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Prussian Whites (PW) have gained attention for their potential
application as high energy density cathodes in Na-ion batteries.
However, the rhombohedral phase of this compound still
remains elusive. This study addresses the electronic and
structural properties of the rhombohedral host material, as well
as its ionic conductivity. Using periodic density functional
theory calculations, we identified the critical factors that
determine the sodium-ion site preference and their ionic
mobility. Specifically, the significant role of octahedral tilting

and trigonal distortions of the structure have been highlighted.
The study shows that the competition between coordination
and bond length governs the Na site preference in the
rhombohedral phase upon distortion. The results furthermore
suggest that the redox activity is dominated by the transition
metals. These findings provide insight into the fundamental
mechanisms underlying ionic conductivity in solid hosts and
could help enhance ion transport in battery electrodes.

Introduction

The renewable energy sector constantly requires new and
inventive grid storage solutions to meet the growing demand.
It is particularly important to handle the strain on the electrical
grid caused by the diurnal shift from peak energy production to
peak energy demand.[1] Although lithium-ion technology is
currently the most advanced battery technology, it has
significant drawbacks, including high cost, material supply risks,
and low sustainability.[2]

These drawbacks have directed significant attention to-
wards alternative battery technologies in the scientific com-
munity today.[3–5] Among these alternatives, the most promising
one currently is the sodium-ion battery (SIB), which is chemi-
cally similar to lithium ion batteries. While commercial SIB
products are beginning to emerge and are announced to be
utilized in even electric vehicles, they have not yet matched the
performance of lithium ion batteries in terms of gravimetric or
volumetric energy density. Nonetheless, the main driving force
behind the development of high-performance sodium-ion

batteries is the desire to avoid escalating costs and supply risks
associated with the limited availability of resources.[4] As a
result, sodium-ion battery development is primarily focused on
applications in large-scale grid storage, where sacrificing energy
density for lower costs or longer battery life is more acceptable.
Since the discovery of hard carbon (nongraphitizable carbon) as
a suitable anode material for sodium-ion insertion, the cathode
material has become the bottleneck of SIB development.[6]

In this regard, materials based on Prussian Blue (PB,
A0-2Fe[Fe(CN)6]) and their analogues (PBA, A0-2B[B’(CN)6])) are a
highly suitable cathode candidate for a sustainable grid storage
solution utilizing SIBs. These materials offer a combination of
long cycle life, high rate capability, and abundant elements,
resulting in low material costs and no supply risk, even in the
long run.[7–9] This advantage is particularly prominent in the
historically longest-known Prussian Blue variant,[10,11] where
cyanide interconnected iron atoms occupy both transition
metal (TM) sites. It should be noted that its experimentally
more challenging to substitute the C-coordinated iron with
another metal, leading to only a handful of known compounds,
whereas there are many PBA’s in which the N-coordinated iron
has been exchanged. From a theoretical standpoint the
challenge in experimentally substituting the C-coordinated iron
with another metal arises due to the intricate bonding
interactions woven by the cyanide ligands within the PBA
framework. The robustness of this framework, formed by the C-
coordinated iron, necessitates careful synthetic maneuvers to
preserve its structural integrity. Conversely, the N-coordinated
iron is more amenable to substitution owing to the relatively
weaker and more flexible bonding interactions at this site.

Initially, Prussian Blue based materials were known as a
non-stoichiometric, cubic (Fm�3m) double-perovskite compound
with a lattice constant of 10.16 Å and a high content of
coordinated and interstitial water within its crystal defects.[12]

The significant amount of 25% Fe3+ vacancies was later found
to be the major reason for the poor performance as a battery
material measured in these early studies.[13–15] Recently though,
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compounds with a high sodium content (low vacancy content)
have emerged which could live up to the expectations that
were initially placed upon Prussian Blue as a battery
material.[16–18] These materials are often called Prussian White
(PW) due the white color they exhibit when freshly synthesized
in the fully sodiated state. They have been revealed to be a
distorted, rhombohedral (R�3) phase with lattice constants of a=

b=6.5 Å, c=18.9 Å.[16] While being an object of intense research
focus for some time, these compounds are still not fully studied
theoretically. Therefore, to better understand the performance
of Prussian White during a charge-discharge cycle, we shall
explore its basic electronic configuration.

Basic electronic configuration

The d-orbitals of any transition metal (TM) within an isotropic
environment (e.g. a spherical field) are degenerate. The energy
they exhibit in this situation is often called the barycenter,
which in non-spherical situations is derived as the average
energy of the d-orbitals.

According to ligand field theory,[19] which itself evolved out
of crystal field theory,[20,21] the presence of the ligands within
the (perfect) octahedral crystal environment present in the
cubic variant of Prussian Blue based materials lifts the
degeneracy of the d-orbitals. The dxy, dxz and dyz orbitals,
collectively called t2g states after Mulliken,[22] are lowered in
energy with respect to the barycenter, while the dz2 and
dx2 � y2 orbitals (or eg states) increase their energy. The amount of
energy the orbitals are separated by is called the crystal field
splitting energy (CFSE), which is dependent on the ligand
environment around the TM. This energy is distributed in such
a way that the energy of the barycenter still exactly coincides
with the energy of the degenerate d-orbitals.[23] While empty or
fully filled shells of electrons do not gain energy via this
splitting, it can be energetically beneficial for partially filled
shells.

As mentioned above the ligand environment dictates the
size of the crystal field splitting energy. Some of the most
common ligands are collected and ordered according to their
ligand strength within the spectrochemical series of ligands first
proposed in 1938.[24,25] From this series the ligands that are
typical electron donors such as halides or hydroxides cause the
CFSE to decrease, while electron acceptor ligands like carbon-
monoxide increase the CFSE. The splitting can be further de-/
increased by ligands that exhibit strong π-bonding or π-
backbonding, respectively. This is especially relevant for tran-
sition metal complexes with 4–7 electrons within their d-
orbitals, because the size of their CFSE relative to the spin
pairing energy (SPE) determines whether a high spin (hs) or low
spin (ls) complex is formed.[19] The first three electrons
introduced into an octahedrally coordinated TM will always be
placed separately into the three t2g states. If the CFSE is small
compared to the energy necessary for pairing electrons within
one state, it is more beneficial to start filling the eg states with
single electrons before pairing electrons within one orbital. The
result is a high spin configuration. Conversely, if the CFSE is

large in relation to the SPE, it would minimize the energy to
place the fourth electron into one of the t2g states, paying the
price for pairing the electrons rather than gaining less by
placing it into a higher orbital, resulting in a low spin
configuration.

Next, we want to consider the distorted octahedral environ-
ment encountered in the rhombohedral (R�3) PB variant. Due to
the facts that Prussian Blue is a double perovskite type material
and that octahedral tilting in Perovskites has been extensively
studied, it is known that a phase of this symmetry has to be
formed by a cooperative out-of-phase rotation of the FeC6 and
FeN6 octahedra in all three directions of space (a� a� a� rotation
after Glazer).[26–31] Such a rotation often causes the trigonal
distortion,[32,33] which further splits the d-orbitals by forming one
a1g and two e’g states out of the already favourable t2g-states.
The a1g state is further lowered in energy in comparison to both
the barycenter and the t2g-states. The e’g states therefore have
to increase in energy compared to the t2g-states, but they still
will be lower than the overall barycenter energy.

In an actual, fully sodiated Prussian Blue based system (e.g.
Na2Fe[Fe(CN)6]), both Fe atoms are in the +2 oxidation state.
Nevertheless, they are distinguishable because of the differ-
ences in their chemical (ligand) environment. The iron coordi-
nated to the carbon atom of the cyanide ligand experiences a
strong field due to the carbon site of the cyanide ligand being a
strong π-acceptor. This causes a large splitting of the d-orbitals,
which results in a low spin configuration of the carbon-
coordinated Fe atoms. Contrary, the iron atoms that are
coordinated to the nitrogen are exposed to an effective π-
donor, wherefore they experience a weak field and stabilize in a
high spin configuration. While the splitting of the d-orbitals for
the high spin Fe is only slightly beneficial in energy, there is a
large energy gain due to all electrons of the low spin Fe being
lowered in an octahedral crystal environment. Furthermore, it
can be seen in Figure 1 that such a material benefits not only
from the t2g/eg splitting within an octahedral field, but increases
the energy gain on the high spin Fe atoms upon formation of

Figure 1. Schematic picture depicting the splitting of the high spin and low
spin Fe-d states in different crystal environments. The bottom figure
illustrates the transition from an undistorted octahedron cage (Oh octahedral
symmetry) to a trigonally distorted cage (D3h octahedral symmetry) and the
associated further crystal field splitting of the Fe-d states.
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the a1g/e’g states, benefiting the phase transition seen in
experiment.

Upon desodiation, the rhombohedral phase gradually
changes back into the cubic one.[18] It seems that desodiation
causes local changes in the crystal system that only then
propagate through the material until one sodium equivalent
per formula unit is removed. Simultaneously, one of the paired
electrons in the a1g orbital of the high-spin Fe atoms is
removed. This leads to the splitting of the t2g states being
energy neutral, while the splitting of the d-states experienced in
an octahedral field still stays beneficial with respect to the
barycenter due to the energy gained on the low spin Fe atoms.
At this point, the material corresponds to the well-known cubic
Prussian Blue structure (NaFe[Fe(CN)6]).

Further desodiation now leads to the so-called Prussian
Yellow (Fe[Fe(CN)6]) and the removal of one of the electrons out
of the t2g states of the low spin Fe. This does obviously not
erase the benefits of the t2g/eg splitting. If anything, it actually
gives rise to a small energy gain by the formation of the a1g/e’g
states. As such a crystal structure for Prussian Yellow is not
known experimentally, we shall seek to explore reasons as to
why the rhombohedral structure is observed for Prussian White
only from the standpoint of atomistic first-principles calcula-
tions.

Please note that synthesized Prussian White materials
always contain a finite amount of water which is extremely hard
to remove. Yet, changes in the water content can modify the
orbital levels of the iron centers and even lead to a transition
from monoclinic to rhombohedral structures.[34,35] However, we
concentrate on the unperturbed system here as, first, we are
interested in the properties of ideal system, and second,
because the computationally very demanding systematic study
of structural water in battery materials[36] is beyond the scope of
the present paper.

In this paper, we further report the theoretical description
of the structural and electronic properties of the high perform-
ance, rhombohedral Prussian White (R-PW) system. We observe
a significant influence of ion concentration on the stability of
Na preferred sites, which we attribute to the distortion and
corresponding changes in lattice constants. By considering the
geometry, we identify the interatomic distances in the face
centered sites as an indicator of cation stability within the PB
lattice. Furthermore, we demonstrate that the lattice distortion
causes a migration away from the face cubic centered plane
into the vertexes of the cubes during the phase transition.
These results on R-PW shall be put into perspective by
comparison with the cubic phase of Prussian White (C-PW), as
well as with available experimental data. Additionally, we
present first-principles electronic structure calculations to
investigate the mobility of Na-ions in PB structures. Our focus is
specifically on understanding the electronic properties that
govern ion migration in these materials.

Computational Details
Density functional theory (DFT)[37,38] calculations were performed
using version 6.2.1 of the Vienna Ab-initio Simulation Package
(VASP),[40,41] employing the plane-wave method. The projector
augmented wave (PAW) approach[41,42] was utilized to replace the
inner electrons. The generalized gradient approximation (GGA)
proposed by Perdew, Burke, and Ernzerhof[43] was chosen as the
exchange-correlation functional. To address the known issue of
over-delocalization associated with GGA functionals, the Hubbard
U-correction was applied to the iron d-states, as suggested by
Dudarev et al.[44] Previous studies[45] have indicated that the
structural and electronic properties of Prussian White are best
represented by applying distinct U-values to the two iron sites. In
our study, we utilize two U-values for the same element because of
the significant differences in the chemical environment of each of
the iron atoms. Using two separate U parameters depending on the
different bonding partners results in a clear order in which the iron
atoms are electrochemically oxidized/reduced, therefore matching
experimental observations.[16] Therefore, a Hubbard correction of
7 eV was assigned to the d-states of high-spin Fe2+, while a value of
3 eV was used for the d-states of low-spin Fe2+. To ensure
convergence to the correct high-spin-low-spin spin state, the total
excess majority spin electrons were held constant. The plane-wave
cutoff was set to 550 eV, and a Gaussian smearing method with a
width of 0.1 eV was employed. A gamma-centered k-point grid of
5×5×3 was employed to sample the Brillouin zone. The atomic
structures underwent optimization until the energy difference in
the electronic self-consistent field (SCF) fell below 10� 6 eV, and all
forces were less than 10� 2 eV/Å.

The initial structure for R-PW, containing three formula units (48
atoms) and exhibiting R�3 symmetry was adapted from the
structural parameters published by Wang et al.[18] For the simulation
of C-PW, we utilized the conventional unit cell of Fm�3m symmetry
containing four formula units (64 atoms). In order to maintain the
focus on the Prussian White phase, our investigations were
confined to the specific compound Na2Fe[Fe(CN)6)], meaning the
value of x is fixed at 2. The sodium removal calculations were
exclusively employed for voltage computations, and the scope of
this study was restricted to the final insertion step. Notably, in this
scenario, the specific sodium atom chosen for removal from the
fully occupied structure holds no significance, given that all sodium
atoms are symmetry related.

The NEB calculations[46,47] have been carried out using the PBE
functional with four distinct images in a charge-neutral fashion to
evaluate the Na-ion migration minimum energy path. An extended
discussion as to why the Hubbard U-correction was dropped for the
NEB calculations can be found in the SI in the section “Supple-
mentary Discussion: The failure of GGA+U”. To allow for migration
in Prussian White, one charge carrier atom was removed from the
fully sodiated cell. The reported structure was determined to be
sufficiently large to ensure a negligible interaction between the
periodic images of the migrating sodium-ions. All structures were
fully relaxed until the forces on the atoms were converged within
10� 2 eV/Å.

Results and Discussion

Crystal structure

The crystal structure of Prussian White follows a double-
perovskite structure represented by the general chemical
formula A0-2Fe[Fe(CN)6]. In this structure, the oxide ions of a
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typical perovskite structure are replaced by (C�N)� anions. The
empty grid, devoid of alkali metal cations, has recently been
called Prussian Yellow, while the half-filled structure is named
Prussian Blue and the fully filled structure is called Prussian
White. Additionally, different transition metals like manganese,
nickel, cobalt, zinc, copper, chromium, vanadium, and titanium
can replace iron in the crystal structure without disrupting it.
These variations form a group of compounds called Prussian-
Blue analogues, which share similar chemical compositions and
crystal structures. The defect-free Prussian-Blue framework
typically adopts a face-centered cubic structure with large
spaces between atoms that can accommodate cations and
water molecules. Transition-metal ions coordinated with carbon
prefer a low-spin configuration due to the strong crystal field,
while nitrogen-coordinated transition-metal ions favor a high-
spin configuration due to the weaker crystal field. The rapid
formation of Prussian Blue in water solutions often involves the
incorporation of vacancies, and transition metal ions near these
vacancies tend to coordinate with water molecules, leading to a
lattice distortion. This distortion can affect the activation energy
required for the diffusion of guest cations within the frame-
work’s interstitial space. Moreover, the presence of coordinated
water molecules and the insertion of guest cations can induce
structural distortions and reduce the symmetry of Prussian-Blue
compounds from their primary cubic structure to monoclinic,
rhombohedral, or tetragonal structures. Among these, Prussian-
Blue materials with a rhombohedral structure and low content
of coordinated water are particularly advantageous as cathodes
in rechargeable batteries.[17]

The optimized crystal structure of rhombohedral Prussian
White (R-PW) exhibits the R�3 symmetry as shown in Figure 2,
with the octahedral coordination of the high spin and low spin
Fe+2 still being the dominant feature. The cooperative out-of-
phase rotation of the octahedra still allows for straight C�N
bonds after the distortion. The rotation is accompanied by a
shift of the sodium atoms along the [111] axis of the cubic cell

towards its vertices leading to a concentration of the sodium
atoms within “layers” (along the c-axis) of FeN6 octahedra. This
in turn optimizes the Na-N interactions in the crystal, providing
an octahedral coordination of nitrogen around the sodium
atoms. Within these Na-N octahedra the sodium-ions move
towards the face site which is not face-connected to a FeC6

octahedron as to optimize the space available to them.
Alternatively, one can imagine that the c-axis of the

rhombohedral cell coincides with the [111] axis of the cubic
cell. The image of a cube standing on its vertex alone would
intuitively describe the occurrence of the 3-fold rhombohedral
symmetry that is inherited from the cubic system and the
manifestation of alternating FeC6 and FeN6 octahedra layers.
Completing this image, one may now imagine that in the vertex
of this cube there is a sodium-ion, which would be surrounded
by three FeN6 octahedra, while the cation is closed in by one
FeC6 octahedron either above or below. This sodium-ion would
therefore shift away from its already allocated site towards the
void, optimizing its nearest neighbor interactions in the process.
Additional images visually representing both transformations
can be found in Figure S1.

The conventional cell of pristine, cubic Prussian White
(C-PW) is depicted in Figure 2 for comparison. It shows the
octahedra of high spin and low spin Fe atoms being perfectly
aligned along the Fe-CN-Fe bonds, which in itself are aligned
perfectly along the crystal axis. As already reported by other
theoretical works,[48,49] sodium in the cubic phase will apparently
prefer to sit within the face centered interstitial site (Wyckoff
position 24d) instead of occupying the body centered void
(Wyckoff position 8c). The exact energetic behaviour of this
phenomenon and an extended structural comparison can be
found in Figure S2 and Table S1. Interestingly, the above
presented structural changes in R-PW lead to the structure of
the face centered interstitial site being stretched in one
direction, while being compressed in the other. This change
significantly reduces the space available to the sodium-ion by
30%, causing a migration away from the cubic plane into the
vertices of the cubes during the phase transition. The full
account of these geometric factors can be found in Figure S3
and Table S2. We tried to also energetically compare the
equivalents of the interstitial positions known from the cubic
phase with their equivalents in R-PW, but these positions are –
despite extensive efforts – not stable enough to converge
within our set convergence criteria. Instead, after the optimiza-
tion process the sodium-ions always revert to their minimum
energy positions, meaning their position within the configura-
tion of the material that exhibits the lowest energy.

A comparison of the calculated structural properties
between the cubic and rhombohedral phases of PW, as well as
experimental data for two rhombohedral PW compounds is
presented in Table 1. Although the isomorphic compound
NaMnHCF – or more accurately Na2Mn[Fe(CN)6] – listed in the
last column differs in the TM that is occupying the high spin B-
sites in the material, there are strong indications that the TM
used to build the stable Prussian Blue framework does not
influence its structure signficantly.[31] This can be verified by our
calculations as well as by comparison with the experimental

Figure 2. The Prussian White material with its cubic and rhombohedral
crystal structures. In these structures, the high-spin transition-metal ion is
represented by a red sphere, the low-spin transition-metal ion is represented
by a green sphere. Coordination polyhedra were made slightly transparent,
colored in accordance with the color of their central atom. The nitrogen
atoms are represented by a blue sphere, the carbon atoms by a grey sphere,
and the sodium atoms by a yellow sphere.
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sources. The advantage of taking this PBA material into account
lies in the published Rietveld refinement data, that allow for a
more in-depth comparison of structural features, which are not
available for the pure compound.

The calculated lattice constant for the rhombohedral
Prussian White matches within 2.5% the experimental values.
Even more accurately described are the volume of the system
and all measured distances, on average deviating by less than
one percent. The volume (per formula unit) of the unit cell is
decreased from 289.2 Å3 to 234.7 Å3 during the cubic to
rhombohedral phase transformation. A significant reduction of
the unit cell volume by about 20% is substantial and could
raise concerns regarding material degradation. However, this
volume change in Prussian White materials compared to
experimental findings is caused by the absence of water which
is already known in the literature. For example, Guo et al. found
indications, that the overestimation of the volume changes can
be explained by the total absence of water in the simulation
cells.[50] They showed that the presence of the lattice water acts
as pillars to reduce the volume change during electrochemical
cycling.

As described in the introduction, the reduction of the cell
volume is accompanied by a displacement of the cyanide
ligands. This displacement has to be an angular shift of the
cyanide ligands with respect to the Fe-CN-Fe axis, as it causes a
shortening of the Fe-Fe distance, while keeping all other
distances constant. The fact that the observed bond angles are
deviating from their ideal values verifies this conclusion. Due to
the strong π-backbonding interactions that dominate the Fe-
cyanide interactions, linear Fe-C bonds are favoured and the
carbon atoms are found to show a lower mobility compared to
the nitrogen end of the ligand.[31,51] This is expressed by the
larger deviation from the ideal 180° angle in α(Fels

2+-C-N) as
compared to α(Fehs

2+-NC). These calculated angular values are
in great agreement with the experimental data.

Lastly, we find a change in the bond angles within the Fe
octahedra, which shows that the FeC6 and FeN6 octahedra are
not only rotated, but also slightly deformed with respect to the
cubic crystal environment. Ideally, these angles should all
amount to 90°, but in the rhombohedral phase the octahedra
are slightly distorted. While the FeC6 octahedra are stretched in
the direction of the c-axis, the FeN6 octahedra are getting
compressed, which leads to inverse trends in the change of
bond angles of these octahedra. The C-Fe-C angles within one
layer perpendicular to the c-axis are narrowed, while the angles
between carbons in different layers are increased and exactly
the other way around for the angles between iron and nitrogen.
The change is more pronounced for the C-Fe-C angles, but
even there it does not exceed 4° in total. We propose that these
changes are caused by the presence of intercalated sodium-
ions. Due to the proximity of the sodium atoms the negatively
charged nitrogens bend towards them, stretching the FeN6

octahedra in the a/b plane. This directly results in a compres-
sion of the octahedra in the c-direction, which is partly
compensated by the stretching of the Fe-C6 octahedra. This
change in the ligand field around the Fe atoms is also the
reason for the further splitting of the t2g states into a1g/e’g states
being energetically beneficial, as described in the introduction.
These structural changes are verified to actually occur in this
material by the experimental data on NaMnHCF.

The argumentation that the sodium atoms themselves are
the cause for the rhombohedral transformation would also
directly solve the dilemma of why no rhombohedral phase
exists for Prussian Yellow. As this compound does not contain
any sodium-ions, which would be there to cause the distortions
and stabilize the rhombohedral structure, this phase is never
thermodynamically favorable. To confirm this assumption we
calculated the empty rhombohedral phase and compared it to
its cubic counterpart. It can be shown that the Prussian Yellow
structure is not thermodynamically stable in R�3 symmetry, as it
is destabilized by 0.62 eV per formula unit over the cubic one.

Table 1. Structural properties of rhombohedral Prussian White (R-PW, Na2Fe[Fe(CN)6]) in comparison with experimental values. Additionally given are
experimental values for the isomorphic Na2Mn[Fe(CN)6] (NaMnHCF) and calculated values for the cubic phase of Prussian white (C-PW, Na2Fe[Fe(CN)6]).

Property C-PW R-PW Exp.[16] NaMnHCF[17]

Space group Fm�3m (225) R�3 (148) R�3 (148) R�3 (148)

a, b [Å] 10.498 6.480 6.548 6.580

c [Å] – 19.364 18.931 18.929

V [Å3] 1156.96 704.05 702.96 709.75

d(Fels
2+-C) [Å] 1.878 1.886 – 1.896*

d(C-N) [Å] 1.181 1.183 – 1.173*

d(Fehs
2+-N) [Å] 2.190 2.186 – 2.246*

d(Fels
2+-Fehs

2+) [Å] 5.249 4.941 – 4.938

α(Fels
2+-C-N) [°] 180 171.9 – 175

α(Fehs
2+-N-C) [°] 180 141.9 – 140

α(C-Fels
2+-C) [°] 90 93.6/86.4 – 91.7/88.3*

α(N-Fehs
2+-N) [°] 90 88.8/91.8 – 88.0/92.0*

*Value obtained by evaluating the published Rietveld refinement parameters on data obtained by TOF powder neutron diffraction.
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Evaluation of electronic properties

The calculated DOS of R-PW is shown in Figure 3 (top). The
filled valence band, which extends from � 9 to 0 eV, is
predominantly of N-2p character (red), C-2p character (orange)
mixed with Fe-3d orbitals (blue). They represent the Fe-N, Fe-C,
and N-C bonding states. The empty Fe-d states are located
2–5 eV above the valence band. The octahedral crystal-field
splitting divides the Fe-d states into π-bonding t2g states
(green), and σ-bonding eg states (yellow) as shown in the
bottom graph of Figure 3. The states around the Fermi energy
are dominated by the Fe-d states, showing that the redox
activity is dominated by the iron atoms. Especially noteworthy
is the only partially filled, narrow band of minority spin states,

which lies directly on top of the Fermi energy. These are the
a1g-states newly filled in the transition from Prussian Blue to
Prussian White, causing a transition from the semiconducting to
conducting behavior. Furthermore, a small contribution of
carbon p-states can be observed, which hints at the strong π-
bonding interactions present in this material class.[52–55] The DOS
of cubic Prussian White is similar to the rhombohedral crystal
structure except for the shift in the Fermi energy and
consequently the occupation of the minority a1g-states (the
calculated DOS of C-PW is provided in the Supplementary
Information in Figure S4).

To further analyze the contributions to the DOS of
rhombohedral Prussian White, the orbital-decomposed DOSs of
the Fe-d states for high-spin and low-spin Fe are presented in
Figure 4. The states around the Fermi level of high spin Fe are
dominated by contributions of the minority spin direction. All
majority spin states shift down in energy, therefore being far
from the Fermi level. All states shown from � 6 eV to 0 eV do
not contain contributions from high spin Fe either. Conversely,
it can be observed that the state lying on the Fermi energy is
purely constructed from the high spin Fe orbitals. They can be
attributed to the a1g-states formed during the rhombohedral
phase transition. Also visible are the still unoccupied e’g-states
at around 1.8 eV above the Fermi energy. The minority spin eg-
states are again shifted out of frame, this time to values higher
than 6 eV.

For the plot concerning the low-spin iron, the splitting of
the states is much clearer compared to the high-spin iron. This
is one cluster of states around � 2 eV that represent the a1g/e’g-
states of low-spin iron and a second cluster of states starting at
+2 eV that can be ascribed to the eg-states. Due to these states
being either completely filled or empty, no shift between the
majority and minority spin states can be observed.

Finally, in Table 2 we compare some electronic properties.
As already seen in the previous paragraph, the calculations for
both, cubic and rhombohedral Prussian White, are in accord-
ance with the experiment on PW being a conductor. We also
address the magnetization of both iron species for cubic and
rhombohedral PW. Both phases are showing a clear distinction
between the iron atoms, matching the experimentally seen
high-spin-low-spin configuration. Furthermore, the total
amount of magnetization matches the formally expected values
within the expected error margins.

Figure 3. The calculated electronic density of states (DOS) for the rhombohe-
dral Prussian White phase. The total DOS is given in grey in the top graph.
The projected DOS are shown in blue for Fe-d states, in red for N-2p states,
and in orange for C-2p states. The Fermi energy is shifted to 0 eV. The
majority spin states are plotted upwards, while the minority spin states are
plotted downwards. The bottom graph shows the orbital decomposed Fe-d
states, namely t2g (green) and eg (yellow) orbitals.

Figure 4. Orbital decomposed DOS of the Fe-d states. The top graph depicts
the DOS for the high-spin Fe centers, while the states for the low-spin Fe
centers are depicted on the bottom graph. The energy zero is set to the top
of the valence band and Fe-t2g and Fe-eg orbitals are given in green and
yellow, respectively.

Table 2. Electronic properties of rhombohedral Prussian White
(Na2Fe[Fe(CN)6]).

Property C-PW R-PW Exp.

ΔEg [eV] cond. cond. cond.[56]

μFe(II)-C [μB] 0.022 0.054 0*

μFe(II)-N [μB] 3.652 3.711 4*

*Formal number of unpaired electrons.
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Migration barriers

As the high vacancy limit diffusion in C-PW is already studied
elsewhere, even including the presence of defects,[57,58] we will
focus our attention on the comparison of the sodium-ion
migration in C-PW and R-PW in the low vacancy limit. The
minimum energy path for the sodium migration in the low
vacancy limit is illustrated in Figure 5. The high vacancy limit is
not studied as the R�3 phase only persists in the material as long
as a high sodium content is present. Otherwise the material
reverts back to its cubic phase. The removal of one sodium-ion
from the unit cell results in a material with the formula
Na1.66Fe[Fe(CN)6].

The migration path that is studied in R-PW still remains
similar to the diffusion pathways and transition states seen in
cubic PW. Sodium-ions are placed in a vertex of one of the
small cubic structures (cubes) within a unit cell of RPW,
migrating to one of the neighboring cubes. Due to the

distortions that occur by forming the rhombohedral phase,
these cubes are slightly distorted, but the general structural
feature persists. The transition state for this diffusion corre-
sponds to the face-centered site, which is spanned by a square
of Fe-CN-Fe units on each of the square edges. Due to the shift
of the sodium atoms into the vertices of the cubes, there is one
position that is close to the connecting/separating face-
centered plane and one farther into the small cubic structure.
Here, we particularly studied the migration, where a sodium-ion
is starting from a place far from the separating plane to an
equal place on the other side, as illustrated in Figure 5. A
comparative analysis of both phases reveals that Na+ diffusion
in the cubic phase exhibits a reduced energy barrier, as
depicted in Figure 6. The stability of face-centered sites in the
C-PW framework, devoid of distortions, ensures a uniform
distribution of Na+ in three dimensions and lowers the
activation energy through cooperative migrations. The presence
of a low diffusion barrier significantly facilitates rapid Na+

migration, thus directly influencing the rate performance of SIB
cathode materials. A recorded value of around 0.3 eV implies
the potential suitability of the material as a viable cathode
material for batteries, capable of accommodating reasonable
charge rates. This insight carries significance as it indicates the
material’s ability to handle the charge and discharge process
typically encountered in practical applications.

Voltages upon cation intercalation

Finally, we discuss a critical factor influencing the efficiency of a
battery, namely the open-circuit voltage. The voltage of a
battery results from the gain in the free energy ΔG upon the
overall chemical reaction:

xNaðanodeÞ þ NayðcathodeÞ ! NaxþyðcathodeÞ (1)

Figure 5. Depiction of the studied NEB path within rhombohedral Prussian
White. High- and low-spin Iron is shown in red and green, respectively.
Carbon is shown in grey, nitrogen in blue, and sodium in yellow. Non-
migrating sodium atoms are not shown for improved clarity.

Figure 6. Na migration energy barriers (in eV) as a function of the reaction
path coordinate derived from periodic DFT calculations combined with NEB
for the single-ion migration from the initial site to the next nearest
neighboring site corresponding to the Na2Fe[Fe(CN)6] PW with the cubic
crystal structure (black color) and with rhombohedral crystal structure (blue
color). The minimum energy is set to zero.
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As the alkali metal atoms are still combined with their
electrons (within the electron sea) in the metal anode and are
recombined with an electron upon intercalation into the
cathode, the overall reaction can be expressed in terms of
atoms. The open circuit voltage (VOC) is defined as the maximum
voltage V of the battery.[59] It can be expressed as:

VOC ¼
� DG
xF (2)

Here, x is the charge transferred during the above given
chemical reaction and F is the Faraday constant. The open
circuit voltage can equivalently be expressed in terms of the
difference in chemical potential of the anode μA and cathode
μC.

VOC ¼ ½mA� mC�=e (3)

This voltage can be approximated utilizing total system
energies that are easily obtained by DFT calculations. Note that
typically metallic anodes are taken as a reference to derive the
open circuit voltage of cathode materials. In this case Eq. (3)
can be rewritten as:

VOC ¼ �
Ex1
� Ex2

� x1 � x2ð ÞEmetal

� �

nðx1 � x2Þe
(4)

Here, Ex1
and Ex2

correspond to the energy of the system
before and after intercalation. Similarly, x1 and x2 denote the
number of charge carriers present in the respective unit cell.
Emetal is the energy of the metal system and n is the transferred
charge between anode and cathode during one iteration of the
above described chemical reaction. For a single transfer of a
simple, monovalent charge carrier the equation is reduced
significantly.

VOC ¼ � Ex1
� Ex2

� Emetal

� �
=e (5)

Using Eq. (5), we compare the voltages for the intercalation
of sodium at a high sodium content in the cubic and
rhombohedral phases. Due to differences in the unit cell size, in
the case of the rhombohedral phase, the voltage calculation
concerns the range from Na1.66Fe[Fe(CN)6] to Na2Fe[Fe(CN)6],
while the cubic phase is calculated for the reaction from
Na1.75Fe[Fe(CN)6] to Na2Fe[Fe(CN)6]. The results of these calcu-
lations are summarized in Table 3.

The intercalation potentials for the last sodium insertion
step in rhombohedral and cubic Prussian White were calculated
to be 2.5 V and 2.77 V, respectively. These results agree
reasonably well with the experiment but slightly underestimate

measured open circuit voltages, which becomes apparent when
comparing with experimental values of 2.8–3.3 V. Note, how-
ever, that open circuit voltages depend on the state of charge
of batteries, i. e., on the concentration of the charge carriers in
the electrode materials, and deviations between theory and
experiments might be caused by differences in these concen-
trations. Overall, as is characteristic for SIBs, the voltages are
comparatively lower than those of lithium compounds, which
operate at intercalation voltages of 4 to 5 V.

Conclusions

In this study, we have investigated the structural and electronic
properties of Prussian White crystal structures together with
their properties as battery cathode materials for Na-ion
batteries, in particular Na ion mobility and open circuit voltage,
using periodic density functional theory calculations. Our
findings indicate that the transition metals dominate the redox-
active site upon Na insertion into the host lattice, with the two
Prussian Whites considered exhibiting low diffusion barriers of
approximately 0.3 eV. Furthermore, our calculations highlight
the crucial role of octahedral tilting and trigonal distortion in
the rhombohedral structure, influencing the preferred Na site.
Though increasing Na content leads to trigonal distortions and
results in slightly larger migration barriers and decreased
diffusivities, the impact of the distortion on these barriers is
smaller than previously expected. Moreover, these materials
exhibit open-circuit potentials of around 2.8 V for the cubic
structure and 2.5 V for the rhombohedral structure, relative to
metallic Na. These characteristics position them as promising
cathode materials for SIBs. Our calculations provide a compre-
hensive understanding of the internal mechanism involved in
the transportation of Na+ within the PW frameworks. Overall,
our results, along with the analysis of electronic and geometric
factors, provide a conceptual framework for comprehending
ionic conductivity in Prussian White electrode materials. This
framework can be applied to enhance our understanding and
improve ion mobility in other material classes as well.

Supporting Information

The authors have cited additional references within the
Supporting Information.[60,61]

Acknowledgements

This work contributes to the research performed at CELEST
(Center for Electrochemical Energy Storage Ulm-Karlsruhe) and
was funded by the German Research Foundation (DFG) under
Project ID 390874152 (POLiS Cluster of Excellence). The authors
acknowledge support by the state of Baden-Württemberg
through bwHPC and the German Research Foundation (DFG)
through Grant No. INST 40/575-1 FUGG (JUSTUS 2 cluster).
Open Access funding enabled and organized by Projekt DEAL.

Table 3. Open circuit voltage for the last insertion step in rhombohedral
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Wiley VCH Montag, 27.11.2023

2312 / 323929 [S. 126/127] 1

Batteries & Supercaps 2023, 6, e202300294 (8 of 9) © 2023 The Authors. Batteries & Supercaps published by Wiley-VCH GmbH

Batteries & Supercaps
Research Article
doi.org/10.1002/batt.202300294

 25666223, 2023, 12, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/batt.202300294 by K
IZ

 der U
niversitat U

lm
, W

iley O
nline L

ibrary on [06/12/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Conflict of Interests

The authors declare no conflict of interest.

Data Availability Statement

The data that support the findings of this study are available
from the NOMAD database at https://www.doi.org/10.17172/
NOMAD/2023.10.19-1

Keywords: Cathode material · Density functional theory · Ion
mobility · Na-Ion Battery · Prussian White

[1] M. A. Rahman, J.-H. Kim, S. Hossain, Energy Storage 2022, 4, e322.
[2] R. Schmuch, R. Wagner, G. Hörpel, T. Placke, M. Winter, Nat. Energy

2018, 3, 267.
[3] M. Armand, J.-M. Tarascon, Nature 2008, 451, 652.
[4] R. Usiskin, Y. Lu, J. Popovic, M. Law, P. Balaya, Y.-S. Hu, J. Maier, Nat. Rev.

Mater. 2021, 6, 1020.
[5] H. Kim, H. Kim, Z. Ding, M. H. Lee, K. Lim, G. Yoon, K. Kang, Adv. Energy

Mater. 2016, 6, 1600943.
[6] J. Qian, C. Wu, Y. Cao, Z. Ma, Y. Huang, X. Ai, H. Yang, Adv. Energy Mater.

2018, 8, 1702619.
[7] X. Wu, W. Deng, J. Qian, Y. Cao, X. Ai, H. Yang, J. Mater. Chem. A 2013, 1,

10130.
[8] K. Hurlbutt, S. Wheeler, I. Capone, M. Pasta, Joule 2018, 2, 1950.
[9] H. Yi, R. Qin, S. Ding, Y. Wang, S. Li, Q. Zhao, F. Pan, Adv. Funct. Mater.

2021, 31, 2006970.
[10] J. Woodward, Philos. Trans. R. Soc. London 1724, 33, 15.
[11] J. Brown, Philos. Trans. R. Soc. London 1724, 33, 17.
[12] V. D. Ivanov, Ionics 2020, 26, 531.
[13] M. Jayalakshmi, F. Scholz, J. Power Sources 2000, 91, 217.
[14] K. Kuwabara, J. Nunome, K. Sugiyama, J. Electrochem. Soc. 1990, 137,

2001.
[15] A. Kraft, Ionics 2021, 27, 2289.
[16] L. Wang, J. Song, R. Qiao, L. A. Wray, M. A. Hossain, Y.-D. Chuang, W.

Yang, Y. Lu, D. Evans, J.-J. Lee, et al., J. Am. Chem. Soc. 2015, 137, 2548.
[17] J. Song, L. Wang, Y. Lu, J. Liu, B. Guo, P. Xiao, J.-J. Lee, X.-Q. Yang, G.

Henkelman, J. B. Goodenough, J. Am. Chem. Soc. 2015, 137, 2658.
[18] W. Wang, Y. Gang, Z. Hu, Z. Yan, W. Li, Y. Li, Q.-F. Gu, Z. Wang, S.-L.

Chou, H.-K. Liu, et al., Nat. Commun. 2020, 11, 980.
[19] J. Griffith, L. Orgel, Quarterly Reviews, Chemical Society 1957, 11, 381.
[20] H. Bethe, Ann. Phys. 1929, 395, 133.
[21] J. Van Vleck, Phys. Rev. 1932, 41, 208.
[22] R. S. Mulliken, Phys. Rev. 1933, 43, 279.
[23] J. Zuckerman, J. Chem. Educ. 1965, 42, 315.
[24] R. Tsuchida, Bull. Chem. Soc. Jpn. 1938, 13, 388.
[25] Y. Shimura, R. Tsuchida, Bull. Chem. Soc. Jpn. 1956, 29, 311.
[26] A. M. Glazer, Acta Crystallogr. Sect. B 1972, 28, 3384.
[27] A. Glazer, Acta Crystallogr. Sect. A 1975, 31, 756.
[28] C. J. Howard, H. T. Stokes, Acta Crystallogr. Sect. B 1998, 54, 782.
[29] C. J. Howard, H. T. Stokes, Acta Crystallogr. Sect. B 2002, 58, 565.

[30] C. J. Howard, B. J. Kennedy, P. M. Woodward, Acta Crystallogr. Sect. B
2003, 59, 463.

[31] H. L. Boström, W. R. Brant, J. Mater. Chem. C 2022, 10, 13690.
[32] M. Sotoudeh, M. Dillenz, A. Groß, Adv. Energy Sustainability Res. 2021, 2,

2100113.
[33] M. Sotoudeh, M. Dillenz, J. Döhn, J. Hansen, S. Dsoke, A. Groß, Chem.

Mater. 2023, 35, 4786.
[34] W. R. Brant, R. Mogensen, S. Colbin, D. O. Ojwang, S. Schmid, L.

Häggström, T. Ericsson, A. Jaworski, A. J. Pell, R. Younesi, Chem. Mater.
2019, 31, 7203.

[35] I. Nielsen, D. Dzodan, D. O. Ojwang, P. F. Henry, A. Ulander, G. Ek, L.
Häggström, T. Ericsson, H. Boström, W. Brant, J. Phys. Energy 2022, 4,
044012.

[36] X. Liu, H. Euchner, M. Zarrabeitia, X. Gao, G. A. Elia, A. Groß, S. Passerini,
ACS Energy Lett. 2020, 5, 2979.

[37] P. Hohenberg, W. Kohn, Phys. Rev. 1964, 136, B864.
[38] W. Kohn, L. J. Sham, Phys. Rev. 1965, 140, A1133.
[39] H. Euchner, A. Groß, Phys. Rev. Mater. 2022, 6, 040302.
[40] G. Kresse, J. Furthmüller, Phys. Rev. B 1996, 54, 11169.
[41] G. Kresse, D. Joubert, Phys. Rev. B 1999, 59, 1758.
[42] P. E. Blöchl, Phys. Rev. B 1994, 50, 17953.
[43] J. P. Perdew, K. Burke, M. Ernzerhof, Phys. Rev. Lett. 1996, 77, 3865.
[44] S. L. Dudarev, G. A. Botton, S. Y. Savrasov, C. Humphreys, A. P. Sutton,

Phys. Rev. B 1998, 57, 1505.
[45] J. C. Wojdeł, I. de PR Moreira, S. T. Bromley, F. Illas, J. Chem. Phys. 2008,

128, 044713.
[46] G. Henkelman, H. Jónsson, J. Chem. Phys. 2000, 113, 9978.
[47] G. Henkelman, B. P. Uberuaga, H. Jónsson, J. Chem. Phys. 2000, 113,

9901.
[48] C. Ling, J. Chen, F. Mizuno, J. Phys. Chem. C 2013, 117, 21158.
[49] F. S. Hegner, J. R. Galán-Mascarós, N. López, Inorg. Chem. 2016, 55,

12851.
[50] X. Guo, Z. Wang, Z. Deng, X. Li, B. Wang, X. Chen, S. P. Ong, Chem.

Mater. 2019, 31, 5933.
[51] H. Buser, D. Schwarzenbach, W. Petter, A. Ludi, Inorg. Chem. 1977, 16,

2704.
[52] C. Tian, E. Kan, C. Lee, M.-H. Whangbo, Inorg. Chem. 2010, 49, 3086.
[53] D. Shriver, The ambident nature of cyanide, in Structure and bonding,

pages 32–58, Springer 2008.
[54] W. Kaim, Angew. Chem. Int. Ed. 2011, 50, 10498.
[55] S. F. A. Kettle, E. Diana, E. Boccaleri, P. L. Stanghellini, Inorg. Chem. 2007,

46, 2409.
[56] A. Xidis, V. D. Neff, J. Electrochem. Soc. 1991, 138, 3637.
[57] J. Nordstrand, E. Toledo-Carrillo, S. Vafakhah, L. Guo, H. Y. Yang, L. Kloo,

J. Dutta, ACS Appl. Mater. Interfaces 2021, 14, 1102.
[58] J. Nordstrand, E. Toledo-Carrillo, L. Kloo, J. Dutta, Phys. Chem. Chem.

Phys. 2022, 24, 12374.
[59] A. Groß, S. Sakong, Curr. Opin. Electrochem. 2019, 14, 1.
[60] J. C. Wojdeł, S. T. Bromley, J. Phys. Chem. B 2006, 110, 24294.
[61] R. Devi, B. Singh, P. Canepa, G. Sai Gautam, Npj Comput. Mater. 2022, 8,

160.

Manuscript received: July 5, 2023
Revised manuscript received: September 17, 2023
Accepted manuscript online: September 17, 2023
Version of record online: October 20, 2023

Wiley VCH Montag, 27.11.2023

2312 / 323929 [S. 127/127] 1

Batteries & Supercaps 2023, 6, e202300294 (9 of 9) © 2023 The Authors. Batteries & Supercaps published by Wiley-VCH GmbH

Batteries & Supercaps
Research Article
doi.org/10.1002/batt.202300294

 25666223, 2023, 12, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/batt.202300294 by K
IZ

 der U
niversitat U

lm
, W

iley O
nline L

ibrary on [06/12/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1038/s41560-018-0107-2
https://doi.org/10.1038/s41560-018-0107-2
https://doi.org/10.1038/451652a
https://doi.org/10.1038/s41578-021-00324-w
https://doi.org/10.1038/s41578-021-00324-w
https://doi.org/10.1039/c3ta12036h
https://doi.org/10.1039/c3ta12036h
https://doi.org/10.1016/j.joule.2018.07.017
https://doi.org/10.1007/s11581-019-03292-y
https://doi.org/10.1016/S0378-7753(00)00475-4
https://doi.org/10.1149/1.2086851
https://doi.org/10.1149/1.2086851
https://doi.org/10.1007/s11581-021-04013-0
https://doi.org/10.1021/ja510347s
https://doi.org/10.1021/ja512383b
https://doi.org/10.1039/qr9571100381
https://doi.org/10.1002/andp.19293950202
https://doi.org/10.1103/PhysRev.41.208
https://doi.org/10.1103/PhysRev.43.279
https://doi.org/10.1021/ed042p315
https://doi.org/10.1246/bcsj.13.388
https://doi.org/10.1246/bcsj.29.311
https://doi.org/10.1107/S0567740872007976
https://doi.org/10.1107/S0567739475001635
https://doi.org/10.1107/S0108768198004200
https://doi.org/10.1107/S010876810200890X
https://doi.org/10.1107/S0108768103010073
https://doi.org/10.1107/S0108768103010073
https://doi.org/10.1039/D2TC00848C
https://doi.org/10.1021/acs.chemmater.3c00634
https://doi.org/10.1021/acs.chemmater.3c00634
https://doi.org/10.1021/acs.chemmater.9b01494
https://doi.org/10.1021/acs.chemmater.9b01494
https://doi.org/10.1088/2515-7655/ac9808
https://doi.org/10.1088/2515-7655/ac9808
https://doi.org/10.1021/acsenergylett.0c01767
https://doi.org/10.1103/PhysRev.136.B864
https://doi.org/10.1103/PhysRev.140.A1133
https://doi.org/10.1103/PhysRevB.54.11169
https://doi.org/10.1103/PhysRevB.59.1758
https://doi.org/10.1103/PhysRevB.50.17953
https://doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.1103/PhysRevB.57.1505
https://doi.org/10.1063/1.1323224
https://doi.org/10.1063/1.1329672
https://doi.org/10.1063/1.1329672
https://doi.org/10.1021/jp4078689
https://doi.org/10.1021/acs.inorgchem.6b02200
https://doi.org/10.1021/acs.inorgchem.6b02200
https://doi.org/10.1021/acs.chemmater.9b02269
https://doi.org/10.1021/acs.chemmater.9b02269
https://doi.org/10.1021/ic50177a008
https://doi.org/10.1021/ic50177a008
https://doi.org/10.1021/ic902577r
https://doi.org/10.1002/anie.201105767
https://doi.org/10.1021/ic0610482
https://doi.org/10.1021/ic0610482
https://doi.org/10.1149/1.2085472
https://doi.org/10.1039/D2CP01156E
https://doi.org/10.1039/D2CP01156E

