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ABSTRACT: Aqueous Na-ion batteries using Prussian blue materials have inherent advantages in safety, material sustainability, and
economic cost. However, it is challenging to obtain long-term cycling stability because many redox reactions have poor intrinsic
stability in water. Here, we demonstrate reversible Fe2.4+ to Fe3+ redox reaction of Prussian blue electrodes cycled in a 17 m NaClO4
water-in-salt electrolyte. The cubic phase c-Na1.17Fe[Fe(CN)6]·0.35H2O) derived from monoclinic Prussian blue (m-
Na1.88Fe[Fe(CN)6]·0.7H2O) through ball milling delivers excellent cycling stability of >18,000 cycles with >90% capacity retention
at the 10C rate. The specific capacity is ∼75 and ∼67 mAh/g at 1C and 10C rates, respectively. Systematic characterizations
including electron microscopy, X-ray diffraction, Fourier-transform infrared spectroscopy, X-ray photoelectron spectroscopy, and X-
ray absorption spectroscopy have verified the phase transition and iron oxidation state evolution, revealing the mechanism that
enables the material’s high rate and long durability as the battery cathode.
KEYWORDS: aqueous sodium-ion batteries, Prussian blue analogues, water-in-salt, ball milling, electrolytes, X-ray absorption spectroscopy

■ INTRODUCTION
Rechargeable batteries are crucial for harnessing renewable
energy from solar and wind and releasing them in times of
need. To expedite the energy transition to renewable and
sustainable energy resources, highly efficient batteries
composed of earth-abundant elements are needed. Currently,
the lithium-ion battery (LIB) is leading the charge in the
renewable energy transition and is deployed in much-needed
applications including electric vehicles (EV), and large-scale
stationary energy storage (SES). However, the safety concern
and the localized deposits of lithium on the earth can cause
high cost and supply issues, which motivates research in
alternative battery chemistries. One area where next-generation
rechargeable batteries can alleviate the need for LIBs is in
large-scale SES applications. The aqueous sodium-ion battery
(ASIB) is a promising candidate over conventional LIBs with
nonaqueous electrolyte or aqueous LIBs.1 The major
advantages of ASIBs are the ubiquitous distribution of sodium

in earth’s crust and oceans and the low cost and high safety
(e.g., nonflammable) of the aqueous electrolytes.
The ASIB technology requires electrode materials with

excellent electrochemical performance and sustainability. A
promising class of materials is the Prussian blue analogues
(PBAs) with the chemical formula Na2−xMa[Mb(CN)6]·zH2O
(Ma,b = Fe, Mn, Ni, etc.). The PBA consists of a framework
structure where cyano (C�N)− anions link transition metal
ions in a three-dimensional array.2 These materials have several
advantages over other intercalation compounds including a
straightforward low-temperature synthesis, reversible extrac-
tion of maximum of two Na ions per chemical formula, and
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large crystalline channels for the highly reversible insertion/
extraction at low and high C rates. These materials can
incorporate Li+, Na+, K+, NH4

+, Ca2+, and Mg2+ into the
structure, making them suitable electrodes for diverse battery
chemistries.3−5 Multiple research groups have shown the use of
PBA such as Na2MnFe(CN)6 and Na2CuFe(CN)6 for SIB and
have demonstrated promising electrochemical performance.1,6

However, the incorporation of numerous transition metals will
increase the difficulty of the synthesis and cost based on the
specific transition metals precursors.5,6 Exclusive incorporation
of abundant and low-cost Fe would yield a low-cost and
sustainable electrode material.7,8 Furthermore, several groups
have demonstrated that iron-based PBA, sodium hexacyano-
ferrate, (Na2Fe[Fe(CN)6]), can have excellent electrochemical
performance with highly reversible extraction/insertion of ∼2
Na ions with a high capacity of ∼170 mAh/g, making it a
highly promising cathode material for ASIB.7,8

However, Fe-based redox has an intrinsic instability in
aqueous electrolytes. It has been well acknowledged that the
O2 dissolved in the H2O can limit the capacity and cycling
stability delivered by electrode materials. Specifically, O2 can
chemically oxidize the reduced state of the electrode material,
thereby interfering with the electrochemical reaction.9,10

However, methods can be developed to reduce this effect.9,11,12

One common method is through surface coatings, Luo et al.,
demonstrated that carbon-coated LiFePO4 has been shown to
significantly improve the chemical stability of the redox couple
in aqueous electrolyte.11

In this work, we achieved the Fe2.4+/Fe3+ redox reaction in
PB material by converting the monoclinic sodium iron
hexacyanoferrate (m-Na1.88Fe[Fe(CN)6]·0.7H2O) to cubic
phase (c-Na1.17Fe[Fe(CN)6]·0.35H2O) through the ball mill-
ing modification process and demonstrated high cycling
performance in a 17 m NaClO4 water-in-salt electrolyte. The
Na1.17Fe[Fe(CN)6]·0.35H2O was obtained by ball milling the
pristine Na1.88Fe[Fe(CN)6]·0.7H2O, (PBA) with carbon

additive Ketjen black. The ball milling introduced a unique
phase transition from monoclinic to cubic, confirmed by
systematic characterization including electron microscopy, X-
ray diffraction (XRD), Fourier-transform infrared spectroscopy
(FT-IR), and X-ray photoelectron spectroscopy (XPS). X-ray
absorption spectroscopy (XAS) verified the iron oxidation
state evolution in the redox reaction. The cubic phase
Na1.17Fe[Fe(CN)6]·0.35H2O delivers a specific capacity of
∼75 and ∼67 mAh/g at 1C and 10C rates, respectively.
Excellent cycling stability with >90% capacity retention over
>18,000 cycles was obtained. The significant increase in the
performance of the cubic PBA compound makes it a suitable
high-performance cathode for ASIB.

■ RESULTS AND DISCUSSION
Cubic Phase Na1.17Fe[Fe(CN)6]·0.35H2O. The as-re-

ceived PBA material Na1.88Fe[Fe(CN)6]·0.7H2O, hereafter
referred to as pristine PBA, has a cuboidal morphology with
clusters of intergrown cubes.2,7,8 As shown in the scanning
electron microscopy (SEM) images in Figure 1A, the cubic
structures have dimensions in the range of tens of micrometers
and exhibit a uniform elemental distribution (Figure S1). After
a simple ball milling process (Figure 1B) in the presence of a
conductive carbon additive, the large primary particles and
agglomerates lose the cubic morphology and became small
particles with random morphologies and sizes ranging from
hundreds of nanometers to a few micrometers (Figure 1C).
The conductive carbon was utilized to increase the electrical
conductivity of the PBA material to promote more facile Na-
ion insertion/extraction,13 while serendipity has led to a
unique phase transition and Fe oxidation state change of the
ball-milled PBA (denoted as BM PBA).
Powder XRD (Figure 1D) clearly shows different patterns

for the pristine and BM PBA samples. Doublet peaks at 2θ
values of ∼25, ∼38, ∼50, and ∼55° turned into singlet peaks
after ball milling.7,14 Rietveld refinement of the powder XRD

Figure 1. Structural characterization of PBA materials. (A) Typical SEM image of the pristine PBA (monoclinic P21/n). (B) Schematic of the ball
milling modification process. (C) SEM image of ball-milled PBA (cubic Fm3̅m). (D) Powder XRD and Rietveld refinement. (E) FT-IR spectra of
pristine and ball-milled PBA.
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data for the pristine PBA revealed a monoclinic P21/n space
group with a composition of Na1.88Fe[Fe(CN)6]·0.7H2O and
excellent crystallinity (See Figure S2).7,15 The lattice
parameters are a = 10.4452 Å, b = 7.4443 Å, c = 7.4651 Å,
α = 90°, β = 92.1673°, γ = 90° (Rwp = 8.60%) (See Table S1).
Analysis of BM PBA by powder XRD revealed a composition
of Na1.17Fe[Fe(CN)6]·0.35H2O and a phase transition to cubic
Fm3̅m indicated by the decreased intensity and peak
broadening (See Figure S3). The broadening effect is known
to occur for powders with small particle sizes, but it is also
observed for sodium-deficient or sodium-free cubic PBA
phases (e.g., PB or Berlin green).2,4,14,16 Rietveld analysis on
BM PBA was performed using two different space groups,
monoclinic P21/n, and cubic Fm3̅m, to confirm the phase
transitioning of BM PBA by the ball milling process. Model-
based fitting of BM PBA utilizing a monoclinic P21/n structure
yielded unsatisfactory convergence (Rwp = 15.77%) (Figure
S4), while the cubic space group Fm3̅m provided far more
satisfactory fit (Rwp = 4.22%). Rietveld refinement parameters
for BM PBA reveal lattice parameters a = b = c = 10.33291 Å,
and α = β = γ = 90° (Tables S2 and S3). The changes observed
for the BM PBA indicate that the ball milling process decreases
the sodium content in the material which we believe causes the
phase change.4,16 This finding is supported by the literature,
and it has been observed that desodiation of PBA is known to
cause rhombohedral to cubic phase change.17

Fourier-transform infrared spectroscopy (FT-IR) is a
common technique that has been previously used to study
PBA materials as changes in the sodium content of PBA result
in varying cyano stretching (ν(C�N)) modes.18 In Figure 3E,
the cyano stretch (ν(C�N)) values are 2056 and 2071 cm−1

for pristine and BM PBA, respectively.2,18 This blue shift is
commonly observed when transitioning from a fully filled PB
(or Prussian white) framework (i.e., monoclinic) to a partially
filled PB framework in agreement with powder XRD.2,18−20

Besides the crystalline structure and vibrational stretching
modes in the PBA framework, changes in sodium content also
affect the oxidation state of Fe in the PBA framework. In the
fully filled framework (e.g., Na2Fe[Fe(CN)6]), the oxidation
state of Fe is 2+, while in the half-filled structure (e.g.,
Na1Fe[Fe(CN)6]) and empty structure (e.g., Fe[Fe(CN)6]),
the average oxidation state of Fe is 2.5+ and 3+,
respectively.2,21 Utilizing XPS, we observed the changes in
oxidation state for the pristine and BM PBA. In Figure S5, we
observe noticeable changes in the Fe 2p narrow scan, while the
pristine PBA shows the characteristic Fe2+ satellite features
adjacent to the Fe 2p3/2 and Fe 2p1/2 peaks. These satellite
features shift away from the main photoexcitation line to
higher binding energies for the BM PBA indicating that the Fe
in the framework has been oxidized.21,22

Scanning transmission electron microscopy (STEM) meas-
urements were carried out to further characterize the BM PBA
material. STEM images in Figure 2A show the typical small
particle with a size in the hundred-nanometer range. The
chemical composition of the material was measured using
energy dispersive spectroscopy (EDS). The elemental mapping
in Figure 2B reveals a homogeneous distribution of Na, Fe, C,
N, and O. Quantitative analysis (Figure S6) of the elemental
composition reveals a Na and Fe composition of 38.44% Na
and 61.56%, respectively. It confirms our hypothesis that ball
milling lowers the sodium content in the framework and is in
good agreement with the sodium content of 1.17 Na per
chemical formula (Na1.17Fe[Fe(CN)6]·0.35H2O). Selected
area electron diffraction (SAED) of the BM PBA in Figure
2C can be indexed to the cubic Fm3̅m space group, in
agreement with Rietveld refinement in Figure 1D.23 The 2̅00,
4̅00, 44̅0 have values of 2.01, 3.91, and 5.46 nm−1, respectively,
and match the theoretical values for cubic PBA.

Electrochemical Performance. The electrochemical
performance of the PBA materials was examined by cyclic
voltammetry (CV) and galvanostatic charge−discharge meas-

Figure 2. Morphology and structure analysis of ball-milled PBA. (A) Representative STEM image of a ball-milled PBA particle. (B) Elemental
mapping of the particle. (C) Selected area electron diffraction (SAED) pattern of the particle.
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urements. Electrochemical data for pristine PBA can be found
in Figure S7−S10. Figure 3A shows the CV of BM PBA. At a
scan rate of 0.1 mV s−1, the set of iron redox peaks appears at
0.17/0.16 V (O1/R1) and 0.29/0.27 V (O2/R2), which are
similar to those found in LiFePO4, 0.16/0.36 (O/R).24,25 The
electrochemical characteristics of our electrodes were inves-
tigated by increasing the scan rates from 0.1 to 5 mV s−1. The
following equation i = avb was utilized to study electrode
kinetics, b values of 0.9/0.89 and 0.89/0.93 were found for the
two sets of oxidation/reduction peaks as seen in Figure
3B.4,26−28 This intercalation pseudocapacitative response is
due to the small dimension and high surface area of the
primary particles.29,30 These two factors promote a facile Na-
ion insertion/extraction mechanism and amplify the pseudo-

capacitive character of the battery electrode.29,30 The Faradaic
nature of this mechanism will be explored and supported by
bulk-sensitive XAS.
Galvanostatic charge−discharge (GCD) measurements were

performed within the potential window of 0−1 V vs sat. Ag/
AgCl and were first charged followed by discharging to
complete a full cycle (Figure 3C). Long-term cycling in Figure
3D reveals low capacities of 40 and 45 mAh/g for 10C and 1C
in the initial cycles, respectively. However, the charge−
discharge capacities begin to increase after ∼40 h and reach
a stable maximum value of ∼75 and ∼65 mAh/g for cycling
rates of 1C and 10C, respectively. We attribute the truncated
capacity values in the initial cycle to insufficient wetting of the
electrode caused by the hydrophobic behavior of the PVDF

Figure 3. Electrochemical characterization of the PBA electrodes. (A) CV curves measured at different scan rates. (B) The analysis of the peak
current and the scan rate. (C) GCD curves at different rates. (D) Long-term cycling for ball-milled PBA at 10C (inset 1C charging). (E) Rate
capability test from 5C to 200C.

Figure 4. Investigation of Na-insertion mechanism in PBA before and after ball milling. (A) XANES at Fe K-edge for as-received PBA at different
SOCs. (B) GCD curve showing the different SOCs for as-received PBA. (C) XANES at Fe K-edge for ball-milled PBA at different SOC. (D) GCD
curve showing the different SOCs for BM PBA. (E) Oxidation state analysis based on centroid of the Fe K-edge (e.g., Edge energy).
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binder to the water-in-salt electrolyte. Switching to a
hydrophilic binder could improve the wetting of the electrode,
which will be used in our future experiments. Within ∼40 h,
the electrode becomes sufficiently wetted and give rise to
stable electrochemical cycling. The BM PBA delivers a
reversible capacity of 87, 75, and 65 mAh/g at C rates of
0.1C, 1C, and 10C (1C = 80 mAh/g) after formation cycles as
shown in Figure 3C. At the different C rates, the charge−
discharge curve displays similar features with plateaus centered
on 0.27 and 0.17 V vs Ag/AgCl for charge and discharge,
respectively. Furthermore, the cells demonstrate a capacity
retention of 96% after 1750 and 18,000 cycles for 1C and 10C,
respectively (Figure 3D). Aside from good stability, the BM
PBA exhibits fine capacity utilization in the high-rate capability
test. In Figure 1E, the discharge capacity is 70, 65, 55, 40, 35,
30, and 18 mAh/g at 5C, 10C, 20C, 50C, 80C, 100C, and
200C rates. This is a significant increase in capacity over the
pristine PBA which only delivers a capacity of ∼35 mAh/g at
10C.
Fe2.4+ to Fe3+ Redox Reaction. To understand the

fundamental reason for the high stability, the redox reaction
mechanism upon Na-insertion/desertion was investigated
through X-ray absorption fine edge structure (XANES) at
the Fe K-edge which provides oxidation state and local
structure information.31−34 It is natural that the Na-ion
insertion/extraction will result in the oxidation state of Fe in
the PBA framework to change.26,31,35 In the fully filled
framework, Prussian white (Na2Fe[Fe(CN)6]), the theoretical
oxidation state of Fe is 2+. When Na-ions are extracted the
oxidation state of Fe increases, in the case of a half-filled
(NaFe[Fe(CN)6]) and empty (Fe[Fe(CN)6]) framework, the
average oxidation states of Fe are 2.5+ and 3+, respectively.
The Fe oxidation states in the practical charge−discharge
process can be outlined by measuring the Fe K-edge XANES of
the pristine PBA and BM PBA at different states of charge and
subsequently the sodium content in the structures.34,36

Figure 4B,D shows the GCD curves for the PBA materials
and the states of charge for potentials at which XANES
measurements were taken. Cell potentials of 0.25 V (half
charge) and 1 V (full charge) vs Ag/AgCl and discharged to
0.17 V (half discharge) and 0 V (full discharge) vs Ag/AgCl
were chosen based on electrochemical measurements in Figure
3. During charge, Na-ions are removed from the structure and
Fe in the framework becomes oxidized. The opposite occurs
during discharge, where Na-ions are inserted into the
framework and Fe in the framework is reduced. The Fe K-
edge XANES reveals the redox reaction during cycling.37,38 In
pristine PBA, the Fe K-edge shifts to higher energies when
charged from the pristine state to the fully charged state from
7124.4 to 7126 eV (oxidation) and shifts back to lower
energies when fully discharged to 7124.6 eV (reduction)
(Figure 4A,E). Using the integral method, the Fe K-edge was
utilized to determine edge shifts in the XANES.31,33,34,39 The
oxidation state of the pristine PBA was assigned to 2+, while
fully charged pristine PBA cycled to 4.0 V vs Na+/Na in
organic electrolytes was assigned to 2.5+. A linear fit between
pristine and fully charged PBA standards was utilized to
determine intermediate oxidation state values and oxidation
states beyond this region were extrapolated.
The BM PBA exhibits a similar trend but in a different range.

When charged from the pristine to the fully charged state, Fe
K-edge shifts from 7125.5 and 7127.8 eV, and when fully
discharged the edge shifts back to 7125.7 eV. The higher edge

position at OCV (7125.6 eV) of the BM PBA indicates a
greater oxidation state of 2.4+ to start with, corroborating the
results in Figure 1 on Na-ion deficiency and Fe oxidation. At
the fully charged state, the oxidation state of Fe for BM PBA is
3+ .
Aside from edge shifts, noticeable changes in the pre-edge

feature are observed for the PBA materials. These pre-edge
features can give insight into the local structure of the probed
element (e.g., Fe).40 Upon charging, the intensity of the pre-
edge feature in the XANES for the pristine PBA decreases and
disappears at the fully charged state. This decreased intensity is
a sign that the local structure around Fe has become more
symmetric after Na-ion extraction. For the case of BM PBA,
the pre-edge feature is almost absent. This suggests that Na-ion
extraction leads to a phase transition from monoclinic to cubic
given the similarity in line shape and edge position of pristine
and BM PBA and agreement with previous studies.36,38,40

Electrochemical data reveal an increase in capacity for BM
PBA and we attribute this increase to morphology and crystal
structure changes. The BM PBA is able to deliver a great
capacity of 75 mAh/g compared to 50 mAh/g for the pristine
PBA at a rate of 1C. The particle size of BM PBA is
significantly reduced making the Na-insertion/extraction
mechanism more facile due to the larger surface area available
and shorter diffusion length for Na-ions. The greater amount
of Na-ion utilization is captured by XANES. As seen in Figure
4E, BM PBA exhibits a wider window of oxidation as indicated
by the larger shift in the edge position compared to the pristine
PBA and supports the faradaic nature of the electrochemical
reaction. Based on the edge position, it was determined that
Pristine PBA operates between (Fe2+/Fe2.5+), while BM
operates between (Fe2.4+/Fe3+). In addition, the long-term
stability of BM PBA enabled by the ball milling processing can
be attributed to the slight structure changes of the cubic
Na1.17Fe[Fe(CN)6]·0.35H2O upon charging and discharging,
as revealed by EXAFS, which is similar to what we found
before in Na3Fe3(PO4)4 as anode for ASIB application.26

■ CONCLUSIONS
In this work, we induced the monoclinic sodium iron
hexacyanoferrate (m-Na1.88Fe[Fe(CN)6]·0.7H2O) to a cubic
phase (c- Na1.17Fe[Fe(CN)6]·0.35H2O) transition by simple
ball milling of the PB material. By serendipity, the sodium
deficiency and unique phase transition caused by ball milling
enables highly reversible Fe2.4+ to Fe3+ redox reaction of the PB
material in the water-in-salt electrolyte. The aqueous SIB using
the BM PBA delivers a high specific capacity and excellent
cycling stability and rate performance. Our discovery that Na
content change in PBA can control phase transition and tune
the Fe oxidation states, not only developed an advanced PBA
material but also provides insight into the future design of PBA
materials for battery applications.
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