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High crystalline Na2Ni[Fe(CN)6] particles are synthesized by a new electrostatic spray assisted coprecipitation method. Their structures and electrochemical properties are analyzed by X-ray powder
diffraction, scanning electron microscopy and galvanostatic cell cycling and so on. Given its highly stable
structure, the optimized Na2Ni[Fe(CN)6] cathode shows impressive cycling performance with high
retention capacity of 89% after 440 cycles at 1 C and excellent rate capability of 56 mAh g1 at 25 C. In
addition, the optimized Na2Ni[Fe(CN)6] cathode achieves superior low temperature performances with
retains 87% capacity after 440 cycles at 0  C and a stable capacity of 54 mAh g1 can be delivered even
at 25  C after 440 cycles. Such a Na2Ni[Fe(CN)6] sample provides a promising cathode for sodium-ion
batteries in large-scale storage systems.
© 2018 Elsevier Ltd. All rights reserved.
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1. Introduction
With the continuous development of renewable energy of wind
and solar power, the large-scale energy storage system has become
increasingly important. In terms of energy storage technology,
lithium-ion batteries (LIBs) have been highly applied in the small
electronic products and are the best candidate for electric vehicle
because of their high capacity density, high working voltage and
long cycle life [1,2]. However, due to the low abundance of lithium
resources (20 mg kg1) in the earth's crust, the uneven distribution
(70% in South America) and the rapid increase of prices, the
application of LIBs in large-scale energy storage has met the
bottleneck. Meanwhile, sodium-ion batteries (SIBs) are considering
as prospective rechargeable batteries for renewable power stations
due to the worldwide abundance (23 g kg1) and low cost. For SIBs
used in large-scale energy storage system, stability, safety, cost and
temperature adaptability are the most critical factors [3e5]. However, the large radius of Naþ induces to signiﬁcant crystal lattice
distortion and strain during the insertion process, and also poses
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challenges to ﬁnding appropriate electrode materials for SIBs
[6e9]. A few types of cathodes such as P2-Na0.67Co1xTixO2 [10,11],
Na3V2(PO4)3 [12,13], NaTi2(PO4)3 [14,15], Na0.7[Mn1-xLix]O2þy [16],
have exhibited high reversible capacity or rate performance, but
would not meet the requirement of long cycle life owing to inevitable phase transitions and large volume changes during cycling.
Among various materials, Prussian blue (PB, Fe[Fe(CN)6]3$xH2O)
and Prussian blue analogues (PBAs, AxM[Ḿ(CN)6]y$,1-y$nH2O, A ¼
Na, K; M, Ḿ ¼ Fe, Mn,Ni, etc.; 1 < x < 2, 0 < y < 1; ,:vacancies) are
the promising candidates due to their unique advantages. The open
crystal structure is conducive to the migration of Naþ and could
effectively accommodate the lattice volume variation [17e23]. In
particular, Mnþ similar to Ni2þ, which is electrochemically inter and
provides a “zero strain” insertion characteristics [24e27]. Guo's
group proved that K0.09Ni[Fe(CN)6]0.71$6H2O is a zero-strain cathode for SIBs, which the change of lattice parameter is less than 1% in
the process of Naþ intercalation/deintercalation [24]. Due to capacity loss derived from structural fracture is reduced, the excellent
long cycling life can be obtained. Therefore, K0.09Ni
[Fe(CN)6]0.71$6H2O cathode has shown a superior cycling stability
(200 cycles with capacity retention of 99.7%) and a high coulombic
efﬁciency (~100%). Wan et al. proposed a facile co-precipitation
method to synthesize another “zero strain” cathode-Na0.18K0.1Ni
[Fe(CN)6]0.71, showing an excellent cycling performance of capacity
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retention of 89.2% after 600 cycles at 200 mA g1 [25]. Jiang's group
also reported on a simple co-precipitation method to synthesize
the Na1.014Ni[Fe(CN)6]0.818$3.53H2O with a superior cyclic stability
but a low reversible speciﬁc capacity of 68 mAh g1 [28]. Nevertheless, the reported AxNi[Fe(CN)6]y cathodes suffered from relatively low sodium content and high-defect, which is not a real
sodium carrier and undesirable to the practical application.
Therefore, it is essential to explore new AxNi[Fe(CN)6]y cathodes
with high sodium content and well crystallinity can meet the actual
application requirements such as stability, temperature adaptability and so on.
Inspired by the above strategies, herein, we propose a new
electrostatic spray assisted coprecipitation (ESAC) method to synthesize high Na-content Na2Ni[Fe(CN)6] particles as cathodes for
SIBs. Because of the slow crystallization process, a highlycrystallized Na1.86Ni[Fe(CN)6]0.88$1.88H2O particles with high Nacontent are synthesized. It exhibits high coulombic efﬁciency
(approximately 100%), excellent cycling stability (retains 89% capacity after 440 cycles at 1 C) and promoted rate performance (56
mAh g1 at 25 C) at room temperature. Moreover, we ﬁrstly studied
the low-temperature Na-storage performance of Na1.86Ni
[Fe(CN)6]0.88$1.88H2O particles. It demonstrates good lowtemperature properties with retains 87% capacity after 440 cycles
at 0  C and a stable discharge capacity of 54 mAh g1 can be
delivered even at 25  C after 440 cycles, which endow great
promise as a cathode for the SIBs under low temperature condition.
In addition to lower discharge speciﬁc capacity, Na2Ni[Fe(CN)6]
cathode shows the best overall electrochemical performance in
term of stability, cost and temperature adaptability for SIBs in largescale storage system.
2. Experimental
2.1. The synthesis of the Na2Ni[Fe(CN)6]
Na2Ni[Fe(CN)6] particles were synthesized by a new ESAC setup
that described in our previous paper [29] and the schematic diagram is shown in Scheme 1. Firstly, 20 mmol of sodium ferrocyanide (Na4Fe(CN)6$10H2O) was dissolved in 100 ml of deionized
water and 2 mmol of nickel acetate (Ni(AC)2) was dissolved into 20
ml of glycol at 55  C, respectively. Then, the Ni(AC)2 solution was
atomized under the direct current electric ﬁeld and the atomized
droplets moved into the Na4Fe(CN)6 solution, and then a coprecipitation reaction occurred. The ﬂow rate of Ni(AC)2 solution was 1.0
ml h1 controlled by a syringe pump. The distance between the
reactor and nozzle was about 3 cm and the direct current voltage
was about 8 kV. Next, the precipitate was washed with deionized
water and anhydrous ethanol, and further dried at 70  C overnight
to obtain the sample, which was abbreviated as PBNi-ES. For

Scheme 1. Schematic diagram of the ESAC setup.
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comparison, another sample was prepared by the similar method
but without the electric ﬁeld, and was abbreviated as PBNi.
2.2. Materials characterization
The structures of samples were analyzed by XRD (D8 Discover,
BRUKER AXS). TGA (Shimadzu DTG-60H) analysis was tested under
N2 atmosphere from 30 to 450  C. FTIR spectras were collected on a
FTIR Prestige-21 (Shimadzu). The morphological features of the
samples were analyzed by SEM (SU8020, HITACHI) and TEM (JEM2010, JEOL). The chemical composition was tested by ICP-AES
(Shimazu ICPE-9000) for Na, Ni, Fe contents and elemental analysis (Vario EL cube, Elementar) for C, N contents. The speciﬁc surface areas were carried out on a Surface Area Analyzer (V-Sorb
2800P, JINAIPU).
2.3. Electrochemical measurements
A slurry of active components (PBNi or PBNi-ES), poly(vinyl
diﬂuoride) binder, and carbon black at a mass ratio of 7:2:1 was
thoroughly mixed, pasted on aluminum foil and followed by being
dried at 70  C to prepare the working electrodes. The mass of active
component in electrodes was about 1.8 mg. A sodium foil as counter
electrode, a glass ﬁber (GF/D) as separator and 1 M NaClO4 dissolved in ethylene carbonate and dimethyl carbonate (1:1 vol/vol)
as electrolyte. The CR2032 coin cells were assembled in an Ar-ﬁlled
glove box (MB-Unliab Pro SP) and tested by a multi-channel battery
cycler (NEWWARE BTS-4008) at room temperature (25  C) and low
temperatures (0  C and 25  C), respectively. The cyclic voltammograms (CV) and impedance spectra were tested on an electrochemical workstation (CHI660E). The PBNi-ES electrode after
cycling was analyzed by XRD and SEM to examine the structural
changes.
3. Results and discussion
Fig. 1a shows the XRD result of PBNi, which exhibits a facecentered cubic phase reported in previous studies. But the PBNiES shown in Fig. 1b shows better crystallinity than the PBNi. In
addition, the (220) and (420) peaks of PBNi-ES are split into almost
equal intensities, respectively, which is due to a rhombohedral

Fig. 1. XRD patterns of as-prepared samples: (a) PBNi; (b) PBNi-ES.
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distortion from the face-centered cubic lattice [25,28,30]. The difference in crystal structure is mainly caused by different preparation methods. During the conventional precipitation process, the
nucleation and growth stage of Na2Ni[Fe(CN)6] occurs synchronously and immediately, leading to large amounts of Fe(CN)6 defects and coordinated water in the crystal structure, eventually
causing a poor crystallinity of PBNi. With the aid of high voltage DC
electric ﬁeld, the Ni(AC)2 droplet is ﬁrst atomized into tiny fog
drops and then coprecipitated with sodium ferrocyanide solution,
which can be effectively suppress the growth rate of crystal and a
highly crystallized Na2Ni[Fe(CN)6] sample can be obtained. The
lattice parameters of PBNi and PBNi-ES are 10.31 Åand 10.45 Å,
respectively.
TGA was carried out to determine the water content in the PBNi
and PBNi-ES powders, as shown in Fig. 2a. An obvious weight loss
process occurs as T < 225  C which corresponds to the loss of water
content (weakly bonded water adsorbed on the particle surfaces
and interstitial water adsorbed in the framework) [31,32]. The
water content of PBNi and PBNi-ES was 17.7 and 10.5 wt%,
respectively, which conﬁrms that the suitable preparation (ESAC)
method can effectively reduce the amount of coordinating water in
the crystal structure of the PBNi-ES. The infrared (IR) spectra of
PBNi-ES in Fig. 2b also shows the lower water content than the
PBNi, which is accord with the TG analysis. The absorption peaks at
1631 and 3459 cm1 can be assigned to the O-H stretching and HO-H bending modes owing to interstitial water, respectively. And
the absorption peak at 2092 cm1 belongs to the eCNe ligands
stretching [24,29].
Table 1 shows the Na, Ni, Fe (detected by ICP-AES), C and N
contents (detected by elemental analysis) of as-prepared materials,
respectively. Combined with the TG analysis, the formulas for PBNi
and PBNi-ES are Na1.59Ni[Fe(CN)6]0.71$,0.39$2.93H2O and Na1.86Ni
[Fe(CN)6]0.88$,0.12$1.88H2O, respectively, indicating a higher sodium content than that reported in the literature [24,25,28].
Fig. 3 shows the SEM and TEM observations of the as-prepared
samples. Obviously, both the PBNi (Fig. 3a) and PBNi-ES (Fig. 3b)
samples are composed of randomly granular aggregates with size of
20e150 nm. But the low magniﬁcation image shows that PBNi
(Fig. 3c) are of large agglomeration particles, which is mainly due to
a faster crystallization and growth rate in the conventional precipitation process [17]. In contrast, the PBNi-ES is composed of the
porous aggregates (Fig. 3d) and exhibits smaller particle size than
the PBNi', which is mainly beneﬁts from the ESAC method that can

Fig. 3. SEM, TEM images and SAED patterns (insets) of the as-prepared samples: (a, c,
e) PBNi; (b, d, f) PBNi-ES.

be effectively slow down the rate of crystal growth. These results
are also proved by the TEM images, as shown in Fig. 3e and f. Besides, the SAED patterns (insets) further conﬁrm that the asprepared samples have a certain crystallinity and all of them are
polycrystalline.
In order to further conﬁrm the differences in microstructure
between PBNi and PBNi-ES samples, the nitrogen adsorptiondesorption tests were carried out and presented in Table 2. The
BrunauereEmmetteTeller (BET) surface area of PBNi-ES is 43.7 m2
g1, which is much larger than PBNi's (16.3 m2 g1). The BJH
adsorption cumulative volume and average pore width of the PBNiES are also larger than PBNi's, displaying a mesoporous nature.
Beneﬁted from the high surface area and mesoporous nature, the
PBNi-ES is expected to achieve effective inﬁltration of electrolyte
and the fast diffusion of Naþ/e, which obtains the enhancement of
electrochemical properties [18].
Electrochemical performances of PBNi and PBNi-ES were tested
by galvanostatic charge/discharge and CV. Fig. 4a shows the voltage
proﬁles of PBNi and PBNi-ES under different cycles, which delivers
only one distinct voltage plateaus at about 3.2 V, representing the
one electron-redox process of Fe2þ/Fe3þ due to Ni2þ has no electrochemical activity [24,25,27]. As the current density increases to
1 C corresponding to the fourth cycle, the voltage plateau has unchanged as shown in Fig. 4a, which indicates the highly reversible
reaction for PBNi and PBNi-ES. Taking PBNi-ES as an example, the
electrochemical reaction equation during Naþ intercalation/

Fig. 2. (a) TGA curves of the sample conducted at a heating rate of 5  C min1 under N2
ﬂow; (b) the IR spectrum.
Table 2
The BET test results of PBNi and PBNi-ES sample.
Table 1
Elemental contents of the as-prepared materials.
Elemental contents(wt%)

Na

Ni

Fe

C

N

PBNi
PBNi-ES

11.12
12.63

17.85
17.30

12.04
14.49

19.81
20.61

23.56
24.16

Sample

BET surface
area (m2 g1)

BJH adsorption
cumulative volume
(cm3 g1)

BJH adsorption
average pore
width (nm)

PBNi
PBNi-ES

16.3
43.7

0.05
0.08

5.05
19.51
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Fig. 4. (a) The charge/discharge proﬁles of PBNi and PBNi-ES, the cycle numbers are
indicated in the graphs between 2.0 and 4.1 V; (b) comparison of charge/discharge
proﬁles; The CV curve measured at a scan rate of 0.5 mV s1: (c) PBNi; (d) PBNi-ES.

Fig. 5. Electrochemical properties of PBNi and PBNi-ES: (a) cycle performance; (b) rate
performance; (c) impedance spectra; (d) variations and ﬁttings between Z0 and u1/2
in the low frequency region of impedance spectra.

deintercalation can be expressed as: Na1.86Ni[FeII(CN)6]0.88 4
Na1.86-xNi[FeIII(CN)6]0.88þ xNaþ þ xe. The initial discharge capacities are 63.4 and 80.5 mAh g1 for PBNi and PBNi-ES, the initial
coulombic efﬁciencies are 77.5% and 91.7%, respectively. Obviously,
the PBNi-ES displaies much higher Na utilization than PBNi, which
can be attributed to the highly crystallinity of PBNi-ES with suppressed coordinating water and Fe(CN)6 defects [17,30]. Besides,
careful comparison of the ﬁrst voltage curves (Fig. 4b) demonstrates PBNi-ES has lower voltage polarization (146 mV) than that
of PBNi (168 mV), which is mainly due to better crystallization and
microstructure of the PBNi-ES could be more beneﬁcial to the
diffusion of e/Naþ, as will be veriﬁed by EIS results. The ﬁrst CV
curves of PBNi and PBNi-ES in Fig. 4 (c, d) show a symmetric
cathodic peak (2.95 V) and anodic peaks (3.60 V), corresponding to
the redox reaction of the [Fe(CN)6]4/3 couple [26,28]. Nickel is
inactive and consistent with the above galvanostatic charge/
discharge results. Compared to the PBNi, the redox peaks of the
PBNi-ES remain unchanged after the ﬁrst cycle, suggesting the
highly reversible electrochemical reaction of PBNi-ES.
The cycle performance of PBNi and PBNi-ES at 1 C (the current
density of the ﬁrst three cycles is 0.1 C, 1 C ¼ 85 mA g1) is shown in
Fig. 5a. Both of the samples exhibit stable cyclability, suggesting
excellent electrochemical stability. But the PBNi-ES can be deliver
an attractive discharge capacity of 72 mAh g1 (retains 87% initial
capacity), while the capacity of the PBNi is only 57 mAh g1 after
440 cycles. In addition, the coulombic efﬁciency of the PBNi-ES
approaches 99% after three cycles, which is faster than the PBNi's.
Compared with the PBNi, the PBNi-ES gives a higher rate capability
of 80, 75, 78, 77, 76, 75, 74, 71, 68, 63 and 56 mAh g1 at 0.1, 0.2, 0.5,
1, 2, 3, 5, 10, 15, 20 and 25 C, respectively, as shown in Fig. 5b. As the
current rate returns to 0.1 C, PBNi-ES maintains a reversible capacity of 76 mAh g1. Although the reversible capacity of PBNi-ES is
not very high, the high coulombic efﬁciency, superior cycling stability, excellent rate capacity and low price make it potential for
SIBs used in large scale energy storage systems, wherein excellent
durability and low price are prior to energy density. The tendency
of rate performance change for the PBNi is similar to the PBNi-ES,
but the discharge capacities are lower than PBNi-ES's.
To further understand the electrochemical behaviors of the PBNi
and PBNi-ES, the impedance spectras are measured and shown in
Fig. 5c. The impedance spectras are similar in shape, composes of
small semicircles in the high frequency region, which describe the
charge transfer resistance (Rct) and straight lines in the low

frequency region, which correspond to the Naþ diffusion in the
active materials, respectively [14,24]. Clearly, the charge transfer
resistances of PBNi-ES at about 420.8 U, which is lower than PBNi's
(436.8 U), indicating a higher electronic conductivity of the PBNiES. Besides, the Naþ diffusion coefﬁcient D can be calculated from
the sloping lines [31]. The formula is as follows: D ¼ R2T2/
2A2n4F4C2s2, where A is the surface area of the electrode (78.5
mm2), C is the Naþ concentration (1.3  103 mol cm3), and the
Warburg factor s values of the PBNi and PBNi-ES electrode are
10.31 and 10.12 by linear ﬁtting of Z0 and u1/2 (Fig. 5d), respectively. According to the equation, the Naþ diffusion coefﬁcient of
the PBNi and PBNi-ES are 1.8  1013 and 4.2  1013 cm2 s1,
respectively, indicating PBNi-ES has a faster diffusion ability for
Naþand e [33].
In order to probe the morphological and structural changes of
the PBNi-ES, SEM and ex-situ XRD are performed on the PBNi-ES
electrodes before and after the cycles. By comparison of Fig. 6a
and b, the PBNi-ES electrodes retain initial morphology even after
440 cycles, as well as the original crystal framework (Fig. 6c)
without any change, which contributes to the improved cycling
stability. Therefore, the PBNi-ES can be used as a favorable

Fig. 6. SEM images of the PBNi-ES electrodes charged to 3.0 V: (a) before cycle; (b)
after 440 cycles charged to 3.0 V; (c) corresponding XRD patterns.
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alternative for SIBs.
The SIBs for large-scale storage applications need to provide not
only a superior cycling stability, but also work effectively at a low
temperature range (25e0  C). Fig. 7 displays the comparison of
electrochemical properties of PBNi-ES at different temperatures
(25, 0 and 25  C). The initial voltage proﬁles are shown in Fig. 7a
and the discharge capacity is 80.5, 79.3 and 65.1 mAh g1 at 25,
0 and 25  C, respectively. The voltage proﬁle at 0  C is similar to
that of PBNi-ES at 25  C, but a wavy voltage curve appears at 25
 C, which is mainly attributed to two aspects. On the one hand, the
active material (PBNi-ES) cannot be fully utilized at low temperature, the polarization of the electrode is serious, and the internal
resistance of the battery is large, which cause the partial drop of the
voltage platform. On the other hand, with the electrochemical reaction proceeding, the larger internal resistance will generate a lot
of heat in the battery, which will increase the temperature of the
battery, so that the PBNi-ES will be activated partly and the voltage
platform will rise locally. However, as the temperature of the battery rises, the internal resistance decreases, reducing the heat
generation. As the ambient temperature remains at 25  C, the
temperature of the battery decreases again, and the voltage platform of the battery also descends. And the PBNi-ES at 25  C has
much higher voltage polarization (518 mV) than the PBNi's at 0 and
25  C (146 mV), as shown in Fig. 7b. Nevertheless the PBNi-ES
maintains impressive cycling stability in a wide temperature
range. At 0 and -25  C, the PBNi-ES delivers 87% (69 mAh g1) and
84% (54 mAh g1) capacity retentions over 440 cycles (Fig. 7c),
respectively. Even at 25  C, the coulombic efﬁciencies can be
approach 100% after ﬁve cycles. However, the variation of rate
performance capabilities with the temperature falls into the subzero range (Fig. 7d) is unsatisfactory, which the rate performance
capabilities of PBNi-ES are signiﬁcantly deteriorated compared
with those at RT. At 0.5 C, the PBNi-ES delivers a discharge capacities of 74 and 62 mAh g1 at 0 and -25  C, respectively, which are
95% and 80% of that at 25  C. But 79% and 22% of capacity retention
are observed at 0 and -25  C compared with 25  C at 5 C, respectively. The poor rate properties can be mainly ascribed to the
decrease of electrolyte conductivity upon cooling, especially as
mostly freezing of electrolyte occurs at 25  C (Fig. 8), resulting a
sluggish diffusion process of Naþ in the electrochemical reaction
process [33]. And EIS analysis is also conducted to verify this
speculates, as shown in Fig. 8d.

Fig. 8. Optical image of the electrolyte under different temperatures: (a) 25  C; (b)
0  C; (c) 25  C; (d) EIS spectra; (e) variations and ﬁttings between Z0 and u1/2 in the
low frequency region of impedance spectra.

The Rct value at 0  C (576.3 U) and 25  C (851.5 U) is higher
than that of 25  C (420.8 U), indicating a lower electronic conductivity of the PBNi-ES at low temperature. Meanwhile, the
apparent diffusion coefﬁcient D of Naþ in the PBNi-ES at 25,
0 and 25  Care 1.81  1013, 3.86  1013, and 1.91  1014 cm2
s1, respectively, conﬁrming sluggish diffusion process of Naþ. Even
so, the electrochemical behavior of PBNi-ES is considerable in the
low temperature, especially it shows excellent cycling stability at
0  C.

4. Conclusions
In summary, high crystalline Na2Ni[Fe(CN)6](PBNi-ES) nanoparticles are synthesized by using a new ESAC method. The well
crystallinity and inactive Ni2þ of Na2Ni[Fe(CN)6] not only maintains
the structure stability during the cycles, but also preserves high
diffusion ability for both Naþ and e, which exhibits an excellent
cyclic stability and rate capacities. The PBNi-ES can be deliver a
discharge capacity of 72 mAh g1 at 1 C after 440 cycles, retaining
89% of the capacity delivered at 0.1 C. The reversible capacity of 56
mAh g1 can be delivered at 25 C with the capacity retention of 70%.
Moreover, the PBNi-ES achieves excellent low temperature performances with retains 87% capacity after 440 cycles at 0  C and a
stable capacity of 54 mAh g1 can be obtained even at 25  C after
440 cycles. Although the lower speciﬁc capacity, the impressive
electrochemical performance, facile synthesis method and low cost
of Na2Ni[Fe(CN)6] can be as a great potential cathode of SIBs for
large scale energy storage systems.
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