
RESEARCH ARTICLE
www.afm-journal.de

Anion Vacancy Regulated Sodium/Potassium Intercalation
in Potassium Prussian Blue Analog Cathodes for Hybrid
Sodium-Ion Batteries
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Fe-based potassium Prussian blue analogs (K-PBAs) are commonly used as
K-ion battery (KIB) cathodes. Interestingly, K-PBAs are appealing cathodes for
Na-ion batteries (NIBs). In a hybrid NIB cell, where Na-ion is in the electrolyte
and K-ion is in the PBA cathode, cation intercalation and electrochemical
performance of the cathode can be significantly affected by [Fe(CN)6]4− anion
vacancy. This work studies the effect of anion vacancy in K-PBAs on regulating
K-ion/Na-ion intercalation mechanism in hybrid NIB cells, by comparing two
K-PBA cathodes with different vacancy contents. The results demonstrate that
introducing a level of anion vacancy can maximize the number of K-ion
intercalation sites and enhance K-ion diffusion in the PBA framework. This
facilitates K-ion intercalation and suppresses Na-ion intercalation, resulting in
a K-ion-dominated and high-discharge-voltage ion storage process in the
hybrid NIB cell. The K-PBA cathode with 20% anion vacancy delivers
128 mAh g−1 at 25 mA g−1 and 67 mAh g−1 at 1000 mA g−1, as well as retains
89% and 81% capacity after 100 and 300 cycles, respectively. It completely
outperforms the counterpart with 7% anion vacancy, which exhibits increased
Na-ion intercalation but overall deteriorated ion storage.
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1. Introduction

Na-ion batteries (NIBs) are a technologi-
cal analog to Li-ion batteries (LIBs) but
with several competitive benefits,[1] includ-
ing economic benefits stemming from the
low cost of sodium resources and the pos-
sibility of employing Al as the anode cur-
rent collector and chemical benefits of the
lower desolvation energy of Na+ in polar
solvents and the better interfacial kinetics
at the electrode/electrolyte interface, com-
pared with Li+.[2–4] The large size of Na+

poses a challenge for developing NIB cath-
odes that allow reversible Na+ intercala-
tion and fast Na+ diffusion.[5,6] Prussian
blue analogs (PBAs) have been explored as
a family of NIB cathodes.[7–9] The frame-
work of Na+-filled PBAs (Na-PBAs), with
a general formula NaxM[Fe(CN)6]1-y·zH2O
(0 < x ≤ 2, 0 < y ≤ 1, z < 2, M = tran-
sition metal), has large interstitial sites to
accommodate Na+ and directional chan-
nels for fast Na+ diffusion, as well as the

structural “openness” to realize small lattice strain during repeti-
tive Na+ intercalation. As a result, Na-PBAs have delivered some
of the best cathode performance for NIBs so far.[10–13] Interest-
ingly, bigger K+-filled PBAs (K-PBAs), with a similar formula
KxM[Fe(CN)6]1-y·zH2O, were initially studied as cathode materi-
als for K-ion batteries (KIBs),[14–16] but have also been demon-
strated to be appealing cathode materials for NIBs,[17–20] deliver-
ing a comparable capacity to Na-PBAs. It has been speculated that
using K-PBAs as cathodes for NIBs is an attractive approach be-
cause compared with Na+, the bigger K+ can better fit the large
interstitial voids in the PBA framework, enabling higher struc-
tural stability.[14,17,21]

In a hybrid battery system containing two cation species,
where K+ residues in a K-PBA cathode and Na+ are present in the
electrolyte, the cation intercalation mechanism has been elusive.
It is empirically expected that K+ would be extracted from the
PBA framework after initial deintercalation, and Na+ would grad-
ually replace K+ in the following intercalation processes, which
essentially transforms a K-PBA cathode to a Na-PBA cathode.
Such kind of Na+-K+ exchange has been reported,[17] where 50%
of K in a KMnFe-PBA (M = Mn) cathode was substituted by Na
after 30 cycles in a NIB cell. In contrast, no significant Na+-K+
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exchange was observed in the initial cycles of a KFeFe-PBA (M =
Fe) cathode,[19] but the result of long-term cycles remained un-
known. Noting that theoretical simulations have demonstrated
the strong dependence of cation intercalation in the PBA frame-
work on the ionic radii of the cations, and K+ intercalation took
place at a higher voltage compared with Na+ intercalation in the
same PBA framework, thus potentially providing higher energy
density.[22,23] To this end, it is crucial to regulate cation intercala-
tion mechanism of a hybrid NIB cell in a way that maximizes K+

intercalation and minimizes Na+ intercalation in a K-PBA cath-
ode, even though the Na concentration in the electrolyte is several
folders higher than the K concentration in the K-PBA cathode.

As one of the most important structural complexities of PBAs,
[Fe(CN)6]4− anion vacancy has shown a significant role in various
ion batteries.[10,11,24–28] For instance, Komoba’s group reported
that size effect is not the primary factor, but introducing a suitable
number of anion vacancy can enhance K diffusion in the cathode
and thus their KIB performance.[26] For the case of NIBs, Reg-
ulating K+/Na+ intercalation mechanism to realize the increase
in intercalation voltage and energy density of hybrid NIBs can be
strongly directed by the anion vacancy content in PBAs. To the
best of our knowledge, no direct evidence has been provided in lit-
erature with regard to the correlation between the [Fe(CN)6]4− an-
ion vacancy in K-PBAs and K+/Na+ intercalation mechanism/K-
PBA cathode performance in hybrid NIB cells, impeding the full
potential of such an interesting yet promising battery system.
Herein, we report the synthesis of KFeFe-PBAs with different
[Fe(CN)6]4− anion vacancy contents by adjusting reaction temper-
ature and the applications of KFeFe-PBAs as cathode materials
in hybrid NIBs. A comparative study on the electrochemical per-
formance, cation intercalation mechanism, and cation diffusion
kinetics of the cathodes is carried out to understand how anion
vacancy content regulates K+/Na+ intercalation mechanism. Our
results demonstrate that a higher vacancy content enhances re-
versible K+ intercalation, which in turn suppresses Na+ interca-
lation in the KFeFe-PBA cathodes, realizing the increase in inter-
calation voltage throughout the discharge process and enhancing
cycling stability over a long term. The KFeFe-PBA cathode with
20% [Fe(CN)6]4− vacancy delivered an initial discharge capacity
of 128 mAh g−1 at 25 mA g−1 and retained 89% and 81% capacity
after 100 and 300 cycles, respectively. The cathode exhibited high
intercalation voltages at 3.61 and 2.97 V in the hybrid NIB cells,
and the voltages were kept throughout the cycles.

2. Results and Discussion

The powder samples synthesized by the potassium citrate-
assisted co-precipitation method are denoted as KFeRT and
KFe60 to indicate the precipitation at room temperature
and 60 °C, respectively. Based on the results of microwave
plasma atomic emission spectroscopy (MP-AES) (Table S1,
Supporting Information), elemental analysis (Table S2, Sup-
porting Information), and thermogravimetric analysis (TGA)
(Figure S1, Supporting Information), the compositions of KFeRT
and KFe60 are estimated to be K1.49Fe[Fe(CN)6]0.8∙1.33H2O
and K1.91Fe[Fe(CN)6]0.93∙0.36H2O, respectively, suggesting the
[Fe(CN)6]4− vacancy contents of 20% in the former and 7% in
the latter. We examined the crystal structures of the samples
by the Rietveld refinement of the X-ray diffraction (XRD) pat-

terns. As shown in Figure 1a,b, both patterns can be indexed
to a monoclinic KFeFe-PBA phase (space group P21/n) with-
out crystalline impurities. Based on the compositions, the pat-
terns were successfully fitted with satisfied R values (Tables S3
and S4, Supporting Information), confirming that the estimated
compositions and refined structures were reasonably consistent.
The lattice parameters of KFeRT were determined to be a =
10.08876 Å, b = 7.26156 Å, c = 6.99231 Å, and 𝛽 = 90.472°,
and those of KFe60 were a = 10.06653 Å, b = 7.26726 Å, c =
6.94713 Å, and 𝛽 = 90.235°. All refined structures were in agree-
ment with typical monoclinic structures of KFeFe-PBAs.[14,29]

We use the structural models of [Fe(CN)6]4− vacancy-containing
(KFeVC, inset in Figure 1a) and vacancy-free (KFeVF, inset in
Figure 1b) to represent KFeRT and KFe60, respectively, in or-
der to facilitate our discussion. Both samples showed a weak
pre-edge peak at 7115.6 eV in the Fe K-edge X-ray absorption
near-edge spectra (XANES, Figure S2, Supporting Information),
demonstrating the typical octahedrally coordinated environment
of the Fe centers.[30] The main absorption peaks are observed
at 7131.5 eV for KFeRT and 7130.9 eV for KFe60, being be-
tween the peaks of Prussian White (PW) and Berlin Green (BG)
references (Figure S3, Supporting Information). In addition,
the Fourier transform infrared spectra (FT-IR) of the samples
(Figure S4, Supporting Information) show the characteristic vi-
bration modes of 𝜐(CN), 𝜐(FeC), and 𝛿(FeCN), which are com-
monly observed from hexacyanoferrates.[31,32] As shown in the
scanning electron microscope (SEM) images (Figure 1c,d), both
samples consisted of small nanoparticles and exhibited a certain
level of agglomeration. The size of primary particles is in ranges
of 30–50 nm (Figure 1c) and 50–80 nm (Figure 1d) for KFeRT
and KFe60, respectively. The higher anion vacancy content in
KFeRT than KFe60 can be indicated by the more irregular shape
of the nanoparticles in the former than the latter.[33] Transmis-
sion electron microscope (TEM) images (Figure 1e,f) further re-
veal the irregular shapes of the primary nanoparticles and their
agglomeration. High-resolution TEM (HRTEM) images (insets
in Figure 1e,f) display clear lattice fringes in both samples. The d
spacings of 2.93 Å and 3.45 Å for KFeRT correspond to the (22-2)
and (202) planes, respectively. The d spacings of 3.45 and 4.95 Å
for KFe60 correspond to the (202) and (020) planes, respectively.
The different d spacings are due to the non-uniformly oriented
growth of the primary nanoparticles in the samples; neverthe-
less, the crystalline nature of the nanoparticles can be confirmed.
Our compositional and structural analyses reveal that KFeRT and
KFe60 have similar structures and non-stoichiometric composi-
tions that contain [Fe(CN)6]4− anion vacancy, and a lower precipi-
tation temperature leads to a higher vacancy content[7] in KFeRT
being approximately three times higher than KFe60 (20% versus
7%). As will be discussed later, increasing vacancy content is cru-
cial to enhance the NIB performance of KFeFe-PBAs.

We next examined the electrochemical performance of KFeRT
and KFe60 as cathode materials in Na half-cells, using 1 m
NaClO4 in ethylene carbonate:propylene carbonate (EC:PC =
50:50% vol.) as the electrolyte in the voltage range of 2.0–4.3 V
(versus Na+/Na). Since the pristine samples were pre-intercalated
with K+ and the electrolyte only contained Na+, the electrochem-
ical measurement began with a charge process to extract K+.
Figure 2a compares the typical Cyclic voltammetry (CV) curves
after the initial charging process of both samples. KFeRT exhibits
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Figure 1. XRD patterns and fitted curves of a) KFeRT and b) KFe60, SEM images of c) KFeRT and d) KFe60, and TEM images of e) KFeRT and f) KFe60
(inset: HRTEM images).

two pairs of redox peaks at 3.54/3.69 and 2.92/3.08 V, correspond-
ing to the redox reactions of C-coordinated low-spin (LS) Fe and
N-coordinated high-spin (HS) Fe, respectively, suggesting a two-
electron transfer process.[7] Noted that an increase in the inter-
calation voltages is noticeable in KFeRT (3.54 and 2.92 V) com-
pared to the control sample NaFeRT (3.27 and 2.78 V, Figure S5a,
Supporting Information) synthesized by using the same method
of KFeRT (Figure S6, Supporting Information). The intercala-
tion voltages of NaFeRT are in good agreement with previously
reported Na-PBA cathodes with different particle sizes.[34,35] As
will be discussed in the next section, it is K+ intercalation, in-
stead of Na+ intercalation, that is responsible for the voltage
increase,[18,19,22] even though the amount of Na+ in the electrolyte
is several times higher than the amount of K+ in KFeRT, and such
a difference is caused by the difference anion vacancy contents
in the two samples. Interestingly, KFe60 exhibits an extra pair
of peaks at 2.78 and 2.92 V. The intercalation voltage (2.78 V)
agrees with the voltage at which HS Fe is reduced in NaFeRT
(Figure S5a, Supporting Information), which suggests that an
extra process of Na+ intercalation may have occurred. Figure 2b
compares the galvanostatic charge–discharge (GCD) profiles af-
ter the initial charging process of the two cathodes. The voltages
at which discharge plateaus appear agree with the CV results,
including the small semi-plateau centering at 2.78 V, which is
observed from both KFe60 and NaFeRT (Figure S5b, Support-
ing Information), once again suggesting a Na+ intercalation pro-
cess. The differences in CV and GCD curves between KFeRT and
KFe60 are unchanged in the next cycle, with KFe60 exhibiting an
extra reduction CV peak and a plateau split (Figure S7, Support-
ing Information). KFeRT delivered discharge and charge capaci-
ties of 128.4 and 139.4 mAh g−1, respectively, at 25 mA g−1, be-
ing higher than those of KFe60 (113.5 and 122.5 mAh g−1). Also,
KFeRT exhibited great cycling performance (Figure 2c), retain-
ing 114.0 and 103.8 mAh g−1 after 100 and 300 cycles at 25 mA
g−1, respectively, corresponding to 89% and 81% capacity reten-

tion and completely outperforming KFe60 (64% (72.3 mAh g−1)
after 300 cycles). KFeRT delivered 126, 113, 104, 95, 85, 75 and
67 mAh g−1 at 50, 100, 200, 300, 500, 750, and 1000 mA g−1,
and maintained 112 mAh g−1 when being cycled back to 50 mA
g−1 (Figure 2d). In stark contrast, KFe60 exhibited significant
capacity fading from 105 to 78 mAh g−1 when current density
was increased from 50 to 100 mA g−1. Moreover, the capacity
was <50 mAh g−1 at higher current densities (≥500 mA g−1).
The GCD profiles at various current densities can be found in
Figure S8, Supporting Information. Furthermore, KeFeRT re-
tained 72.3 mAh g−1 after 700 cycles at 100 mA g−1 (Figure 2e),
outperforming KFe60 at the same condition (48.3 mAh g−1).
Since the main difference between KFeRT and KFe60 is the
[Fe(CN)6]4− anion vacancy content, that is, 20% versus 7%, our
results indicate that anion vacancy content can affect the cation
intercalation mechanism in K-PBAs when they are used as cath-
odes in NIBs, and as a result, a higher vacancy content can en-
hance the NIB performance of the K-PBA cathode. How increas-
ing anion vacancy content in K-PBAs regulates Na+/K+ intercala-
tion and thus improves NIB performance is not only exciting but
also intriguing, because previous literature favored a low anion
vacancy content to be a crucial prerequisite for PBA cathodes in
NIBs.[10,11,34,35] We are mindful that previous literature discussed
NaFeFe-PBAs in this regard, whereas we present here KFeFe-
PBAs being used in Na cells, but this makes our results even
more exciting and intriguing because to the best of our knowl-
edge, the understanding of the dependence of Na+/K+ intercala-
tion on the [Fe(CN)6]4− vacancy content in KFeFe-PBAs has never
been reported.

We then draw our attention to cation intercalation processes,
as the CV and GCD results have clearly suggested the processes
were different between the two samples. We carried out ex situ
MP-AES analysis on the KFeRT and KFe60 electrodes at various
states of cation (de)intercalation (Figure 3a,b) and examined the
Na and K contents (normalized to Fe) at each state. Note that
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Figure 2. a) CV curves at the scan rate of 0.05 mV s−1, b) GCD profiles and c) cycling performance at 25 mA g−1, d) rate capability, and e) long-term
cycling performance at 100 mA g−1 of KFeRT and KFe60.

the key difference lies in the discharge/charge plateau split at
2.8 V (state 3)/3.05 V (state 5) for KFe60. In the case of KFeRT
(Figure 3c), the Na and K contents increased almost linearly dur-
ing discharge. However, K+ was the dominating cation, as K/Fe
ratio was 0.55 after the first discharge plateau (state 2) and fur-
ther increased to 0.91 at the end of discharge (state 3). K/Fe
ratio was consistently and significantly higher than Na/Fe ra-
tio (0.13 at state 2 and 0.21 at state 3). The K-dominated inter-
calation seen here confirms the selectivity of the PBA frame-
work toward K+ rather than Na+ and explains the higher in-
tercalation voltages in this work compared with the voltages of
NaFeRT and the NaFeFe-PBA cathode in literature.[10,11,34,35] A
reverse change of the K/Fe and Na/Fe ratios was observed dur-
ing the following charge (states 4 and 5). In the case of KFe60
(Figure 3d), K+ dominated the intercalation before the plateau
spitting at 2.8 V (state 3). But a sharp increase in Na/Fe ratio ap-

peared after the split, and the ratio peaked at 0.34 at the end of
discharge (state 4), whereas the K/Fe ratio remained nearly un-
changed from states 3 to 4. This suggests that Na+ was the dom-
inating cation and responsible for the semi-plateau between 2.8
and 2.5 V (Figure 3b). Subsequently, a sharp decrease in Na/Fe
ratio appeared during charge between states 4 and 5, while the
K/Fe ratio remained nearly unchanged. A sharp decrease in K/Fe
ratio appeared during the rest of charge between states 5 and 7,
while the Na/Fe ratio remained very low. Additionally, we carried
out ex situ energy dispersive X-ray spectroscopy (EDS) measure-
ment on the electrodes (Figure S9, Supporting Information). The
K/Fe and Na/Fe ratios agree reasonably well with those obtained
from the MP-AES measurement, showing the same changing
trends of the ratios during the discharge and charge processes.
Therefore, despite a higher initial K+ content in KFe60 than
KFeRT (1.91 versus 1.49 per formula), the lower anion vacancy
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Figure 3. Illustration of the different states of a) KFeRT and b) KFe60 during the first discharge process and the second charge processes. The Na and
K contents (normalized to Fe) obtained from MP-AES of c) KFeRT and d) KFe60 at the different states shown in (a) and (b).

resulted in less K+ (de)intercalation in KFe60 than KFeRT and
an additional Na-dominated intercalation in KFe60. Combining
the analysis from KFeRT, the results further confirm that an-
ion vacancy content in KFeFe-PBAs can regulate Na+/K+ inter-
calation, and a lower vacancy content limits K+ intercalation,[36]

and starts promoting Na+ intercalation, being different from
previous work.[19]

We tested the KFeRT and KFe60 electrodes after long-term cy-
cles to verify the consistency of the K-dominated intercalation
of KFeRT and the increased intercalation of KFe60 below 2.8 V.
Table S5, Supporting Information shows the K/Fe and Na/Fe ra-
tios after 300 discharge processes, in comparison to the ratios
after 1 discharge process (state 3 for KFeRT in Figure 2c and
state 5 for KFe60 in Figure 2d). The K/Fe ratio of KFeRT is con-
sistently high over 300 cycles, suggesting no significant Na+-K+

exchange occurred during long-term cycling. The Na/Fe ratio
of KFe60 is consistently higher than that of KFeRT, suggesting
the increased Na+ intercalation below 2.8 V is reversible. The
XRD patterns of the two samples remain unchanged from the
first to the 300th discharge process (Figure S10, Supporting In-
formation). Due to the consistency of K+-dominated intercala-
tion, the discharge plateaus of KFeRT remain unchanged after
100 cycles compared to the initial discharge, still showing a
≈0.2 V voltage increase compared to NaFeRT at the 100th
discharge (Figure S11, Supporting Information). These results
proved that the reversible K-dominated intercalation in KFeRT
is promoted by a high anion vacancy content, and more impor-
tantly, it is, as far as we know, the first reported evidence of long-
term reversible K+ (de)intercalation of KFeFe-PBAs used as NIB

cathodes, which is different from the previous results observed
from KMnFe-PBAs.[17] In addition, we employed a series of char-
acterization techniques to characterize the KFeRT and KFe60
electrodes at difference discharge and charge states, in order to
examine whether various anion vacancy contents may vary the
phase transition and/or structural change, which may in turn
affect Na+/K+ intercalation mechanism. The collective results
from the XRD (Figure S12a,b, Supporting Information), Raman
(Figure S12c,d, Supporting Information), and X-ray absorption
spectroscopy (XAS) analysis (Figures S13–S16, Supporting Infor-
mation) demonstrate that KFeRT and KFe60 exhibited the same
cubic-to-monoclinic phase transition and structural change dur-
ing discharge (cation intercalation), accompanying the reduction
of Fe, and the phase transition was reversible for both samples.
It is worth mentioning that Na K-edge XAS results (Figure S17,
Supporting Information) further supported the cation intercala-
tion mechanism concluded from the MP-AES and EDS results,
that is, Na content remaining low throughout the discharge-
charge cycle of KFeRT (Figure S17a, Supporting Information)
but showing reversible change from states 3 to 5 for the case of
KFe60 (Figure S17b, Supporting Information). Therefore, the re-
sults solidify the determining role of [Fe(CN)6]4− anion vacancy
in regulating cation intercalation and the resulting NIB cell per-
formance.

To further understand the role of anion vacancies, we carried
out computational evaluations on Na/K intercalation energy and
migration energy via the density functional theory (DFT) calcula-
tions and experimental measurements on cation diffusion kinet-
ics. The calculations were performed on the KFeVF and KFeVC
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Table 1. Cation intercalation energies (unit: eV) of Na+ and K+ in the KFeVC and KFeVF models at 8 different available sites.

KFeVC Site 1 Site 2 Site 3 Site 4 Site 5 Site 6 Site 7 Site 8

K −0.61 −0.68 −0.53 −0.85 −1.05 −0.73 −0.98 −0.91

Na −0.10 −0.03 0.07 −0.20 −0.34 −0.18 −0.10 −0.26

KFeVF Site 1 Site 2 Site 3 Site 4 Site 5 Site 6 Site 7 Site 8

K −3.95 −3.96 −3.91 −2.46 −4.13 −2.48 −3.99 −3.97

Na −3.31 −3.37 −3.24 −3.20 −3.41 −3.29 −3.15 −3.24

models, as previously mentioned in Figure 1a,b, to represent
KFe60 and KFeRT, respectively. Since the major difference of
cation intercalation between the two samples occurs during the
low-voltage intercalation (Figures 2 and 3), energies were calcu-
lated at the state of 75% body-centered sites being occupied by
K+ (75% potassiation), meaning that in a 2 × 2 × 2 supercell, 24
of 32 sites are occupied by K+ and 8 sites are available for cation
intercalation (Figure S18, Supporting Information). We first cal-
culated the intercalation energies of Na+ and K+ at the 8 sites
(denoted as site x, x = 1–8, Table 1). The KFeVC model has lower
intercalation energies for K+ than Na+ in all 8 sites, while in the
KFeVF model, 2 sites (site 4 and site 6) have lower intercalation
energies for Na+ than K+. This suggests that the presence of an-
ion vacancy can regulate the cation intercalation in the term of
thermodynamics way. It has been reported that PBA framework,
when no intercalation site is occupied, has a strong selectivity to-
ward large-sized alkali ions, and as a result, K+ intercalation is
more energetically favorable than Na+ intercalation.[22,37] How-
ever, our results showed that in an anion vacancy-free model,
some sites prefer Na+ occupancy with 75% sites occupied by K+,
as the large size of K+ could possibly inhibit further K+ inter-
calation. Also, we are mindful that K+ intercalation process re-
quires the migration of K+, and therefore we calculated the mi-
gration energy of K+ from one body-centered site to the adja-
cent site along a migration path next to an anion vacancy in the
KFeVC model (Figure 4a) and the equivalent site in the KFeVF
model (Figure 4b). The calculations showed that a migration en-
ergy barrier of 1.07 eV is needed for the migration path to be en-
ergetically favorable in the KFeVF model (Figure 4c), whereas a
lower migration energy barrier, 0.81 eV, is needed in the KFeVC
model. The calculation results agree with previous calculations
of K+ diffusion in non-potassiated and fully potassiated K-PBA
cathodes.[36] We used Arrhenius plots to experimentally test the
migration activation energies, which are obtained by the Nyquist
plots at 50, 60, 70, and 80 °C (Figure S20, Supporting Informa-
tion). KFeRT showed an activation energy of 0.26 eV, which is
lower than that of KFe60 (0.46 eV). Although the energy val-
ues are different from the calculations, the comparison between
KFeRT and KFe60 is consistent. Figure 4d,e displays the galvano-
static intermittent titration technique (GITT) curves and calcu-
lated diffusion coefficients during the discharging processes of
the samples. In general, KFeRT shows smaller over potentials
than KFe60, particularly at the two discharge plateaus. The dif-
fusion coefficient of KFeRT is in the range of ≈10−11–10−12 cm2

s−1, being 1–2 magnitudes higher than that of KFe60 (≈10−12–
10−14 cm2 s−1). Figure 4f,g shows the CV curves collected at scan

rates from 0.05 to 0.5 mV s−1 and the linear fitting is shown in
Figure 4h. All the reduction (R) and oxidation (O) peaks are iden-
tifiable and reversible, with peak shape almost invariable and the
potential differences of the R/O peaks increasing to a small ex-
tent when increasing the scan rate. In Figure 4h, the peak cur-
rents increase linearly to the square root of the scan rate, sug-
gesting diffusion-controlled reduction (intercalation) and oxida-
tion (deintercalation) processes of both samples. The diffusion
coefficients of KFeRT are calculated to be 5.1 × 10−11 and 4.6 ×
10−11 cm2 s−1 for R1 and R2, respectively, and 7.1 × 10−11 and
1.4 × 10−11 cm2 s−1 for O1 and O2, respectively. These values are
one magnitude higher than those of KFe60, being 6.3 × 10−12

and 5.9 × 10−12 cm2 s−1 for R1 and R2, respectively, and 7.1 ×
10−12 and 2.2 × 10−12 cm2 s−1 for O1 and O2, respectively. The re-
sults of diffusion coefficient agree reasonably well with the GITT
results. Therefore, the computational and experimental results
demonstrate that a higher content of [Fe(CN)6]4− anion vacancy
can favor K+ intercalation from both thermodynamic and kinet-
ics effects; thus, compared with KFe60, K+ intercalation is max-
imized in KFeRT, leading to a K-dominated intercalation and a
higher capacity in the NIB cell. In addition, a full cell was as-
sembled by pairing KFeRT with a hard carbon anode and us-
ing the same Na electrolyte in the half cells, to demonstrate the
applicability of KFeRT in hybrid NIBs (Figure S21, Supporting
Information). The full cell delivered an initial capacity of 119
mAh g−1 at 25 mA g−1, with two discharge plateaus of 3.52 and
2.87 V. The capacity is close to the half-cell capacity, and the dis-
charge plateaus remain reasonably similar to those in the half-
cell, considering the discharge voltage of the hard carbon anode.
The cell showed great reversibility and rate capability, retaining
the capacities of 100 mAh g−1 after 150 cycles and 60 mAh g−1

at 1 A g−1.
We finally illustrate in Figure 5 the benefits of [Fe(CN)6]4− an-

ion vacancy in KFeFe-PBAs used as NIB cathode materials. In
the case of an anion vacancy-free KFeFe-PBA framework (KFeVF,
Figure 5b), the computational and experimental results indicate
a slow K+ diffusion. This leads to an incomplete K+ extraction
in the initial deintercalation (Figure 3d) and more importantly,
the deintercalated K+ did not fully intercalate back in the frame-
work due to the high K+ migration energy barrier and the prefer-
ence of Na+ at certain intercalation sites (Figure 4c and Table 1).
As a result, after the K-dominated intercalation process at the
higher voltage range, a Na-dominated intercalation process oc-
curs (Figure 3d), giving rise to a plateau split at the low volt-
age range (Figure 2a,b) and a low capacity, even though most
of the sites in the PBA framework favors K+ intercalation over

Adv. Funct. Mater. 2023, 2308227 2308227 (6 of 10) © 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 4. Calculated migration paths in a) the KFeVC model and b) the KFeVF model. c) K+ migration energy barriers in the two models. GITT curves
and calculated diffusion coefficient of d) KFeRT and e) KFe60 during discharge processes. CV curves of f) KFeRT and g) KFe60 at various scan rates.
h) The linear fitting between the peak current and the square root of the scan rate of KFeRT and KFe60.

Na+ intercalation. In contrast, in the case of an anion vacancy-
containing KFeFe-PBA framework (KFeVC, Figure 5a), K+

diffuses faster because of the lower migration energy barrier
and the higher diffusion coefficient (Figure 4c,d). This leads
to a complete K+ extraction in the initial deintercalation and
the fully reversible K+ insertion in the following intercalation
(Figure 3c). As a result, the two steps of the intercalation pro-
cess are both dominated by K+, which enables a high capacity
and both the intercalation voltages being higher than those of
NaFeFe-PBA cathodes in NIBs (Figure S5, Supporting Informa-
tion). Therefore, designing defective structures is a crucial ap-
proach to regulate the cation intercalation mechanism in a hy-
brid ion battery system and thus an effective method to enhance
the performance of hybrid ion batteries. This approach will be
invaluable for hybrid systems in which severely sluggish ion
diffusion kinetics take place, such as Mg2+ and Ca2+ as charge
carriers.

3. Conclusions

This work demonstrates the crucial role of [Fe(CN)6]4− anion va-
cancy in determining the Na/K intercalation processes in KFeFe-
PBAs and their electrochemical performance as the cathode ma-
terials in hybrid NIBs. The KFeRT cathode with a higher content
of anion vacancy outperforms the KFe60 cathode with a lower
content of anion vacancy, by delivering an initial discharge capac-
ity of 128 mAh g−1 at 25 mA g−1 and retaining 89% and 81% ca-
pacity after 100 and 300 cycles, respectively, as well as 67 mAh g−1

at 1000 mA g−1. Electrochemical measurements and DFT calcula-
tions reveal that the presence of anion vacancy further promotes
K+ intercalation over Na+ intercalation, reduces K+ migration en-
ergy barrier, and enhances ion diffusion kinetics, which results
in the K+ dominated intercalation at both high and low voltage
plateaus while suppressing Na+ intercalation. The calculations
also reveal that K-PBA framework with different anion vacancy

Adv. Funct. Mater. 2023, 2308227 2308227 (7 of 10) © 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 5. Schematic illustration of cation (de)intercalation in a) the anion vacancy-containing KFeFe-PBA framework and b) the anion vacancy-free
KFeFe-PBA framework, when the KFeFe-PBAs are used as cathode materials in NIBs.

levels has different preferences of K/Na intercalation, leading to
different cation intercalation behaviors. K-PBAs are an extremely
interesting and promising class of cathode materials in Na cells,
owing to the preferential insertion of K+ over Na+ in the K-PBA
framework and the resulting increase in the insertion voltage.
Taking full advantage of this kind of hybrid ion batteries requires
the understanding of K/Na kinetics and how it plays with vary-
ing the structures of K-PBAs. This work highlights that composi-
tional design, including anion vacancy, is the key to enhance the
electrochemical performance of hybrid ion batteries.

4. Experimental Section
Materials Synthesis: The KFeFe-PBA samples were synthesized by

the potassium citrate-assisted co-precipitation method. First, 2.5 mmol
K4Fe(CN)6·3H2O and 2.5 mmol FeSO4·7H2O were separately dissolved
into 50 mL 0.2 mol L−1 C6H5K3O7 solutions. The two solutions were mixed
by slowly dropping the FeSO4 solution into the K4Fe(CN)6 solution with
magnetic stirring. After overnight stirring, the precipitate was centrifuged
and washed thoroughly with DI water and isopropanol. Finally, the product
was collected after overnight vacuum drying at 60 °C. The samples synthe-
sized at room temperature and 60 °C were donated as KFeRT and KFe60,
respectively.

Material Characterizations: The crystalline structure of the powder
samples was identified by an X-ray diffractometer (XRD, Stoe STADI P)
with Mo K𝛼 radiation (𝜆 = 0.7093 Å). Rietveld refinements were then con-
ducted using General Structure Analysis System II (GSAS-II). The mor-
phology of the powder samples was observed by a scanning electron
microscope (SEM, JEOL JSM-7600F) and a transmission electron micro-

scope (TEM, JEOL JEM-2100). Infrared data was collected using a Fourier
transform infrared spectroscopy (Bruker ALPHA compact FT-IR spectrom-
eter). The chemical composition of the samples was collectively deter-
mined by thermogravimetric analysis (TGA, Netzsch TG 209 F1 Libra)
at a rate of 5 K min−1 in nitrogen, microwave plasma atomic emission
spectroscopy (MP-AES, Agilent 4210 MP-AES), and elemental analysis
(Thermo Flash 2000). The Raman spectra of the electrodes were recorded
with 633 nm laser (Renishaw Raman spectrometer). The XRD patterns
of the electrodes were obtained by an X-ray diffractometer (XRD, Stoe
STADI P) with Cu K𝛼 radiation (𝜆 = 1.5406 Å). The K/Fe ratio of the elec-
trodes was measured by energy dispersive X-ray spectroscopy (EDS) at-
tached to the SEM. X-ray absorption spectroscopy (XAS) at Fe K-edge were
recorded at the B18 beamline of Diamond Light Source (UK) using Si
(111) double crystal monochromator. The electrode samples were mea-
sured as the original films. The pristine samples and reference samples
were pelletized before the measurements. The spectra were collected in
fluorescence mode. Data of X-ray absorption near-edge spectra (XANES)
and extended X-ray absorption fine structure (EXAFS) was processed us-
ing Athena program. XAS at Fe L-edge and Na/K K-edge were recorded at
the B07-B beamline of Diamond Light Source (UK). The electrode samples
were measured as the original films. The pristine samples and reference
samples were pelletized before the measurements. The spectra were col-
lected in the total electron yield mode at a vacuum condition.

Electrochemical Measurements: The working electrodes consisted of
70 wt% KFeFe-PBA sample, 20 wt% Super P, and 10 wt% poly(vinylidene
fluoride). This mixture was prepared into a slurry with an optimized
amount of 1-methyl-2-pyrrolidone (NMP). The slurry was coated on an
aluminum foil using a doctor blade and then vacuum dried at 120 °C
overnight. The active material loading was 1.0−1.5 mg cm−2. R2032 type
coin cells were assembled in an Ar-filled glove box (water and oxygen con-
centrations below 0.1 ppm). A sodium disc was used as the counter elec-
trode. A piece of Glass fiber filter was used as the separator. A solution of

Adv. Funct. Mater. 2023, 2308227 2308227 (8 of 10) © 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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1 m NaClO4 dissolved in ethylene carbonate:propylene carbonate (EC:PC
= 1:1 in volume) solvent was used as the electrolyte. For full-cell test, the
anode consisted of 80 wt% hard carbon, 10 wt% Ketjenblack, and 10 wt%
carboxy methylcellulose. The mixture was prepared into a slurry with an
optimized amount of deionized water. The slurry was coated on a copper
foil using a doctor blade and then vacuum dried at 60 °C overnight. The
active material loading was 2.0−3.0 mg cm−2. The cathode/anode mass
ratio was 1:2. Galvanostatic charge–discharge (GCD) was carried out on
a Neware battery cycler (CT-4008) in a voltage range of 2.0–4.3 V (versus
Na+/Na) at room temperature. Cyclic voltammetry (CV) was performed
on a Gamry potentiostat (Interface 1010E). The peak currents and square
root of the scan rates were fitted by using the Randles–Sevcik equation.[24]

ip = 2.69 × 105n3∕2AC
√

Dv (1)

where n is the electron transfer number, A represents the interfacial area.
(The geometric area was used in this work), C is the concentration of ion,
D is the diffusion coefficient and v is the scan rate.

Electrochemical impedance spectroscopy (EIS) was performed on the
same potentiostat with a frequency range of 100 000–0.01 Hz and 1 × 10−5

A rms AC current. Diffusion coefficient was calculated using the following
equations.[25]

D = R2T2

2A2n4F4C2𝜎2
(2)

Z′ = Re + Rf + Rct + 𝜎𝜔−1∕2 (3)

where R is molar gas constant (8.314 J mol−1 K−1), T is absolute tempera-
ture, A is the interfacial area. (The geometric area was used in this work),
n is electron transfer number, F is Faraday constant (96 500 C mol−1), C is
the concentration of ion, 𝜔 is angular frequency and 𝜎 is Warburg factor.
𝜎 is obtained from the slope of Z′ versus 𝜔−1/2 curve.

Galvanostatic intermittent titration technique (GITT) measurement
was carried out with a current pulse at 15 mA g−1 for 10 min and a 2-h
relaxation. Before the measurement, the electrodes were charged and dis-
charged at 15 mA g−1 for two cycles. K diffusion coefficient was calculated
by the following equation.[26,27]

D = 4
𝜋𝜏

(
nMVM

S

)2(ΔVs

ΔVt

)2

(4)

where nM and VM are the molar mass and volume of the active material, re-
spectively, 𝜏 is the time duration of the current pulse, and S represents the
interfacial area. (The geometric area was used in this work). ΔVs and ΔVt
were obtained from the GITT curves (illustrated in Figure S19, Supporting
Information).

Computational Method: All the calculations were performed by apply-
ing the spin-polarized DFT method implemented in the Vienna Ab initio
Simulation Package (VASP).[28,38] The cut-off energy was set to be 500 eV
for the 2 × 2 × 2 KFeFe-PBA supercells. The DFT-D3 method was used to
describe van der Waals interactions.[39] The DFT + U method was used to
correctly characterize the localization of the Fe d-electrons in the KFeFe-
PBA supercells. To differentiate high-spin (HS) and low-spin (LS) Fe ions
in the structures, the values of U-J for LS-Fe and HS-Fe were set inde-
pendently to be 3.0 and 7.0 eV in this work, respectively.[22] During the
geometry optimization, the convergence criteria of the force and energy
change for all atomic structures were set to be 0.05 eV Å−1 and 10−5 eV, re-
spectively. The minimum energy pathway search of ion migration was con-
ducted with the climbing image nudged elastic band (CI-NEB) method.[40]

The intercalation energy (Ei) of the cations was given by

Ei = EM@KFeFe−PBA − EKFeFe−PBA − EM (5)

where M is Na+ or K+, EKFeFe−PBA and EM@KFeFe−PBA are total DFT energies
before and after Na/K intercalation, respectively, and EM is the energy of
Na/K ions in its crystal structure.
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