordination. The Fe-Fe RDF
showed minor displacements of the iron atoms, indicating an ordered ar-
rangement of iron throughout the larger structure. However, elongation of
the Fe-N bonds and bond angle bending are present in the nitrogen-bound
iron octahedra, while the carbon-bound iron octahedra remain rigid. The
tilting of the PBA framework is very minor, with the Fe-C-N and Fe-N-C an-
gles being centered around 180°, due to the presence of water that keeps the
framework expanded.

The sodium RDFs reveal the coordination environment for sodium rela-
tive to the framework and itself. The Fe-Na/Na-Na RDFs show similar cor-
relations at all distances, but with the Na-Na RDF being broader than the
Fe-Na RDE indicating that the sodium is more disordered throughout the
structure than iron (Figure 6.2a). This is expected since the sodium has
more degrees of freedom than iron, which is locked into the PBA framework.
The cyanide ligands of the framework have more flexibility, and therefore,
have different correlations to sodium than iron. The C-Na/N-Na RDFs con-

41



a) b)
—— Fe-Na Center O-Na

Na-Na / site — N-Na

—— C-Na

g(r)
g(r)

hes M

Aluv ai.\n;v \
U\ wron

5.0 7.5 10.0 12.5 15.0 17‘.5 2(;.0 é :l} 4‘1 é é % 8

r(A) r(R)

) d) 5.4 R

c-é e ® 9
0-0 ﬁ.) " 9.@

! \ | [3.7R
Jy‘.’ 264 J[
5248

O ; ,.Q——» oy
o . |
. /\ \ i S .4]3.6)&\{ |
g o ‘“ ’\ .‘ . : ® . ;
Jihasy Lol
LW @cO i sre®HsFe®NBNaB®ODH
25 50 75 100 125 150 17.5 20.0
r(R)

Figure 6.2. RDFs for the hydrated material. a) Fe-Na/Na-Na, b) O-Na/C-Na/N-Na,
and c) Fe-O/C-O/0-0. d) Cutout of the RMC supercell showing the different local
environments present. All data are shown for 300 K with similar observations at
100 and 330 K. The peaks in the grey shaded area are fitting artifacts due to the
constraints applied in this region.

sist of three peaks up to 5 A (Figure 6.2b). The peaks at 3.1 A and 3.6 A corre-
spond to distances within a subcube (Figure 6.2d). These distances relate to
sodium being positioned around the center of the subcube. A peak at 2.7 A
is also present in the RDF corresponding to sodium being closer to the win-
dow face. This is only observed if there is no water molecule on that window
face. Thus, the majority of the sodium is found to be distributed around the
center, while a small amount is closer to the cyanide ligands if no water
molecule hinders its pathway. When entering a neighboring subcube (5-10
A), the C-Na/N-Na RDFs deviate (Figure 6.2b). Sodium appears to be closer
and more ordered relative to carbon, while there is a range of distances to
nitrogen, indicating a more disordered correlation. This is due to the more
disordered nitrogen that has a weaker bonding character and also stretches
away from its associated iron. Above 7.5 A, the C-Na/N-Na correlations be-
come similar. This is observed in both the P2;/n and R3 phases. The broad
distribution of sodium is also evident in the condensed unit cells (Figure
6.3). In the P2;/n phase, the sodium is distributed in the bc plane, while it is
less ordered but with distributions along preferred crystallographic direc-
tions throughout the framework in the R3 phase. The ordering of sodium
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Figure 6.3. Condensed unit cells emphasizing the ordering of the sodium and water
in a) the P2;/n phase at 300 K and b) the R3 phase at 330 K. Sodium is shown in
yellow, oxygen in red, and hydrogen in white.

into planes in the P2;/n phase might be due to the anisotropic tilt pattern
a a b* (Chapter 5), making the channels along the b* direction different to
the two other directions.

Since the sodium has a specific ordering (especially in the P2;/n phase),
this might also affect the position and orientation of the water molecules.
In the P2;/n phase, where sodium is in a plane, the water molecules are
oriented with the oxygen in the same plane as sodium, while the hydro-
gen atoms point away from this sodium-oxygen layer (Figure 6.3a). In the
R3 phase, where sodium is less ordered, the water molecules also have less
orientational order (Figure 6.3b). The sodium occupies a wide range of po-
sitions in the R3 phase, which also drives the water to point in a wide range
of directions since they are affecting each other due to increased mobility at
this temperature. However, locally, the hydrogen atoms point away from the
sodium, while the oxygen points towards the sodium. For both phases, the
0-Na RDF has a distribution around 2.6 A, indicating that sodium and wa-
ter interact (Figure 6.2b). As will be shown later in Chapter 7, this distance
is similar to the observed water cavity size from QENS. However, where this
interaction is within the framework depends on the local position of sodium
and water. The water also has a small distribution around its average posi-
tion on the window face, which is reflected in the Fe-O/C-O RDFs (Figure
6.2c). The RDFs have distances in the 2.5-5 A region corresponding to dis-
tances from iron and cyanide in the framework to the water molecule on
the window face. The O-O RDF shows that the nearest neighboring water
molecule is 3.7 A away corresponding to two water molecules on adjacent
subcube windows (Figure 6.2c-d). The medium-range ordering of the water
molecules differs in the P2;/nand R3 phases, which agrees with water occu-
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pying more window faces in the R3 phase than in the P2;/n phase. The Fe-O
RDF has sharper peaks than the O-Na, C-O, and O-O RDFs, suggesting that
the movement of the cyanide and water is more significant relative to that
of iron and sodium (Figure 6.2b-c).

6.3 The local structure of the dehydrated material

The high sodium dehydrated sample also consists of a relatively ordered
PBA framework, but with Fe-N bond elongation. This elongation is more
severe than observed for the hydrated sample. The carbon-bound iron oc-
tahedra remain rigid. Since there is no water present, the iron octahedra tilt
more. The Fe-N-C bond angle is more flexible due to the ionic character,
resulting in a tilt angle distributed around 145°, while the more covalently-
bound carbon results in an Fe-C-N bond angle distribution around 180°.
The diffraction pattern of the dehydrated sample exhibits peak broaden-
ing, which can be due to either a finite crystallite size or strain in the ma-
terial. The sodium coordination environment shows that sodium is disor-
dered relative to the framework. The Fe-Na/Na-Na RDFs both have their
first peak at 4.0 A (Figure 6.4a) corresponding to the distance between iron
and sodium within one subcube, and the distance between two sodium
atoms in neighboring subcubes (Figure 6.4c). The RDFs are not correlated
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Figure 6.4. RDFs for the dehydrated material. a) Fe-Na/Na-Na and b) N-Na/C-Na.
¢) Cutout of the RMC supercell showing the different local environments present.
d) Condensed unit cell emphasizing the distribution of sodium along c. All data are
shown for 300 K with similar observations at 100 K.
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atlarger distances, and the Na-Na RDF is broader than the Fe-Na RDE illus-
trating the disorder of the sodium throughout the framework. The sodium
disorder combined with the Fe-N bond elongation contributes to the ob-
served strain, i.e., peak broadening, in the diffraction pattern. The sodium
mainly shifts towards the cyanide ligands, especially the electron-dense ni-
trogen, for optimal bonding conditions, creating the two observed peaks at
2.7 and 3.1 A in the C-Na/N-Na RDFs (Figure 6.4b-c). However, when en-
tering a neighboring subcube, the C-Na/N-Na RDFs deviate significantly.
Since nitrogen stretches away from its associated iron and also moves more
due to the weaker bonding character, this results in a disordered correlation
(broad distribution) between sodium and nitrogen, while there is a more or-
dered correlation to carbon. Sodium is mainly distributed along cup to £2.5
A from its average position (Figure 6.4d), which is two and a half times more
than its distribution along the two other directions.

In summary, the structure of iron- and sodium-based PBAs contains more
nuanced disorder than the average structure suggests. Both the hydrated
and dehydrated materials exhibit distortions of the nitrogen-bound iron oc-
tahedra, while the carbon-bound octahedra remain rigid. The distribution
of sodium differs between the two samples, with more disorder in the dehy-
drated material. This is because there is no water present to keep the frame-
work open and/or constrain the position of sodium within the PBA frame-
work. However, even in the hydrated framework, sodium can take multiple
positions if no water molecule blocks its pathway. This is in contrast to the
analysis based on only the average structure, where sodium is seen to oc-
cupy the center of the PBA subcube. Therefore, the results suggest that the
material is more dynamic than implied by the average structure. The distri-
bution of the sodium also affects the orientation of the water molecules in
the different phases. There is orientational order of the water molecules in
the P2;/n phase and no orientational order in the R3 phase due to increased
mobility of both species at this temperature. Thus, these results show that
the sodium distribution changes both between different hydrated phases
but also when the material is dehydrated. All this can affect the sodium
conduction pathways during cycling in a battery. In addition, if water is to
be replaced with another small guest molecule, local interactions with the
sodium need to be considered for its applications.
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7. Dynamics of water

As evidenced by the diffraction results in Chapters 5 and 6, the water is not
static. In fact, it has a very disordered nature that evolves with tempera-
ture, indicating dynamics. Neutron spectroscopy was applied in Papers IV
and V to investigate the dynamics of the water in two samples. One sam-
ple had a high sodium and water content, while the other sample had a low
sodium and water content (Na, go.9)Fe507Feq 1o [Fe* (CN)gl-2.12(2)H,0
and Nay 345 Fe®* [Fe?**(CN)4]-0.360(4)H,0, Table 3.1 Papers IV-V). The
average structure for the low sodium sample determined by neutron diffrac-
tion showed that water occupies the center of each PBA subcube, while
sodium is closer to the window faces. Since the desodiation is done with-
out water present, sodium may be positioned closer to the cyanide ligands
to obtain optimal bonding conditions, while water occupies the remaining
space at the center of the subcube after rehydration.

7.1 Local diffusion

QENS was used to directly probe the reorientational dynamics of the water
molecules in the temperature range 45 to 330 K. These temperatures were
chosen to avoid water leaving the structure. Quasi-elastic broadening, orig-
inating from the hydrogen atoms in the water molecules, is observed for
both samples in the investigated temperature range (Figure 7.1). There are
still dynamics present at 45 K for both samples, which was the lowest tem-
perature measured. The quasi-elastic broadening increases upon sodium
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Figure 7.1. QENS spectra at 45, 150, and 330 K for the a) high sodium and b) low
sodium samples.
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removal, which could indicate faster dynamics in the sample with a low
sodium content (Figure 7.1b). Two satellite peaks are observed in the QENS
spectra in the temperature range 45 to 75 K for a high sodium content (Fig-
ure 7.1a), which is attributed to quantum rotational tunneling of the water
with a small rotational energy barrier. Above 75 K, the tunneling peaks be-
come part of the typical quasi-elastic broadening.

The spectra were fitted using two Lorentzians with two different widths
(Figure 7.2), with both widths being independent of Q, suggesting local-
ized dynamics. The area of the narrow Lorentzian (Lorentzian 1, slow dy-
namics) describes the majority of the scattered intensity, while the broad
Lorentzian (Lorentzian 2, fast dynamics) was only ~6% of the area of the
narrow Lorentzian, meaning that only a small part of the water contributes
to the broad Lorentzian. This motion might be due to water being coordi-
nated to sodium and performing a rattling motion or rotation around the 2-
fold sodium-oxygen axis. This small fraction of the water is most likely the
same water that, at lower temperatures, performs the quantum rotational
tunneling since no broad component was found in the tunneling tempera-
ture range.
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Figure 7.2. Representative fit of a QENS spectrum for the high sodium sample at
330K (Q = 1.05 A!) showing the individual components of the fit. The inset shows
the broad Lorentzian 2. The error bars are one standard deviation.

Since local motion is present in the samples, the elastic incoherent struc-
ture factor (EISF) was determined and compared to different EISF models
for water dynamics (Figure 7.3). The EISF describes the relation between
the elastic and quasi-elastic contributions’.

EISF = A:(Q) (7.1)

Ap(Q) + X Agg,i(Q)

1AE( Q) is the area of the Delta function and AQE,i( Q) is the area of the Lorentzian func-
tions.
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The first EISF model describes the 2-fold rotation of the hydrogen atoms
in a water molecule around the C,-axis. The second EISF model describes
an 8-fold rotation around the C,-axis. The third EISF model describes the
rotation of the hydrogen atoms around the oxygen atom that is fixed in the
center. The fourth EISF model describes the diffusion of water within a
spherical cavity with a specific radius. For both samples, the EISFs could be
described using the spherical cavity model. For a high sodium content, the
cavity radius was 2.6 A. A cavity of such size could be found in the structure
between two sodium atoms from two PBA subcubes. This agrees with the
experimentally determined sodium-oxygen distance of 2.6 A and the posi-
tional disorder described in Chapters 5 and 6. However, as seen in Chap-
ter 6, these cavities might locally be positioned differently within the PBA
framework than suggested by the average structure. Interestingly, the phase
transition at room temperature does not affect the water dynamics even
though the positional order of the water was lost during the phase transition
(Chapter 5). For a low sodium content, a cavity of 1.8 A was determined. In
the structure of the low sodium sample, the sodium-oxygen distance is ~2.1
A, however, the flexible PBA framework and the presence of sodium might
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Figure 7.3. EISFs for a) high sodium at 280 and 330 K and b) low sodium at 250 and
330 K. The error bars are two standard deviations. Different EISF models for water.
c¢) 2-fold rotation. d) 8-fold rotation. e) Isotropic rotation of hydrogen around the
oxygen center. f) Spherical cavity with a specific radius.
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result in a smaller effective cavity. This implies that sodium and water oc-
cupy each subcube simultaneously since the QENS and neutron diffraction
data suggest a cavity smaller than if water were alone in a subcube. The
water content was also seen to depend strongly on the sodium content in
Chapter 4, where the water content especially decreased when the sodium
content got below x = 1. The decreasing water content with decreasing
sodium content suggests a strong interaction between sodium and water,
which is in line with the observed co-existence of sodium and water in the
low sodium sample.

In summary, the water in iron-based PBAs with varying sodium content
exhibits localized dynamics with the water diffusing within a spherical cav-
ity of a few A matching the pore sizes within the structures as estimated
from neutron diffraction. There is no difference in the water dynamics de-
spite the phase transition from P2;/nto R3 at room temperature. The inser-
tion of sodium does not seem to affect the movement of water since the cav-
ity size is similar to the vacancy-rich Prussian blue [4], however, the dynam-
ics are significantly slowed down. The diffusion within cavities contributes
to the stabilizing effect that water has on the PBA framework by keeping
the framework enlarged. A small fraction of the water was found to bind to
sodium, which is undesirable from an application point of view, since there
is a risk of water removal during battery cycling. These results suggest that
if one wants to replace water with another small molecule for battery appli-
cations, the new guest molecule does not require any specific geometry but
must exhibit similar localized diffusion without binding tightly to sodium
to ensure structural stability.

7.2 Vibrational dynamics

INS was used to probe water’s interaction with sodium and the PBA frame-
work in the temperature range 5 to 330 K. At 5 K, the P2;/n phase exists
for the high sodium sample, while the low sodium sample has a Fm3m
phase. For the sample with a high sodium content, well-defined peaks are
presentin the spectrum (Figure 7.4a) indicating well-defined local water en-
vironments. This is expected since the PBA framework is filled with water
and sodium, thereby creating very similar water environments. When the
sodium content is lowered, the INS spectrum becomes broader indicating
a large distribution of local water environments. Since the sodium and wa-
ter content is lower, there are many possible local water environments, i.e.,
within one PBA subcube, sodium and water can co-exist, sodium can be
alone, water can be alone, and/or the subcube can be completely empty.
The intensity of the peaks is also affected by the lower water content rela-
tive to the high sodium sample. The water-related vibrations at ~1600 and
~3600 cm™! are present in both samples but shift towards higher frequen-
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Figure 7.4. a) INS spectra for samples with a high and low sodium content mea-
sured at 10 K. b) Calculated INS spectrum based on the model with different sodium
and water positions. The inset shows a cutout of the structural model. Carbon is
shown in black, low-spin iron in green, high-spin iron in brown, nitrogen in blue,
sodium in yellow, oxygen in red, and hydrogen in pale pink.

cies when less sodium is present due to less interaction with the sodium
[58]. In addition, peaks a ~2100 cm™ confirm the strong influence of wa-
ter on the thermal expansion discussed in Chapter 5. That is, the presence
of water affects the stretching of the cyanide and, consequently, the ther-
mal expansion behavior in these materials. The temperature evolution of
the INS spectra for the high sodium sample showed minor changes apart
from broadening due to increased thermal motion. This indicates that the
water environments in the P2;/n and R3 phases are similar, as observed in
Chapter 6.

To obtain more detailed information about the local water environments
in the samples, calculated INS spectra based on different structural models
were made and compared to the data. For a high sodium content, there
is no consensus about the position of sodium and water within the PBA
framework in the literature. Theoretical studies suggest that sodium is close
to the window faces, while water occupies the center of the subcube [59,
60]. On the other hand, diffraction studies suggest that sodium occupies
the center of the subcube, while water is on the window faces [21, 61]. This
structural discrepancy is not seen for samples with a low sodium content
[20, 47]. The advantage of INS is that it is a local probe of only the water,
and therefore, the water can be separated from the other elements, unlike
in total scattering, where the local structure is probed considering all the
elements present. Calculated INS spectra based on structural models with
either sodium at the center (with water on the window face) or sodium on
the window face (with water in the center) could not describe the data well.
A third model containing sodium and water at different positions describes
the data well with most features in the spectra accounted for (Figure 7.4b).
This model has most of the water (75%) in the center of the subcube, while a
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small fraction is located close to the window faces. The different positions of
sodium agree with the observations from the total scattering study in Chap-
ter 6. The model with mixed sodium and water positions was applied to the
low temperature neutron diffraction data and revealed that neutron diffrac-
tion alone is insufficient in differentiating the position of water and sodium.
For alow sodium content, two different models were tested. One model has
sodium and water co-existing within a subcube, while the other model has
water alone within a subcube. The calculated INS spectra can describe sev-
eral of the peaks in the spectrum, but there are still peaks that the model
does not describe. Thus, the results suggest that there are several different
local water environments present, and further theoretical calculations are
needed to fully understand the low sodium PBA.

These results further confirm the disorder in these materials and that the
position of sodium and water is more complex than previously suggested
from diffraction and theoretical studies. Thus, local structural characteriza-
tion using multiple techniques is crucial for understanding these materials.
With this knowledge, better theoretical studies exploring the ionic transport
in PBAs can be made.
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8. Conclusions

This thesis explored the position of water and its dynamics as a function
of the sodium content in iron-based, [Fe(CN)G]n_ vacancy-free PBAs. This
has been achieved using different neutron scattering techniques probing
different parts of the PBA. It was demonstrated that iron- and sodium-based
PBAs are more complex than previously thought, and the supposed position
of sodium and water within the PBA framework has been re-evaluated.

The different characterization techniques, probing both the average and
local structure, have given different structural models for the material. Ini-
tially, water was thought to induce phase transitions, but this work shows
that, in fact, water does not affect phase transitions but instead modifies
the magnitude of the existing octahedral tilts within a given symmetry. The
phase transitions are instead related to changes in the tilting of the iron oc-
tahedra. The tilt pattern can be affected by the position of sodium and wa-
ter, as the ordering of sodium and water changes during phase transitions.
However, the ordering of sodium and water in different phases might also
be related to the specific tilt pattern of the iron octahedra given by the sym-
metry. In addition, bond length elongation and bond angle bending of the
nitrogen-bound iron octahedra are an inherent property of these materials,
which is challenging to describe from the average structure. Furthermore,
this work shows that the loss of capacity from extensive battery cycling of
the dehydrated material depends a lot less on the phase transition than ini-
tially expected. Instead, it is more important to optimize the loss of sodium
in the battery system, and thereby prevent performance worsening. Thus,
the PBA framework is flexible but retains structural integrity during sodium
extraction/insertion and temperature changes.

The relationship between sodium and water proved to be more compli-
cated. This work shows that the water is trapped inside cavities of a few A
matching the pore sizes in between the PBA framework and sodium. How-
ever, where these cavities are located within the PBA framework depends
on the local positions of sodium and water, which change with tempera-
ture and composition. This work shows that both the center and window
positions are possible for sodium, but there is a preference for the center
position. However, there is a broad distribution of sodium between these
two positions. Neutron diffraction was found to be insufficient in fully dis-
tinguishing these two positions, and local probes are therefore crucial to ap-
ply. The window position of sodium is achieved if there is no water molecule
blocking the site, which consequently opens space at the center of the sub-
cube for the water to occupy. On the other hand, the ordering of the sodium
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affects the orientation of the water molecules, with the orientational order
becoming less during heating. Thus, the relationship between sodium and
water seems to be co-dependent, and they affect each other’s position and
orientation. The distribution of sodium is more disordered if no water is
present. A lower sodium content also results in more disorder, as several
local sodium and water environments are present in the material. A small
fraction of the water was found to be directly coordinated to sodium, which
is undesired from the point of view of battery applications since there is a
risk of water removal over time.

Thus, the overall conclusion is that the iron- and sodium-based PBAs are
more dynamic than previously thought. The knowledge obtained in this
thesis opens up possible paths for substituting water with another molecule
better suited for battery applications. The largest issue with replacing water
is the practical implementation of a new guest molecule. Yet, the diversity
of PBAs has proved that nothing is impossible.
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9. Populdrvetenskaplig sammanfattning

Preussiskt blatt har varit kint sedan 1700-talet och ett flertal foreningar har
framstillts som baseras pa preussiskt blatt. Denna ansamling av foreningar
gar under namnet Preussisk-Bla-Analoger (PBA) och har ménga tillimp-
ningar som strécker sig fran fargpigment till energilagring. PBAer har den
generella sammanséttningen A;M[M’(CN)g],_y-2G dér A dr en alkalimetall,
y ar antalet hexacyanojidrnvakanser, M och M’ dr 6vergdngsmetaller. Trots
att foreningarna ldnge varit kdnda sé finns det fortfarande en hel del som
inte dr ként kring hur den kemiska sammansittningen och kristallstruk-
turen hos PBAer paverkar deras egenskaper. D4 PBAer innehadller cyanid-
joner s finns det &ven en risk att materialen kan reagera med omgivningen
och bilda giftig cyanidgas. D4 jarnbaserade PBAer generellt &r mycket sta-
bila sd reagerar de inte med omgivningen och avger dirmed inte cyanidgas.
Pé grund av detta sa ligger mycket fokus pa just jarnbaserade PBAer béde for
applikationer men ockséd inom forskningen. En speciellt intressant PBA for
batteritillimpningar dr den jarn- och natriumbaserade analogen med den
kemiska sammanséttningen Na,_,, ,Fe[Fe(CN)g],_,-zH,0. For att kunna an-
passa egenskaperna hos denna grupp av material méste man férst forsta
hur sammanséttningen, kristallstrukturen och vattendynamiken paverkar
de relevanta egenskaperna. For att kunna borja relatera egenskaperna till
dessa sa behovs strategier for att med hog precision bestimma samman-
sdttningen, strukturen och vattendynamiken vilket dr vad den hér avhan-
dlingen fokuserar pa. Avhandlingen nyttjar en stor mdngd analysmetoder,
men har haft ett extra fokus pa neutronspridningsmetoder som é&r valdigt
kansliga mot exempelvis vétet i en vattenmolekyl och dr darfor extra lam-
pade for studier av dessa PBAer.

Det &r sen tidigare kdnt att antalet hexacyanojarnkomplex i PBA struk-
turen bestimmer hur mycket natrium och vatten som strukturen kan in-
nehalla. Det dr darfor av yttersta vikt att bestimma om det finns sakallade
hexacyanojarnvakanser, det vill siga antalet platser i strukturen dér det sak-
nas hexacyanojarnkomplex. PBAer innehaller tva typer av jdrn, ett jarn som
tillhér hexacyanojarnkomplexet och ett "fritt" jarn, det dr darfor svart eller
helt enkelt inte mgjligt fér ménga analysmetoder att faststdlla antalet vakan-
ser av hexacyanojarnkomplexen med nadgon hégre precision. En metod som
kan urskilja de tvé jarnen dr Mossbauerspektroskopi vilket gor det mojligt
att bestdimma antalet jarnet som tillhor hexacyanojarnkomplexet och dér-
med vakanserna av komplexet. I denna avhandling har Mossbauerspek-
troskopi tillsammans med ett antal andra karakteriseringstekniker anvints
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for att bestimma sammanséttningen. Vidare visar resultaten att &ven om
flera metoder kan ge indikationer pa sammanséttningen sa dr det n6dvén-
digt att anvdnda flera kompletterande karakteriseringstekniker for att be-
stdmma den verkliga samansittningen.

Tidigare studier av strukturen hos PBA provor med sammansittningen
Na,Fe[Fe(CN)4]-zH,0O har visat att det finns flera mojliga strukturer kring
rumstemperatur. Det har spekulerats att férekomsten av strukturerna beror
pa vilken syntesmetod som anvénts. Med hjilp av neutron- och réntgen-
diffraktion sa faststélldes det att det tva tidigare observerade strukturerna
existerar, men att det dr temperaturen som avgor vilken struktur som &r sta-
bil och inte syntesmetoden. De tva strukturerna existerar alltsd vid olika
temperaturer och mellan 30 och 40 °C sa omvandlas strukturen frdn den
ena varianten till den andra. I avhandlingen presenteras dven resultat for
prover med ett hogt respektive 1agt kristallvatteninnehall samt prover med
ett lagt natrium innehall, vilka visar att cellparametarna och kristallstruk-
turen @ven beror p4 mingden kristallvatten och natrium.

En omdebatterad frdga for den jarn- och natriumbaserade analogen med
hégt natriuminnehdll ar var i strukturen som natrium och vatten faktiskt
befinner sig. Tidigare experimentella och teoretiska studier har foreslagit
tva olika positioner dir natrium antingen befinner sig nara delkubens mitt
eller ndra négon av delkubens sidor. Genom att anvénda sig av neutron-
diffraktion, neutrontotalspridning samt neutronspektroskopi sé visar denna
avhandling att natrium och vatten kan anta ett stort antal positioner lokalt i
kristallstrukturen och att dessa positioner paverkar orienteringen av vatten-
molekylerna. Vidare visade resultaten att vattnet ror sig aktivt i sma lokala
héalrum som finns i strukturen men visade inga tecken pa langviga diffu-
sion av vattnet. Uttver detta si visade resultaten att ndr antingen natri-
uminnehdllet och/eller vatteninnehallet sédnks s& 6kar oordningen av kvar-
varande natrium och vatten, vilket troligen paverkar natriumjontransporten
i materialet.

Genom att studera elektrokemin och kristallstrukturen under laddning
och urladdning av férenklade battericeller med en jarn- och natriumbaser-
ade PBA katod (utan vatten) sa observerades att den primira forlusten av
kapacitet hos dessa batterier uppstar under de férsta cyklerna och ar relat-
erat till en forlust av tillgéngligt natrium. Detta visar att det primért &r andra
processer som huvudsakligen orsaker kapacitetsforlusten och inte sprick-
bildning eller liknande kopplade till de strukturella fasévergdngarna som
sker i samband med laddning och urladdning.

Sammanfattningsvis sd kan man sdga att den hir avhandlingen lagger
grunden f6r vidare studier av hur egenskaperna hos PBAer beror pd sam-
mansattning, kristallstruktur och vattendynamik. Avhandlingen ar darfor
ett viktigt steg i att forbattra mojligheterna for PBAer att anvindas som ka-
todmaterial inom batteritilldimpningar for att lagra energi men dven for an-
dra tillimpningar.
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