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DO 10.1039/X0xX00000 energy storage duo to their high surface areas, controllable structures and excellent

electrochemical properties. In particular, Prussian blue analogues (PBAs) have recently
www.rsc.org/ gained attention as a new class of cathode materials for rechargeable batteries. However, the
anode properties of the host framework have been very limited. Herein, we demonstrate that
nanoparticles of cobalt hexacyanocobaltate and manganese hexacyanocobaltate, typical
Prussian blue analogues with the chemical formula M;"[Co"™(CN)¢],-nH,O(M=Co, Mn), can
be operated as novel battery anodes in an organic liquid-carbonate electrolyte. The
Co3[Co(CN)4], material exhibits a clear electrochemical activity in the voltage range of
0.01-3 V vs. Li/Li" with a reversible capacity of 299.1 mAh g'. Furthermore, superior rate
capability (as the current density increases from 20 to 2000 mA g, the capacity retains
about 34%) could be achieved, attributing to the small particle sizes and rapid transport of
Li" ions through large channels in the open-framework. We believe that this work provides a

new insight into the electrochemical properties of PBAs and opens new perspectives to

develop anode materials for rechargeable batteries.

1 Introduction

There is an urgent need for the development of efficient, safe
and affordable energy storage devices for various technological
applications, including mobile electronics, electric vehicles, and
grid-scale energy storage systems'>. Among the potential
energy storage technologies, rechargeable lithium-ion batteries
(LIBs) have attracted more and more attention around the world
in recent years in view of their high energy density, simple
maintenance, long cycle life and low weight*®. However, the
present lithium-ion battery technology is still not adequate.
Accordingly, new battery chemistry needs to be developed to
ensure large-scale and long-term applications, and to decrease
battery management cost® '°.

Metal-organic frameworks, a new class of porous crystalline
hybrid materials, formed by the linking of inorganic vertices
(metal ions or clusters) and electron-donating organic ligands,
have become a rapidly developing research area and attracted a
tremendous amount of interest in the last two decades''™'’,
Owing to their high specific surface areas, controllable
structures, adjusted pore sizes, combined with a low framework
density and high thermal stability, MOFs act as outstanding
candidates for potential uses related to clean energy, such as
hydrogen energy, fuel cells, Li-ion rechargeable batteries,
supercapacitors, solar cells and so on'*'. The redox of metal
ions inside MOFs could provide a pathway for electrons.
Alternatively, the open framework crystal structure allows
highly reversible intercalation and extraction of ions with either
aqueous or organic electrolytes. After the first report by
Tarascon®’, the investigation of MOFs as electrode materials
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for rechargeable batteries has been expanding and raised broad
interests. In particular, Prussian blue and its analogues have
been intensively studied as the possible candidates®" *2. Cui’
group® has recently reported reversible insertion/extraction of
sodium and potassium ions in Prussian blue analogue nickel
hexacyanoferrate electrode materials for at least 5000 cycles at
high current densities in low-cost aqueous electrolytes, also the
copper-nickel alloy hexacyanoferrate nanoparticles®®.
Especially, the copper hexacyanoferrate exhibited excellent
capacity retention with extremely high rate capability, even at
an ultra-high discharge rate of 83C, 67% of its maximum
discharge capacity was observed”’. Goodenough and co-
workers?® synthesized KMFe(CN)s compounds (M = Mn, Fe,
Co, Ni and Zn) at room temperature and investigated the
electrochemical behavior as cathodes for a rechargeable
sodium-ion battery. Besides, they recently synthesized
rhombohedral Na; ;,,MnFe(CN)¢ through a facile solution
precipitation route’’. The resultant materials exhibited high
reversible capacity of 134 mAh g at a current density of 0.05C
with outstanding rate capability. A thin film electrode of
Na; 3, Mn[Fe(CN)glos3-3.5H,0 exhibited two plateaus at 3.3 V
and 3.6 V vs. Na'/Na in the charge curve, resulting a high
capacity of 109 mAh g at 0.5C and good cyclability®®. Very
recently, binary and ternary Prussian blue analogue composites
have been studied to overcome the disadvantages of limited
capacity and cycle stability as cathode materials for Li-ion
batteries”'. However, there are still some aspects should be
noticed. Most works based on Prussian blue or its analogues
reported the cathode properties of the host framework for
rechargeable batteries, which prompted us to think that Prussian
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blue analogues may also perform well in electrochemical
performance as anode materials.

Fig. 1 Schematic illustration of the crystal structure of Prussian
blue analogue Cos[Co(CN)g],.

In this work, we report the facile synthesis
M;"[Co™(CN)4], nH,O(M=Co, Mn) nanocubes using a solution
precipitation method, and the investigation of the host
framework as anode materials for Li-ion batteries has been
carried out for the first time. Benefiting from the open
framework structure and nanoparticle morphology, the
Co3[Co(CN)g], exhibits a very high capacity of 566.2 mAh g™
and excellent rate capacity (102.7 mAh g™', even at a very high
current density of 2 A g™").

2 Experimental

Materials Synthesis

All chemicals are of analytical grade and used without further
purification. The preparation of M3[Co(CN)g], (M=Co, Mn)
nanoparticles is based on a reported method with some
modifications®> **. In the typical synthesis procedure of
Co3[Co(CN)gl,, 0.08 mmol K3[Co(CN)g], and 0.6 g SDBS were
dissolved in 20 mL deionized water under vigorous stirring to
form a clear solution. Meanwhile, 0.15 mmol
Co(CH;C00),-4H,O was added into 20 mL pure water to
prepare another clear solution. Then, the Co(CH3COO),-4H,0
solution was added into the above solution drop by drop slowly
using a syringe. After that, the reaction was aged at room
temperature for 24 h. At the end of the reaction, the resulting
pink precipitation was collected by centrifugation and washed
several times with distilled water and finally dried in a vacuum
oven at 30 C. For the synthesis of Mn3;[Co(CN)4], Prussian
blue analogues nanoparticles, the procedure was similar to that
of the preparation of Cos;[Co(CN)g],. Typically, 0.075 mmol
Mn(CH3;C0OO0),-4H,0 and 0.3 g polyvineypirrolydone (PVP,
K30) were dissolved in 20 mL water/ethanol mixed solvent(1:3,
v/v). Separately, 0.04 mmol K;[Co(CN)s], was added into 10
mL deionized water to form a homogeneous solution. After
stirring for 20 min, the two solutions were mixed together and
aged at room temperature for 24 h. The white product was then
collected by centrifugation and rinsed several times with
distilled water and finally dried under vacuum at 30 °C.

Materials Characterization
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The morphologies and structures of the products were
characterized with field-emission scanning electron microscopy
(FESEM, LEO 1430VP, Germany) and transmission electron
microscopy (HRTEM, JEOL JEM-2010). The composition of
the samples was analyzed by energy dispersive X-ray
spectroscopy (EDS) attached to the SEM instrument. The
powder X-ray diffraction (XRD) pattern was collected on a
Bruker D8 Advance diffractometer equipped with Cu Ko
radiation over the 26 range of 10-80°. FTIR analysis of the
sample was recorded on a Nicolet 750 Fourier transform
infrared spectrometer using the KBr pellet method.
Thermogravimetric analysis was carried out under air flow
from 30 to 700 °C with a temperature ramp of 10 ‘C min™".

Electrochemical Measurements

The working electrode was prepared by casting a slurry of 80
wt% M;[Co(CN)g]l, (M=Co, Mn) nanoparticles, 10 wt%
acetylene black, and 10 wt% poly(vinylidene difluoride) in N-
methyl-2-pyrrolidinone on a copper foil. Cells were assembled
using standard 2016 coin-type cells in an argon filled glove-box,
with lithium foil as both the counter and reference electrode,
the polypropylene membrane (Celgard 2400) served as
separator. The electrolyte used was 1.0 M LiPF¢ in a 1:1
mixture by volume of ethylene carbonate and dimethyl
carbonate (EC/DMC). Galvanostatic charge/discharge cycles
were performed on a LAND 2001A Battery Tester between
0.01-3.00 V at various current densities. Cyclic voltammetry
measurements were carried out on an electrochemical
workstation (CHI750D) in the potential range of 0.01-3.00 V vs.
Li'/Li at a scan rate of 0.1 mV s™".

3 Results and discussion

50 nm

Fig. 2 Typical FESEM (a, b) and TEM (c, d) images of as-
prepared Co;[Co(CN)g],-nH,0 nanocubes. Inset in (d): the
corresponding SAED pattern.

Co3[Co(CN)g], is a typical Prussian blue analogue with the
chemical formula M;"[M"™(CN)¢],,yH,O (M represents
transition metals). In the crystal structure, octahedral
Co"™(CN)¢* complexes are bridged into a simple cubic lattice
by Co®" ions, forming a face-centred cubic phase (Fig. 1). The
blue and dark yellow balls stand for Co and C atoms and the
red balls represent N atoms, respectively** 3. This framework
could offer channels for ion and small molecule insertion,
allowing rapid transport of these ions throughout the lattice.
Importantly, zeolitic water in the interstitial sites within the
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framework and on vacant nitrogen sites can also facilitate ion
insertion."’
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Fig. 3 XRD pattern of Co;[Co(CN)¢],'-nH,O and
thermogravimetric curve of the Co;[Co(CN)¢], sample at a rate
of 10 °C min™ in air.

The morphology and structure of the resultant
Co3[Co(CN)g], were observed by field emission scanning
electron microscopy (FESEM) and transmission electron
microscopy (TEM). As shown in Fig. 2a and b, the
Co3[Co(CN)g], are all well-defined nanocubes with a uniform
edge length of around 200-300 nm. The size distribution of the
Co3[Co(CN)gl, nanoparticles was shown in Fig. S1. For the
samples more than 210 randomly selected particles were
measured, taken from SEM images of different areas, using
Nano Measurer 1.2 software®®. The average size and standard
deviation are 222.54+39.98 nm for the Co;[Co(CN)¢]»
nanocubes. Further insight into the microstructures of the
nanocubes is revealed from TEM analysis. Fig. 2c clearly
shows the cube-like structures of Co3;[Co(CN)gl,, which is in
good agreement with the FESEM observation. The high
resolution TEM in Fig. 2d reveals the solid and dense texture of
the Co;3;[Co(CN)g], nanocubes. The selected-area electron
diffraction pattern (the inset in Fig. 2d) from a single grain
indicates the sample is polycrystalline in nature. In addition,
EDS mapping further confirms that three elements Co, C, and
N are distributed homogeneously throughout the samples; no
other impurity elements were observed in the nanocubes (Fig.
S2).

The crystal structure of the as-synthesized Prussian blue
analogue was analyzed by X-ray diffraction (XRD), shown in
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Fig. 3a. All reflections can be well indexed into cubic
Co;3[Co(CN)¢],nH,O with a space group of Fm3m®” **. The
lattice constant obtained is a = 10.2 A, which agrees well with
existing literature of Cos[Co(CN)4], and JCPDS card no. 77-
1161%. There is no evidence in the XRD pattern for the
presence of other phase or impurities. FTIR spectrum also
confirms the composition of Co3;[Co(CN)4],,nH,O sample. The
absorption peak at 2174 cm™ corresponds to the stretching
vibrations from CN” and the peak at 1611 cm™ can be assigned
to the stretching mode of OH, respectively (Fig. $3)*°. From the
thermogravimetric analysis (TGA) curve shown in Fig. 3b, the
water content in the Co;[Co(CN)¢],'nH,O sample is calculated
to be approximately 26 wt%, which corresponds to 11 water
molecules per host lattice. The chemical composition of the
sample can thus be expressed as Co;[Co(CN)g],-11H,0.
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Fig. 4 CV curves of Co;[Co(CN)g],'nH,O electrode at a scan
rate of 0.1 mV s™! between 0.01 and 3.0 V.

Motivated by  the  unique structural features,
Co3[Co(CN)4], 11H,0 nanocubes were used to fabricate a new
anode material for Li-ion batteries. Fig. 4 presents cyclic
voltammograms (CV) in the first two cycles of the
Co3[Co(CN)¢], electrode at a scan rate of 0.1 mV s over the
potential window of 0.01-3.00 V vs. Li/Li'. In the first scan,
two peaks were observed at ca. 0.65 and 1.06 V for
Co3[Co(CN)g],, corresponding to the electrochemical reduction
(lithiation) reaction of Cos[Co(CN)g], with Li and possibly due
to the formation of a solid electrolyte interphase (SEI). During
the subsequent cycles, the main features in the CV curves
appeared as three pairs of well-defined symmetric redox bands
at 0.83/1.02 V, 1.23/1.44 V and 1.78/1.88 V, respectively,
similar to the CV responses of Prussian blue and its analogues
in earlier reports*'**. In one recent study, Cui et al.* reported
the use of manganese hexacyanomanganate (Mn"-N=C-Mn""")
open-framework as an anode material for aqueous electrolyte
battery. The authors concluded that the redox behaviour of
manganese hexacyanomanganate proceeds by the following
mechanisms:

Mn[Mn"{(CN)] + A"+ e” = AMn"[Mn"(CN)¢] E°=0.7 V vs. SHE (1)
AMn"IMn"(CN)s] + A* + &= A,Mn![Mn"'(CN),] E’=0.0 V vs. SHE (2)

A MM (CN)¢] + A* + ¢ = A;Mn"[Mn(CN)s] E°=-0.7 V vs. SHE (3) Ba
sed on previous investigation on Prussian blue analogues and
the different coordination sites of the Co ions, we therefore
speculate that the peaks at 1.78/1.88 V correspond to
oxidation/reduction of the Co™/Co" couple bonding to the N
atoms of C=N" and those at 1.23/1.44 V, 0.83/1.02 V to the
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Co™/Co™ and Co"/Co' couples coordinated with C=N" by C
atoms, respectively®® ** 4! In the second cycle, the reduction
peak is shifted to a higher potential at about 0.8 and 1.2 V while
the oxidation peak position exhibits little change in the first two
cycles. At present, the mechanism has not been fully elucidated;
ongoing experiments with Fourier Transform Infrared
Spectroscopy, X-ray photoelectron spectroscopy, and X-ray
diffraction will provide a more complete understanding of the
insertion reaction in this open framework.
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Fig. 5 (a) Discharge/charge curves of the Co;[Co(CN)s],'nH,O
in the voltage range of 0.01-3 V vs. Li/Li" at a current density
of 20 mA g, (b) Cycling performance of Co;[Co(CN)s],-nH,O
electrode at various current densities.

Figure @ 5a  shows  discharge/charge  profiles  of
Co3[Co(CN)gl' 11H,0 electrode for the first five cycles, in
which the operating cutoff voltages are 0.01 and 3.0 V at a
constant current density of 20 mA g'. Notably, the initial
discharge exhibits a well-defined voltage plateau at about 1.5 V,
followed by a long sloping curve down to the voltage of 0.01 V,
which shifts to about 1.0 V and tends to be stable in subsequent
cycles. Meanwhile, a poorly defined plateau is observed in the
charge process at ca. 1.0-1.5 V. The first discharge and charge
capacities of the Co;[Co(CN)¢],'nH,O are observed to be 566.2
and 294.2 mAh g', respectively. The low Coulombic efficiency
of 52% during the first cycle may result from irreversible
capacity loss, including inevitable formation of solid electrolyte
interface (SEI) and decomposition of electrolyte, which is
common to most anode materials'> %, Since the second cycle,
the charge/discharge profiles are basically invariable. After five

4| J. Name., 2012, 00, 1-3

discharge/charge cycles, it exhibits a high reversible capacity of
304 mAh g', and the columbic efficiency is remarkably
increased to 101.3%, indicating high charge/discharge
reversibility and good cycling stability of  the
Co3[Co(CN)¢],'nH,0 nanocubes®’.

The high rate capability of material is an important parameter
for LIBs in the practical application for fast
discharging/charging. Fig. 5b shows the rate performance of the
Co3[Co(CN)g], electrode at various current densities over the
potential range of 0.01-3.0 V. The electrode delivers reversible
capacities of 299.1, 278.5, 235.9, 199.0, 175.6, and 132.5 mAh
g’ at current densities of 0.02, 0.04, 0.1, 0.2, 0.4, and 1 A g/,
respectively, and finally recovered to around 253.0 mAh g at
0.02 A g'. Even at a high current density of 2.0 A g', a
capacity more than 100 mAh g' could be delivered,
corresponding to 34% of its maximum low rate capacity (0.02
A g'). This outstanding performance of the Cos[Co(CN)l,
electrode could be attributed to the synergistic effect of the
open framework structure combined with small particle sizes of
the material, which facilitate the electrolyte penetration and Li
ions transportation in the electrode.

Eftekhari*® reported a solid-state secondary battery based on
chromium  hexacyanochromate anode and chromium
hexacyanoferrate cathode, respectively. The cell delivered a
specific capacity of ca.8 mAh at a current density of C/11, and
similar performance for iron hexacyanochromate anode.*’
Importantly, the author then successfully fabricated a high-
voltage thin-film secondary cell based on chromium
hexacyanochromate anode and Prussian blue cathode.’® When
eight unit cells were connected in series, the operating voltage
of ~20 V can be increased to reach the values required for
various technological applications. The results reported are of
interest for the preparation of microbatteries with specified
properties. However, those batteries had poor mass-balancing
which resulted in overcharge of one electrode and rapid
capacity loss. Very recently, Pasta et al* reported a new
symmetric open-framework cell in an aqueous electrolyte (10
M NaClO,). This type of aqueous electrolyte battery relies on
the insertion of sodium ions into the copper hexacyanoferrate
cathode and a newly developed manganese
hexacyanomanganate anode. The battery delivers a reversible
capacity of about 28 mAh g' at a IC rate, and exhibits
remarkable capacity retention at high current rates. Equally
impressive is the long term cycle life. There was no measurable
capacity loss after 1000 cycles at a 10 C rate. In addition, the
electrochemical behaviour of Cos;[Co(CN)s], is comparable
with the results of other metal-organic framework anodes from
the literature.’'*

Compared to inorganic anode materials, Co;[Co(CN)¢],
offers some unique advantages: (1)Cos3[Co(CN)g], can be
obtained using inexpensive and high-yield synthesis methods at
room temperature, easy scalability for industrial application.
Owing to facile control of the morphology and size of Prussian
blue analogues by varying process parameters, various kinds of
Co;3[Co(CN)g], with diverse architectures and morphologies can
be synthesized.*® (2)Currently, functional materials comprising
binary, ternary and more complex structures and configurations
are gaining increasing attention due to their unique physical and
chemical properties in rechargeable Dbatteries and
supercapacitors.®" *® For most PBAs, the crystal structures and
lattice constants are close to each other. Therefore, it is possible
to synthesize Prussian blue analogue Cos;[Co(CN)s], with
heterogeneous structures by epitaxial growth.*”>” (3)The open-
framework structure of Prussian blue analogues allows rapid
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insertion and removal of Na*, K", Mg2+ and other ions with
little lattice strain because of its large channels and interstices,
19 #which may make Cos[Co(CN)g], promising candidates for
future application in polyvalent ion batteries, including
magnesium and aluminum ion batteries.

Success with Li ion insertion has motivated us to explore
other Prussian blue analogue materials for Li insertion.
Mn;[Co(CN)g]l,,nH,O was also synthesized following the
procedure reported®, and its shape was observed by SEM. As
shown in Fig. S4a, uniform Mn;[Co(CN)s], with the size
around 300 nm were obtained at room temperature. Cyclic
voltammograms show reversible insertion of Li* ions in a non-
aqueous electrolyte (Fig. S4b). The Mn3[Co(CN)g]l, could
deliver high initial capacity of over 868.2 mA h g in the
voltage window of 0.01-3 V at a current density of 50 mA g™’
From the second cycle, Mn;[Co(CN)g], nanocubes exhibit high
capacities of 354.9 mAh g (Fig. S4c). However, the materials
suffer from an abrupt capacity fading with increasing cycle
number, with a value of 35.3 mAh g after 100 cycles, which is
ilocommon problem for Prussian blue analogues (Fig. S4d)>* 3"

Conclusions

In the present work, we have demonstrated, for the first time,
the synthesis of Prussian blue analogue M;[Co(CN)s], (M=Co,
Mn) and its electrochemical performance as a new anode
material for rechargeable Li-ion batteries. The as-prepared
Co3[Co(CN)¢], nH,O material can deliver a reversible capacity
of 299.1 mAh g with high Coulombic efficiency, and good
capacity retention with increased current densities. Even at 2 A
g, a capacity of 102.7 mAh g can be obtained, demonstrating
superior rate capability and excellent cycling stability. The
open-framework structure of Cos;[Co(CN)s],'nH,O allowed
rapid transport of Li" ions through large channels, which
resulted in an excellent rate capability. Considering their
simple, facial synthesis and great performance, we believe that
the novel Prussian blue analogues with fascinating lithium
storage properties can be promising anode candidates for future
application in Li-ion batteries. Our results may open up the way
for the usage of MOFs toward future development in sodium
ion (Fig. S5) and divalent ion batteries.
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Herein, we demonstrate that nanoparticles of cobalt hexacyanocobaltate and
manganese hexacyanocobaltate, typical Prussian blue analogues with the chemical
formula M3H[COIH(CN)6]2-nH20 (M=Co, Mn), can be operated as novel battery

anodes in an organic liquid-carbonate electrolyte.



