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Commercially available Na4 Fe(CN)6 and Fe4 [Fe(CN)6 ]3 are two cheap compounds that have ever been investigated as positive electrode materials for sodium-ion batteries. However, poor electronic conductivity of Na4 Fe(CN)6 and sodium deficiency
of Fe4 [Fe(CN)6 ]3 prevent these two materials from being used in practical rechargeable sodium-ion batteries. In this paper, a
NaFeFe(CN)6 cathode material was synthesized by ball milling the Fe4 [Fe(CN)6 ]3 / Na4 Fe(CN)6 mixture. The obtained NaFeFe(CN)6
demonstrated a single cubic phase indexed to Fm3m space group similar to Fe4 [Fe(CN)6 ]3 but with larger lattice parameter due to
the existence of Na+ in the lattice framework. The NaFeFe(CN)6 electrode delivered first desodiation capacity of 119.4 mAh g−1
and first sodiation capacity of 153.6 mAh g−1 at 0.05C rate. The NaFeFe(CN)6 showed excellent cycling stability with reversible
capacities of 118.2 mAh g−1 and 96.8 mAh g−1 at 0.1C and 1C rate, respectively. In-situ XRD analyses demonstrated a single cubic
phase process during charge-discharge of NaFeFe(CN)6 electrode. Low water content benefited from the solid reaction method and
the homogenous single phase process during charge/discharge assured the stable long term cycling performance of the NaFeFe(CN)6
product.
© The Author(s) 2018. Published by ECS. This is an open access article distributed under the terms of the Creative Commons
Attribution 4.0 License (CC BY, http://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse of the work in any
medium, provided the original work is properly cited. [DOI: 10.1149/2.0701816jes]
Manuscript submitted October 8, 2018; revised manuscript received November 30, 2018. Published December 14, 2018.

Lithium-ion batteries have been widely used in portable electronic
devices and electric vehicles. However, the limited lithium resource
hampers their further wide-scale application for large-scale grid energy storage systems which are required for the development of renewable energy technologies.1–3 Rechargeable sodium-ion batteries
(SIBs) have recently attracted growing interest as appealing alternative for potential electric energy storage applications due to the low
cost and globally abundant resource of sodium.4,5 Nowadays, much
effort focuses on finding appropriate cathode and anode materials.
Various cathode materials for SIBs have been reported such as layered sodium transition metal oxides,6–12 poly-anionic phosphates and
fluorophosphates13–16 and prussian blue analogues (PBAs).17–39
Prussian blue and its analogue materials with the general formula
of Nax M[M’(CN)6 ]y · nH2 O (M,M’ = transition metals)17–51 show
great potential as active materials for Na+ 17–39 , Li+ ,40–43 K+ 44–46
and even Mg2+ 47–51 ion batteries owing to their low cost, ease of
synthesis and open framework structure. The PBAs cathode based
sodium ion batteries have been intensively studied.17–39 Commonly,
PBAs materials were synthesized using simple aqueous precipitation reaction of transition metal cations Mn+ and hexacyanoferrate
[Fe(CN)6 ]4− anion.17–22 However, the rapid precipitation process
usually causes [Fe(CN)6 ]4− vacancies in the resultant PBAs framework. The [Fe(CN)6 ]4− vacancies are occupied by coordinating H2 O
molecules. The coordinated water located in the vacant sites of the
framework is difficult to be completely removed by common heat
treatment method. Much research work has reported the severe deteriorating effect of interstitial H2 O (including coordinating H2 O and
zeolitic H2 O) on the electrochemical performance of the PBAs,22–27
which cause rapid capacity degradation and impede their practical
application.
In this work we report the synthesis of NaFeFe(CN)6 using waterremoved Na4 Fe(CN)6 and Fe4 [Fe(CN)6 ]3 by a facile ball-milling solid
reaction method. Low water content in the prepared NaFeFe(CN)6
product assures its appreciable cycling stability. Actually, the commercially widely available material Fe4 [Fe(CN)6 ]3 and Na4 Fe(CN)6
are two cheap compounds that have ever been investigated as positive
electrode materials for sodium-ion batteries.28,29 The theoretical capacity of Fe4 [Fe(CN)6 ]3 is 124.8 mAh g−1 when four sodium ions react
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with one Prussian blue molecule. H. Minowa et al.28 reported that dehydrated Fe4 [Fe(CN)6 ]3 showed discharge capacity over 90 mAh g−1 .
However, this material can not be applied in SIBs using sodium deficient anodes. On the other hand, Na+ rich Na4 Fe(CN)6 also shows
electrochemistry activity using as cathode material for sodium-ion
batteries. There are four Na+ in the Na4 Fe(CN)6 molecule formula,
however, only one Na+ can be accounted for the reversible capacity
corresponding to [Fe(CN)6 ]3− /[Fe(CN)6 ]4− redox reaction. The theoretical capacity of Na4 Fe(CN)6 is 88.2 mAh g−1 . However, due to poor
electronic conductivity, it can only be used by adding large amount
of conductive additive. J.F. Qian et al.29 reported that Na4 Fe(CN)6 /C
(carbon content 40 wt%) nanocomposite delivered a reversible capacity of 83 mAh g−1 (1C). In this paper, we demonstrate that Na4 Fe(CN)6
can perform as a Na+ resource for Na+ free Fe4 [Fe(CN)6 ]3 . A
NaFeFe(CN)6 cathode material was synthesized via solid reaction
method by ball milling the Fe4 [Fe(CN)6 ]3 /Na4 Fe(CN)6 mixture. The
obtained NaFeFe(CN)6 demonstrated a single cubic phase indexed
to Fm3m space group similar to precursor Fe4 [Fe(CN)6 ]3 but with
larger lattice parameter due to the existence of Na+ in the framework. The prepared NaFeFe(CN)6 cathode delivered appreciable first
cycle sodium extraction capacity and acceptable electrochemical performance without having to use high content conductive carbon additive in the electrode. Solid reaction method is a promising synthesis route for preparing NaFeFe(CN)6 in a large scale for application
in SIBs.
Experimental
Prussian blue Fe4 [Fe(CN)6 ]3 and Na4 Fe(CN)6 •10H2 O were purchased from Sinopharm Chemical Reagent Co., Ltd. In order to
remove water, Fe4 [Fe(CN)6 ]3 and Na4 Fe(CN)6 •10H2 O were thermal dehydrated in vacuum oven (133Pa) for 8 hrs at 120◦ C and
90◦ C, respectively. The above water-removed materials were used
as the starting materials. NaFeFe(CN)6 was synthesized by a mechanical/chemical reaction via the simple ball-milling method using
the corresponding stoichiometric molar ratio of the Fe4 [Fe(CN)6 ]3 to
Na4 Fe(CN)6 as 1:1. The precursor mixture powder was ball-milled
for 6 hrs in a planetary mill (Pulverisett 6, Fritsch) with 250 ml agate
vessel. The resulting NaFeFe(CN)6 product was heat-treated in vacuum oven (133Pa) at 150◦ C for 5 hrs to improve the crystallinity of
NaFeFe(CN)6 .
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Figure 1. (a) Powder XRD patterns of the NaFeFe(CN)6 products and precursor samples; Observed and calculated XRD patterns of (b) PB and (c) NaPB.

The structural characteristic of the as-prepared materials and precursor samples was determined by high-energy X-ray diffraction
(HEXRD) carried out at beamline 11-ID-C of the Advanced Photon Source at Argonne National Laboratory. The wavelength of the
X-ray beam used was 0.1173 Å. Crystal structures were refined using
the powder profile refinement program GSAS. The in situ HEXRD
of NaFeFe(CN)6 cathode during cycling was also performed at sector
11-ID-C of the APS at Argonne National Laboratory with the wavelength of the X-ray beam 0.1173 Å. Coin cells with holes for beam
pass were used. The holes at the top and bottom cases of the coin-cell
were sealed with Kapton tape after cell assembly.
The morphologies of the samples were observed by Desktop Scanning Electron Microscope (Phenom ProX, Phenom-World) and transmission electron microscope (JEM 2100F). The thermogravimetric
analysis (TGA) was conducted on a DSC/DTA-TG instrument (TG,
STA 449 F3 Jupiter, NETZSCH-Gerätebau GmbH) at 5◦ C min−1
ramp rate under N2 environment to measure the H2 O content in the
samples. TGA-MS (mass spectrometry) measurement was taken on a
Mettler-Toledo TGA/DSC 1 Star system in N2 atmosphere till 400◦ C
at 10◦ C min−1 ramp rate.
For a typical coin cell fabrication, the cathodes were prepared by
slurrying 70 wt% active material, 10 wt% super P, 10 wt% ketjen
black, and 10 wt% polyvinylidene fluoride (PVDF) in N-methyl-2pyrrolidone (NMP), and then casting the mixture onto an aluminium
foil. After drying at 100◦ C for about 2 hrs, the electrode disks (14 mm)
were punched and weighed. The mass loading of active materials on
cathodes was 2.0–2.2 mg cm−2 . After further drying under vacuum
at 120◦ C for 12hrs, the cathodes were incorporated into coin cells
(R2016) with sodium metal foil and 1.0 M NaPF6 /PC+EMC+FEC
(50:48:2, v/v/v) electrolyte in an argon filled glove box. The galvanostatic charge-discharge tests of the coin cells were conducted using a
battery test system (Land CT2001A model, Wuhan Jinnuo Electronics
Co., Ltd.). The cyclic voltammetric experiments were performed on
CHI electrochemical workstation (CHI 670D, CHI Instrument Co.).

Results and Discussion
To investigate the interaction between Fe4 [Fe(CN)6 ]3 and
Na4 Fe(CN)6 , the mixture of dehydrated Fe4 [Fe(CN)6 ]3 and
Na4 Fe(CN)6 (molar ratio 1:1) was ball-milled for 6 hrs. Fig. 1a
presents the XRD patterns of the ball-milling product and the precursor samples. Diffraction peaks of precursor Fe4 [Fe(CN)6 ]3 agree
well with the standard pattern of Prussian blue Fe4 [Fe(CN)6 ]3 (JCPDS
No. 52-1907), indexed to a face-centered-cubic structure (space group
Fm3m). The Na4 Fe(CN)6 precursor also presents typical diffraction
peaks consistent with standard pattern Na4 Fe(CN)6 (JCPS PDF 011026).29 It can be seen that the XRD pattern of the ball-milling product shows similar characteristic peaks to the precursor Fe4 [Fe(CN)6 ]3 ,
while with the corresponding peak positions shift to the left, indicating an increase in d-spacing. It is also noticed that even analyzed
using the strong beamline (λ = 0.1173 Å) of the Advanced Photon
Source at Argonne National Laboratory, only a very small and almost negligible peak at 2θ = 2.43◦ belongs to very trace amount of
Na4 Fe(CN)6 can be detected in the XRD pattern of the as-prepared
product. Thus we suppose that a sodium containing Prussian blue
product NaFeFe(CN)6 has been directly synthesized from the precursor mixture of Fe4 [Fe(CN)6 ]3 and Na4 Fe(CN)6 by the mechanical
chemical reaction. The reaction equation can be described as:


Fe4 Fe(CN)6 3 + Na4 Fe(CN)6 → 4 NaFeFe(CN)6
To improve crystallinity of the ball-milling product, the obtained
product powder was heated in a vacuum oven at 150◦ C for 5 hrs.
It can be seen from Fig. 1a that the XRD pattern of the thermal
treated NaFeFe(CN)6 shows the same characteristic as untreated product, indicating that treated at 150◦ C did not cause any discomposing of the material framework. In the following context, we denote
the Fe4 [Fe(CN)6 ]3 precursor as PB and the 150◦ C thermal treated
NaFeFe(CN)6 as NaPB. The XRD data of PB and NaPB were further analyzed by Rietveld refinement, as shown in Figs. 1b and 1c, to
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Figure 2. SEM images of the NaFeFe(CN)6 products and precursor samples
(a) PB, (b) Na4 Fe(CN)6, (c) ball-milling product NaFeFe(CN)6 and (d) 150◦ C
thermal treated NaFeFe(CN)6 .

obtain the lattice parameters. The PB precursor has Fm3m symmetry
structure with lattice parameters of a = b = c = 10.215 Å. The NaPB
product remains the structure characteristic of PB but with larger lattice parameters of a = b = c = 10.315 Å due to the existence of Na+
in the framework of cubic structure.
SEM images of the NaFeFe(CN)6 products and dehydrated PB
and Na4 Fe(CN)6 precursors are presented in Fig. 2. Both precursor
samples show evenly distribution of primary particles with the average
particle size of ∼50nm (PB, Fig. 2a) and ∼200nm (Na4 Fe(CN)6 ,
Fig. 2b), respectively. The very small particle sizes of the precursors
benefit the solid reaction. The particle morphologies of the product
NaFeFe(CN)6 before and after 150◦ C thermal treating are shown in
Figs. 2c and 2d, which exhibit obviously different particle feature
from the precursors. The observed NaFeFe(CN)6 particles with size
less than 3 um were agglomeration of tiny nanoparticles (∼100nm).
The crystallinity of the sample materials was further observed by
high-resolution transmission electron microscope (HRTEM) and se-

lected area electron diffraction (SAED). HRTEM image of the PB particle in Fig. 3a shows clear lattice fringe indicating a high crystallinity
of the PB particles. The inset SAED image shows clear diffraction ring
with bright spots indicating the PB powder composed of very tiny crystals as confirmed by the inset TEM image which shows particle size of
∼50nm. In Fig. 3b, HRTEM image of Na4 Fe(CN)6 shows the lattice
fringes with interplanar spacing of d = 0.581 nm and 0.276 nm, corresponding to the diffraction planes at 2θ = 1.157◦ and 2.431◦ (Fig. 1),
respectively. After ball-milling the precursor mixture for 6 hrs, the
obtained NaFeFe(CN)6 product (Fig. 3c) presents lattice fringes with
the d-spacing of 0.257 nm, which correspond to the diffraction planes
at 2θ = 2.605◦ (Fig. 1). It is also noticed that the SAED image of
the ball-milling product shows a fuzzy diffraction ring pattern indicating a poor crystallinity. However, after 150◦ C thermal treating, the
NaFeFe(CN)6 shows clear lattice fringes as shown in Fig. 3d. The
observed lattice fringes with the d-spacing of d = 0.370 nm and d =
0.364 nm correspond to the diffraction planes at 2θ = 1.842◦ (Fig. 1).
The SAED pattern also shows clear diffraction rings compared to the
fuzzy pattern in Fig. 3c. The above results indicate that thermal treating can obviously improve crystallinity of the ball-milling product.
In the following context, electrochemical investigation focuses on the
thermal treated NaFeFe(CN)6 (NaPB).
The electrochemical property of the prepared NaPB was investigated using cyclic voltammetry and compared with precursor PB
and Na4 Fe(CN)6 . Fig. 4 presents cyclic voltammetric profiles of
the samples at scan rate of 0.1 mV s−1 . In the first cycle, no obvious anodic peak was observed on PB electrode (Fig. 4a) due to
sodium deficiency. For negative scanning, a reduction peak appeared
at 2.55 V vs. Na+ /Na, corresponding to the reduction of Fe3+ connected to the nitrogen while Na+ insert into the crystal structure.
For the subsequent cycles, a pair of symmetric and reproducible
redox peaks appeared at 2.80/2.59 V vs. Na+ /Na corresponding to
the oxidation/reduction of FeII (N)/FeIII (N) in the Fe4 [Fe(CN)6 ]3 cubic framework. In Fig. 4b, the Na4 Fe(CN)6 cathode showed one
pair of redox peaks at 3.43/3.29 V vs. Na+ /Na attributed to oxidation/reduction of [Fe(CN)6 ]4− /[Fe(CN)6 ]3− , corresponding to the
Na+ extraction/insertion in the layer Na4 Fe(CN)6 structure. Though
the current peaks were small due to poor electronic conductivity of
Na4 Fe(CN)6 .29 For the as-prepared NaPB product, it is interesting
to find that the first anodic CV curve showed two oxidic peaks at
3.07 V and 3.66 V vs. Na+ /Na, which might correspond to the oxidation reaction of FeII (N) and FeII (C), respectively. This result might
indicate the coexistence of NaFeII FeIII (CN)6 and NaFeIII FeII (CN)6 in
the ball-milling product material. As expected, NaPB electrode presented two pairs of redox peaks in the subsequent cycles. The peaks at
lower potentials 2.89/2.60 V vs. Na+ /Na corresponded to the oxidation/reduction of the FeII (N)/FeIII (N) couple, while the redox peaks at
3.60/3.31 V vs. Na+ /Na were assigned to the oxidation/reduction of
[Fe(CN)6 ]4− /[Fe(CN)6 ].3− DFT (Density Functional Theory) calculations on the structural and electronic properties of Prussian Blue in
reference 36 indicated that C-coordinated Fe center keeps in a low-spin
configuration independent of its oxidation state due to the strong CN
ligand field. Whereas the N-coordinated Fe centers adopts a high-spin
state, since the crystal field of the cyanide N-site is relatively weak.
There is an energy band gap Eg between Fe-C t2g and Fe-N t2g orbitals. This leads to the voltage difference of the redox peaks between
the FeII (N)/FeIII (N) couple and [Fe(CN)6 ]4− /[Fe(CN)6 ]3− couple. It is
also noticed that the redox peaks at a higher potential corresponding
to the [Fe(CN)6 ]4− /[Fe(CN)6 ]3− couple are broader than those at a
lower potential, which indicate a sluggish kinetic. Y. Jiang et al.37 also
performed First principles DFT calculations and indicated that bare
FeFe(CN)6 is an insulator with a bandgap around the Fermi level.
After initial Na insertion, the electronic state of the whole system
changed greatly. The bandgap was quenching at the Fermi level and
the electronic conduction increased for the Na-inserted FeFe(CN)6 .
That is the insulator behavior of the bare FeFe(CN)6 determined the
sluggish kinetics in the higher voltage range corresponding to the
[Fe(CN)6 ]4− /[Fe(CN)6 ]3− redox couple. When Na ions were inserted
into the crystal cell, the enhanced electronic conduction ensured a
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Figure 3. TEM, HRTEM and SAED images of (a) PB, (b) Na4 Fe(CN)6, (c) ball-milling product NaFeFe(CN)6 and (d) 150◦ C thermal treated NaFeFe(CN)6 .

superior kinetics in the lower voltage range corresponding to the
FeII (N)/FeIII (N) couple. The CV curves of as-prepared NaPB do not
simply repeat the characteristic of those for the precursor samples
further confirms that during ball-milling process chemical reaction
existed between Fe4 [Fe(CN)6 ]3 and Na4 Fe(CN)6 and led to a new
compound NaFeFe(CN)6 .
Sodium extraction/insertion behaviors of the NaPB product and
the precursor samples were investigated by galvanostatic charge and
discharge at different current densities in the voltage window of
2.0–4.0 V. The different current densities were applied progressively
for each of five cycles. Fig. 5 shows the charge-discharge profiles
of the samples. During the initial charge process, it can be seen
that PB electrode (Fig. 5a) showed very low initial charge capacity of 22.1 mAh g−1 due to sodium deficiency in the pristine PB
sample, and the first discharge capacity corresponding to Na+ insertion was 107.4 mAh g−1 at very low current density of 5 mA
g−1 . While the theoretical capacity of PB is 124.8 mAh g−1 . As current density increased, the discharge capacities slightly decreased to
92.1 mAh g−1 (10 mA g−1 ), 87.2 mAh g−1 (50 mA g−1 ) and 81.9
mAh g−1 (100 mA g−1 ). The discharge profiles of PB electrode only
displayed one voltage plateau around 2.8–2.5 V vs. Na+ /Na corresponding to the FeIII (N)/FeII (N) redox pair, consistent with the CV
curves. In Fig. 5b, the Na4 Fe(CN)6 electrode showed very low initial
charge/discharge capacity of 43.4/35.5 mAh g−1 even at 5 mA g−1
due to its low electronic conductivity. As Qian et al.29 have reported
the Na4 Fe(CN)6 /C nanocomposite could deliver its theoretical oneelectron redox capacity of ∼90 mAh g−1 when the conductive carbon
(super P) reach the content of 40 wt%. We ball-milled Na4 Fe(CN)6
powder with super P carbon to obtain Na4 Fe(CN)6 /C composite with a
carbon content of 40 wt%, which was denoted as Na4 Fe(CN)6 /40%C.
It can be seen from Fig. 5c that the prepared Na4 Fe(CN)6 /40%C

shows initial charge/discharge capacities of 97.5/86.6 mAh g−1 at 5
mA g−1 , and keep discharge capacities of 83.7 mAh g−1 (10 mA g−1 ),
78.7 mAh g−1 (50 mA g−1 ) and 73.4 mAh g−1 (100 mA g−1 ) at different current densities. The above results indicate that the poor conductive Na4 Fe(CN)6 can only be used with existence of large amount of
conductive carbon. This situation is disadvantage for practical application. As to product NaPB (Fig. 5d), the electrode exhibited a charge
capacity of 119.4 mAh g−1 and discharge capacity of 153.6 mAh g−1
in the first cycle at 5 mA g−1 . The first cycle charge/discharge profiles
of the samples were compared in Fig. 5e. It is clear that NaPB exhibited much larger initial desodiation/sodiation capacities compared
with PB and Na4 Fe(CN)6 electrodes. In Fe4 [Fe(CN)6 ]3 (PB) electrode
only FeIII/II (N) contributed to the discharge/charge capacities. For the
NaFeFe(CN)6 (NaPB) electrode, the initial charge/discharge profiles
showed two voltage plateau, both the FeII/III (N) and FeII/III (C) contributed to the reversible capacities. The NaPB product is acceptable
for practical application in sodium ion batteries. As shown in Fig. 5d,
when the current density increased, the discharge capacities of NaPB
were 118.8 mAh g−1 (10 mA g−1 ), 102.8 mAh g−1 (50 mA g−1 ) and
96.6 mAh g−1 (100 mA g−1 ), respectively.
Long term cycling behavior is critical for developing an electrode
material. Fig. 6 compares the cycling performance of NaPB electrode
with precursor PB and Na4 Fe(CN)6 /40%C at current densities of 10
and 100 mA g−1 between 2.0 and 4.0V, respectively. When cycling at
10 mA g−1 as shown in Fig. 6a, the NaPB electrode delivered an initial
discharge capacity of 118.2 mAh g−1 , much higher than the 92.6 mAh
g−1 of PB electrode and 83.1 mAh g−1 of Na4 Fe(CN)6 /40%C electrode. After 200 cycles, the discharge capacities of the above three
electrodes remained at 94.9, 89.6 and 73.1 mAh g−1 , with capacity
retention of 80.3%, 96.7% and 87.9%, respectively. Fig. 6b further
shows long term cycling behavior of the samples at higher current
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Figure 4. Cyclic voltammograms of (a) PB, (b) Na4 Fe(CN)6 and (c) NaPB electrodes in the potential window of 2.0–4.0 V vs. Na+ /Na at scan rate of
0.1 mV s−1 .

Figure 5. Charge-discharge profiles of (a) PB, (b) Na4 Fe(CN)6 , (c) Na4 Fe(CN)6 /40%C, (d) NaPB electrodes at various current densities; (e) comparison of first
cycle charge-discharge profiles of the PB, Na4 Fe(CN)6 and NaPB electrodes at 5 mA g−1 .

Journal of The Electrochemical Society, 165 (16) A3910-A3917 (2018)

A3915

Figure 6. Cycling performance of NaPB electrode compared with PB and Na4 Fe(CN)6 /40%C electrodes (a) 10 mA g−1 , (b) 100 mA g−1 .

density of 100 mA g−1 . The initial capacities of the sample electrodes
were 96.8 mAh g−1 (NaPB), 82.7 mAh g−1 (PB) and 73.6 mAh
g−1 (Na4 Fe(CN)6 /40%C), respectively. After 1000 cycles, the PB
and Na4 Fe(CN)6 /40%C exhibited capacity retention up to 75.6% and
74.8%, respectively. The NaPB electrode showed lower capacity retention of 61.3% because of the somewhat inferior crystallinity due to
ball-milling effect. However, It needs to mention that compared with
the Prussian blue sample Na1.73 Fe[Fe(CN)6 ]0.98 prepared by common
solution precipitation method that we reported in previous paper,25 the
solid-reaction-prepared NaPB presented much better cycling stability
at 100 mA g−1 as shown in Fig. 7a. The solution method prepared
Na1.73 Fe[Fe(CN)6 ]0.98 showed an initial capacity of 104.8 mAh g−1
with capacity retention of 60.8% (63.7 mAh g−1 ) at 400th cycle. The
NaPB electrode showed capacity retention of 76.1% (73.7 mAh g−1 )
at 400th cycle. Fig. 7b further compares the TGA results of these
two samples. In reference 38 Rudola et al. show that interstitial water
in a Fe-Fe based PBA can leave between 200–250◦ C by TGA-MS
experiment. It can be seen in Fig. 7b the weight loss at 250◦ C for
NaPB is 12.0 wt% while the weight loss for the sample prepared by
solution precipitation method is 18.6 wt%. The better cycling stability of NaPB may be attributed to the lower water content in the solid
reaction product.

Material composition and synthesis method can have great effect
on the thermal stability of the PBAs.39 In order to understand the
thermal stability and clarify water content in the NaPB structure.
TGA-MS experiments were performed on the samples. Fig. 8 shows
that the NaPB product exhibited slightly better thermal stability than
the PB (Fe4 [Fe(CN)6 ]3 ) precursor. The HCN release temperature for
both NaFeFe(CN)6 and heat treated NaFeFe(CN)6 was 250◦ C. The PB
precursor began to release HCN at about 230◦ C. The lower thermal
stability of PB precursor might be due to the Na+ deficiency in this
material. These results indicate that the samples prepared by ballmilling method show acceptable structure stability. The Na4 Fe(CN)6
sample show very good thermal stability, no structural decomposition
was observed in the whole test temperature range till 400◦ C. The exact
water content in Na4 Fe(CN)6 sample is 6.0 wt%. The weight loss
that related to water content for PB precursor before HCN release is
11.6 wt% till 230◦ C. The NaFeFe(CN)6 and heat treated NaFeFe(CN)6
released 16.7 wt% and 12.1 wt% water till 230◦ C, respectively. It can
be seen that the water content in final NaPB product is similar to
the PB precursor. In Fig. 8a no obvious H2 O peak above 200◦ C due
to release of coordinating H2 O is observed on the MS curve of PB
sample. That means by further optimize water removing condition for
PB precursor the water content in the final NaPB product can be well
controlled.

Figure 7. (a) Comparison of the cycling performance of solid-reaction-prepared NaPB with Na1.73 Fe[Fe(CN)6 ]0.98 prepared by a solution precipitation method.
(b)TGA results of NaPB prepared by solid reaction method and Na1.73 Fe[Fe(CN)6 ]0.98 prepared by solution precipitation method. TGA test was conducted at a
ramp rate of 5◦ C min−1 under N2 flow. (TG, STA 449 F3 Jupiter, NETZSCH-Gerätebau GmbH).
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Figure 8. Thermogravimetric analysis-mass spectrometry (TGA-MS) of (a) PB, (b) Na4 Fe(CN)6 (c) NaPB (d) heat treated NaPB, TGA-MS test was conducted
at a ramp rate of 10◦ C min−1 under N2 flow. (Mettler-Toledo TGA/DSC 1 Star system).

In situ synchrotron X-ray diffraction (XRD) measurement was
further performed to analyze the structure evolution of the NaPB
during sodium extraction/insertion process. Fig. 9 displays the in-situ
XRD patterns and corresponding charge-discharge curve of NaPB
electrode during the first cycle charge-discharge at 10 mA g−1 in
the voltage range of 2.0–4.0 V. It can be seen that the initial XRD
diffraction peaks could be well indexed to the space group Fm3m
with cubic phase structure, and all the peaks belong to the cubic phase
begin to change along with the charge proceeding. With the increase of
charge voltage, the (200), (220) and (400) peaks shift to larger angles,
indicating a decrease of lattice parameter with continuous sodium ion
extraction during charge process. When the charge voltage increases
to 4.0 V, the lattice parameter is a = b = c = 10.214 Å, while the initial
value for the NaPB material is 10.315 Å. During the discharge process,
the (200), (220) and (400) peaks shift back to lower angles, revealing
the increase of lattice parameters with sodium ion insertion. Till the
discharging proceeding finishes at 2.0 V, lattice parameters increase
to 10.363 Å. It is clear the XRD patterns indicate a stable cubic phase
of NaPB during charge/discharge process. No new peaks and phase
transformation are observed. This phase stability may benefit the long
term cycling stability. The above investigations indicate that low water
content benefited from the solid reaction method and the homogenous
single phase process during charge/discharge assure the stable long
term cycling performance of the NaPB product.
Conclusions
NaFeFe(CN)6 was synthesized successfully simply by mechanical ball-milling method using Na4 Fe(CN)6 and Fe4 [Fe(CN)6 ]3 as
precursors. The obtained NaFeFe(CN)6 showed single Fm3m phase

Figure 9. In situ XRD patterns collected during the first charge/discharge of
NaPB cell under 10 mA g−1 over a voltage rage of 2.0–4.0V.
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similar to Fe4 [Fe(CN)6 ]3 with larger lattice parameters due to existence of Na+ in the lattice space. Electrochemical tests showed that
the NaFeFe(CN)6 electrode presented high initial charge/discharge
capacities of 119.4/153.6 mAh g−1 at 5 mA g−1 . Excellent cycle stability was obtained at 10 mA g−1 with initial discharge capacity of
118.2 mAh g−1 and 80.3% capacity retention over 200 cycles. When
cycled at 100 mA g−1 , a reversible capacity of 96.8 mAh g−1 can be obtained with capacity retention of 61.3% over 1000 cycles. The appreciable electrochemical performance of the NaFeFe(CN)6 material was
attributed to the stable single phase structure during charge/discharge
process, and the low water content of the solid method prepared
sample.
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