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ABSTRACT: The electrical power grid faces a growing need for
large-scale energy storage over a wide range of time scales due to
costly short-term transients, frequency regulation, and load
balancing. The durability, high power, energy efficiency, and
low cost needed for grid-scale storage pose substantial chal-
lenges for conventional battery technology."” Here, we demon-
strate insertion/extraction of sodium and potassium ions in a
low-strain nickel hexacyanoferrate electrode material for at least
five thousand deep cycles at high current densities in inexpen-
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sive aqueous electrolytes. Its open-framework structure allows retention of 66% of the initial capacity even at a very high (41.7C)
rate. At low current densities, its round trip energy efficiency reaches 99%. This low-cost material is readily synthesized in bulk
quantities. The long cycle life, high power, good energy efficiency, safety, and inexpensive production method make nickel
hexacyanoferrate an attractive candidate for use in large-scale batteries to support the electrical grid.
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battery

n recent years, research and development of battery techno-
Ilogy has primarily been focused on small-scale applications,
such as portable electronics and batteries for vehicles, in which
the specific energy and energy density are of great importance.
These technologies are not widely used for storage capacity in
the electric grid," ~* despite costly transient outages,” the rapidly
growing need for frequency regulation,® and the necessity for
load balancing, particularly in connection with the use of inter-
mittent energy sources such as solar and wind. Traditional grid-
scale energy storage systems such as pumped hydropower
facilities are location-dependent and suffer from low efficiencies
and large capital investment requirements. Storage devices for
the grid must have extreme durability (cycle life), high power
output, rapid response, and very low cost. No single well-
developed battery technology can currently meet all of the
requirements for use on the grid; although relatively inexpensive,
lead acid batteries have insufficient cycle life and cannot with-
stand deep discharge, redox-flow batteries have low power
densities, and the nickel/metal-hydride and lithium-ion batteries
used in portable electronics and vehicles are far too expensive.'>°
Emerging aqueous lithium and sodium-ion battery systems using
inexpensive aqueous electrolytes have shown promising rate
capabilities, and in some instances, good cycle life.”® The recent
development of semisolid lithium rechargeable flow batteries
also has shown promise.'

Here, we show that nickel hexacyanoferrate (NiHCF), an
analogue of the well-known Prussian Blue coordination compound,
can achieve the necessary electrochemical performance in safe,
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low-cost aqueous electrolyte cells, making it attractive for
practical use in grid-scale batteries. The open framework struc-
ture of Prussian Blue and its analogues offers several advantages,
including greater durability and faster kinetics when compared to
more extensively studied intercalation and displacement battery
electrode materials such as carbon, alloys, and metal oxides and
oxyfluorides. In this structure (Figure la), hexacyanometallate
groups (R(CN)g) form a rigid cubic framework with 6-fold
nitrogen-coordinated transition metal cations (P, red balls in
Figure 1a)."' ~** Large interstitial sites within the framework may
host alkaline ions (A, green balls in Figure 1a) and/or zeolitic water,
resulting in a general chemical formula of the form APR(CN);-
(H,0),. For instance, the Prussian Blue framework is composed
of Fe**(CN)4 and nitrogen-coordinated Fe**. In the NiHCF
material studied here, Ni** occupies the nitrogen-coordinated
lattice sites (Figure 1a), in place of the Fe’* found in Prussian
Blue . The relative quantities of A, P, and R(CN),, and the water
content of the structure may vary from unity as the result of defects
in the framework. The ion channels connecting the interstitial A
sites are similar in size to solvated alkali ions such as potassium,
allowing rapid transport of these ions throughout the lattice.'*'®
Furthermore, electrochemical cycling of these materials over
their full composition range results in minimal lattice strain. For
these reasons, electrode materials with the Prussian Blue crystal
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Figure 1. (a) NiHCF has the Prussian Blue crystal structure in which transition metal cations such as Fe and Ni are bound by bridging CN ligands,
forming a face-centered cubic structure. In the case of NiHCF, Fe is 6-fold carbon coordinated, while Ni is 6-fold nitrogen coordinated. The resulting
framework has large channels oriented in the (100) directions, through which hydrated alkaline cations such as K" and Na™ may diffuse. These alkaline
cations occupy the interstitial “A” sites at the center of each of the eight subcells of the unit cell. Full occupancy of the A sites is achieved upon full
reduction of the material to A,NiFe>"(CN)g. Zeolitic water is also present in the structure but is omitted here for clarity. (b) Powder X-ray diffraction
showed that synthesis of NiHCF at 70 °C produced higher crystallinity than a synthesis at room temperature. (c) Scanning electron microscopy revealed
that the as-synthesized NiHCF powder is composed of a porous collection of 20—50 nm grains.

structure can show stable cycling over many thousands of cycles
with extremely high rate capability.'>'®

Coordination compounds such as Prussian Blue analogues
and a variety of metal—organic framework materials have tunable,
open structures that allow insertion of both molecular and ionic
species, which has led to their study for applications includ-
ing hydrogen storage, battery electrodes, and electrochromics.'’ "
In addition, Prussian Blue analogues have received significant
attention for their magnetic properties.”’ >* The electrochemi-
cal activity of Prussian Blue was first demonstrated by Neff,** and
electrochromic devices using very thin films (40—300 nm) of
Prussian Blue have shown lifetimes on the order of 10° cycles
during extremely rapid cycling (up to 1 Hz).'>'® During this
epoch, electrochemical cyclin§ of analogous materials, such as
NiHCF, was also reported.”* >’ The electrochemical reaction of
NiHCF may be described by the following expression: ANiFe>"
(CN)g + A" + e~ = A,NiFe**(CN),, where A" is an alkali ion,
such as sodium or potassium. However, previous electrochemical
studies have been carried out only on very thin electrodeposited
films with thicknesses of approximately 100 nm, too thin for
practical batteries.”> >’ This report is the first to describe a
rechargeable NiHCF electrode on the size scale (~10 mg/ cm?)
relevant to real batteries.

Bulk syntheses of Prussian Blue and its analogues have long been
performed by spontaneous precipitation methods."' ~** Aqueous
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solutions of iron salts such as FeCl; are typically combined
with a solution of K,;Fe”*(CN),, resulting in the rapid precipita-
tion of solid KFe**Fe**(CN)s. The extreme insolubility of
Prussian Blue hinders the control of its crystallinity and compo-
sition during precipitation.'” In this work, NiHCF was synthe-
sized by a coprecipitation method that ensured consistent
reaction conditions. Slow, simultaneous dropwise addition of
aqueous precursors to a common liquor maintains a constant
ratio of reactants, ensuring a consistent composition of precipi-
tate. In a typical synthesis, aqueous precursors containing Ni-
(NO3), and K3Fe(CN), were reacted by simultaneous dropwise
addition into pure water with final concentrations of 40 and
20 mM, respectively. The solid precipitate was filtered, washed
with water, and dried in vacuum at room temperature. Elemental
analysis of the precipitate using inductively coupled plasma mass
spectroscopy, along with previous conventions for the water
content of the Prussian Blue structure,"? showed that NiHCF
may be described by the formula Ky ¢Ni; ,Fe(CN)4*3.6H,0.
Precipitation of Prussian Blue occurs too rapidly to yield a well-
crystallized product, even under these controlled reaction condi-
tions. The syntheses of NIHCF were performed at 70 °C to improve
crystallinity. Highly crystalline, nanoparticulate (20—50 nm)
NiHCF may be formed using this method, as shown by powder
X-ray diffraction (XRD) (Figure 1b) and scanning electron micro-
scopy (SEM) (Figure 1c). The resulting porous agglomerations
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Figure 2. (a,b) The potential profiles of NiHCF during galvanostatic cycling of Na* and K* at various rates are shown. The potential profiles during both
Na" and K" cycling show that the reversible reduction of fully charged NiHCF proceeds by an insertion reaction, during which both Na" and K are
miscible over a wide composition range in the stable metal—organic framework structure. Specific capacities of 59 mAh/g were observed at a C/6 rate
(panel ¢, omitted from panels a and b for clarity), so 60 mA/g was defined as a 1C rate. (c) The capacity of NiHCF during galvanostatic cycling of Na*
and K" at various rates is shown. Two thirds of the capacity observed at a C/6 rate is retained at 41.7C. (d) NiHCF shows no capacity loss after S000
cycles of Na" insertion at a 8.3C rate. However, during K" cycling, NiHCF is stable for only about 1000 cycles, after which its capacity decays at an

approximate rate of 1.75%/1000 cycles.

of NiHCF nanoparticles allow for rapid transport of charge
carriers throughout electrodes containing NiHCF.

Electrodes containing NiHCF were prepared by combining
NiHCF, amorphous carbon (Timcal SuperP Li), polyvinylidene
difluoride (Kynar HSV900), and graphite (Timcal KS6) in a
80:9:9:2 ratio. These materials were ground together by hand
and then dispersed in a slurry of 1-methyl-2-pyrrolidinone.
Slurries were deposited on carbon cloth (Fuel Cell Earth, Inc.)
and dried in vacuum at 80 °C. The mass loading of electrodes was
between 7 and 12 mg NiHCF/ cm”. Electrochemical cycling of
electrodes containing NiHCF powder was performed in aqu-
eous, mildly acidic 1 M NaNO; or 1 M KNO3. Electrolytes were
acidified to pH = 2 by adding dilute nitric acid. Measurements on
NiHCF were performed using three-electrode flooded cells
containing a Ag/AgCl reference electrode and a counter elec-
trode containing a large, partially discharged mass of NiHCF.
This counter electrode acted as a reversible ion sink, similar to
the large masses of lithium foil typically used during half-cell tests
of lithium ion electrodes. The as-synthesized NiHCF is fully
oxidized with a high open circuit voltage. However, to avoid any
potassium contamination during experiments in the sodium
electrolyte, all mobile cations were removed from the counter
electrodes by fixing their potentials at 1.0 V versus the standard
hydrogen electrode (SHE) for 30 min in fresh sodium electro-
Iyte. After washing with water, they were then partially dis-
charged in fresh electrolyte by fixing their potential at the half-
discharge potential of NiHCF.

NiHCF was found to react with sodium at 0.59 V versus the
SHE, while its reaction with potassium occurs at 0.69 V
(Figure 2a,b). The trend to higher reaction potentials for the
insertion of heavier alkaline ions corroborates previous observa-
tions on Prussian Blue and NiHCF.>>*® The theoretical specific
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capacity of NiHCF and other Prussian Blue analogues is about 60
mAh/g, but its exact value is difficult to determine because the
zeolitic water content varies with temperature and humidity. The
theoretical capacities of these materials can also vary by ten
percent or more, depending on the concentration of defects in
the framework structure. For this study, a current density of 60
mA/g is defined as 1C.

The open framework structure and nanoparticulate morphol-
ogy of NiHCF allow for rapid kinetics during the cycling of both
sodium and potassium. During either sodium or potassium
cycling, a specific capacity of 59 mAh/g was observed at a C/6
rate (Figure 2a,b). Virtually all of this capacity is accessible within
a narrow 0.3 V range around the half-charge reaction potential.
Recently reported work on another sodium insertion material,
NayMngO; 5, showed a maximum discharge capacity of 45 mAh/g
over a wider, 0.5V, range.9 To the authors’” knowledge, the only
previously demonstrated potassium ion electrodes for aqueous
cells are other Prussian Blue analogues, thin films of which have
specific capacities similar to that of NiHCF.

During sodium cycling of NiHCF, the rate performance is
excellent (Figure 2c), as 86.5% of its maximum low rate capacity
is retained at a rate of 8.3C, and 67% is retained at a very high
41.7C rate. NiHCF behaves similarly during potassium cycling:
85.5% of its maximum capacity is retained at 8.3C, and 66% is
retained at 41.7C. In contrast, Na;MnyO;g was reported to lose
more than half of its discharge capacity when operated at a 18C
rate.” The high rate performance of NiHCF corroborates the
extremely rapid cycling of thin film Prussian Blue electrochromic
devices."” The capacity retention of NiHCF at high-current
densities is comparable to the best rate performance of any
known lithium-ion electrode material. For example, over a wide
one-volt cycling window between 3.0 and 4.0 V versus Li*/Li,
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Figure 3. Ex-situ XRD experiments on NiHCF at various charge states showed isotropic lattice strain during charging. (a,)b) Changes in the diffraction
pattern are illustrated by the shift of the 400 diffraction peak to lower angles with increasing charge state. (c) The lattice parameter increases
approximately linearly with charge state with total strains of 0.18 and 1.1% during full Na* and K" insertion, respectively.

LiFePO,, a common lithium ion cathode reactant, has been
shown to retain approximately 70% of its theoretical capacity at a
20C rate.*”*

NiHCF has unusually low voltage hysteresis between charge
and discharge during either sodium or potassium cycling
(Figure 2a,b). The low voltage hysteresis is due to its open
framework structure and the fast ionic diffusion within it. In our
experiments the voltage hysteresis of NiHCF at a half-charged
state during sodium cycling was only 12.7 mV at 0.83C, (about
0.4 mA/cm®). At the same current density in a potassium
electrolyte, the half-charge voltage hysteresis of NiHCF was less,
only 8 mV. The voltage hysteresis increased linearly with current
density, and during 41.7C cycling (about 18 mA/cm”), it reached
178 mV during sodium cycling, and 106 mV during potassium
cycling. The ohmic behavior of the voltage hysteresis clearly
resulted from the flooded cell geometry, in which much of the
total impedance of the cell was due to electrolyte resistance. The
difference between the voltage hystereses during cycling of
sodium and potassium probably arose from variations in cell
geometry. The use of compressed cells in future studies will make
even lower voltage hystereses possible.

The low voltage hysteresis of NiHCF allows it to achieve
higher energy efficiency than conventional battery electrodes.
Round trip energy efficiency also depends on Coulombic effi-
ciency, and the Coulombic efficiency of NiHCF was between
99.7 and 99.9% during cycling. Thus, only the voltage hysteresis
of NiHCF has a non-negligible effect on its energy efficiency. Ina
hypothetical cell of nominal voltage of 1.0 V that contains NiHCF
and a perfectly reversible counter electrode, the round trip
energy efficiency is 98—99% at a 0.83C rate. At higher current
densities, an energy efliciency of 90% is attained during
potassium cycling at the very high rate of 41.7C, and an
efficiency of 83% during sodium cycling at the same rate. The
energy efficiency of full cells using NiHCF electrodes will be even
higher with a pressed cell geometry, but they already surpass
conventional batteries: a typical efficiency for lead acid and vana-
dium flow batteries is 75%, while only at low current densities can
lithium ion batteries achieve efficiencies above 90%."*

NiHCEF shows complete reversibility during electrochemical
cycling of sodium with zero capacity loss after 5000 cycles at a

8.3C rate (Figure 2d). In addition, there is no capacity loss during
the cycling of potassium for the first 1000 cycles, after which
capacity is lost at a rate of 1.75%/1000 cycles. In comparison, the
NasMnyO;g sodium electrode was shown to maintain stable
capacity during cycling for only 1000 cycles.” A more-recently
reported sodium-ion electrode material, NaTi,(PO,)s, suffered
severe capacity loss in 30 cycles in an aqueous electrolyte.”"
Among conventional battery systems, lead acid cells typically last
about one thousand cycles during 50% discharge capacity
cycling, and the best vanadium redox flow cells last up to 5000
cycles at 70% discharge."*>*

The rigid metal—organic framework of the Prussian Blue
structure provides the structural and chemical stability that
allows NiHCF to repeatedly cycle sodium and potassium ions
with stable capacities. As stated above, physical characterization
of NiHCF produced by the coprecipitation method using SEM
and XRD revealed a porous, nanostructured morphology with
high crystallinity. The as-synthesized NiHCF powder was found
to have an XRD spectrum corresponding to a phase-pure face-
centered cubic structure with a lattice parameter of 10.2 A
(Figure 1b).

To examine the effect of charge state on the NiHCEF structure,
ex-situ XRD spectra of NiHCF electrodes were measured at
several different charge states. To prepare the electrodes, they
were first fully cycled ten times at 250 mA/g, ending at full
discharge. The electrodes were then charged to the desired
fractional charge state at the same current density. The necessary
duration of the final charging current was determined from the
specific capacity of each electrode observed during the initial ten
cycles. Ex-situ XRD spectra of the electrodes at different states of
charge reveals that the lattice parameter increases during char-
ging (cation extraction), as illustrated by a shift in the position of
the 400 diffraction peak to smaller angles (Figure 3a,b). The
isotropic lattice strain reaches a maximum of 1.1% during
potassium cycling, but only 0.18% during sodium cycling
(Figure 3c), which correlates with the better cycle life during
sodium cycling. The reported lattice parameters are the average
of the lattice parameters determined from at least six diffraction
peaks for each sample, and the error bars in Figure 3¢ represent
one standard deviation from the mean calculated lattice
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parameter of each sample. The small increase in lattice parameter
during charging corresponds to an increase in the radius of [Fe*"
(CN)4]* ions during their oxidation to [Fe®>"(CN)¢]*"** The
difference in the magnitudes of the lattice strain during the
insertion of potassium and sodium is not yet well understood. As
noted during early research on Prussian Blue films, the radius of
the channel between the A sites in the Prussian Blue structure is
comparable to the Stokes radius of hydrated potassium, but
significantly smaller than the Stokes radius of hydrated sodium.'®
The possibility that the water molecules in the hydration shells of
potassium and sodium might exchange with zeolitic water
already present in the crystal structure further complicates the
understanding of the mechanism involved in ion transport
through the lattice.

The NiHCF material studied here was synthesized in bulk
quantities using spontaneous chemical coprecipitation from
relatively low-purity aqueous precursors at modest temperatures.
Such a synthesis method is both scalable and inexpensive. In
addition, Prussian Blue analogues such as NiHCF operate in safe,
inexpensive aqueous electrolytes, and possess superior rate
capability, round trip energy efficiency, and cycle life. Together,
these characteristics make them especially desirable for energy
storage to support the electrical energy grid.
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