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1. Introduction

The urgency of developing post-Li battery
systems has sparked increasing research
on previously underexplored alternative
battery chemistries such as those involving
other alkali metals (Na and K)[1–3] and
multivalent ions (Mg, Ca, and Al).[4–11]

Compared to Li, all the considered
elements are more abundant by several
magnitudes.[12] Because multivalent ions
need a lower number of intercalants to
achieve the same number of electrons
transferred by intercalating Liþ, using mul-
tivalent ions makes it potentially feasible to
increase electrochemical capacity of inter-
calation electrodes and thus to significantly
increase the energy density of cells utilizing
these electrodes compared to Li cells.
Compared to Mg2þ and Al3þ, Ca2þ has
the additional advantages of (i) higher
energy density due to a more negative
redox potential (Ca2þ/Ca vs Mg2þ/Mg vs
Al3þ/Al: �2.9 vs �2.4 vs �1.7 V, vs stan-
dard hydrogen electrode (SHE)) that should

result in a higher cell voltage, and (ii) faster reaction kinetics
because Ca2þ should be more mobile in electrode materials
due to a lower charge density (charge over size, Ca2þ vs Mg2þ

vs Al3þ: 2.0 vs 2.8 vs 5.7 e Å�3).[13] The absence of Ca dendrite
growth on a metallic Ca anode at realistic current densities
makes Ca2þ even more attractive,[14] as the risk of short-circuit
and thermal runaway is removed.

Identifying suitable intercalation cathode materials to host
Ca2þ is crucial for Ca-ion batteries (CIBs). Although CIB
research is at an early stage, researchers have made progress
on materials discovery, reporting a range of cathodes including
layered metal oxides,[15,16] Prussian blue analogues (PBAs),[17,18]

and chalcogenides,[19,20] as well as a few organic materials.[21,22]

Undoubtedly, these cathodes have their respective advantages
and disadvantages, but from the standpoint of fundamental
scientific research, they diversify the knowledge of materials
electrochemistry and foster a balanced pathway to push forward
the development of CIBs.[23] PBAs are a particularly interesting
family of CIB cathodes. They have a general formula
AxM[Fe(CN)6]1�y⋅□y⋅nH2O (0< x< 2; y< 1), where A represents
the intercalating ion, M represents N-coordinated transition
metal ion, and □ represents [Fe(CN)6] vacancies. The crystal
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With multivalent ion batteries being considered viable post-lithium energy
storage technologies, the last few years have seen increasing interest in inter-
calation type cathode materials for Ca-ion batteries (CIBs). Prussian blue
analogues (PBAs) display many positive attributes such as open structural
framework, large interstitial sites, and versatile transition metal redox activity.
The PBA cathodes reported for CIBs often contain K-ion or Na-ion due to the
syntheses involving the use of potassium or sodium hexacyanoferrate. It has
been long overlooked whether the presence of K-ion or Na-ion in pristine PBAs
could affect the Ca-ion storage in the PBAs when assessing their CIB perfor-
mance. Through a combined experimental and computational investigation, this
work reports that when Kþ/Naþ is present in the pristine PBAs, K/Na interca-
lation is preferred by the PBA structure over Ca intercalation even in the Ca cells.
Ca-ion intercalation can be increased when the Kþ/Naþ content in the pristine
PBAs is reduced, shifting from a K or Na-dominated intercalation process to a
Ca/K or Ca/Na co-intercalation process. This work consolidates that PBAs are an
interesting and versatile intercalation host for several ions, but investigating
PBAs as intercalation cathodes requires careful consideration of all ions present
in the battery system.
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structure of PBAs is characteristic for a three-dimensional (3D)
open framework with large interstices to allow the accommoda-
tion of ions and their diffusion in three dimensions, as well as
small lattice strain during repeated ion intercalation. In combi-
nation with the high redox potential of Fe2þ/3þ and the diversity
of transition metal ion M, the structural feature enables
quick solid-state diffusion of intercalating ions, making PBAs
a favorable cathode choice for a wide variety of post Li-ion
batteries.[24–27] CIB is no exception in this regard, and some
of the best cathode performances of CIBs were obtained using
PBAs.[21,28,29]

Despite the performance development, the Ca intercalation
mechanism in PBAs seems ambiguous from literature, being
vastly different from study to study. Synthesis of PBAs almost
certainly involves using potassium or sodium hexacyanoferrate
(Fe2þ or Fe3þ) as one of the precursors, which inevitably intro-
duces Kþ or Naþ in the as-synthesized PBAs. However, it has
long been overlooked how the Kþ or Naþ present in the pristine
PBA cathode affects Ca intercalation in a Ca cell. Regarding K-
containing PBAs, Shiga et al. reported the first demonstration in
Ca cells using nonaqueous electrolytes.[17] K0.1Mn1Fe1.1(CN)6
showed two redox pairs, which the authors ascribed to different
steps of Ca intercalation into different crystallographic sites in
the cathode by referencing an earlier work of aqueous Ca2þ

electrolytes.[30] Tojo et al. tested Ca intercalation in
KxNiFe(CN)6·nH2O in Ca cells,[31] detecting that Ca content
increased after initial discharge (intercalation) and Ca and K con-
tents both decreased after the following charge (deintercalation).
The results had no indication of the influence of Kþ on Ca inter-
calation because the intercalation process from the 2nd cycle was
not investigated. Two reports of KFeFe(CN)6 claimed that after
the initial deintercalation, Ca2þ replaced Kþ as the intercalating
ion.[21,28] Two recent reports of KxCuFe(CN)6 did not acknowl-
edge the potential influence of pre-intercalated Kþ.[18,32]

Compared to K-containing PBAs, there has been very limited
work on Na-containing PBAs for CIBs. Ingram et al. demon-
strated Ca2þ can intercalate in and deintercalate from
NaxMnFe(CN)6 and NaxNiFe(CN)6,

[33,34] and the authors made
an effort in showing that residual Naþ absorbed on the graphite
foil current collector before cycling in the Ca cell can intercalate
into the cathode together with Ca2þ. Although there was no
discussion on the influence of Naþ on Ca intercalation, these
works hint at an active participation of Naþ and Kþ in the
CIB operation.

In this work, we investigate the Ca intercalation mechanism in
K- and Na-containing PBA materials through experimental char-
acterization and computational modeling. We reveal the pro-
found effect of the Kþ and Naþ presence in PBAs on the Ca
intercalation mechanism. We show that both intercalation of
K and Na is preferred over Ca even in a Ca- electrolyte environ-
ment. As a result, when testing in Ca cells, intercalation in K- and
Na-containing PBAs was dominated by K and Na intercalation,
respectively; reducing the initial K and Na content in the PBAs
can enhance Ca intercalation. Our investigation provides clarifi-
cation to the Ca intercalation process in the PBA cathodes, and
our results emphasize the importance of taking into consider-
ation preexisting ions in CIB cathode materials when studying
intercalation mechanisms. We also highlight the concept of

hybrid cells and co-intercalation in battery research, which can
contribute to materials design for divalent ion batteries.

2. Results and Discussion

2.1. Structural Characterization

The PB samples synthesized by using K and Na precursors and
denoted as KPB and NaPB, respectively, were characterized by
microwave plasma atomic emission spectroscopy (MP-AES,
Table S1, Supporting Information), elemental analysis (EA,
Table S2, Supporting Information), and TGA (Figure S1,
Supporting Information). The composition of KPB and
NaPB are estimated to be K2Fe[Fe(CN)6]·0.44H2O and
Na1.68Fe[Fe(CN)6]0.92·1.63H2O, respectively. It suggests the use
of K citrate is effective in reducing [Fe(CN)6]

4� anion vacancies
and increasing K content. We examined the crystal structures of
the samples by analyzing the XRD patterns. The KPB pattern
(Figure 1a) can be indexed to a monoclinic phase (space group
P21/n) and the NaPB pattern (Figure 1b) can be indexed to a mix-
ture of monoclinic (space group P21/n) and cubic (Fm-3m)
phases with a ratio of 85%:15%. Based on the compositions, both
XRD patterns were successfully fitted with satisfying R values
(Table S3–S5, Supporting Information), confirming that the esti-
mated compositions and refined structures were consistent.
The refined structures agree with literature.[35–37] The FT-IR
spectra of KPB and NaPB are shown in the top part of
Figure 1c,d, respectively. The characteristic Fe hexacyanoferrate
bands are seen in both samples, locating at ≈2070, ≈595, and
≈450 cm�1, corresponding to υ(C≡N) (KPB: 2069 cm�1;
NaPB: 2065 cm�1), υ(Fe-C) (KPB: 592 cm�1; NaPB: 592 cm�1)
and δ(Fe-C-N) (KPB: 455 cm�1; NaPB: 456 cm�1), respec-
tively.[38,39] The red shift of υ(C≡N) indicates the higher water
content in NaPB compared to KPB. This is consistent with pre-
vious literature.[40] Also, the noticeable bending mode of water at
1615 cm�1 suggests the higher water content in NaPB than KPB.
The Raman spectra of KPB and NaPB are shown in the bottom
part of Figure 1c,d, respectively. The peaks in the 450–620 cm�1

range (KPB: 515/589 cm�1; NaPB: 516/591 cm�1) are character-
istic for all the Fe–C stretching vibrations of the lattice.[41,42]

The peaks in the 190–340 cm�1 range represent the Fe─CN─Fe
bond deformation vibrations.[42] The major peaks in the
2000–2200 cm�1 are characteristic CN bond, exhibiting a CN Eg
vibrational mode at the lower wavenumber (KPB: 2082 cm�1;
NaPB: 2110 cm�1) and a CN A1g vibrational mode at the higher
wavenumber (KPB: 2122 cm�1 NaPB: 2134 cm�1).[43] Cyanide
ligands are coordinated to Fe ions with different oxidation state
(FeIII/II�CN�FeIII/II) that influences the wavenumber of vibra-
tional modes. Wavenumber increases upon the increase in the Fe
oxidation state, as the higher is the Fe oxidation state, the more
effective is the Fe cation to CN� σ-bonding. The lower wavenum-
bers of KPB compared to NaPB shows the lower average oxida-
tion state of Fe in KPB.[44]

SEM and TEM (including HRTEM) images reveal different
morphologies of KPB and NaPB (Figure 2). KPB consists of small
nanoparticles with the size in the range of 50–70 nm (Figure 2a).
TEM image (Figure 2b) shows the irregular shape of the nano-
particles and their agglomeration. HRTEM image (Figure 2c)
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displays lattice fringes with the d spacings of 4.51, 4.52, and
5.10 Å, corresponding to the (111), (-111), and (011) planes,
respectively. The different d spacings are due to the nonuniform
oriented growth of the nanoparticles; nevertheless, the crystalline
nature of the nanoparticles is evidenced. NaPB displays a cubic
morphology, and the sizes of the cubes are in the range of
1–3 μm (Figure 2d,e). Due to the size and thickness, diffractions
were taken from small segments (inset in Figure 2e) peeled off
from the cubes. The concentric diffraction rings can be assigned
to the (200) and (420) planes (Figure 2f ).

2.2. Ion Intercalation Mechanisms

We first tested as-synthesized KPB directly as a Ca cathode in Ca
cells using 1 M Ca(ClO4)2 in ACN as the electrolyte, ACC as
the counter/reference electrode, and in the voltage range of
�0.6–1.1 V (vs. ACC). The potential of ACC was calibrated to be
0.28 V versus SHE by using ferrocene redox pair (Figure S2,
Supporting Information). Figure 3a shows the CV curves of
KPB in the initial three cycles. KPB shows two reduction

(intercalation) peaks at 0.51 and �0.12 V, and the corresponding
oxidation (deintercalation) peaks are at 0.63 and 0 V, respectively.
The two pairs of peaks are well defined and overlap well in the
following cycles, suggesting a two-step ion intercalation process
in KPB consisting of the reduction of low-spin (LS) Fe at the
higher voltage and the reduction of the high-spin (HS) Fe at
the lower voltage.[45] Although the two redox pairs agree with pre-
vious literature of K-containing PBAs in Ca cells,[17,21,28] unlike
the literature, at this stage we are cautious to assign the redox
peaks to Ca intercalation, as we will discuss later, there might
be other ion(s) competing with Ca2þ or even dominating the
intercalation. Interestingly, the intercalation peak voltages
0.51/�0.12 V versus ACC in this work (3.72/3.09 V vs Kþ/K)
closely resemble the ones of K intercalation in KPB (3.80/3.11 V
vs Kþ/K) from previous reports.[36] We tested the KPB sample in
K cells (Figure S3, Supporting Information), and indeed K inter-
calation peaks are at 3.70 and 3.08 V versus Kþ/K (0.49 and
�0.13 V vs ACC), which are close to the ones seen in the Ca cell
and shown in Figure 3a. The GCD curves of KPB at 30mA g�1

(Figure 3b) exhibit two discharge (charge) plateaus that align well

Figure 1. Experimental and refined XRD patterns of a) KPB and b) NaPB. FT-IR and Raman spectra of c) KPB and d) NaPB (top: FTIR; bottom: Raman).
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with the CV curves. The average discharge and charge capacities
of the first three cycles are 92.0 and 94.7mAh g�1, respectively, at
30mA g�1. Intrigued by the resemblance of intercalation poten-
tials and voltage profiles of KPB in Ca and K cells (Figure 3a
and S3, Supporting Information),[25,36] we measured the Ca
and K contents (normalized to Fe) of the KPB electrodes during

a complete cycle in the Ca cell (the 1st discharge and 2nd charge)
by using energy dispersive spectroscopy (EDS), and the results
are shown in Figure 3c. The (de)intercalation process is
completely dominated by Kþ with a very small contribution from
Ca2þ. The K/Fe ratio increases almost linearly from 0.17 to 0.88
during discharge (point 1!3) and decreases to 0.15 during

Figure 2. a,d) SEM and b,c,e,f ) TEM images of KPB (a–c) and NaPB (d–f ). The inset in (e) shows the small segments taken for the diffraction in (f ).

Figure 3. CV curves a,d) and GDC profiles b,e) of KPB (a,b) and NaPB (d,e) in the first three cycles at the current density of 30 mA g�1 in the voltage range
of �0.6–1.1 V. Ca and K contents in KPB c) and Ca and Na contents in NaPB f ) at various charge and discharge states in the first cycle. The contents are
normalized to Fe.
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charge (point 3!5), whereas the Ca/Fe ratio changes slightly,
reaching only 0.1 at the end of discharge. The charging cutoff
voltage was limited to 1.1 V versus ACC due to the breakdown
of ACN at a higher voltage, and thus we were not able to fully
depotassiate KPB (K/Fe ratio= 0.17 at point 1) after the initial
charge; nevertheless, the vastly different variations in K and
Ca contents demonstrate that even though Kþ (initially pre-
intercalated in KPB during synthesis, i.e., in the pristine KPB)
is released into the Ca electrolyte after the initial charge and
its concentration is significantly lower than Ca2þ in the electro-
lyte, subsequent intercalation cycles into KPB are dominated by
Kþ, suggesting a strong thermodynamic preference for Kþ com-
pared to Ca2þ by the PB framework.

We carried out similar tests on NaPB in Ca cells and compare
results to those for KPB. The CV curves (Figure 3d) show a weak
reduction peak at 0.52 V and a strong reduction peak at �0.17 V.
The corresponding oxidation peaks are at 0.81 and �0.10 V,
respectively. The GCD curves (Figure 3e) agree reasonably
well with the CV curves. The first discharge curve shows a slope
in the 0.1–0.6 V range and a defined plateau at ≈�0.20 V,
with the former becoming weaker in the following cycles.
The 1st and 2nd charge/discharge capacities are 54.6/72.1 and
59.9/63.8mAh g�1, respectively. Therefore, the performance of
NaPB is worse than KPB, presumably due to the much large par-
ticle size of the former (a few μm vs 50–70 nm), which worsens
ion diffusion kinetics in NaPB. We tested NaPB in Na cells
(Figure S4, Supporting Information), and the discharge curves
show a semi-plateau in the 3.20–3.70 V range and a more defined
plateau around 2.80 V versus Naþ/Na. The voltages are close to
the ones shown in Figure 3e, 0.1–0.6 V range versus ACC

(3.09–3.59 vs Naþ/Na) and �0.20 V versus ACC (2.79 V vs
Naþ/Na). Same as K, Ca, and Na contents (normalized to Fe)
were measured during a complete cycle by using EDS to investi-
gate ion intercalation (Figure 3f ), and the results show that the
intercalation process is dominated by Naþ. The Na/Fe ratio
increases almost linearly from 0.27 to 0.68 during discharge
(point 1!3) and decreases to 0.17 during charge (point 3!5),
whereas the Ca/Fe ratio remains very low, reaching only 0.1
at the end of discharge. Comparing the behavior of NaPB
(Figure 3f ) with KPB (Figure 3c), we notice that more Naþ

remains in NaPB than Kþ in KPB at the beginning of charge,
and less Na intercalates than Kþ at the end of discharge. This
observation could be due to the much larger particle size of
NaPB than KPB, leading to more sluggish ion diffusion kinetics.
Nevertheless, the same conclusion could be drawn for NaPB and
KPB: even though the Ca electrolyte has much higher concentra-
tion of Ca2þ than Naþ or Kþ (the latter only being released from
the as-synthesized NaPB and KPB in the initial charge process),
intercalation in NaPB and KPB is dominated by Naþ and Kþ,
respectively, suggesting a lower propensity of the PB host lattice
to intercalate Ca2þ compared to both Naþ and Kþ.

To validate the above observations, in the next step of our
work, we aimed at producing a PBA host for Ca that is free of
K and Na by extracting Kþ/Naþ from KPB/NaPB in a separate
cell and then testing the depotassiated/desodiated PB in a fresh
Ca cell. The depotassiated and desodiated samples are denoted as
DeK PB and DeNa PB, respectively. As shown in Figure 4a,b, the
CV and GCD curves of DeK PB show significant differences
compared to those of KPB. The LS Fe reduction peak at
0.55 V is weakened, and the HS Fe reduction peak shifts to a

Figure 4. CV curves a,d) and GDC profiles b,e) of DeK PB (a,b) and DeNa PB (d,e) in the first three cycles at the current density of 30mA g�1 in the voltage
range of �0.6–1.1 V. Ca and K contents in DeK PB c) and Ca and Na contents in DeNa PB f ) at various charge and discharge states in the first cycle.
The contents are normalized to Fe.
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lower voltage of �0.26 V. Both peaks are broader than those for
KPB in Figure 3a. As a result, the GCD curves become sloping,
and the high-voltage slope is reduced compared to the curves in
Figure 3b. The more sloping discharge plateaus could be due to
two reasons. First, Ca and K intercalation occupies different sites
in the PBA framework from the thermodynamic point of view,
leading to different energies required for the intercalation.
Second, Ca diffusion may have more sluggish kinetics due to
the bivalence and thus potentially a higher overpotential com-
pared to K diffusion. The capacity of the 2nd and 3rd cycle is
≈82mAh g�1 for DeK PB, close to that of KPB. The measured
Ca/Fe and K/Fe ratios of DeK PB during a complete cycle in
the Ca cell are shown in Figure 4c. We observed different results
compared to KPB. Some K is still present in the DeK PB sample,
and as previously explained, it is because the maximum voltage
that can be applied before decomposition of the ACN electrolyte
does not enable full removal of K. The K/Fe ratio rises to 0.37 in
the 1st intercalation step (point 1!2), but the Ca/Fe ratio
increases only slightly, which indicates the 1st ion intercalated
is still Kþ. Upon continuing discharge (i.e., further intercalation
into DeK PB, point 2!3), once Kþ is consumed from the elec-
trolyte, we do observe the Ca content to increase, reaching a
Ca/Fe ratio of 0.36 at fully discharge state. This ratio is much
higher than the one at the same stage in KPB. Both Ca/Fe
and K/Fe ratios gradually decrease during charge (point 3!5),
with first Ca content decreasing slower than K (point 3!4)
and then K content decreasing slower than Ca (point 4!5).
The initial K/Fe ratio of DeK PB prior to the Ca cell test is 0.42,
suggesting the depotassiation in the separate cell was incom-
plete; however, the K content of 0.1 after the initial charge pro-
cess in the Ca cell is lower than that in KPB. The significant
reduction of K content in DeK PB compared to KPB results in
a significant reduction of Kþ entering the Ca electrolyte after
the initial charge. The observations suggest that possibly due
to the strong preference of Kþ over Ca2þ in the PB framework,
reducing the presence of Kþ in the Ca cell does enhance Ca inter-
calation. Based on this result, it is worth emphasizing that when
applying K-containing PB as a cathode material for CIBs, care
needs to be taken to interpret intercalation mechanisms and
prove the exclusivity of Ca intercalation.

The CV (Figure 4d) and GCD curves (Figure 4e) describing the
application of DeNa PB in the Ca cell are similar to those of NaPB
(Figure 3d,e) in terms of peak positions and voltage profile.
A weak/strong intercalation peak remains at ≈0.5/≈�0.2 V.
The GCD curves show a sloping feature with an ill-defined sepa-
ration of the two intercalation steps around �0.1 V. Figure 4f
shows the Ca/Fe and Na/Fe ratio changes during (de)intercala-
tion. Compared to NaPB (Figure 3f ), DeNa PB shows the gradual
increase/decrease in Ca and Na contents during discharge/
charge. At fully discharged state (point 3), the Ca/Na ratio is
higher in DeNa PB (0.15/0.46= 1/3) than in NaPB (0.10/
0.68= 1/7). This indicates that even partially removing Naþ from
the starting PBmaterial (Na/Fe ratio was 0.5 after the desodiation
in the separate cell) enhances the amount of Ca intercalation. It is
safe to conclude that the presence of Naþ affects Ca intercalation
in the Ca cells, and similar to using K-containing PB cathodes,
using Na-containing PB as a cathode material for CIBs requires
careful investigation of intercalation mechanisms.

2.3. Computational Investigation

To quantify the energies and dynamics of Na, K, and Ca interca-
lation in PB, we carried out a computational investigation using
density functional theory (DFT) calculations. We first discuss
how the competitive intercalation of Na, K, and Ca dissolved
in a common electrolyte was simulated. Calculation of the abso-
lute intercalation voltage of Na, K, or Ca requires a description of
the reaction at the anode, which releases electrons toward the
cathode and cations into the electrolyte. Since the three cations
were dissolved in the same electrolyte and the same reaction took
place at the ACC anode irrespective of the ion intercalating in the
PB cathode, the energy contribution of the reaction at the anode
can be cancelled out by calculating the relative intercalation
energy ER of Na, K, Ca in MI

xCayFeFe(CN)6 (M=Na, K).
ER was obtained via subtracting the energy of intercalating MI

(the average energy of intercalation sites) by the energy of inter-
calating Ca (the energy at the most stable intercalation site) for all
PB compositions MI

xCayFeFe(CN)6 examined, where x and y
quantify the amount of preexistingMI and/or Ca in the structure.
A negative ER means MI intercalation is preferred over Ca
intercalation, while a positive ER means the opposite; thus, ER

illustrates the preference of intercalating Na/K versus Ca.
Various PB compositions corresponding up to 50% Fe reduction
(1 Fe per formula) were considered, including FeFe(CN)6
(x= 0, y= 0, 0%), MI

0.5FeFe(CN)6 (x= 0.5, y= 0, 25%),
Ca0.25FeFe(CN)6 (x= 0, y= 0.25, 25%), MI

1FeFe(CN)6 (x= 1,
y= 0, 50%), MI

0.5Ca0.25FeFe(CN)6 (x= 0.5, y= 0.25, 50%), and
Ca0.5FeFe(CN)6 (x= 0, y= 0.5, 50%). Figure 5a,b show ER for
K and Na, using the Ca intercalation energy at the most stable
site as reference for each MI

xCayFeFe(CN)6. The calculated
values of ER are provided in Table S6, Supporting
Information, and Ca intercalation energies in all sites relative
to the energy at the most stable site are provided in Figure S5,
Supporting Information. ER for K is negative across all the PB
compositions considered, suggesting that independently on ini-
tial composition of the PB cathode, K intercalation is favorable
over Ca, in agreement with the experimental results discussed
for KPB and DeK PB, where K dominates the intercalation pro-
cess in the Ca cell. The preference for K over Ca decreases with
the discharge process proceeding. Upon increasing the content
of intercalated ions, the absolute value of ER decreases (from
�1 eV at x= 0, y= 0–�0.6 eV at x= 1, y= 0), implying that
Ca intercalation becomes more significant nearing the comple-
tion of K intercalation, consistent with the results of DeK PB in
Figure 4c. ER for Na is once again negative across all the PB com-
positions calculated, suggesting Na intercalation is preferred over
Ca in support of the analysis for Figure 3f. However, ER for Na is
less negative than that for K, indicating a less pronounced ther-
modynamic preference for Na than for K over Ca. ER becomes
much less negative with increasing Fe reduction level. This
implies the preference of Na intercalation reduces significantly
when more Fe is reduced, which supports the co-intercalation of
Na and Ca discussed in the analysis of Figure 4f, in comparison
to the more staggered K/Ca intercalation. Overall, our calcula-
tions clearly demonstrate that K and Na intercalation are both
preferred over Ca. Consequently, care needs to be taken
when interpreting Ca intercalation mechanisms in PBAs when
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other ions derived from the as-synthesized cathode are present
in the Ca cell.

The energy barrier for migration of Na, K, and Ca in PB was
calculated to elucidate the effect of diffusion kinetics on the
experimental observations. We defined three sites in the
Fe8(CN)12 sub-cubes formed by Fe at the corners and CN ligands
along each edge (Figure S6a, Supporting Information): A is a
cuboctahedral site in the center of the sub-cubes; B is a window
site in the center of the square windows formed by Fe–CN–Fe
and connecting adjacent A site along the <100> direction; C
is an off-center site connecting site A with the corner of the
sub-cube along the <111> direction. The most stable intercala-
tion site for the larger sized K ion was found to be close to the A
site, slightly displaced toward site C (Figure S6b, Supporting
Information). The presence of K in the PB interstices causes a
tilting of the FeN6 and FeC6 octahedra. The most stable site
for the smaller Na and Ca ions at a low intercalation level
(<50% site occupancy) was found to be close to site B, ≈0.6 Å
away from the square window plane containing the Fe ions
(Figures S6c,d, Supporting Information). The presence of Na
and Ca ions in this site causes in-plane tilting of the Fe(CN)6
octahedra that shifts the N end of the CN ligands toward the inter-
calated ion. The stable sites and diffusion following intercalation
obviously affect the migration profiles and energy barriers
(Figure S7a, Supporting Information). Na ion migrates from a
B site in the <100> direction through rolling around one CN
ligand to occupy a new B site in the bottom square window
(Figure S7b, Supporting Information). This migration yields a
new minimum at the normalized coordinate n= 0.5 and a small
barrier of 0.13 eV. Ca ion shares a similar migration profile to Na
ion (Figure S7c, Supporting Information), but it has a higher bar-
rier of 0.53 eV at n= 0.5 because it causes a more pronounced
tilting distortion of the square window at x= 0 compared to Na
ion, and it cannot occupy the bottom square window at n= 0.5
due to its larger size compared to Na ion. K ion is stable at C
site and thus migrates through the center of the sub-cube
(Figure S7d, Supporting Information), showing a barrier of
0.66 eV when crossing the square windows (n= 0 and 1).

The fact that Na and Ca ions have similar intercalation sites
and follow a similar migration path may imply a stable
co-intercalation of Na and Ca due to similar in-plane tilting.
Although the K migration has a higher energy barrier for diffu-
sion in PB, it may be offset by the stronger intercalation energy
when competing with Ca (or Na) for intercalation from the elec-
trolyte. How the interplay between K migration energy barrier
and intercalation energy determines the overall behavior requires
further investigation.

2.4. Further Electrochemical Tests

We cycled DeK PB and DeNa PB at 30mA g�1 for 30 cycles to
further probe the ion intercalation process. Figure 6a shows the
GCD curves of cycle30 of the two samples. Both discharge curves
kept their features reasonably well compared to their respective
curve of cycle1 (Figure 4b,e). For DeK PB, the two slopes at the
higher and lower voltage ranges are visible (compared to
Figure 4b). For DeNa PB, the curve is declined above �0.2 V
compared to the initial cycles (Figure 4e), resulting in a reduced
capacity. Ca/K/Na content was tested after 30 cycles (Figure 6b)
and compared to the initial cycle. For DeK PB, at the discharged
state to �0.6 V (intercalation), the Ca/Fe ratio increases to 0.40
and the K/Fe ratio decreases to 0.25, showing that despite Kþ

possibly being the favorable intercalant, Ca intercalation exceeds
K intercalation over cycles (Figure 4c), shifting the intercalation
toward Ca2þ. The increase in Ca intercalation is more obvious for
DeNa PB. Ca content is more than twice as much as Na content at
the discharged state after 30 cycles, which is much higher than
0.33 (Ca/Na) at cycle1 (Figure 4f ). We acknowledge that ion
intercalation in a PB framework can be affected by many factors,
particularly considering Ca2þ as a divalent intercalant has a
strong charge interaction with the PB structure and sluggish dif-
fusion kinetics, and therefore, the cycles at which Ca intercala-
tion exceeds K/Na intercalation may differ from one PBA host to
another; however, the results here once again demonstrate that
studying PBAs for CIBs should carefully consider the cations
present in the cell beside Ca2þ, and Ca intercalation in PBAs

Figure 5. Relative intercalation energy ER of K intercalation a) and Na intercalation b) to Ca intercalation at various PB compositions MxCayFeFe(CN)6.
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must be proven. As shown in Figure 6c, DeNa PB delivers a
capacity of 56.0 mAh g�1 after 30 cycles, keeping 69% of the
capacity at cycle2, while DeK PB delivers a higher capacity of
81.7 mAh g�1, corresponding to a higher capacity retention of
99% compared to DeNa PB, which is comparable to previous
reports on K-containing PBAs.[21,28] The capacity of DeK PB starts
decaying after 30 cycles, which suggests cycling stability over a
longer term will need to be improved in the future, for instance,
by developing better Ca electrolytes. DeK PB also exhibits better
rate capability (Figure 6d), retaining capacities of 80, 71, 63, 57,
49, and 43mAh g�1 at 50, 100, 200, 300, 500, and 1000mA g�1,
respectively, and recovering 78mAh g�1 when returning to
50mA g�1. In contrast, DeNa PB retains a lower capacity at all
tested current densities with the values of 78, 50, 36, 26, 20,
18mAh g�1 at 50, 100, 200, 300, 500, and 1000mA g�1, respec-
tively. Rate capability has been rarely demonstrated for PBA cath-
odes in CIBs with non-aqueous electrolytes, and to the best of our
knowledge, the rate capability shown here is among the best so
far.[18,28,29,32] It is interesting to see the presence of Kþ, in com-
parison to Naþ, might enhance the CIB performance to some
extent, particularly the rate capability. We suspect Ca/K
co-intercalation might have a positive effect on improving Ca dif-
fusion kinetics. An in-depth investigation is needed to understand
the effect; however, it is outside of the scope of this work.

To further examine the intercalation process in DeK PB and
DeNa PB, we carried out additional measurements. Figure 7a,c

show the CV curves of DeK PB and DeNa PB, respectively, col-
lected at scan rates from 0.1 to 1.0 mV s�1. The linear fitting is
shown in Figure 7b (DeK PB) and 7d (DeNa PB). All the reduc-
tion (Re) and oxidation (Ox) peaks are identifiable and reversible,
with peak shape and voltage separation of Re/Ox peaks almost
unchanged upon increasing scan rate. The peak currents shown
in Figure 7b,d increase almost linearly to the square root of the
scan rate (R2 value of the linear fitting: DeK PB – Ox 1st: 0.992;
Ox 2nd: 0.959; Re 1st: 0.999; Re 2nd: 0.972; DeNa PB – Ox 1st:
0.997; Ox 2nd: 0.995; Ox 3rd: 0.996; Re 1st: 0.998; Re 2nd: 0.993).
This suggests diffusion-controlled reduction (intercalation) and
oxidation (deintercalation) processes in both samples. We
attempted to estimate the diffusion coefficient (D) in DeK PB
and DeNa PB based on the slopes obtained from the linear fitting
and the Randles–Sevcik equation.[46] Given that K/Ca and Na/Ca
co-intercalation take place in DeK PB and DeNa PB, respectively,
this analysis cannot give an accurate D value of Ca diffusion but
rather aims to compare ion diffusion rates between the two sam-
ples. We chose the Re 1st peak for the estimation because the
corresponding intercalation step showed higher Ca content
increase compared to the Re 2nd peak, particularly for DeK
PB. Noted that the equation contains ion concentration (in
mol cm�3), which was difficult to accurately estimate due to
the nonstoichiometry of DeK PB and DeNa PB. Nevertheless, the
estimation resulted in the D value at the magnitude of 10�10

for both samples, being comparable to previous reports.[29]

Figure 6. GDC profiles a), Ca and K contents in DeK PB and Ca and Na contents in DeNa PB b) at Cycle30. Cycling performance at 30 mA g�1 c) and rate
capability d) of DeK PB and DeNa PB.

www.advancedsciencenews.com www.small-structures.com

Small Struct. 2024, 5, 2400317 2400317 (8 of 11) © 2024 The Author(s). Small Structures published by Wiley-VCH GmbH

 26884062, 2024, 12, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/sstr.202400317 by U

niversity C
ollege L

ondon U
C

L
 L

ibrary Services, W
iley O

nline L
ibrary on [03/11/2025]. 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

http://www.advancedsciencenews.com
http://www.small-structures.com


Raman spectra of DeK PB (Figure S8, Supporting Information)
and DeNa PB (Figure S9, Supporting Information) at various
discharge and charge states were collected as another support
to evidence ion intercalation. The reversible peak shift of the
CN stretching modes in 2050–2200 cm�1 proves the reversible
Fe reduction and oxidation in the two samples, indicating rever-
sion ion (de)intercalation.

3. Conclusions

In summary, we carried out a mechanistic study on the Ca inter-
calation process in the PB cathodes that contain either K or Na
ion from the synthesis of the cathodes. Our work revealed that K
and Na are the preferred intercalants compared to Ca, and
K or Na intercalation was the dominating processes in the
K-containing or Na-containing PBAs, respectively, contributing
the majority capacity in the Ca cells. Reducing the initial K/Na
content in the PBAs increased the capacity contribution of Ca
intercalation. Computational investigation confirmed that not
only are K and Na intercalation preferred over Ca intercalation
at various PB compositions, but also the preference of K interca-
lation is stronger than that of Na intercalation. The DeK PB cath-
ode with a reduced K content delivered capacities of 82mAh g�1

at 30mA g�1 and 43mAh g�1 at 1000mA g�1, among the best

rate capability of the PBA cathodes for CIBs so far. Other than
the specific K/Ca and Na/Ca systems, our work sheds light on
battery systems with mixed ions and shows the importance of
clarifying the intercalation mechanisms at the atomic level to
design materials with the best-in-class performance.

4. Experimental Section

Materials Synthesis: The PBA samples were synthesized via citrate-
assisted coprecipitation. In a typical synthesis of the K-containing PBA
sample, 2.5 mmol of K4Fe(CN)6·3H2O with 10mmol of C6H5K3O7 was
dissolved in 50mL of DI water (Solution A), while 2.5 mmol of
FeSO4 · 7H2O with 10 mmol K3C6H5O7 (potassium citrate) was dissolved
in a separate 50mL of DI water (Solution B). Solution B was slowly added
to Solution A dropwise at room temperature under stirring and then the
mixture was left for an additional 5 h. The resultant precipitant was washed
thoroughly with DI water and isopropanol, and vacuum dried overnight at
60 °C. This resulted in the product denoted as KPB. The Na-containing PBA
sample (denoted as NaPB) was synthesized in exactly the same way, except
for K4Fe(CN)6·3H2O being substituted by Na4Fe(CN)6·10H2O and
K3C6H5O7 by Na3C6H5O7.

Materials Characterization: The crystal structure of the synthesized
powders was identified by Rietveld refinement of X-Ray diffraction (XRD;
Stoe STADI P) patterns collected using Mo Kα radiation (λ= 0.7093 Å).
The morphology of the products was observed using scanning electron
microscopy, energy-dispersive X-ray spectroscopy (SEM, EDS; JEOL

Figure 7. CV curves of a) DeK PB and c) DeNa PB at various scan rates. The linear fitting between peak current and the square root of scan rate for
b) DeK PB and d) DeNa PB.
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JSM-JSM-7600F), and transmission electron microscopy (TEM; JEOL JEM-
2100). The chemical compositions of the powders were determined using
microwave plasma-atomic emission spectroscopy (MP-AES; Agilent 4210
MP-AES), elemental analysis (EA; Thermo Flash 2000) and thermogravi-
metric analysis (TGA; Netzsch TG 209 F1 Libra, ramp rate of 10 °Cmin�1

in N2, flow rate 30mLmin�1). Infrared spectra were collected using
Fourier transform-infrared spectroscopy (FT-IR; Bruker ALPHA compact
FT-IR spectrometer). Raman spectra of the powders and electrodes were
recorded using a 785 nm laser (Renishaw inVia Raman spectrometer).

Electrochemical Measurement: The working electrodes were composed
of 70% PBA sample, 15% KetjenBlack and 15% poly(vinylidene fluoride)
(PVDF). The mixture was made into a slurry through the addition of
1-methyl-2-pyrrolidone (NMP). This slurry was coated onto a hydrophobic
carbon paper using a drop casting method, before being vacuum dried at
120 °C overnight. The mass loading of the active materials was between 1
and 1.5 mg cm�2. R2032 type coin cells and three electrode Swagelok cells
(SS316 stainless steel pins) were assembled in a glovebox (Ar gas,
O2< 0.5 ppm, H2O< 0.5 ppm). Activated carbon cloth (ACC, Flexzorb
FM50K knitted carbon cloth) was used as the counter/reference electrode
in coin cells and both counter and reference electrodes in Swagelok cells.
Glass fiber membranes (Whatman, GF-B) were used as the separator.
A solution of calcium perchlorate (Ca(ClO4)2, 0.5 M) in acetonitrile
(ACN) solvent was used as the electrolyte for Ca cells. In the case of K
cells, a K metal disk was used as the counter/reference electrode in coin
cells, with a solution of potassium perchlorate (KClO4, 1 M) in ethylene
carbonate: propylene carbonate (EC:PC= 1:1 in volume) being used as
the electrolyte. In the case of Na cells, a Na metal disk was used as
the counter/reference electrode, with a solution of sodium perchlorate
(NaClO4, 1 M) in ethylene carbonate: propylene carbonate (EC:PC= 1:1
in volume) being used as the electrolyte. Galvanostatic charge/discharge
(GCD) was performed on a Neware Battery cycler (BTS4000) with a poten-
tial window of �0.6–1.1 V versus ACC at various current densities. Cyclic
voltammetry (CV) was carried out on a Biologic potentiostat (VSP) with a
potential window of �0.6–1.1 V versus ACC at various scan rates. All elec-
trochemical measurements were performed at room temperature.
Characterizations of cycled electrodes involved the disassembly of cycled
coin cells inside a glovebox where the electrodes were rinsed with ACN.
They were then transferred in airtight vessels to avoid atmospheric expo-
sure before characterization.

Computational Method: DFT calculations were performed using the
CRYSTAL17 package.[47] A supercell with four [MxFeFe(CN)6] (M=Na,
K, or Ca) formula units was employed, which has a maximum of eight
intercalation sites, under periodic boundary conditions. Calculations were
performed in the P1 space group without any symmetry constraint.
Electronic exchange and correlation were described by the PBE0 hybrid
exchange functional. The use of Hartree–Fock (HF) exchange is necessary
to describe the localized nature of d electrons on Fe. Commensurate grids
for reciprocal space integration were generated, with shrinking factor
IS= 4. The default values were used for the truncation of bielectronic inte-
grals (corresponding to TOLINTEG= 7 7 7 7 14), SCF convergence and
geometry optimizations. All-electron basis sets of triple zeta plus polari-
zation quality were used for all atoms, retrieved from the CRYSTAL online
database using the following tags: (C_m-6-311G(d)_Heyd_2005),[48]

(N_m-6-311G(d)_Heyd_2005),[48] (Na_8-511G_dovesi_1991),[49] (K_86-
511G_dovesi_1991),[49] (Ca_86-511d21G_valenzano_2006),[50] and
(Fe_86-411d41G_towler_1992a).[51]

The competitive intercalation of monovalent ions (MI= K or Na) or
divalent Ca-ion during discharge in CIBs where both Mþ and Ca2þ are
dissolved in the electrolyte solution corresponds to the following reaction:

MI
xCayPBþ Aþ Δ ⋅Mnþ

el ¼ MΔMI
xCayPBþ AΔnþ (1)

where A represents the anode (ACC in this work). MI
xCayPB and

MΔMI
xCayPB represent the cathode before and after intercalation, respec-

tively. The intercalant M can be K, Na, or Ca. In this reaction, we indicate
that the PBA cathodeMI

xCayPBmay contain some pre-intercalated amount
of Mþ or Ca2þ. The competitive intercalation of an amount, Δ, of Mnþ

(Na, K, Ca) into the cathode is considered, with these ions sourced from
the electrolyte (Mnþ

el ) and balanced by the desorption of ions with overall
Δ·nþ charge from the anode.

We investigate how the intercalation energy per unit of charge, EiM,
depends on the initial composition of the cathode, MI

xCayPB, through
the equation:

EiMðMI
xCayPBÞ ¼

1
Δ ⋅ n

½EðMΔMI
xCayPBÞ þ EðAΔnþÞ

� EðMI
xCayPBÞ � EðAÞ � Δ ⋅ EðMnþ

el Þ�
(2)

The energies of solvated Na, K, and Ca, EðMnþ
el Þ, were derived from a

thermodynamic cycle using the following equation:

EðMnþ
el Þ ¼ EðMnþ

g Þ � EionizationðMÞ � EcohesiveðMÞ þ neV⊖
cellðMÞ (3)

where EðMnþ
g Þ is the energy of an isolated Mnþ calculated using the same

functional, basis set and numerical parameters as the PB materials,
V⊖
cellðMÞ is the standard reduction potential of metal M corresponding

to the reactionMnþ
aq þ ne� ! M. EionizationðMÞ and EcohesiveðMÞ are the ion-

ization potential and cohesive energy, linking the energy Mnþ to that of
solid M.[52–54]

The barriers of ion migration in PBA structure were calculated using
constrained geometry optimizations. A series of configurations were used
with the chosen migrating ion located at different x coordinates through
the sub-cubes in the supercell and along the <100> migration direction.
Energy barrier and migration pathway are utilized to compare the mobility
of different ions in the PB cathode structure.
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