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Well-defined Na2Zn3[Fe(CN)6]2 framework as a Low-cost
and Cycle-stable Cathode Material for Na-ion Batteries#
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Abstract: In this paper, well-defined Na2Zn3[Fe(CN)6]2 nanocrystals (~300 nm) have been fabricated
by a facile precipitation method from low-cost precursors at room temperature. By employing
[Fe(CN)6]3-/[Fe(CN)6]4- couple as redox-centers, this material can realize a Na-storage capacity of 65
mAh g-1, a high rate capability with ~32 mAh g-1 at 20 C, and an impressive cycle life with 94%
capacity rentention over 1,000 cycles, offering a low-cost and high performance alternative cathode for
large-scale Na-ion applications.
Key words: Prussian blue; Na-ion batteries; intercalation cathode

0 Introduction
15

20

25

30

35

40

There is an increasing demand for the integration of renewable energy sources such as solar
and wind into electric grids due to the depletion of the fossil fuels and environmental concerns[1].
To suppress the fluctuant and intermittent nature of solar and wind, affordable and efficient
large-scale energy storage technologies are urgently desired. Currently Li-ion batteries are
considered as one of the most promising technologies due to their high energy density and long
lifetime, but the high cost and the limited lithium reserves on Earth might impede their large-scale
applications. Recently, Na-ion batteries have been emerging as a competitive substitute for their
lithium counterparts in grid-scale applications because of the widespread availability and low cost
of Na resources[2].
In general, cathode material plays a crucial role in the final electrochemical performance of
Na-ion full cells[3]. Therefore, it is of great importance to develop non-toxic, low-cost and
cycle-stable cathode material so as to enable Na-ion technologies. To date, numerous frameworks
have been attempted for Na insertion reactions, such as transition metal oxides, phosphates and
organic compounds. In particular, Prussian blue and its analogues (PBA) have attracted much
interest as alternative Na-storage cathodes due to their large open ionic tunnels, abundant
Na-insertion sites, robust frameworks as well as easy preparation. For instance, Goodenough et al.
[4]
first reported that rhombohedral Na1.72MnFe(CN)6 could deliver a high capacity of 134 mAh g-1
and a high discharge potential at ~3.5 V. Later on, our group and other teams successfully
prepared low-defect NaxFeFe(CN)6 nanocubes with reversible capacity of 120-170 mAh g-1 over
hundreds of cycles.[5] Other PBA frameworks have been also revealed to demonstrate reversible
Na insertion behavior in non-aqueous electrolyte, such as Na2NiFe(CN)6, Na2CuFe(CN)6 and
Na2CoFe(CN)6 etc.[6] Nevertheless, low-cost and well-defined Na2Zn3[Fe(CN)6]2 open framework
received much less attention as Na-host cathodes. In 2012, Choi’s group[7] synthesized
Na2Zn3[Fe(CN)6]2 by a conventional rapid precipitation process in boiled water and presented it as
a viable cathode material for Na-ion batteries, which showed a specific capacity of 56 mAh g-1 and
cycle life of 50 cycles. However, its low coulombic efficiency (50%-95%), poor rate capability
(2C, 40%) and limited cycle life needs to be further enhanced. Recent research achievements have
revealed that the electrochemical performance of PBA frameworks is closely associated with its
Foundations: the specialized Research Fund for the Doctoral Program of Higher Education (No. 20130141120007)
Brief author introduction:Wu cheng(1996-),Male,Undergraduated student,Main research:Na-ion battery
Correspondance author: Qian Jianfeng(1987-), Male,Assistant professor, Main research:Na ion batteries. E-mail:
jfqian@whu.edu.cn
-1-

中国科技论文在线

45

50

55

60

http://www.paper.edu.cn

crystallization speed and the corresponding crystal integrity. For instance, Guo’s group[8]
introduced a slow precipitation method to prepare high-quality NaxFeFe(CN)6 nanocubes
(300~600 nm), which demonstrated greatly improved Na-storage performance than conventional
NaxFeFe(CN)6 nano-particles (~20 nm). Recently, our group developed a facile controlled
crystallization method to fabricate high crystalline and low-defect Na2CoFe(CN)6 nanocrystals,[9]
thus realizing highly reversible 2-Na insertion behavior with a high capacity of 150 mAh g-1 and
stable cycle life of 200 cycles. All these results confirmed the benefit of slow crystallization in
promoting Na-insertion reversibility into PBA frameworks.
In this communication, we prepared well-defined Na2Zn3[Fe(CN)6]2 nanocrystals by the
previously proposed controlled crystallization method at room temperature. Due to its improved
crystalline and morphology, this material demonstrates a very stable Na insertion reaction with a
moderate capacity of 65 mAh g-1, a high rate of 20 C and 94% capacity retention over 1,000
cycles, showing a great promise as low-cost and cycle-stable cathode for Na-ion batteries.In this
communication, we prepared well-defined Na2Zn3[Fe(CN)6]2 nanocrystals by the previously
proposed controlled crystallization method at room temperature. Due to its improved crystalline
and morphology, this material demonstrates a very stable Na insertion reaction with a moderate
capacity of 65 mAh g-1, a high rate of 20 C and 94% capacity retention over 1,000 cycles, showing
a great promise as low-cost and cycle-stable cathode for Na-ion batteries.

1 Results and Discussion

Figure 1 Physical characterizations of Na2Zn3[Fe(CN)6]2: (a) Crystal structure; (b) XRD patterns, the inset is a
SEM image.
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The synthesis of Na2Zn3[Fe(CN)6]2 is described in detail in the experimental section. In
contrast to conventional Prussian blue compounds adopting a typical face-centered cubic structure,
Na2Zn3[Fe(CN)6]2 crystallize in a rhombohedral lattice with a R-3c space group. Figure 1a
schematically illustrates the crystal structure of Na2Zn3[Fe(CN)6]2, in which FeC6 octahedra and
ZnN4 tetrahedra are connected together by the CN- ligands, thus building up a three-dimensional
porous framework with large interstitial cavities to accommodate the randomly distributed Na+
ions and water molecules. These two Na+ ions can be reversibly extracted and reinserted,
corresponding to a theoretical capacity of 80 mAh g-1. To confirm the crystal structure of
Na2Zn3[Fe(CN)6]2 material, X-ray powder diffraction analysis was carried out. As shown in Figure
1b, all the XRD lines are sharp and strong, and can be well indexed to a rhombohedral lattice
(Na2Zn3[Fe(CN)6]2·9H2O, JCPDS No. 33-1061), indicating a high crystalline without any
impurities. SEM image (Figure 1b inset) demonstrates the Na2Zn3[Fe(CN)6]2 material is mainly
composed of well-defined rhombus-shaped nanocrystals with a uniform size distribution of ~300
nm. Its improved morphological features are probably originated from the benefit of the controlled
crystallization mechanism in decreasing free M2+ concentration and facilitating slow crystal
growth as evidenced in case of Na2CoFe(CN)6 and Na2FeFe(CN)6. If no chealtor was added,
irregularly aggregated nano-particles will be obtained (Figure S1). By ICP-AES calibration of Na,
Zn and Fe (Table S1), elemental analysis of C and N (Table S1), and thermogravimetric
characterization of water content (Figure S2), the chemical composition of this material can be
determined as Na1.9Zn2.8[Fe(CN)6]2·7.4H2O, approaching its theoretical stoichiometry. Infrared
spectrum in Figure S3 also confirmed the formation of such Na2Zn3[Fe(CN)6]2·xH2O compound.

Figure 2 Electrochemical Na-storage performance of the Na2Zn3[Fe(CN)6]2 electrode: (a) CV curves measured at
0.1 mV s-1; (b) charge/discharge profiles at a current density of 30 mA g-1; (c) rate performance from 1 to 20 C
(1C=60 mA g-1); (d) long-term cycle performance at 2C rate.
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Cyclic voltammetry (CV) and galvanostatic charge-discharge experiment were carried out to
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evaluate the electrochemical Na-insertion performance of the Na2Zn3[Fe(CN)6]2 compound.
Figure 2a displays the CV curves of the Na2Zn3[Fe(CN)6]2 electrode measured at a scan rate of 0.1
mV s-1. As can be seen, its main CV curves appear as two pairs of sharp and symmetrical
oxidation/reduction peaks located at 3.62/3.55 V and 3.21/3.16 V respectively. Considering the
electrochemical inertness of Zn2+ ions, these two peaks can be both attributed to the redox
transitions of the [Fe(CN)6]3-/[Fe(CN)6]4- couple. Such two different reaction potentials is similar
to Choi’s observation, and is presumably derived from the statistical distribution of two Na ions in
the large open spaces, leading to distinct binding energies. During the subsequent scans, the
positions and intensities of the CV curves remain nearly unchanged, indicating a very reversible
Na-insertion reaction of the Na2Zn3[Fe(CN)6]2 electrode.
Figure 2b shows the charge/discharge profiles of the Na2Zn3[Fe(CN)6]2 electrode at a
moderate current density of 30 mA g-1. In good accordance with its CV curves, the
Na2Zn3[Fe(CN)6]2 electrode exhibits two distinguishable potential plateaus at the charge (3.6 and
3.2 V) and discharge (3.5 and 3.1 V) process in spite of a slight electrochemical polarization at the
first cycle. The S shaped sloppy charge/discharge profile implies a solid solution Na insertion
reaction. The initial charge and discharge capacity is 73.5 and 70.4 mAh g-1 respectively,
corresponding to a coulombic efficiency of 95.8%. During the following four cycles, its discharge
capacity remains stable at 65 mAh g-1 with the coulombic efficiency increasing up to ~99.3%,
further confirming its structural and electrochemical reversibility of the Na2Zn3[Fe(CN)6]2
electrode for Na-host reaction. Such a Na-storage value of 65 mAh g-1 corresponds to a nearly full
utilization of its theoretical capacity (80 mAh g-1) taking into account the 17 wt% water content
present in its lattice, and is close to some other Prussian blue frameworks such as Na2NiFe(CN)6
(~60 mAh g-1) and Na2CuFe(CN)6 (~60 mAh g-1).
The Na2Zn3[Fe(CN)6]2 electrode also demonstrates a remarkable rate performance and
excellent cycle stability. As shown in Figure 2c, this electrode can deliver a discharge capacity of
59, 52, 46 and 38 mAh g-1 at rates of 1, 2, 5 and 10C (1C=60 mA g-1). Even at a very high rate of
20C (1200 mA g-1), its reversible capacity can still reach 32 mAh g-1, about 50% utilization of its
specific capacity at 0.5C rate. Its coulombic efficiency of at these current densities is always
approaching ~100%, suggesting a highly reversible Na insertion/extraction reactions. Such strong
rate capability is better than some other PB materials such as KNiFe(CN)6 (3C, 57%) and
KCuFe(CN)6@KNiFe(CN)6 (8C, 55%), and is possibly resulted from its rhombohedral structure
with enlarged ionic channels facile for fast Na diffusion kinetics. If further modified by
conducting polymer or carbon coatings, higher rate performance of the Na2Zn3[Fe(CN)6]2
electrode can be expected.
To examine its long-term cycle life, this Na2Zn3[Fe(CN)6]2 electrode was cycled at a
moderate current density of 120 mA g-1 (2C rate). As demonstrated in Figure 2d, its reversible
capacity fades slightly from 52 to 49 mAh g-1 over 1,000 cycles, corresponding to high capacity
retention of 94% and coulombic efficiency of ~100%. Such superior cycle stability is mostly
likely arisen from its robust lattice structure and high crystalline.
Despite its moderate Na-storage capacity, the high rate capability, impressive cycle life and
low cost of Na2Zn3[Fe(CN)6]2 material makes it appealing for large-scale stationary applications
where the cost, rate capability and cyclability are prior to energy density.
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Figure 3 Na-storage mechanism of the Na2Zn3[Fe(CN)6]2 electrode: (a) A typical charge/discharge profile at
different depths, a point, initial state, b point, 50% state of charge, c point, 100% state of charge, d point, 50% state
of discharge and e point, 100% state of discharge; (b) Ex situ XRD patterns at selected states; (c) and (d) XPS
spectra of Fe and Zn at selected states.
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To clarify the Na-insertion mechanism of the Na2Zn3[Fe(CN)6]2 electrode, ex situ XRD and
XPS experiments were performed to investigate the structural evolution and valance change at
different depths of charge and discharge. As shown in Figure 3a and 3b, when this electrode
continuously charged from its initial state at 2.0 V to a terminal state at 4.0 V, its XRD patterns
remains a rhombohedral lattice with a tiny cell expansion as reflected by the diffraction peaks
shifting to smaller angles, further confirming the as-mentioned solid solution Na-insertion
reactions. At the same time, XPS tests shown in Figure 3c and 3d detected the valance change of
Fe ions from +2 to +3, whereas Zn ions kept unchanged at their +2 valance state, agreeing well
with the literature results. The slightly larger radius of [Fe(CN)6]3- than [Fe(CN)6]4- may explain
the small increase in lattice parameter. Once reversed to discharge, its whole XRD patterns and
XPS spectra can gradually restore to its initial states, suggesting a very reversible structural and
electronic evolution. By utilizing Fe ions as redox-active centers and Zn ion as inert sites, this
Na2Zn3[Fe(CN)6]2 electrode can effectively alleviate lattice strain and maintain structural stability
during repeated Na extraction/insertion process.
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2 Conclusion
In summary, well-defined Na2Zn3[Fe(CN)6]2 nanocrystals (~300 nm) have been fabricated by
a facile precipitation method from low-cost precursors at room temperature. By employing
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[Fe(CN)6]3-/[Fe(CN)6]4- couple as redox-centers, this material can realize a Na-storage capacity of
65 mAh g-1, a rate performance of 20 C and impressive cycle life of 1,000 cycles, offering a
low-cost and high performance alternative cathode for large-scale Na-ion applications.
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高结晶性 Na2Zn3[Fe(CN)6]2 正极的合成
及其电化学性能研究
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摘要：本文，我们报道了一种简单的共沉淀反应制备六方晶系 Na2Zn3[Fe(CN)6]2 纳米颗粒
（~300 nm）。电化学测试表明，该材料具有可逆的嵌钠反应行为：利用 Fe3+/Fe2+电对的氧
在 20C 的高倍率下，放电比容量为~32 mAh
化还原反应，可以实现~65 mAh g-1 的储钠容量；
-1
g ，对应着~50%的容量利用率； 5C 倍率下循环 1000 周，容量保持率高达~94%，有望发
展为具有应用前景的低成本、高性能的储钠正极材料。
关键词： 普鲁士蓝，钠离子电池，嵌入正极
中图分类号：1674-7224；2095-9435；
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