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Distinct ionic adsorption sites in defective
Prussian blue: a 3D-RISM study†

Nirun Ruankaew, ab Norio Yoshida, b Yoshihiro Watanabe, b

Akira Nakayama, c Haruyuki Nakano b and Saree Phongphanphanee *adef

Ferric hexacyanoferrate (FeHCF) or Prussian blue (PB) exhibits selective alkali ion adsorption and has

great potential for use in various applications. In the present work, alkali ion (Li+, Na+, K+, and Cs+) and

water configurations in defective PB (d-PB) were studied by using the statistical mechanics of

molecular liquids. The three-dimensional (3D) distribution functions of the ions and water were

determined by solving the 3D-reference interaction site model (RISM) equation of systems of a unit

lattice of d-PB in electrolyte solutions, i.e., LiCl, NaCl, KCl, and CsCl. The results show the difference

in the ion–water configurations and distributions between small (Li+ and Na+) and large ions (K+ and

Cs+). The adsorption sites of Li+ and Na+ are located off-center and lie on the diagonal axis. By

contrast, the larger ions, K+ and Cs+, are adsorbed at the center of the unit cell. The degree of

dehydration due to the adsorption of alkali ions indicates that there was no water exchange during Li+

and Na+ adsorption, whereas two and three water molecules were removed after adsorption of K+ or

Cs+ in the unit cell.

Introduction

Prussian blue (PB) or ferric hexacyanoferrate (FeHCF) is a well-
known dark-blue dye pigment that has been widely used in
painting since the classical period.1,2 In the past few decades,
PB has been considered a promising material in various fields
of science,3–5 medicinal materials,2,6 environmental materials
and battery technology.7–12 The demand for Li-ion batteries
has dramatically increased with the rapid growth in portable
electronic devices, electric automobiles, service robotics, and solar
energy storage. PB and its analogue compounds (PBAs) have a
number of fascinating properties, as well as the fact that they are
environmentally friendly, their synthesis is inexpensive, and they
have a high adsorption capacity and selectivity specific to alkali
ions.13–15 In particular, they have good potential as cathode

materials for alkali ion batteries.11,16,17 The ionic selectivity of
PB and PBA depends on the size of the ions, with large ions
being preferred over small ones.18–21 PB and PBAs are also
attractive materials for application in high-activity sorbents for
the removal of hazardous radioactive metal contamination.
A number of recent experiments show the high adsorption
capacity of composites between PB and other materials, such as
core–shell nanoparticles, polymer nanocomposites and thin
film layers.3,4,15,21–24

The crystal and chemical structure of PB were investigated
by various techniques, such as X-ray powder diffraction,25

X-ray diffraction,26,27 polarized neutron diffraction,28,29 and
neutron scattering.30 Its chemical formula was reported as
Fe4[Fe(CN)6]3�xH2O (x = 14–16).26 For all PBA compounds in the
hexacyanometallate family, the generic formula can be written as
M0x[M(CN)6]y�zH2O, where M and M0 represent transition metal
ions with charge 2+ and 3+, respectively, and are coordinated
octahedrally with C and N atoms of the cyano ligand. The
crystallographic studies mentioned above concluded that PB
has a face-centered cubic structure of type Fm%3m, with a lattice
constant a = 10.166 Å. However, the cubic structure and lattice
constant of PBA can vary according to the atomic size of the
transition metal ions. The d-PB structure can occur when
the [FeII(CN)6]4� or [M(CN)6]4� group is missing, allowing the
creation of a spherical cavity at the center of the lattice, corners,
or surfaces. In this defective structure, the particular compound
stoichiometry (x/y ratio from the generic formula) is larger than
one while this number is equal to one for perfect PB (p-PB).30,31
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The structures of p-PB and the central vacancy in d-PB with the
Wyckoff positions are shown in Fig. 1. In 1977, Buser et al. prepared
single crystals of PB for their X-ray investigation by reacting
FeCl2�4H2O with K4Fe(CN)6�3H2O, and FeCl3�6H2O with
H4Fe(CN)6.26 Their X-ray studies revealed that PB was approxi-
mately 18% in the form of p-PB, with a 73% probability that the
central FeII(CN)6 group would be missing, and only a 9% chance of
it being in other positions such as a surface or a lattice corner site.
Nowadays, the chemical synthesis of PB has developed, and the
ratio of d-PB per p-PB can be adjusted depending on the starting
materials, synthesis method and post-synthesis modification.24

The different structures of p-PB and d-PB would lead to different
properties of the materials. Our recent work demonstrated that
hydrated p-PB contains an average of 7.4 zeolitic water mole-
cules, with each such molecule located at an interstitial site of
the subunit.19 However, in d-PB, the lack of the octahedral
[FeII(CN)6]4� creates a center cavity, which contains more water
molecules. This could be the cause of the larger number of water
molecules, 14–16, detected in PB by experiments.26,27,32 The
water inside p- and d-PB plays an important role in ion inter-
calation and controls the redox process.5 Wu et al. reported that
the coordinated and zeolitic water in d-PB prohibits Na from
intercalation, and suggested that p-PB has a greater ion capacity
than d-PB for Na-ion battery technology.9,10 The water structure
inside d-PB was confirmed by the neutron diffraction study of
Herren et al.29 and the neutron scattering study of Sharma
et al.30 They suggested that there are three kinds of water sites
in a d-PB lattice, namely, the coordinated water molecules at 24e
empty N sites, and the non-coordinated ones in the 32f spherical
cavity and at 8c interstitial sites (see Fig. 1). By contrast, p-PB has
only non-coordinated water molecules (zeolitic water) at 8c
interstitial sites. PBs are capable of adsorbing alkaline, alkali,
and some small organic cations in aqueous solution.33 It has
been hypothesized that the adsorption mechanism of PB occurs
via ion–ion and ion–water exchange processes depending on the
structure of PB.18,19,26,34 In 2014, Ishizaki et al. proposed that
Cs+ is adsorbed into d-PB’s spherical cavity sites by chemical

adsorption with proton exchange; the mechanism occurs with an
acidic environment.35,36

Recently, we investigated the adsorption site of alkali ions in
p-PB by using a statistical mechanics theory of liquids, called
the ‘‘three-dimensional (3D)-reference interaction site model
(RISM)’’. Our results show distinct adsorption sites between
small ions (Li+ and Na+) and large ions (K+ and Cs+). Moreover,
we calculated the number and configuration of water molecules
around and inside p- and d-PB. The results demonstrated that
at least one water molecule is located at the 8c interstitial site
of p-PB19 and approximately 14 water molecules are located in
different positions inside d-PB,37 in accordance with the experi-
mental studies of Herren et al.29 and Sharma et al.30 Despite
there are a number of studies on selective ion adsorption
and transportation through PB, the mechanisms remain to
be clarified; for example, the dehydration number and its
configuration after ions are intercalated into d-PB still have
inconsistent conclusions. The dehydration numbers of PBA
compound, such as nickel hexacyanoferrate (NiHCF), intercalated
by Cs+ were reported as two and three water molecules.18,21,38

Also, the results of intercalation of Na+ into NiHCF are in
conflict; for instance, Yu et al.21 reported that there was no
water molecule exchange while Lasky and Buttry38 showed that
0.5 or at least one molecule was expelled after Na+ was inter-
calated. Moreover, to our knowledge, there are no reports on
the number of dehydration when FeHCF is the host material for
ion intercalation.

This work is devoted to the solvation of alkali ions in d-PB
and to the number of exchange water molecules during the
intercalating process. The 3D-RISM method was applied to
investigate the 3D-distribution functions (DFs) of the Li+, Na+,
K+ and Cs+ ion and water configurations inside the unit cell of
d-PB which lacks the central hexacyanoferrate. It should be
noted that we focus on d-PB with a central vacancy, while
defects on the other sites of d-PB are not included in this
study. To analyze the solvation of an ion in d-PB, an explicit ion
was applied to the adsorption site and then the 3D-DFs of the

Fig. 1 Schematic illustration of the Wyckoff crystallographic position of (a) d-PB (FeIII
4 [FeII(CN)6]3�xH2O) in comparison to (b) a lattice of p-PB (FeIII

4

[FeII(CN)6]4�xH2O). The connection between Ow and 24e FeIII in d-PB is added as a guide for the eye. The letters M and M0 stand for transition metal ions in
PBA compounds. The water positioned at the 32f spherical cavity and in 8c interstitial sites in both structures was omitted for better vision.
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solvent were calculated. The results could indicate the adsorp-
tion sites of the ions, and their solvation structure in d-PB.

Computational method

To obtain the ion and water distribution, we considered a single
unit of d-PB that was missing the central hexacyanoferrate as a
solute, which was taken from X-ray crystallography of Buser
et al.26 The bond lengths between atoms in FeII–C, FeIII–N, and
C–N are 1.923, 2.029, and 1.131 Å, respectively. To fulfill the Fe
coordination complex structure, we added cyanide ligands onto
the surface of the subunit lattice site except at the 24e empty N
site (see Fig. S1 in the ESI†), these ligands were removed before
performing the 3D-RISM calculation. All the water molecules
were treated as the ‘‘solvent’’ in the 3D-RISM calculations.

To assign the partial atomic charge on the solute, the electro-
static potential charges were obtained from the CHELPG fitting
method39 at the DFT level, using the Becke three-parameter,
Lee–Yang–Parr (B3LYP) exchange–correlation functional.40,41 The
effective core potential of Hay and Wadt (LANL2DZ) was used for
the frozen inner-core electrons (1s, 2s, and 2p orbitals) of all Fe
atoms,42,43 and the 6-31G(d) basis set was applied for all C and N
atoms of the cyanide ligands.44–47 The DFT calculations were
performed as single-point energy calculations without geometry
optimization, and the spin multiplicity of mixed-valence Fe was
21, as suggested by Schulte and Frank.48 All DFT calculations in
this study were performed using the Gaussian 09 Revision E.01
program package.49 The atomic coordinates and ESP charges of
each atom are explicitly listed in Table S1 in the ESI.†

The 12-6 Lennard-Jones parameters, ei and si, of each d-PB
atom were taken from the unified force field21,50 (see Table 1 in
ref. 19). The water and ions of aqueous solutions of LiCl, NaCl,
KCl, and CsCl were described by SPC and OPLS parameters,
respectively (see Table 2 in ref. 19). The solvent–solvent correla-
tion functions of the electrolyte solutions were obtained by
dielectrically consistent RISM (DRISM).51,52 The concentration,
temperature, and dielectric constant in the DRISM calculations
were 0.1 M, 298 K, and 78.5, respectively. The number of grids
in the calculations was 8192 and the width was 0.02 Å. The d-PB
lattice was individually subjected to the electrolyte solutions at
infinite dilution. Then, the 3D-RISM equation53 was solved
coupled with the Kovalenko–Hirata closure equation (KH
closure).54,55 The box size in all 3D-RISM calculations was
64 � 64 � 64 Å3 with a spacing of 0.25 Å, which created
256 � 256 � 256 grid points. The potential parameters of the
explicit ions were the same as those in the implicit ion calcula-
tion. For the explicit ion calculations, we used bulk water as a
medium to investigate ion solvation in d-PB. The numerical
tolerance for DRISM was 1 � 108 and for 3D-RISM was 1 � 106.
The DRISM and 3D-RISM calculations were performed using
in-house software.56 We have checked that the box size is
sufficient to meet charge neutrality of the system by integrating
the charge density of ions. The total net charge of d-PB and the
electrolyte solutions in the calculation box is �12.7 and 12.6,
respectively, so charge neutrality is certainly satisfied.

Results and discussion
Ions in bulk solutions

The selective adsorption of ions into the materials from aqu-
eous solution was analyzed by comparing the solvated structure
of ions in bulk water and in the materials. We performed
3D-RISM to obtain the solvation structure of each ion, i.e.,
Li+, Na+, K+, and Cs+, in a bulk water environment. The radial
pair distribution functions (RDFs) between the cations and the
oxygen of water (Ow) in bulk water are shown in Fig. S2 in the
ESI.† The first maximum positions of the RDFs corresponding
to the first solvation shell were at 2.1, 2.4, 2.9, and 3.3 Å for Li+,
Na+, K+, and Cs+, respectively; this was in good agreement
with previous experimental and simulation results.57,58 The
water coordination number (cn) of an ion was calculated by
integrating the RDF of water from the center of the ion into the
first solvation shell,

cn ¼ 4pr
ðb
0

gðrÞr2dr (1)

where r and b are the water density and the radial distance of
the first minimum of the RDF, respectively. We found that in
bulk solution, Li+, Na+, K+, and Cs+ were coordinated by 3.91,
4.39, 5.12, and 6.68 water molecules, respectively, which fall
within the range reported in the literature.59–61 It should also
be noted that the first solvation shell and the cn of the ions
were in accordance with the ionic sizes.

Water distribution inside d-PB

Fig. 2(a) illustrates the isosurface plot of the 3D distribution
function (3D-DF) of Ow in d-PB with gOw

(r) = 5. The term
gOw

(r) = 5 in this context means that the probability to find Ow

at position r is five times greater than that in the bulk; this term
also applies to all the other solvent species in our calculation for
the following discussion.62 The 3D-DF of Ow demonstrates
the high distribution of water at the 24e empty N sites, and 8c
interstitial sites, and a broad peak at the 32f spherical cavity site
can be observed at gOw

(r) o 5. The contour plots for the 3D-DF of
Ow are depicted in Fig. 2(b and c); the contour planes pass
through the isosurface on the (002) and (004) plane, as defined
in Fig. 2(a). The results from the contour plot on the (002) plane
show four strong peaks at the 24e empty N sites. These four
strong peaks represent the solid water coordinated to FeIII at the
sites. The angular averaging of the 3D-DF of Ow inside the unit
cell around 24e FeIII (Fig. 3) shows the distance between FeIII and
Ow at the 24e empty N sites to be 2.13 Å, which is in good
agreement with experiments.27,32 In the same plane, the contour
plot also exhibits a broad peak at the center of the d-PB lattice;
this peak represents non-coordinated water, which is related to
the high probability of finding a water molecule in the region of
the 32f spherical cavity. The contour plot on the (004) plane and
its virtual image on the (00�4) plane show moderate heights for
four peaks (eight in total) (Fig. 2(c)); these peaks represent
another type of non-coordinated water in the d-PB lattice, which
is located at the 8c interstitial sites. Besides these four peaks,
we can observe another strong peak of coordinated water on the
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(004) and (00�4) planes. These water site positions, 24e, 8c, and
32f, are consistent with the experimental results of Herren
et al.29 and Sharma et al.30 The number of water molecules in
the d-PB system was calculated by integrating eqn (1), and is
summarized in Table 1. We found that 14.05 water molecules
were distributed in d-PB, which indicated that there were six
coordinated water molecules at the 24e empty N site, eight non-
coordinated ones at the 8c interstitial site, and others inside the
32f spherical cavity site of d-PB.

Ion distribution in d-PB

In this part, we discuss the distributions of ions in d-PB. It is
noted that 3D-RISM/KH tends to underestimate the peak
heights and the cn of ions.63 However, the theory well repro-
duces the peak position of ions compared with the experi-
mental data.62,64

The 3D-DFs of ions inside d-PB are shown in Fig. 4. The
3D-DFs of Li+ and Na+ showed similar patterns, with their
highest peak appearing to shift slightly toward the 8c inter-
stitial site and align on the diagonal axis. We could not observe

a distribution greater than 8 at the center of the 32f spherical
cavity site. In p-PB, the peaks of the distribution of Li+ and
Na+ appeared at the channel entrance or window,19 however,
these peaks disappeared in this study (Fig. 4(a and b)).

Regarding the larger ions, the 3D-DFs of K+ and Cs+ showed
a shape different from that of smaller ions. The distribution
peaks of the 3D-DF of K+ appeared at two sites: the first high
distribution was on the diagonal axis, the same as Li+ and Na+

(Fig. 4(a and b)), and the other high peak of K+ was located at
the most central site of the d-PB unit cell. However, Cs+ was
distributed only at the center site. These results reveal the
different adsorption sites between small and large ions.

Explicit ions and solvation structure

Solvated structure of explicit Li+ and Na+. To determine the
water coordination to ions inside d-PB, we calculated the 3D-
DFs of water in a d-PB system with an explicit ion, Li+ or Na+,
located at the highest distribution position (Fig. 5(a)). The RDF
of water with respect to the explicit ion was calculated by
angular averaging of the 3D-DF, and the coordination number
(cn) of each explicit ion was calculated by integrating the RDF
(Fig. 6(b)). The results indicated that the ion is solvated by
tetrahedral water molecules; Li+ and Na+ are coordinated with
three water molecules from the 24e empty N site and one water
molecule from the 8c interstitial site (Fig. 5(a)). The RDFs of ion–
water demonstrate that the positions of the first peak of gLiOw

and gNaOw
inside d-PB are the same as those of gLiOw

and gNaOw
of

the bulk solution (Fig. 6(a and b)). This demonstrates that the
hydrated ion in PB has the same size as that in bulk solution.

The number of water molecules in d-PB with an explicit ion
is 13.87 for Li+ and 13.39 for Na+, while that without an explicit
ion is 14.05. This indicates that d-PB adsorbs Li+ without water–
ion exchange, which is similar to Li+ adsorption in p-PB. Our
finding is consistent with the experimental studies in the
literature18,34,38 that there is no water lost when the small ions,
Li+ or Na+, are adsorbed into d-PB.

Solvated structure of explicit Cs+. The 3D-DF of water with
explicit Cs+ was the most characteristic; it showed one sharp

Fig. 3 RDF between 24e FeIII and all 14 of the Ow inside the d-PB lattice
(full line) and its cn (dashed line). The highest peaks of the first, second, and
third solvation shells appear at 2.13, 4.04, and 5.08 Å, respectively.

Fig. 2 (a) An isosurface plot of the 3D-DFs of Ow when g(r) = 5. The distributions around the 8c interstitial site and the 24e empty N site are colored gray
and blue, respectively. (b and c) Contour plots of the 3D-DF of Ow on the (002) and (004) planes, respectively. The white squares represent the area inside
the d-PB lattice where the planes (transparent red) pass through, and the white circles represent all the FeII/III ions located on the (002) plane.
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peak only at the most central 32f spherical cavity, indicating
that the Cs+ site is located at the central vacancy of FeII(CN)6

(Fig. 4(d)). The RDF between Ow and Cs+ in d-PB is compared
with the bulk solution in Fig. 6(d). The first peak of gCsOw

in the
d-PB system shows a slight shift toward the center, which
means that the hydrated Cs+ in d-PB is slightly smaller than
that in the bulk solution. Moreover, the water coordination
number of the explicit Cs+ in d-PB indicates that the Cs+ ion is
solvated by six water molecules in an octahedral molecular
geometry (Fig. 5(b)). These solvated water molecules are located
at the 24e empty N site crystallography position in d-PB, and
form a bridge between Cs+ and 24e FeIII. For the ion–water
exchange mechanism for Cs+ adsorption, the results from
the experiments as well as some simulations suggested that
the number of dehydration during Cs+ intercalation was

approximately 2.7�3.2 molecules.21,38 Comparing the number
of water molecules in the implicit and explicit ion models
(Table 1) indicates that 3.29 water molecules are lost when
Cs+ is adsorbed at the center site in d-PB.

Solvated structure of explicit K+. As mentioned above, the
distribution of K+ inside d-PB was different from the other ions.
The peaks of the 3D-DF of K+ appeared in two positions:
the first appeared toward the 8c interstitial site, similar to the
smaller ions, and the second appeared sharply at the center site
of the 32f spherical cavity, similar to Cs+. To analyze the
solvated structures, we placed an explicit K+ at both positions
separately and calculated the 3D-DF of water by solving the
3D-RISM equation. For convenience in the discussion, the
positions of the explicit K+ were defined as Ki

+ for K+ located
toward the 8c interstitial site, and Kc

+ for K+ located at the

Table 1 Overall water molecules in the d-PB structure with and without one explicit ion, and a comparison of the degree of dehydration between
FeHCF (Fe4[Fe(CN)6]3�xH2O) and NiHCF (Ni4[Fe(CN)6]3�xH2O)

Structure Overall (3D-RISM)

Degree of dehydration

FeHCF (3D-RISM) NiHCF (ref.)

d-PB without explicit ions 14.05 (ref E 14)26,27,29 — —
d-PB with explicit Li 13.87 0.18 N/A
d-PB with explicit Na 13.39 0.66 021–0.538

d-PB with explicit K 12.29c 12.79i 1.76c 1.26i N/A

d-PB with explicit Cs 10.76 3.29 2.721–3.238

iExplicit K+ at 8c interstitial sites. cExplicit K+ at the 32f spherical cavity.

Fig. 4 (Top) Isosurface plots of the 3D-DF of (a) Li+ and (b) Na+ at g(r) = 8, and (c) K+ and (d) Cs+ at g(r) = 7 inside d-PB. (bottom) Contour plots of the
3D-DF of Ow on the (101) plane of each ion species. The white rectangle represents the area inside the d-PB lattice where the (101) plane (transparent red)
passes through, and the white circles represent all the FeII/III ions located on the (101) plane.
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center of the 32f spherical cavity. The 3D-DF and RDFs of water
around both explicit K+ are shown in Fig. 6(c). The RDF of water
around Kc

+ illustrates a pattern similar to that of the explicit
Cs+: the peak is located at the same position as Cs+. This
indicates that the hydrated K+ and Cs+ have the same size,
which might be caused by the strong coordination of water to
Fe, restricting the position of water molecules. Furthermore,
the coordinated water number of Kc

+ was the same as that of
explicit Cs+. Regarding the Ki

+ position, the value of gKiOw

showed that the distance between Ow and Ki
+ was shorter than

that of Kc
+; likewise, cn significantly dropped from six to four

molecules. The numbers of water molecules inside d-PB with
explicit Kc

+ and Ki
+ were 12.29 and 12.79, respectively. Therefore,

the number of exchanged water molecules after K+ adsorption
was in the range of 1.26–1.76 molecules. We also calculated the
free energies of explicit K+ in each position and found that the
free energy for explicit Ki

+ was �14.80 kcal mol�1, whereas that

Fig. 5 Isosurface plots of the 3D-DF of Ow when (a) Li+ and (b) Cs+ were
placed as explicit ions. The red line illustrates the tetrahedral molecular
geometry of the solvation structure of Li+ and the octahedral molecular
geometry of the solvation structure of Cs+ by water.

Fig. 6 RDF between Ow and explicit (a) Li+ (pink), (b) Na+ (orange), (c) Ki
+

(green), (c) Kc
+ (brown) and (d) Cs+ (red) that were placed inside d-PB. The

black full lines are the RDFs between Ow and ions in bulk solution. The cn
of each explicit ion (colored dashed line) in d-PB and the bulk solution
(black) are shown by dashed lines.
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for explicit Kc
+ was�22.49 kcal mol�1. This indicated that K+ was

more energetically favorable at the 32f spherical cavity site of
d-PB, which is in accordance with the 3D-DF of the implicit ion.

Conclusions

We performed 3D-RISM calculations to analyze the ion–water
configuration inside d-PB. The 3D-DF results showed that the
small ions, Li+ and Na+, are adsorbed by d-PB at sites close to
the interstitial site. As for the larger ions, K+ and Cs+, their
adsorption sites are located at the center of the spherical cavity
of d-PB. Moreover, we also found that adsorbed Li+ is solvated
by four water molecules and forms a tetrahedral geometry with
the three 24e coordinated water molecules and one zeolitic
water from the 8c interstitial site. By contrast, the larger ions,
K+ and Cs+, would be solvated by only six 24e coordinated water
molecules when they are adsorbed into d-PB. We calculated the
degree of dehydration when one ion was intercalated in d-PB
and compared this with the NiHCF structure studied by other
theoretical methods and experiments. Our calculations indi-
cated that the small ions can be intercalated into d-PB without
losing water, whereas the large ions expel approximately three
water molecules when penetrating the d-PB structure.

We believe that our results are of benefit for advancing the
understanding of the mechanism underlying selective ion adsorp-
tion in PB, which is important for improving the electrochemical
process and designing new materials effective for removing
hazardous radioactive metals from contaminated water.
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