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ABSTRACT: Prussian blue analogues (PBA) recently have
received great interest for promising applications in low-cost
sodium-ion batteries (SIBs). However, controlled synthesis of
high-performance PBA is still challenging. In this work, a facile
precipitation route was used to synthesize Na-rich PBAs with
superior electrochemical performance. It was found that two
shapes of the products, namely, small irregular particles and
large cuboid particles, coexist by adding sodium citrate in the
sodium hexacyanoferrate side during the synthesis. The
product shows large capacity (144 mAh g−1 under a 0.1 C
rate), good rate performance (115.6 mAh g−1 under a 1 C rate,
86.6 mAh g−1 under a 10 C rate), and long-term cycling
stability (73.4% retention after 780 cycles under a 0.5 C rate,
72.7% retention after 2100 cycles under a 1 C rate). This work offers a promising route to prepare PBA-based cathode materials
for high-performance SIBs.

KEYWORDS: Prussian blue analogue, Sodium-ion battery, Cathode material, Sodium manganese hexacyanoferrate,
Electrochemical performance

■ INTRODUCTION

The rapid consumption of lithium in Li-ion batteries (LIBs)
causes a worldwide concern on lithium resources due to the
limited reserves and uneven global distribution.1 Therefore,
considerable attention has been paid to alternatives to LIBs,
such as those based on Na+, K+, Mg2+, and Al3+ ions.2−4

Among these, sodium-ion batteries (SIBs) have attained a
special interest owing to abundant Na resources and a similar
working mechanism as LIBs.5−12 Despite recent advances,
some critical obstacles need to be overcome for the practical
uses of SIBs, one of which is to develop suitable cathode
materials.13−17 Previous reports showed that some potential
SIBs cathodes, such as NaFePO4,

18 NaNi1/3Co1/3Mn1/3O2,
19

and NaMn2O4,
20 are electrochemically inactive or inert with

lower capacity or voltage compared with their LIBs analogues.
The relatively larger radius of Na ions and other related factors
are considered to underlie the difference in crystal structure
and electrochemical properties.7 In comparison, Prussian blue
analogues (PBAs) hold great promise due to the unique open
frameworks with large channels for Na-ion transportation.21−31

As Na-storage hosts, PBAs-based materials have a general
structural formula of NaxM2[M1(CN)6]y·nH2O (0 ≤ x ≤ 2,0 ≤
y ≤ 1), where M1 and M2 are the elements of transitional
metals.32 Usually, M1 is Fe and M2 is Fe, Mn, or Co since
Fe2+/Fe3+, Mn2+/Mn3+, and Co2+/Co3+ redox couples
contribute to the capacity.33−35 PBAs are usually synthesized
in aqueous phase at low temperature. The resulting products
usually have lower Na content than expected due to the
presence of interstitial water and lattice defects in PBAs
crystals, which limits their yieldable capacity.21,32 Besides,
PBAs exhibit a poor electronic conductivity, leading to poor
rate performance. To enhance the electrochemical properties
of PBAs, a lot of measures were taken, including removal of
interstitial water,36 lattice doping,37 forming hybrids with
conducting materials,25,38,39 synthesizing Na-rich phase under
optimized conditions,24 and generating unique morpholo-
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gies.40 The Guo group reported that the PBA/carbon
nanotubes (CNT) composite exhibited a long life and
outstanding rate performance even at low temperature.39

The work reported by Huang et al. demonstrated that, through
inhibitor and temperature control, border-rich PBAs could be
produced with high capacity and superior cycling stability.40

In this work, sodium manganese hexacyanoferrate
(NaxMnFe(CN)6) was prepared by a precipitation method.
Compared with NaxFeFe(CN)6, NaxMnFe(CN)6 is more
promising since it has a higher working voltage.32 It was
found that a Na-rich monoclinic phase NaxMnFe(CN)6 was
obtained by performing the precipitation reaction at high
temperature and adding sodium citrate in the precursor
solution. The Na-rich product is white colored (Prussia white)

and is composed of small irregular particles in submicron scale
and large cuboid particles in micron scale. The NaxMnFe-
(CN)6 prepared by this route shows a large capacity, good rate
performance, and long-term cycling stability, showing promis-
ing applications in high-performance SIBs.

■ EXPERIMENTAL SECTION

Starting Materials. Sodium hexacyanoferrate (Na4Fe(CN)6·
10H2O, ≥ 99% purity) and manganese sulfate monohydrate
(MnSO4·H2O, ≥ 99% purity) were purchased from Sigma-Aldrich.
Sodium chloride (NaCl, 99.5% purity) and sodium citrate dihydrate
(Na3C6H5O7·2H2O, 99% purity) were purchased from Sinopharm
Chemical Reagent Co., Ltd.

Figure 1. (a) XRD patterns PW-1 and PW-2, (b) Raman spectra of PW-1 and PW-2, (c) Fe 2p and (d) Mn 2p XPS of PW-1, and (e) TG of PW-1
and PW-2.
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Figure 2. SEM images of (a,b) PW-1 and (c,d) PW-2, TEM image of (e) PW-1 and (f) PW-2, and HAADF-STEM images and EDX mapping of
(g) cuboid and (h) irregular particles.
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Materials Preparation. Prussia white (PW) materials were
synthesized using a coprecipitation route. Sodium hexacyanoferrate
(3 mmol), sodium citrate (12 mmol), and sodium chloride (0.24
mol) were dissolved in deionized (DI) water (100 mL) with strong
stirring. The above solution was poured into a 1 L flask after complete
dissolution of the reactants. The flask with the solution was then
heated to 85 °C with N2 flowed in. MnSO4·H2O (6 mmol) was
dissolved in DI water (100 mL) with magnetic stirring to form the
MnSO4 solution, followed by dropwise adding into the flask using a
peristaltic pump (1 mL min−1) to form a white suspension. The white
suspension was aged for 3 h under continuous stirring at 85 °C. The
white precipitate was then separated by centrifugation followed by
washing with DI water sufficiently. After that, the sample was vacuum-
dried for 18 h at 110 °C. The obtained PW was named PW-1. For
comparison, another two PW samples were synthesized using a similar
method without adding sodium citrate in Na4Fe(CN)6 solution (PW-
2) or adding sodium citrate in MnSO4 solution (PW-3).
Materials Characterization. The phases in the obtained

products were identified by X-ray diffraction (XRD). The XRD
pattern was acquired on a Rigaku D/Max-2550pc diffractometer using
Cu Kα radiation with a wavelength of 1.541 Å. The XRD pattern was
refined with the Rietveld method using GSAS software. Scanning
electron microscopy (SEM) was used to observe morphologies of the
PW samples. The SEM observation was conducted on S-4800 field-
emission microscope (Hitachi, Japan). The microstructure of the PW
samples was characterized by transmission electron microscopy
(TEM) and high-angle annular dark field-scanning transmission
electron microscopy (HAADF-STEM). The TEM and HAADF-
STEM characterizations were carried out using a FEI Titan G2 80-
200 ChemiSTEM microscope. The applied acceleration voltage is 200
kV. The microstructure of the PW samples was further characterized
by Raman spectroscopy using a DXR532 Raman imaging system
(Thermo Fisher Scientific, U.S.A.). The measurements were
performed using Ar-ion laser with a wavelength of 532 nm at a 10
mW power. X-ray photoelectron spectroscopy (XPS) was measured
using a KRATOS AXIS ULTRA-DLD system (Shimadzu, Japan) with
Al Kα radiation (hν = 1486.6 eV). Thermogravimetric (TG) analysis
was performed to determine the water content in the PW samples.
The measurement was conducted on a Netzsch LFA467 instrument
(NETZSCH, Germany) in N2. The content of sodium, iron, and
manganese was analyzed by inductively coupled plasma-atomic
emission spectrometry (ICP-AES) using IRIS Intrepid II XSP system.
C and N contents were measured using a Flash EA 1110 instrument.
Electrochemical Measurements. The slurry for electrode

fabrication was prepared by mixing PW, Ketjen black, and
polyvinylidene fluoride with a 7:2:1 mass ratio in N-methyl
pyrrolidone with magnetic stirring. The electrode slurry was then
pasted on Al foil to make the cathodes. Before cells fabrication, the
electrodes were dried under vacuum overnight at 80 °C. The areal
loading of PW on Al foils is about 2 mg cm−2. Coin-type cells were
fabricated in a glovebox filled with argon with metallic sodium as the
anode. The separator used is Whatman GF glass fiber film. The
electrolyte used is 1 mol L−1 NaPF6 dissolved in a mixed solvent of
diethyl carbonate (DEC)/ethylene carbonate (EC) in a volumetric
ratio of 1:1. Fluoroethylene carbonate (FEC) was added to the
electrolyte with a 5% volumetric ratio. Electrochemical properties of
PW were tested by constant charge/discharge cycling using a Neware
battery testing system (Neware Technology Limited, China) at 2.0−
4.0 V (vs Na/Na+). Cyclic voltammetry (CV) was performed using a
VersaSTAT3 electrochemistry workstation (Princeton Applied
Research) at 2−4.2 V vs Na/Na+ with a scanning rate of 0.1 mV
s−1. Electrochemical impedance spectroscopy (EIS) was measured on
the electrochemistry workstation by using a 10 mV AC voltage and a
10−2−105 Hz frequency range. All of the electrochemical tests were
conducted at room temperature.

■ RESULTS AND DISCUSSION

As shown in Figure 1a, both the products obtained at 85 °C
have a monoclinic structure with a space group of P21/n.

22,41

Rietveld refinement analysis on the XRD patterns validates the
monoclinic structure of the products (Figure S1). The
parameters of the crystal lattice are determined to be a =
10.6461 Å, b = 7.5653 Å, c = 7.3536 Å, and β = 92.2010° by
Rietveld refinement analysis, which agrees with the previous
report.36 As previously reported, the PBA with a monoclinic
phase has a high Na content and thus a high capacity.42 In
comparison, the monoclinic structure of the product prepared
at room temperature is not well developed (Supporting
Information (SI), Figure S2a). Raman spectra of PW-1 and
PW-2 are presented in Figure 1b, where three strong peaks are
evident, which are all related to (CN)− group.43 According
to Wang et al., the peaks at 2089 and 2126 cm−1 correspond to
Fe2+-CN-Mn2+ and Fe2+-CN-Mn3+, respectively.34 The peak
related to Fe3+-CN-Mn2+ at round 2180 cm−1 is not observed,
indicating that nearly all of the Fe in the compound remains as
Fe2+.34 The PW-1 sample was also characterized by XPS to
check the chemical states of Fe and Mn. As seen in Figure 1c,d,
the bands at 707.8 and 720.8 eV can be assigned to Fe2+2p3/2
and Fe2+2p1/2, respectively.44 The bands of Fe3+ are not
present, indicating that the dominant Fe in the compound is
divalent, agreeing with the Raman results. The XPS bands
positioned at 641.4 and 653.4 eV are associated with
Mn2+2p3/2 and Mn2+2p1/2, respectively, where a separation of
the spin energy of 12 eV is observed.45 The relatively broad
band of the Mn 2p XPS suggests that trivalent Mn3+ is also
present although main valence state of Mn is 2+.44 The TG
curves in Figure 1e show that the water content in PBAs is
around 10%. The structural formulas of PW-1 and PW-2 were
measured to be Na1.80Mn[Fe(CN)6]0.98□0.02·1.76H2O and
Na1.66Mn[Fe(CN)6]0.94□0.06·1.66H2O (□ = Fe(CN)6 va-
cancy) by a combined ICP-AES and TG analyses along with
the of C and N content measurements. The structural formula
of the room-temperature sample was measured to be
Na1.79Mn[Fe(CN)6]0.87□0.13·1.69H2O. Although this sample
contains a high sodium amount, it also contains a high
Fe(CN)6 vacancy. Namely, the sample prepared at low
temperature is rich in defects, which can explain its relatively
lower thermal stability (Figure S2b) compared with the high-
temperature samples (Figure 1e).
The SEM images in Figure 2a,b show that, after adding

sodium citrate in the Na4Fe(CN)6 solution, two shapes of
particles are obtained, namely, small irregular and large cuboid
particles. The particle size of the irregular product is about
200−600 nm, while the size of the cuboid particles is from 500
nm to several micrometers. For the PW-2 sample prepared
without adding sodium citrate, it consists of submicron
particles of about 200−600 nm. As a result, the average
particle size can be increased by introducing sodium citrate
with an increase in Na content. The increase in particle size
may be favorable for easy electrode processing and reduced
corrosion by electrolyte. TEM observation in Figure 2e,f
confirms that PW-1 consists of irregular and cuboid particles
while PW-2 consists of irregular particles. Figure 2g
demonstrates HAADF-STEM images and energy dispersive
X-ray spectrometry (EDX) mapping of a typical cuboid
particle, which indicates the uniform element distribution. In
comparison, EDX mapping of two small irregular particles
suggests that the surface of the particles is Na deficient as
shown in Figure 2h. The EDX mapping also shows that the Na
content in the irregular particles is lower than that in the
cuboid particles.
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Figure 3 illustrates the formation mechanism of PW-1.
Without adding sodium citrate in the precursor solution, the
PBA can nucleate and grow rapidly in the presence of sufficient
Mn2+ and [Fe(CN)6]

4− ions. Therefore, numerous particles
form with a small size and irregular shape. With the addition of
sodium citrate, part of the Mn2+ ions can be absorbed by the
sodium citrate to form complexes.46 Therefore, two kinds of
Mn2+ ions exist in the solution, namely, free and absorbed
Mn2+ ions. During the reaction, the free Mn2+ ions can react
rapidly with [Fe(CN)6]

4− ions to form irregular particles with
a small size. In contrast, the low release rate of Mn2+ from the
complexes leads to the slow nucleation and growth rate and
therefore large particle size.46 To verify the above assumption,
a control experiment was performed where sodium citrate was
added in the MnSO4 solution side. As expected, all of the
particles are cuboid shaped with a large size (Figure S3b).
However, the product also has a monoclinic phase structure
(Figure S3a). It can be concluded from the above results that
the sodium citrate plays a critical role in the growth mode of
PW.
Figure 4a exhibits the CV plots of PW-1 and PW-2 at a scan

rate of 0.1 mV s−1. Compared with that of PW-2, the oxidation
peak of PW-1 slightly shifts to a higher voltage due possibly to
large average particle size. PW-1 exhibits three successive
reduction peaks between 3.4 and 3.8 V, while for PW-2, only
two reduction peaks are observed. The difference in CV may

arise from the different morphologies and compositions
between the two samples. Figure 4b compares the EIS of
PW-1 and PW-2. All of the plots consist of a flattened
semicircle at high and middle frequency domain and an
inclined straight line at low frequency domain. An equivalent
circuit was used to fit the EIS plots. (inset in Figure 4b). The
high-frequency intercept of the plots in Z′ axis is associated
with the ohmic resistance (Re). The Re includes the contact
resistance between the particles, the interface resistance
between electrolyte and current collector, and the electrolyte
resistance. The flattened semicircle can be separated into two
semicircles that associated with resistance for solid electrolyte
interface (Rf) and resistance for charge transfer (Rct) at
electrode/electrolyte interface. The inclined line is related to
the Warburg impedance for sodium-ions diffusion in the bulk
material. The fitting data are listed in Table S2. From Table S2,
we can see that, although PW-1 has a larger average particle
size than PW-2, it has a somewhat lower Rct value.
Figure 5a,b presents the charge/discharge curves of PW-1

and PW-2 at 0.1 C, where 1 C is defined as 150 mA g−1. In the
first cycle, PW-1 yields a charge capacity of 144.3 mAh g−1 and
a discharge capacity of 144.0 mAh g−1 (Figure 5a), which
agrees well with the theoretical value of PW-1 calculated from
its structural formula. The large capacity is attributed to the
large sodium content as discussed above. Moreover, the first
Coulombic efficiency is as high as 99.8%, indicating rather high

Figure 3. Schematic diagram of the formation mechanism of PW-1.

Figure 4. (a) CV and (b) EIS of PW-1 and PW-2.
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Figure 5. Charge/discharge curves of (a) PW-1 and (b) PW-2 under a 0.1 C rate, discharge curves of (c) PW-1 and (d) PW-2 under different rates
with a charge current of 0.1 C, (e) the comparison of rate performance of PW-1 and PW-2, (f) the comparison of cycle life of PW-1 and PW-2
under a 0.5 C charge/discharge rate, and (g) cycle life of PW-1 under a 1 C charge/discharge rate.
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reversibility. In the first cycle, PW-2 delivers a charge capacity
of 135.3 mAh g−1 and a discharge capacity of 133.1 mAh g−1,
corresponding to a 98.4% Coulombic efficiency. Obviously,
PW-1 prepared by adding additive exhibits high capacity and
Coulombic efficiency. For both PW-1 and PW-2, two
successive potential plateaus can be observed, which are
associated with redox couple of Fe2+/Fe3+ and Mn2+/Mn3+,
respectively.34 For comparison, the electrochemical perform-
ance of the product prepared at room temperature was also
tested (Figure S2c). In the first cycle, the product delivers a
charge capacity of only 122.1 mAh g−1 and a discharge capacity
of only 114.3 mAh g−1. The low capacity is due to the defective
crystal lattice when synthesized at low temperature as
discussed above. Figure 5c,d presents the discharge profiles
of PW-1 and PW-2 at various current densities, where the
chare current density is fixed at 0.1 C (Figure S4). Note that
PW-1 shows a similar discharge capacity as PW-2 at various
current densities although the former has a larger average
particle size than the latter. In addition, PW-1 has higher and
more flat voltage plateau than PW-2, suggesting lower
polarization and improved electrode kinetics which is favorable
for practical applications. At 10 C, PW-1 still gives a relatively
large discharge capacity of 86.6 mAh g−1, which indicates good
rate performance (Figure 5c,e).
Figure 5f compares cycling stability of PW-1 and PW-2 at

0.5 C. Obviously, PW-1 demonstrates enhanced cycling
stability even though the two samples have similar initial
capacity. PW-1 still keeps a high discharge capacity of 87.1
mAh g−1 after 780 cycles under a 0.5 C rate. For comparison,
after 580 cycles, the discharge capacity of PW-2 fades quickly
to 65.3 mAh g−1 at an identical current rate. The cycling
performance of PW-1 was also studied under a 1 C rate
(Figure 5g). After 2100 cycles under a 1 C rate, PW-1 still
reserve a relatively large discharge capacity of 74.6 mAh g−1

with a 72.7% retention, indicating superior high-rate cycling
stability. In comparison, the electrochemical performance of
PW-3 was also tested (Figure S3c). Note that, although it also
shows good cycling stability, the capacity is rather lower
compared with that of PW-1. To clarify the excellent cycling
performance of PW-1, the electrode after long-term cycling was
observed using SEM (Figure 6). Of note is that both small

irregular particles and large cuboid particles were corroded
after 500 cycles as marked by the white arrows. As seen in
Figure S5, small particles also suffer from corrosion (marked by
white arrows), and even cracks appear during cycling (marked
by black arrows). To highlight the outstanding cycling
performance of our PW-1 sample, the electrochemical
performance of some NaxMnFe(CN)6 materials is compared
as summarized in Table S3. Clearly, the electrochemical
performance of PW-1 is among the best.

■ CONCLUSIONS
Prussia white material with superior performance was prepared
by an improved precipitation method, where a surfactant
sodium citrate was used to control the release rate of Mn2+

ions. The product (PW-1) with sodium citrate in precursor is
composed is small irregular particles of 200−600 nm and large
cuboid particles from 500 nm to several micrometers. In
comparison, the size of the product (PW-2) without sodium
citrate in the precursor is 200−600 nm. PW-1 (144.0 mAh
g−1) delivers a higher initial discharge capacity than PW-2
(133.1 mAh g−1) due to its higher Na content. PW-1 shows
comparable rate performance with PW-2 even though it has a
large average particle size. In addition, PW-1 exhibits improved
cycling performance compared with PW-2 with reduced
corrosion by electrolyte because of large particle size. After
780 cycles under a 0.5 C rate, a large discharge capacity of 87.1
mAh g−1 is still maintained for PW-1. In comparison, the
discharge capacity of PW-2 is reduced to 65.3 mAh g−1 after
580 cycles at an identical rate. After 2100 cycles under an 1 C
rate, PW-1 could keep a relatively large discharge capacity of
74.6 mAh g−1 (72.7% remained). The outstanding electro-
chemical properties of the product make it a promising
cathode for high-performance sodium-ion batteries.
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