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A structure  optimized prussian  blue  analogue
Na; 76Nig12Mnggg[FE(CN)elogs (PBMN) is synthesized and
investigated. Coexistence of inactive Ni** (Fe-C=N-Ni group)
with active Mn*"* (Fe-C=N-Mn group) balances the
structure disturbances caused by the redox reactions. This
cathode material exhibits particularly excellent cycle life with
high capacity (118.2 mAh/g).

Low cost, long life time and highly efficient energy storage
systems have attracted great attentions for their applications in
the electric grids and electric vehicles (EVs). Lithium ion
batteries (LIBS) are supposed to be appropriate energy storage
devices. ! However, with the increasing demand of large-scale
energy storage systems, the cost of LIBs and the limitation of
lithium mineral resources appear to restrain the huge applications
of LIBs. Sodium is the 4™ most abundant element on the earth
with lower cost than lithium. Batteries based on sodium ion such
as Na/S and Na/NiCl, have been developed but with high
operating temperature (300 to 350°C) that bring about increased
cost. Thus, room-temperature rechargeable sodium ion batteries
(SIBs) are highly concerned and motivating large advances in
developing various electrode materials.!*®

Recently, Prussian blue and its analogues (PBAS) attract great
interest and have been investigated as cathode materials for
SIBs.1 Most of PBAs exhibit an open and zeolite-like
structure composing of a cubic framework of transition metal
cations bounded by hexacynometallate groups, and allow alkali
cations (Na*, Li*, K*) to insert/extract rapidly through their wide
channels. Typically, the zeolite water and alkali cations (A")
locate in the nanopores of the host framework. Some PBAs also
have ligand water locating at the Fe(CN)g vacancies and
coordinating to transition metal cations, which is indicated as
hole-doped structure.®*® The Fe(CN)g vacancies and water will
deteriorate the electrochemical performances of PBAs in SIBs.[*
The PBAs such as Na,FeFe(CN)g (PBF), Na,CuFe(CN)¢ (PBC)
and Na,MnFe(CN)s (PBM) have two redox active sites of M
(transition metal cations, eg. Fe?*, Cu?*, Mn?*) and Fe(CN)¢", and
can deliver specific capacities of more than 100 mAh/g. When
the Fe sites of Fe(CN)s* group are reduced/oxidized, the lattice
constants remain nearly unchanged. However, the lattice
constants would increase or decrease in small ranges
accompanying with redox reaction of M sites during charge/
discharge, "% which may cause the Fe-C=N-M bridges to
collapse more easily especially for hole-doped PBAs, then result

in decreased cycle life for SIBs. On the other hand, the

s0 Na,NiFe(CN)g (PBN) sample has only one redox active site of
Fe(CN)¢* in its structure. Therefore, the SIBs with PBN as
cathode show excellent cycle properties but low specific
capacities.*>*! Nevertheless, the practical application of PBAs in
SIBs requires high capacity as well as long cycle life.
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Fig.1 SEM images of the prepared PBM (a), PBN (b) and PBMN (c)
samples; (d): X-ray diffraction patterns of the PBM, PBN and PBMN
samples.

60
In this work, based on PBM and PBN, we designed a high
performance Na,Ni,Mn,Fe(CN)s (PBMN) cathode material by
substituting electrochemical inert Ni sites for part of Mn redox
sites. The PBM, PBN and Na,Ni,Mn,Fe(CN)s (PBMN) with low
es Fe(CN)s vacancies were synthesized by mixing precursor
solutions drop by drop and analyzed via elemental analysis and
inductively coupled plasma (ICP) analysis (See S1 of ESI). The
chemical composition of the PBM, PBN and PBMN were
revealed to be Na; gMn[Fe(CN)glo.9e* 00,01 (0=Fe(CN)g vacancy),
Nay gsNi[Fe(CN)elo.gs* 00,04 and Nay 76Nig.12Mng gg[FE(CN)gJo.08™
Ooo2, respectively. Fig.1 shows SEM images of the prepared
PBM (a), PBN (b) and PBMN (c) samples. It reveals that the
nanoparticles of PBM, PBN and PBMN have average diameters
of ca. 20-50nm. These small diameters decreased the diffusion
distance of Na* in the crystal framework. From the results of
thermo gravimetric analysis (TG) (See S2 of ESI), the water
contents of PBM, PBN and PBMN were 12.7%, 11.7% and
12.4%, respectively.
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Fig.1d shows the XRD patterns of PBM, PBN and PBMN
samples. The diffraction patterns can be indexed to the face-
centred cubic structure (Space group Fm3m) as reported
before.['1% The diffraction peaks are sharp and strong, indicating
that these samples have high crystallinity. The atomic radius of
Mn is almost equal to the atomic radius of Ni. Thus, when the Ni
element replacing the Mn element in the prussian blue structure,
the cubic framework is still in good order. The lattice parameters
of PBM, PBN and PBMN are calculated to be 10.26 A, 10.47 A
and 10.32 A, respectively. As shown in the structure schematic of
PBMN where Ni elements have replaced part of Mn elements
successfully (See S3 of ESI), the Fe*" ions are octahedrally
coordinated to the carbon ends of the CN group while the M ions
(Mn? or Ni®*) to the nitrogen ends. The inner space in the cubic
cell is large enough to allow rapid insertion/extraction of Na*
without obvious disturbance of the crystal framework. Since all
samples were synthesized under dark environment, the Fe(CN)g*
group kept stable rather than oxidized to Fe(CN)¢> group or
decomposed. Hence, the signal of trivalent iron was
unconspicuous in the XPS spectra of PBMN (See S4 of ESI).
The Ni in the PBMN was detected to be bivalence. But the Mn
was sensed to be multi-valence. It is known that Mn element has
six stable oxidation states, three oxidation states show significant
multiple splitting. These multiple splitting structures present
overlapped binding energy ranges, thus cause serious challenge
for both qualitative and quantitative analyses. [ 2 Calculated
from the chemical formula of PBMN, the average valance of Mn
is +2.18.
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30 Fig.2 (a): The galvanostatic charge—discharge profiles of PBM, PBN and

PBMN between 2.0V-4.0V at 10 mA/g. (b): Cyclic voltammograms of
PBMN at different scan rate between 2V and 4.2V. (c): Cyclic
performances of PBM, PBN and PBMN between 2.0V-4.0V at 100 mA g’
!, (d): The galvanostatic charge-discharge curves of PBMN at different

35 rates.

The electrochemical performances of the PBM, PBN and
PBMN as cathode materials for SIBs are directly related to their
crystal structures. Fig.2a shows charge/discharge curves of PBM,

40 PBN and PBMN between 2.0V-4.0V at 10 mA/g. The discharge

voltage plateaus of all the samples lie between 3.3V and 3V, and
the first discharge capapcities were 62.2 mAh/g, 128.4 mAh/g
and 123.3 mAh/g for PBN, PBM and PBMN, respectively. The
first charge/discharge coulombic efficiency of PBM, PBN and

45 PBMN reached 88.86%, 93.25% and 92.71%, respectively. From
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the second cycle, their coulombic efficiencies increased and
achieved a stable value of above 98% after five cycles that
confirmed the stable frameworks for Na* insertion/extraction.

The charge/discharge capacity is decided by the redox sites in
the crystal framework. The PBM sample had two redox sites of
Mn ion and Fe(CN)g group to deliver a capacity of about 123.7
mAh/g. The PBN only demonstrated a capacity of about 61.2
mAh/g due to only one redox site of Fe(CN)g group in the
framework. While in the PBMN framework, part of Mn sites
were replaced by Ni, thus delivered a lower capacity of 118.2
mAh/g. However, compared with the theoretical capacity of
PBMN (164 mAh/g) that calculated from full redox reactions of
Fe(CN)s and feasible Mn sites, the real discharged capacity of
PBMN still needs to be improved. In other words, only part of
redox sites in the PB structure responded to charge/discharge of
Na®. That is why the discharged capacity of PBMN was still close
to PBM. Fig.2b shows the cyclic voltammetry (CV) curves of
PBMN. One pair of redox peaks is observed, which is consistent
with the one plateau discharge voltage profiles of PBMN. This
phenomenon indicated that the Mn*/Mn® couple had
comparable energies with the Fe(CN)s*/Fe(CN)s> in the
PBMN. 1!

The cycle life time is important to evaluate the performances of
SIBs. Fig.2c shows the cycle stability of the PBM, PBN and
PBMN at 100 mA/g. Although the PBM, PBN and PBMN were
synthesized carefully, there were still some Fe(CN)s vacancies in
their framework, which caused the crystal structure becoming
more sensitive to tiny structure disturbances. During insertion/
extraction of Na*, the lattice constants remained unchanged when
the Fe(CN)g*/Fe(CN)¢> group were reduced/oxidized, but were
changed when the redox reaction of MnZ*/Mn®*" happened.
Therefore, the capacity retention of PBM decreased to 63.4%
after 800 cycles. On the other hand, the PBN kept capacity
retention of 89.5%. Importantly, the capacity retention of PBMN
reached as high as 83.8%. The Ni sites in the PBMN framework
are electrochemical inertness and thus are able to balance the
structure disturbances caused by the redox reaction of Mn?/Mn**.
In the SEM image and XRD result of PBMN electrode after 800
charge/discharge cycles (See S5 and S6 of ESI), no obvious
change was detected, which was consistent with its excellent
cycle performance. The XRD pattern of the electrode after 800
cycles still presents the main peaks of PBMN strongly, indicating
the inner crystal structure was still in good order. The PBMNs
with different Ni content were also investigated (See S7 of ESI).
With increased Ni content in the PBMN, the discharge capacity
was significantly decreased but the cycle stability was increased
in small ranges. In other words, Na;76Nig12MngggFe(CN)g with
low Ni content was more appropriate for sodium ion batteries.
Fig.2d shows the rate performance of PBMN at various current
densities. The PBMN exhibited a capacity of 50.2 mAh/g even
under high current density of 600 mA/g, which indicated fast
insertion/extraction kinetics of Na*in the PBMN framework.

As discussed above, the PBMN electrode was verified to
perform excellent cycle life with high capacity. Thus, we applied
this qualified cathode material to fabricate and characterize an
advanced sodium ion battery (ASIB). Commercial hard carbon
was applied as anode material in this ASIB. As shown in its
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initial and second charge/discharge curves from 0.05V to 2.0V
under 25 mA/g (See S8 of ESI), the hard carbon delivered a
capacity of 240.3 mAh/g corresponding to the extraction of Na*
in the first cycle, which is accorded with reported results.?? After

s 200 cycles, the capacity of hard carbon decreased to 195.5 mAh/g
but the coulombic efficiency maintained about 99.9% stably
through the measurement.
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Fig.3 (a): The schematic of ASIB. (b): The photograph of ASIB. (c): The
10 charge—discharge curves, and (d): the cycle performances and the
coulombic efficiencies of ASIB between 2V-3.9V at 100 mA/g.
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Fig.3a&b shows the schematic structure and photograph of the
prepared ASIB. Compared with coin cell, this ASIB was
15 packaged by aluminium plastic film and much similar to
commercial soft-packing battery. As far as we know, this soft-
packing sodium ion battery was first reported. A high capacity of
90.8 mAh/g (based on cathode mass) was delivered under 100
mA/g, as shown in Fig.3c. The coulombic efficiency reaches
20 about 88.2% in the first cycle, then increased to 95% in the
subsequent cycles. Assuming that 30% by weight loading of the
cathode active materials is possible in a commercial full cell, the
energy density and the power density are estimated to be 81.72
Wh/kg and 90 W/Kg, respectively, which can compete with the
25 lead-acid batteries (about 40 Wh/kg). Fig.3d shows the cycle

performance and the coulombic efficiencies of the prepared ASIB.

It can be clearly seen that the discharge capacity still remains
71.62 mAh/g even after 200 cycles. As seen in Fig. 2 (c), the
capacity retention of PBMN reaches about 91.67% after 200
cycles. But the capacity retention of hard carbon only reaches
81.36% after 200 cycles (See S8 of ESI). The PBMN cathode
exhibited better cycling stability than that of the hard carbon
anode. Thus, the decreased capacity might due to the limit of the
cycle property of hard carbon. Developing advanced anode
35 materials, adding featured additives to the electrolyte and

designing special membrane will accelerate the practical
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applications of PBMN in the commercial soft-packing sodium ion
batteries.

In summary, we synthesized the PBMN cathode material and
applied it to SIBs successfully. In the framework of PBMN, the
Ni and Mn both existed and still remained the original cubic
structure of prussian blue well. During insertion/extraction of Na*,
the Ni sites were unreactive and could balance the tiny structure
disturbances caused by the redox reactions of Mn sites. Thus, the
PBMN electrode delivered a high capacity of 118.2 mAh/g (10
mA/g) as well as good rate capability, and also exhibited
particularly excellent cycle stability with 83.8% capacity
retention after 800 cycles (100 mA/g) . In order to verify the
practical application of PBMN in the commercial soft-packing
sodium ion batteries, the PBMN cathode and hard carbon anode
were assembled together and packaged by aluminium plastic film
to work as a full cell. The cell delivered an energy density of
81.72 Wh/kg and a power density of 90 W/kg under 100 mA/g
that could compete with the lead-acid batteries. The cell also
showed an excellent cycle life of over 200 cycles with capacity
retention of 79%. Hence, this work provides a promising method
to enhance the cyclic performances of PBA cathode materials for
SIBs. A full soft-packing sodium ion battery was also fabricated
to demonstrate that the PBMN cathode material is highly feasible
choice for the commercial application.
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