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Abstract: The synthesis of mesoporous Prussian blue ana-
logues through a template-free methodology and the applica-
tion of these mesoporous materials as high-performance
cathode materials in sodium-ion batteries is presented. Crys-
talline mesostructures were produced through a synergistically
coupled nanocrystal formation and aggregation mechanism.
As cathodes for sodium-ion batteries, the Prussian blue
analogues all show a reversible capacity of 65 mAhg™’
low current rate and show excellent cycle stability. The reported
method stands as an environmentally friendly and low-cost
alternative to hard or soft templating for the fabrication of
mesoporous materials.

The rapidly growing use of intermittent energy sources such
as solar and wind power to generate electricity necessitates
the development of reliable, affordable, and efficient electric
energy storage (EES) systems.["?! To date, advanced lithium-
ion batteries have been considered to be the best choice for
this application.*! However, the high cost of lithium-ion
batteries has restricted their application mainly to high-tech
areas such as portable electronics and expensive electric
vehicles. Furthermore, there is increasing concern that the
world’s lithium reserves may not be sufficient to meet the
huge demands of the oncoming electric energy era. Sodium-
ion batteries belong to a new generation of EES systems and
work on the same principle as lithium-ion batteries. Com-
pared with lithium, sodium is an abundant, low-cost element,
thus making sodium-ion batteries more economical and more
suitable for large-scale EES applications.’) However, a draw-
back for the sodium-ion battery is the relatively large ionic
radius of sodium (1.02 A for sodium vs. 0.76 A for lithium),
which leads to insufficient mobility of the cations in a host
with closely packed oxide ions.! Compared to traditional
electrode materials, open-framework materials such as Prus-
sian blue and its analogues have interstitial spaces larger than
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sodium ions, thus making them more suitable as electrodes for
sodium-ion batteries.”

Prussian blue (A[Fe™Fe"(CN)¢], A=Na" or K"), one of
the oldest synthetic coordination compounds, has a cubic
face-centered structure (space group symmetry Frm3m).®! The
open-framework structure consists of Fe" and Fe™ ions sitting
on alternate corners of corner-shared octahedra bridged by
small conjugated cyanide anions (C=N"; Scheme 1a). In this
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Scheme 1. The framework of Prussian blue (a) and a schematic
illustration of the transformation from a mesoporous structure (1) to
a macroporous structure (I1) by a nanoparticle aggregation-based
formation mechanism.

structure, the low-spin ferrous ions bond to the carbon atoms
and the high-spin ferric ions bond to the nitrogen atoms with
bond lengths of 1.92 and 2.05 A, respectively.”) This forms
a large ionic channel along the (100) direction; and since only
half of the “A sites” in the A[Fe"Fe"(CN)] structure are
occupied, the structure allows the facile insertion and
extraction of alkali-metal cations." Upon the insertion/
extraction of alkali-metal cations, there is a corresponding
reduction/oxidation of some of the Fe''/Fe ions, a reaction
that creates the potential for using these materials as battery
electrodes.'!! Prussian blue analogues contain transition-
metal M" ions in the place of the Fe" centers, with compounds
consisting of Fe''-C=N-M" or Fe"-C=N-M".I"'4

The electrochemical activities of Prussian blue and its
analogues were investigated several years ago, first with
Prussian blue films as hosts for alkali-metal ions™®! and then
with nanocomposite Na,Fe(CN)y/C!'"! or nanoparticulate
KNiFe(CN), (NiHCF)™! morphologies. However, the thin
electrodeposited Prussian blue films, with thicknesses of
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approximately 100 nm, were too thin for practical batteries.
The Na,Fe(CN)y/C nanocomposite and crystalline NiHCF
nanoparticles have been demonstrated to have an ultralong
cycle life and a high rate capability, thus making these
materials suitable for use as low-cost and pollution-free
cathodes for sodium-ion batteries. Introducing extra meso-
porosity into the framework of Prussian blue analogues will
further enhance their performance by providing large chan-
nels for facile Na™ mass transportation in the electrode,
thereby reducing the sluggish solid-state diffusion.!®!”
Accordingly, there is a strong need for the development of
synthesis methodologies for the generation of mesoporosity
in Prussian blue and its analogues.

There have been several attempts to synthesize nano-
porous Prussian blue analogues. Notably, Hu etal. have
developed an interesting stepwise “crystal growth and etch-
ing” strategy for the synthesis of nanoporous Prussian blue
analogues through exploitation of their low chemical stability
in acidic media."® However, no uniform and stable meso-
porous structures have been observed. Herein, we report the
synthesis of mesoporous Prussian blue and its analogues
through a template-free methodology and the application of
these mesoporous materials as high-performance cathode
materials in sodium batteries. The essence of our method-
ology lies in the formation of crystalline mesostructures
through a synergistically coupled nanocrystal formation and
aggregation mechanism. Hierarchically porous metal-organic
frameworks (MOFs) with sponge-like structures have been
fabricated through this formation mechanism without the use
of a templating agent."”) More importantly, both the surface
morphology and the porosity of the MOFs can be tailored by
etching the pore walls with the synthesis solvent using
different reaction times. By using this bottom-up fabrication
methodology, we successfully synthesized a series of hier-
archical porous Prussian blue analogues by using different
reaction times (NiHCF/t, where ¢ stands for the reaction time
in hours). The aggregation-based formation mechanism is
presented in Scheme 1b. First, the reaction between the
transition metal ions and Fe(CN)s*~ enables nanocrystals to
form, aggregate, and join together.”” Second, or possibly
concurrently, the aggregates grow and eventually become
single-grained particles. Finally, the stacked mesopores are
transformed into macropores over longer reaction times.

The as-synthesized meso/macroporous NiHCF/t series
prepared with different reaction times were crystalline and
were found to have X-ray diffraction (XRD) spectra corre-
sponding to a phase-pure face-centered cubic structure (Fig-
ure S1 in supporting information).™ The broadening of the
powder XRD peaks for the product resulting from a short
reaction time (NiHCF/2) suggests that the Prussian blue
crystals forming the pore walls were smaller or had a lower
degree of periodicity than those resulting from longer
reaction times. Furthermore, the calculated crystallite sizes
of NiHCF/2 and NiHCF/18 were 11 and 13 nm, respectively.
The biggest crystallites (26 nm) were observed for NiHCF/72,
thus indicating a higher degree of periodicity and crystallinity
with the longer reaction times. The mesoporous structures of
the NiHCEF/t series were demonstrated by scanning electron
microscopy (SEM) and transmission electron microscopy
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Figure 1. SEM (a,c,e) and TEM (b,d,f) images for the porous NiHCF
series obtained after 2 h (top), 18 h (middle), and 72 h (bottom).

(TEM; Figure 1). As observed in the SEM images (Fig-
ure 1a,c), continuous networks of NiHCF/2 and NiHCF/18
formed, with disordered mesopores that correspond to the
aggregation of the nanosized particles (TEM images; Fig-
ure 1b,d). In the case of NiHCF/72, the mesopores finally
enlarged to textural macropores, which were formed by
packing of the single-grained nanosized particles (Fig-
ure 1e,f). The observations in the TEM images are consistent
with the changes in the powder XRD peak intensities
(Figure S1). The NiHCF/t series were characterized by Fou-
rier transform infrared (FT-IR) spectroscopy, and the FT-IR
spectra showed the characteristic C=N stretch at 2090 cm™
(Figure S2).2!! The molar Na/Fe/Ni ratios of the NiHCF/
t series were obtained by inductively coupled plasma (ICP)
analysis; and the molar ratios were calculated to be
1.41:0.91:1.00, 1.73:0.98:1.00 and 1.01:1.02:1.00 for NiHCF/
2, NiHCF/18, and NiHCF/72, respectively.

Three members of the NiHCF/t series obtained at differ-
ent reaction times exhibited accessible porosity, as confirmed
by nitrogen adsorption—desorption isotherms (Figure 2).
Before the gas sorption measurements, lattice guest mole-
cules were removed by solvent exchange, followed by thermal
activation at 150 °C under flowing N,. Type IV isotherms with
hysteresis loops characteristic of large constricted mesopores
were observed for the NiHCF/2 and NiHCF/18 samples, with
widths in the range of 5 to 35nm (Figure 2, inset). The
Brunauer-Emmett-Teller (BET) surface areas were 299, 233,
and 93m’g~' for NiHCF/2, NiHCF/18, and NiHCF/72,
respectively. Under exceptionally long reaction times
(NiHCF/72), the mesopores were greatly enlarged and finally
became macropores (>45nm), which were built up by
packing of the relatively larger particles, as shown in the
SEM images (Figure 1¢).

Coin cells (2032) with sodium foil as a counter electrode
were used to evaluate the electrochemical performance of the
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Figure 2. N, —196°C isotherms of the NiHCF/t series (a) and corre-
sponding BJH pore-size distribution (PSD) curves (b).

as-synthesized materials. All cells were cycled between 2.5
and 3.8 V. Figure 3a and Figure S3 show the charge/discharge
curves of this series of samples at a current rate of 10 mA g~'.
One charge plateau and one discharge plateau at around
3.2 Vare observed in the charge/discharge curves and can be
assigned to the Fe™/Fe" redox couple, as noted in previous
reports.”"?! These three samples displayed almost identical
reversible capacities of around 65 mAhg ! at the low current
rate (Figure 3b). However, the capacity is lower than that
reported for sodium manganese hexacyanoferrate,’? perhaps
because the redox reaction of the Ni"/Ni" couple occurs with
difficulty between 2.5 and 3.8 V. As a result of their porous
structures, all of the samples displayed good rate perfor-
mance. It is interesting that although NiHCF/72 has the
smallest surface area, it displays the best rate performance.
For instance, the specific discharge capacity of NiHCF/72 is as
high as 55mAhg™” at 100mAg' and 52mAhg™ at
500 mA g'. Clearly, the large pore diameter of NiHCF/72 is
more efficient for sodium-ion transport. In addition, all three
samples displayed excellent cycle stability at a high current
rate of 100mA g~!, and no capacity loss was observed after
180 cycles (Figure S4). As reported, pore size plays an
important role in the determination of the rate performance
of nanoporous materials.®! Large pores enable more facile
Na' diffusion into the particle bulk through the filled
electrolyte, thus improving the rate performance. We have
observed this behavior in the NiHCF/z series; an increase in
rate performance with increasing pore diameter consistent
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Figure 3. Charge/discharge curves for the NiHCF/72 sample (a) and
rate performance for the NiHCF/t series (b).

with the expectation that large pores permit more facile Na*
transport in the electrolyte within the pores.

In summary, mesoporous Prussian blue analogues,
NiHCF/t, were successfully synthesized by using a facile
template-free solution method at room temperature, and
a nanoparticle aggregation-based formation mechanism is
suggested. The surface morphology, porosity, and crystallinity
of the Prussian blue analogues can be modified by extending
the reaction time. At different reaction stages, nanocrystal
formation, aggregation, and grain growth occur; accordingly,
the interconnected mesopores eventually transform into
stacked macropores. As cathodes for sodium-ion batteries,
all the NiHCF/t analogues show a reversible capacity of
65mAhg™" at low current rate and show excellent cycle
stability. The macroporous NiHCF/72 with its smaller surface
area displayed the best rate performance, maybe because it
had the largest pores to facilitate more effective Na™ mass
transport.

These results have important implications for the fabri-
cation of meso/macroporous electrode materials, in which the
porous structure has a great effect on the electrochemical
properties. Particularly for materials with lower chemical and
physical stability, the reported method stands as an environ-
mentally friendly and low-cost alternative to hard or soft
templating for the fabrication of mesoporous materials.

Experimental Section
A typical procedure for the preparation of the NiHCEF/t series
materials: A solution of nickel(I) acetate tetrahydrate (0.249 g,
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1 mmol) in water (17.5 mL) and dimethylformamide (DMF; 2.5 mL)
was added to a solution of sodium hexacyanoferrate(Il) decahydrate
(0.484 ¢, 1 mmol) and NaCl (0.7 g) in water (17.5mL) and DMF
(2.5 mL) with stirring. The mixture was stirred for the desired time at
room temperature and the resulting precipitate was separated by
centrifugation and subsequently washed with water and methanol.
The resulting product was dried under vacuum at 60°C overnight
before FT-IR spectroscopy, ICP analysis, powder XRD, SEM, TEM,
nitrogen adsorption—desorption measurements, and battery charac-
terization. The product was named NiHCF/t, in which ¢ stands for the
reaction time in hours.

Electrochemical experiments were carried out by using coin cells.
The working electrode was prepared by mixing the as-synthesized
materials, carbon black, and poly(vinylidenedifluoride) (PVDF) at
a weight ratio of 70:20:10. The slurry was cast onto Al foil and dried
under an infrared lamp to remove the solvent, followed by drying in
a vacuum oven at 100°C for 12 h. The loading of active materials was
1.5-2.0 mgcem 2. Glass microfiber was used as a separator and sodium
foil was used as both counter electrode and reference electrode. The
electrolyte consisted of a solution of 1M NaClO, in 1:1 (by volume)
ethylene carbonate (EC)/propylene carbonate (PC). The cells were
assembled in an argon-filled glove box with moisture and oxygen
levels below 0.5 ppm. Galvanostatic discharge—charge experiments
were conducted in the voltage range of 2.5-3.8 V on an Arbin battery
test system.
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