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ABSTRACT: The reversible insertion of monovalent ions such as lithium
into electrode materials has enabled the development of rechargeable
batteries with high energy density. Reversible insertion of divalent ions
such as magnesium would allow the creation of new battery chemistries
that are potentially safer and cheaper than lithium-based batteries. Here we
report that nanomaterials in the Prussian Blue family of open framework
materials, such as nickel hexacyanoferrate, allow for the reversible insertion
of aqueous alkaline earth divalent ions, including Mg**, Ca**, Sr**, and
Ba®*. We show unprecedented long cycle life and high rate performance for

divalent ion insertion. Our results represent a step forward and pave the way for future development in divalent batteries.
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Rechargeable battery technologies have enabled the
continuing development of electronics and transportation
with great promise toward vehicle electrification and grid-scale
energy storage.'~” Monovalent ion intercalation of protons and
lithium ions into solid materials has led to the success of nickel
metal hydride and lithium ion rechargeable batteries.>’
Recently, divalent magnesium ion insertion has attracted
great interest due to magnesium’s low cost, elemental
abundance, and doublin% of electron storage capacity per ion
compared to lithium.'*~"? Studies have demonstrated magne-
sium insertion in metal chalcogenides, transition metal oxides,
and olivines''™"* but finding an electrode material with fast,
reversible insertion of divalent magnesium ions remains a major
challenge.

We explored Prussian Blue (PB) open framework nanoma-
terials for divalent ion insertion because of their interesting
crystal structure. The general formula for these materials is
A, PR(CN)¢yH,0, and their crystal structure (Figure 1A) is
analogous to that of the ABX; perovskites. The P™" and R™
ions form an ordered arrangement on the B sites.">'¢ The
triple-bonded CN ligands increase the separation between P
and R ions to open up the structure for ion and small molecule
insertion. The occupancy of the tetrahedrally coordinated A
sites in the large open cages in this crystallographically
nanoporous framework (Figure 1A) varies from x = 0 to 2
per formula unit with corresponding changes in the oxidation
states of P and R ijons. As a result of these structural
characteristics, these materials are mixed ionic and electronic
conductors.'” In addition, zeolitic water in the A sites and on
vacant nitrogen sites can facilitate ion insertion.'®"?

The structure and physical properties of PB materials have
been studied extensively.'>'*'®2°723 Electrodeposited PB thin
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films have demonstrated reversible insertion of potassium ions
in aqueous solution for electrochromic window applica-
tions.”* "2 Recently, nanomaterials in the PB family have
been explored for monovalent batteries; this includes
potassium, sodium, and lithium ion batteries in both aqueous
and organic solutions.'””’™** In particular, both nickel and
copper hexacyanoferrate (NiHCF, CuHCF) demonstrate high
cycling rates with excellent capacity and cycle life retention
through reversible insertion of K* and Na* cations.””*® In
addition, the effects of different monovalent insertion cations
on hexacyanoferrate performance®® and the tunability of
reaction potential by forming a nickel—copper hexacyanoferrate
alloy® have been studied.

Success with monovalent ion insertion has motivated us to
explore these materials for divalent insertion. Past research on
PB thin films suggests divalent alkaline earth cations (Mg™,
Ca*, Sr**, Ba**) can reversibly insert into these materials.>®>”
However, those studies did not investigate the potential of
these materials for batteries and failed to demonstrate high
rates or cycle life performance because of the use of thin films,
which present poor ionic conductance relative to that in
nanoscale materials. In this work, we demonstrate unprece-
dented high-rate cycling of nanoscale NiHCF electrodes with
Mg*, Ca®, Sr**, and Ba*" ions with long cycle life and
promising energy efficiency.

NiHCF nanoparticles were synthesized by a coprecipitation
method®® with slow, simultaneous dropwise addition of 70 mL
each of aqueous nickel nitrate and potassium ferricyanide
solutions (Sigma-Aldrich) into 60 mL of deionized water at 80
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Figure 1. (A) NiHCEF shares the same cubic open framework structure with Prussian Blue. Ni** occupies the nitrogen-coordinated P sites, and Fe**
occupies the carbon-coordinated R sites. Insertion cations and zeolitic water occupy the A sites in each subcell of the unit cell. The open channels in
the (100) directions allow for rapid insertion and extraction of a variety of cations. (B) The X-ray powder diffraction pattern of NiIHCF demonstrates
the high crystallinity and phase purity of the material used in this study. All peaks match up with the reference Prussian Blue phase.'® (C) The
scanning electron micrograph shows nanoparticles of NiHCF ranging from 30 to 70 nm (scale bar = 200 nm).
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Figure 2. (A—D) Potential profiles of NiIHCF upon galvanostatic cycling with Mg?*, Ca®*, Sr**, and Ba?*, respectively, exhibit decreasing capacity
and increasing voltage hysteresis with C rate. The kinked profiles at high C rates may be the result of a two-step diffusion-limited insertion reaction
that is the subject of further study. (E) The voltage hysteresis at half charge increases monotonically with C rate. This increase in hysteresis tends to
be greater for cations with larger crystal ionic radii. (F—G) Cyclic voltammetry (CV) curves demonstrate reversible insertion of Mg**, Ca*", Sr**, and
Ba®*, and they suggest two insertion reactions occurring at different potentials. CV curves of NiHCF cycled with dilute nitric acid at pH 2 show that

H* insertion does not account for the observed electrochemistry.

°C for final concentrations of 40 mM nickel nitrate and 20 mM
potassium ferricyanide. The solid precipitate was vacuum
filtered from the solution, washed, and dried under vacuum
at room temperature. This synthesis procedure produces phase-
pure NiHCF with high crystallinity and nanoparticle morphol-
ogy as confirmed by powder X-ray diffraction (XRD) and
scanning electron microscopy (Figure 1B,C). The XRD pattern
was collected at the Stanford Synchrotron Radiation Light-
source with Bragg—Brentano geometry using a monochromator
at 12 keV.

Most electrochemical measurements were performed in a
three-electrode flooded half cell configuration with a NiHCF
carbon cloth working electrode, a Ag/AgCl reference electrode
(Fisher Scientific), and a platinum counter electrode (Fisher
Scientific). NiHCF electrodes were fabricated by mixing 80%
w/w NiHCF, 9% w/w polyvinylidene fluoride (Kynar), 9% w/

w amorphous carbon (Timcal), and 2% w/w graphite (Timcal)
and grinding the components together with a mortar and
pestle.”® The powder was mixed with 1-methyl-2-pyrrolidinone
(Sigma-Aldrich) to create a slurry that was deposited onto
carbon cloth current collectors (Fuel Cell Earth). These
electrodes were dried under vacuum at 80 °C and exhibited a
typical mass loading of approximately 10 mg/cm?.
Measurements of cycle life were performed in a full cell setup
with an activated carbon counter electrode.”® Activated carbon
counter electrodes used for long-term cycling were fabricated
by mixing together 80% w/w activated carbon (Sigma Aldrich)
and 20% w/w polyvinylidene fluoride (Kynar), grinding the
components together with a mortar and pestle, and combining
with 1-methyl-2-pyrrolidinone to form a slurry. The slurry was
deposited onto carbon cloth current collectors (Fuel Cell
Earth) and dried under vacuum at 80 °C. Typical mass loading
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Figure 3. (A—D) The specific capacity (black line) at SC decays at different rates for Mg**, Ca®*, Sr**, and Ba®* electrolytes, respectively. In all cases,
the capacity stabilizes after the electrode stops dissolving as the electrolyte becomes saturated with dissolved Ni**. Coulombic efficiency (red dotted
line) ranges from 99.4 to 99.8%. (E—G) When 20 mM Ni** is added to the electrolyte before cycling, specific capacity retention improves
significantly for Mg®*, Ca®", and Sr*, respectively. (H) Energy efficiency improves when adding Ni** to the electrolyte. The thicker lines indicate
cells with Ni**.

for these electrodes was approximately S0—100 mg/cm®. hysteresis at half charge increases only by 59, 68, 167, and 388
Aqueous electrolytes were prepared by dissolving the mV, respectively, for Mg**, Ca**, Sr**, and Ba®*. As the charge/
appropriate metal nitrates in deionized water to 0.1 M for discharge rates go up, the increase in voltage hysteresis scales
Ba** and 1 M for all other cations. A pH of 2 was maintained in with the unhydrated crystal ionic radius of the cation (Figure
all electrolytes by adding nitric acid to increase the acidity. All 2E) even though these insertion ions are typically hydrated
C rates are calculated assuming a maximum specific capacity of both inside and outside the crystal lattice."® This might indicate
50 mAh/g for NiHCF. a rate-limiting dehydration step during insertion, which is
The nominal chemical formula of NiHCF in its oxidized state consistent with past studies on divalent ion insertion in PB
is KNiFe**(CN)4 with half of the A sites filled with potassium analogues.37 Studies have also shown a relationship between the
ions. Ni** occupies the nitrogen-coordinated P sites, and Fe®* hydration energy of insertion ions and their formal insertion
occupies the carbon-coordinated R sites (Figure 1A). Upon potential, which suggests a dehydration step during insertion.>®
reduction of the material during discharge, alkaline earth ions Data on electrochemical impedance spectroscopy for NiHCF in
(M*, M = Mg, Ca, Sr, Ba) enter the structure to produce these electrolytes, which corresponds to the charge transfer
KM, Ni[Fe?*(CN)],.[Fe**(CN)¢]1_s. resistance associated with dehydration of the ions, can be found
The sloping potential profiles of Mg**, Ca**, Sr**, and Ba* in the Supporting Information. Ongoing in situ synchrotron X-
insertion into NiHCF indicate single-phase reactions during ray diffraction and neutron diffraction studies in our group
charge and discharge at C/S, which correlates with previous could provide a more complete understanding of the insertion
studies of K* and Na* insertion into NiHCF*® (Figure 2A—D). mechanism for divalent cations into NiHCF in the future.
For Mg2+, Ca**, Sr**, and Ba®, the half-charge reaction Cyclic voltammograms (CVs) show reversible insertion of
potentials versus SHE are 0.60, 0.59, 0.63, and 0.64 V, Mg*", Ca®", Sr**, and Ba®" ions within the stability range of the
respectively. There is a distinct second plateau in the potential aqueous electrolyte (Figure 2F—G) and also demonstrate the
profile at high C rates when the electrodes are discharged presence of two insertion reactions at different potentials with
beyond roughly 50% of total capacity in Mg*", Ca*', or Sr*". these alkaline earth electrolytes. CVs taken in dilute nitric acid
This suggests a two-step insertion reaction, but the precise at pH 2 show that H" insertion does not account for the major
mechanism of insertion for these divalent cations is presently electrochemical features observed in NiHCEF. Inductively
unknown. The retention of specific capacity with increasing coupled plasma optical emission spectroscopy (ICP-OES) of
charge rate is much higher than previously reported for specially prepared dilute electrolytes (2.6 mM divalent cations,
magnesium electrodes'' with retention of specific capacity of pH 4) before and after reduction of the cathode provides
63, 77, 70, and 60% going from C/5 to 10C for Mg“, Ca?, further qualitative evidence that these divalent ions are inserting
Sr**, and Ba®", respectively. Both the high ionic conductivity of into the electrode material. The decrease in insertion ion
NiHCF and the short diffusion pathways within the nano- concentration of the electrolytes after electrode discharge
particles contribute to the rapid kinetics. reached 11, 41, 64, and 73% of what would be expected based
Increasing the charge and discharge rates increases the on the discharge capacities for electrodes in Mg®*, Ca**, Sr**,
voltage hysteresis for all electrolytes tested but it is exciting to and Ba?* electrolytes, respectively. The use of especially dilute
see that the hysteresis is remarkably small. From C/5 to 10C (a electrolytes, which may lead to incomplete insertion of ionic
50-fold increase in charge and discharge rates), the voltage species, likely accounts for much of the discrepancy between
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theoretical and observed values. These results do not rule out
partial insertion of hydronium ions, but they do confirm the
insertion of divalent ions into NiHCF.

NiHCF was cycled between 0.22 and 0.92 V versus SHE
(standard hydrogen electrode) at SC and retained 65, 53, 64,
and 93% of initial capacity after 2000 cycles for Mg**, Ca*,
Sr**, and Ba®" electrolytes, respectively (Figure 3A—D). The
capacity initially decays and then stabilizes over 2000 cycles
(Figure 3A—D). This small decay is due to the partial solubility
of NiHCEF in the electrolyte. Adding a small concentration of
20 mM Ni** to the electrolyte before cycling begins solved this
problem; the specific capacity and energy efliciency increased
relative to results for cells without added Ni** (Figure 3E—H).
The additional Ni** inserts into the electrode and stabilizes it,
leading to an initial increase in capacity that levels out over
time. This proposed mechanism has previously been observed
for Cu-inserted CuHCFE.>>** Evidence for reversible Ni**
insertion in NiHCF can be found in the Supporting
Information. Coulombic efficiency ranges from 99.4% for
Ca® to 99.8% for Mg** and remains stable throughout cycling
at SC (Figure 3A—D). Round-trip energy efficiency reached 82,
83, 85, and 79% after 2000 cycles for Mg**, Ca*", Sr**, and Ba*",
respectively. With additional Ni** in the electrolyte, the energy
efficiency improved to 93, 91, and 89% for Mg**, Ca**, and Sr**,
respectively (Figure 3H). Energy efficiency is calculated based
on a full cell voltage versus an activated carbon negative
electrode.

Ex situ XRD spectra of NiHCF electrodes were collected
with varying concentrations of different insertion cations
corresponding to a range of charge states. The spectra were
collected using a PANalytical X’Pert PRO Diffractometer with
Cu—Ka radiation; plots of the XRD results that confirm the
phase stability of the materials with ion insertion can be found
in the Supporting Information. The lattice parameter of each
electrode increases with increasing charge state as cations are
extracted from the lattice. From full discharge to full charge, the
crystal increases in strain by 1.3, 1.1, and 0.9% for K*, Mg**, and
Ba®", respectively (Figure 4). This increase in lattice parameter
with charge is consistent with past studies””**' and is
primarily due to the increase in diameter of Fe(CN4)*~ upon
oxidation to Fe(CNg)*~. This also explains why there is little
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Figure 4. The increase in lattice parameter upon charging is not
strongly dependent on the choice of insertion ion because the change
in lattice parameter is primarily due to the increase in diameter of
Fe(CNg)*™ upon oxidation to Fe(CNg)®~. Uncertainties in lattice
parameters are less than 0.001 A.

difference in strain with cycling between different insertion
ions. The open A sites in the structure are large enough to
contain a variety of ions without distortion, which is why
inserting ions with different diameters does not have a
significant impact on crystal strain. The magnitude of strain
upon full insertion of ions is very low (~1%) and results in
mechanical stability during cycling.

NiHCF nanoparticles can be easily synthesized with standard
solution chemistry and low-cost precursors. These nano-
particles are highly crystalline, chemically stable, and possess
a unique and versatile crystal structure that enables reversible
insertion of a wide variety of different ions. Prior work has
demonstrated the promise of hexacyanoferrate electrode
materials in aqueous electrolyte batteries with monovalent
cationic species. The present work shows that NiHCF, which
has an open framework crystal structure, can also react with
divalent insertion cations at high rates to produce unprece-
dented cycle life and Coulombic and energy efhiciencies.

Exploration of other materials that allow reversible insertion
of divalent ions (such as Mg®*) has proved to be difficult;
increased electrostatic interaction between insertion ions and
host atoms due to increased charge concentration can lead to
slow kinetics, high voltage hysteresis, and poor cyclabil-
ity.'>** Difficulty in redistributing the divalent charge to
achieve local electroneutrality can also contribute to the poor
kinetics of divalent insertion found in other experiments.*

On the other hand, a wide variety of monovalent and
divalent ions can insert into NiHCF at high rates with low
hysteresis. The mechanism has not been fully elucidated, but
several hypotheses may help explain the observed electro-
chemical properties. The presence of hydrated ions and water
molecules throughout the structure, both in A sites and
coordinated to Cu®' ions, can partially shield electrostatic
interactions during diffusion in a manner analogous to water
assisting Mg** insertion in V,Os electrodes.** Electrochemical
impedance spectroscopy of Mg** in aqueous and organic
electrolytes inserting into PB analogues supports the critical
role of hydration in ion insertion.>” Ordering of vacancies™ and
charge transfer between the host ions*>*¢
concentrated charge effectively. Ferricyanide vacancies, which
are roughly S A in diameter and larger than the 3.2 A interstitial
A sites, may also assist insertion by providing additional
diffusion paths for insertion ions.*” The diffusion paths in these
NiHCF nanoparticles are significantly shortened relative to
electrodeposited PB analogues from past studies and contribute
to rapid ionic diffusion. The combination of these features in
PB open framework nanomaterials makes them uniquely suited
for multivalent ion insertion. The versatility of the insertion
reaction in NiHCF may make this material appropriate for a
variety of applications in ion sensing, ion separation, and
wastewater treatment.

The roles of zeolitic water, hydration shells around the
insertion ions, ferricyanide vacancies, and hydronium ions in
assisting the insertion process are not fully understood.
Ongoing experiments in our group with synchrotron X-ray
diffraction, extended X-ray absorption fine structure (EXAFS),
neutron diffraction, and solid-state nuclear magnetic resonance
(NMR) could provide a more complete understanding of the
insertion reaction and its interaction with the local structure in
NiHCF.

can both redistribute
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