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Context & Scale

In this work, we offer our perspective on a class of compounds known as Prussian blue analogs, a group
of versatile cyano-coordination polymers. Originally commercialized in the dye industry, they have more
recently been used in diverse energy technologies including energy storage, electrocatalysts, and thermal
power generation. We address their role as components of the next-generation of batteries with
improved cycle life and power capability. Through a review of achievements from early electrochemical
experiments to crystallographic breakthroughs to development of state-of-the-art electrodes, we outline
how control over the crystal structure allows these materials’ electrochemistry to be finely tuned for
diverse use cases. Despite recent advances, there remain conspicuous and fundamental questions about
the structure-electrochemistry relationship that we identify. We adumbrate investigations using density
functional theory calculations, synchrotron X-ray techniques, electrochemical tests, and technoeconomic
analysis to answer those questions.

Figure 1. Prussian Blue Analog Batteries Enabling Renewable but Intermittent Energy Sources.
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Summary

Prussian blue analogs have significant promise as active materials for the next generation of battery
electrodes with improved cycle life and rate capability. Their useful electrochemical properties include
two independent redox centers per unit cell; a nanoporous, open framework for rapid ion conduction;
high stability during ion (de)insertion; and structural and electrochemical tunability for diverse
applications. Here we share insights into how control of the five main crystallographic features (two
transition-metal ions, the inserting ion, defects, and water) imparts control over the ion-insertion
reaction. We then identify five key opportunities to expand our understanding of these materials,
including the role of water in their ion conduction, modelling, synthesis methods, use as anode materials,
and technoeconomics. Further research in these areas will accelerate the development of new, high-
performing battery electrodes.

Introduction

Prussian blue analogs (PBAs) are a class of materials that have garnered substantial, renewed interest
recently because of their unique properties, several of which are highly desirable in energy storage. First,
they have a high specific capacity for inserting alkali and alkali earth metals via a reversible, two-electron
reaction.! Second, their cubic geometry and the wide channels of their nanoporous, open-framework
structure ensure rapid ionic conduction for high rate capability.? Third, they experience minimal change
to their geometry during ion insertion, which imparts impressively long cycle lives.? Fourth, these
compounds are prepared via a simple and inexpensive co-precipitation reaction between aqueous
precursors.* Finally, their properties are highly tunable and adaptable for different applications.>® The
primary disadvantage to PBAs is their low crystal density (1.96 g cm3 for defect-free sodium iron
hexacyanoferrate), which is less than half that of high-performing lithium-ion cathodes.”® Because of
these unique strengths and limitations, PBAs have primarily been applied in stationary, grid-scale energy
storage where energy-density requirements are more lax, but where cost, cycle life, and rate capability
are key (Figure 1).

These intriguing electrochemical properties arise from the interaction of the crystal structure with
inserting ions. The general electrochemical equation for the insertion of an alkali metal into a PBA is given
by:

AXPJ[RK(CN)G]l.y -WHO+A*f+e — Ax+1PJ[RK'1(CN)6]1.y - wH-0

in which A is an alkali metal ion, and P and R are transition metal ions octahedrally coordinated to six
cyanide ligands via the nitrogen and carbon atom, respectively (Figure 2).° The value y is the fraction of
vacancies of the hexacyanoferrate complex ion (the primary lattice defect). Water, both zeolitic and
coordinated to deficiently bonded metal ions at vacancies, can also be present.

While several review articles have recently been published on PBA electrode materials,'%? here we offer
our perspective on the often-subtle relationship between these five tunable crystallographic features and
the ion-insertion reaction, exploring the effect that each of these has on the insertion. From there we
examine five underexplored areas in PBA research: water in ion conduction, modelling, synthesis
methods, use as anode materials, and technoeconomics. It is our aim to introduce what has already been
achieved in the design of PBA battery components and to highlight those research areas most important
to accelerating the development of future PBA-based energy storage.
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Figure 2. The Crystal Structure of PBAs. (A) PBAs have a face-centered cubic geometry and open-framework lattice. Here the
green and dark blue atoms are transition-metal ions at the R site and P site, respectively. The yellow atoms are inserting ions.
Gray atoms are carbon and light blue are nitrogen. (B) Alkali metal ions insert into the sub-cubes of the lattice as the transition-
metal ions change oxidation state. At high concentrations of lithium or sodium, the structure can distort to a less symmetric
rhombohedral geometry.

Effect of Lattice Architecture on Electrochemistry

The element at the (carbon-coordinated) R site sits at the center of the hexacyanometallate complex from
which PBAs get their open framework and cubic geometry (fm3m space group).'®> The R—C bond length
strongly affects the lattice parameter and channel size, which in turn determine the ionic conductivity.
Substitution with an element of smaller atomic radius decreases the lattice parameter.’
Counterintuitively, chemical reduction also decreases the lattice parameter, despite the insertion of an
ion into the sub-cube. This is because the added electron density causes the hexacyanometallate complex
to contract. For example, the volume of the unit cell in manganese hexacyanoferrate decreases 3.5% on
lithiation,'®> and other compositions have shown similar volume changes on insertion of different alkali
ions.%® This high degree of reversibility leads to extremely long cycles lives. As the R site is the typical
center for redox activity in a PBA, the chosen element determines the reaction potential. The
hexacyanochromate(lll/1l) and hexacyanomanganate(lll/Il) redox pairs have reaction potentials around -
0.8 and 0 V versus the standard hydrogen electrode (SHE), respectively.” However, the great majority of
research into PBA batteries has focused on the hexacyanoferrates as positive electrodes because of their
high reaction potential of 1 V versus SHE and ease of synthesis. This is well within the stability window of
water (about -0.18 to 1.05 V versus SHE at pH 3), so they have often been cycled in aqueous electrolyte.
The Fe—C bond in the hexacyanoferrates is stable up to at least 200 °C” and within the pH range 2 to 6
with solubility increasing with pH as cyanide undergoes ligand exchange with hydroxide groups.® This
stability makes PBAs attractive as safe battery materials despite the presence of cyanide ligands.
Compared to the R site, the P site has enjoyed a much richer variety of substitution in the pursuit of

practical PBA electrodes. The geometry does not change under substitution at the P site (with the notable
exception of zinc!®). The lattice parameter, and thus the channel size, depends linearly on the ionic radius
of the P-site cation.?® The reaction potential at the R site is affected by the P-site ion, with higher ionic
potentials (the quotient of charge and radius) leading to a higher insertion potential. This is due to greater
polarization of the o bond in the cyanide ligand, more significant t backbonding, and lower energy of the
t2, orbitals on the R-site ion.® Zinc, copper, and nickel are three common choices for the P site that are
usually inactive electrochemically. The hexacyanoferrate compounds of these metals have achieved
relatively low specific capacities of around 60 mA h g at potentials within the electrochemical stability
window of water. Cui and coworkers developed these materials for stationary storage with excellent rate
capability and cycle life.?2?? [ron, manganese, and cobalt, in contrast, are electrochemically active within
the stability window of organic electrolytes, allowing for two-electron redox reactions. This allows for the



full utilization of the crystal structure for ion storage. Accessing this total capacity for the two-electron
reaction (170 mA h g in the case of defect-free sodium iron hexacyanoferrate?®) results in two voltage
plateaus.?* These cathodes have lower cycle lives because structural water reacts at these elevated
potentials® and because of changes to the crystal structure as the P-site ion changes oxidation state.
Manganese in its +3 oxidation state is susceptible to a Jahn-Teller distortion,?® while the ionic radius of
cobalt decreases from 0.745 to 0.545 A as it undergoes a spin-state transition from its high-spin +2 state
to the low-spin +3 state on oxidation.?® The deleterious effect of geometric changes on long-term
cyclability is an important factor in PBA design. Finally, an exciting research direction today is the
preparation of single-phase, solid-solution PBAs with two elements at the P site. Properties like lattice
parameter and reaction potential of these solutions are averages of the corresponding properties of the
pure materials. The lattice parameter in a solid-solution (manganese, cobalt) hexacyanoferrate has been
shown to be simply the average of the lattice parameters of the two pure compounds, weighted by mass
fraction.?’ Similarly, the voltage and capacity of a PBA can be tuned in a (copper, nickel) hexacyanoferrate
by controlling composition.?® This mixing strategy has the potential to ameliorate the disadvantages of
the most promising materials, by, for instance, preventing phase transitions on cycling.

Positive electrodes have been prepared for inserting ions from the alkali, alkali earth, and transition
metals including lithium,?”® sodium,® potassium,® rubidium,3! cesium,3? calcium,?®* magnesium,3
aluminum,® and zinc.3® Lithium, sodium, and potassium are the most commonly investigated inserting
ions, and they occupy the A site at the center of the lattice’s sub-cube (Figure 3A). Thermodynamically,
the inserting ion determines the free energy of the insertion reaction. The insertion potential for the
monovalent ions follows the order K* > Na* > Li* in copper hexacyanoferrate (0.93, 0.8, and ~0.7 V versus
SHE)37 and, similarly, Cs* > Rb* > K* > Na* > Li* in nickel hexacyanoferrate (1.3, 0.9, 0.7, 0.6, and 0.4 V versus
SHE)3! in aqueous electrolyte. This correlation between increasing ionic radius and increasing reaction
potential holds for multivalent ions as well.38 This is due to the large contribution of the hydration energy
(which is a function of the ionic potential) to the Gibbs free energy of ion insertion.> Density functional
theory (DFT) calculations further theorize that larger inserting ions have stronger steric interactions,
leading to higher potentials.?® They also suggest that larger inserting ions preferentially sit within
vacancies rather than the center of the sub-cubes. Indeed, experiments confirm that cesium and
rubidium, among other large ions, occupy defect sites.384° The smallest ions also have a lower-energy
position off the center of the sub-cubes. Lithium and sodium displace toward the corners in the <111>
direction.”* Above a critical concentration, the lattice cooperatively displaces in the <111> direction as
well, resulting in a rhombohedral geometry (Figure 3B). This structural change can decrease ionic
conductivity and reversibility, lowering rate capability and cycle life, respectively. The benefits of high
capacity in lithium- and sodium-ion electrodes must be weighed against sacrifices to these other
performance metrics. Kinetically, the ease of movement of ions via the nanoporous <100> channels
(Figure 3C) is determined by the ratio of the ionic radius to the lattice parameter. The diffusion coefficient
for lithium has been observed to increase from 4.6:1071° to 3.5-10° cm? s as the lattice parameter
increases from 10.56 to 10.70 A. Sodium’s diffusion coefficient is smaller, but also increases with lattice
parameter from 2.3:10%° to 7.7:10'° cm? s1.42 The R-, P-, and A-site ions must be chosen so that the
channel size provides adequate ionic conductivity for whatever (dis)charge rate requirements are
specified for the application. Broader interest in sodium-ion batteries generally has resulted in substantial
work on sodium-ion PBA cathodes in the last few years. Lithium insertion has received less attention
recently because of its low potential, severe <111> displacement, and the general superiority of existing
lithium-ion cathodes. PBAs remain, however, one of the only active materials capable of inserting
potassium, and we expect even more work on potassium-ion PBA batteries in the near future. Inserting



ions like rubidium are more expensive and lack any viable anode materials. High-energy metal anodes
require an organic electrolyte, and are particularly interesting for di- and trivalent metals. However, they
require a hydration shell to shield their local charge within the PBA cathode lattice.*® Zinc, as a water-
stable metal anode, is an exception and has garnered recent interest as the A-site species in a PBA
battery.4%
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Figure 3. Metal lons Inserting into the PBA Structure. (A) The PBA lattice can accommodate diverse metal ions at the A site.
Here the relative sizes of (clockwise from top left) lithium, sodium, rubidium, and potassium are shown. (B) High
concentrations of lithium and sodium ions can induce a cubic-to-rhombohedral phase change in PBAs as the inserting ion
displaces toward the corner of the sub-cube. (C) The inserting ions diffuse through the structure via the <100> channels.

Vacancies of the hexacyanometallate complex are the primary structural defect in PBAs (Figure 4A). They
have two beneficial impacts on electrode performance. First, vacancy-mediated transport through the
bulk increases ionic conductivity.*® Connected cavities offer an alternative route to inserting ions other
than the <100> channels, and there is evidence to suggest that vacancies are the primary or exclusive
means of conduction for larger ions (Figure 4B). Second, vacancies have a stabilizing effect on the crystal
structure. The Jahn-Teller distortion only occurs below a minimum vacancy content.* It is possible that
vacancies also contribute to minimizing the <111> cooperative displacement that can occur at higher
levels of lithiation and sodiation. These two benefits result in improved rate capability and cycle life.
However, the obvious disadvantage to high vacancy content is that, as a positively charged defect, it
reduces the specific capacity. Increasing energy density therefore requires methods of synthesis that
minimize vacancies. A common synthetic strategy for vacancy reduction is the use of excess alkali ion
during synthesis; one study determined that an increase in sodium nitrate from 1 to 5 M decreased
vacancy from 19% to 7% and increased sodium ions per formula unit from 1.24 to 1.72.* More
sophisticated methods include the use of a single transition-metal source?>*® and chelating agents such
as citrate.*>*% Yang and coworkers have used the citrate-assisted synthesis to achieve vacancies as low as
1% in a cobalt hexacyanoferrate for sodium-ion, with a reversible specific capacity of 150 mA h g1, which
is approaching the theoretical maximum.>! They also reported improved cycle life compared to the high-
vacancy material, which they attributed to higher electronic conductivity. In general, though, new and
improved methods of vacancy suppression will also need to be judged for their scalability. One of the
virtues of PBAs is their easy synthesis, and each added synthetic step makes manufacturing more
complicated and expensive.
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Figure 4. Defects and Water Affecting the lon Insertion Reaction. (A) Two vacancies of the hexacyanometallate complex,
including the R-site ion and its six cyanide ligands, are shown: one on the top face and one on the right-front face. (B) Connected
vacancies offer an alternate route for the conduction of ions through the structure. (C) An inserting ion sheds its hydration
shell before entering the lattice.

Experiments with neutron and X-ray diffraction on both single-crystal and powder PBAs have identified
two structurally distinct positions for water molecules.>?>3 The first type is zeolitic water, which occupies
the A site in competition with the inserting ion. The second type of water coordinates to the exposed P-
site ions at vacancies. These water molecules’ electronegative oxygen atoms help shield the large positive
charge of the exposed transition-metal ions. The correlation between vacancies and water is positive
because each additional vacancy exposes an additional P-site ion for coordination and also increases the
volume available for zeolitic water. Zeolitic water is removed more easily than coordinated water as it is
bonded more weakly.>* Water can influence the thermodynamically favored phase; it solvates lithium and
sodium, decreasing their effective ionic potential and mitigating the cubic-to-rhombohedral shift. And for
high-voltage reactions in organic electrolyte, the active material must be aggressively dried because any
excess water will cause side reactions and lower coulombic efficiency. Goodenough and coworkers have
used a vacuum drying procedure to prepare iron hexacyanoferrate*® and manganese hexacyanoferrate,>*
each of which achieved a capacity of about 150 mA h g, which is comparable to Yang’s cobalt
hexacyanoferrate and is approaching theoretical. Goodenough carried out XRD studies on the manganese
PBA and determined that it had distorted to a rhombohedral geometry when heavily sodiated. It is
possible that the complete removal of all water makes more severe the structural distortions that
accompany high concentrations of small inserting ions. Doping the P site with electrochemically inactive
metals like nickel is an active area of research to maintain the structurally stabilizing benefits of vacancies
and water without the negative effects on capacity and coulombic efficiency.>®

Critical Research Fronts

Having addressed the state-of-the-art in the design of PBAs for battery cathodes, we turn our attention
to those areas of research in which we see critical gaps in knowledge. Driving forward work in the
following areas will allow higher-performing PBA materials to be developed faster for new battery
applications.

The role of water in ionic conduction is complicated and poorly understood. A paddlewheel mechanism
has been proposed for ion movement through channels and vacancies.?” In this model, coordinated water
rotates around its bond access with a P-site ion at a vacancy which can help move inserting ions. However,
it has also been found that the removal of some zeolitic water dramatically increases conductivity.>®
Besides the bulk conductivity, the interfacial charge transfer kinetics are far more favorable in aqueous



electrolyte compared to organic, because in aqueous electrolyte the inserting ion only needs to shed its
solvent sphere partially as it moves from the outer Helmholtz zone to the inner Helmholtz zone (Figure
4C).>” The higher activation energy arising from further desolvation leads to a higher overpotential and
slower kinetics. One study has found the activation energy for sodium insertion increases from 5.1 kJ mol-
!in aqueous electrolyte to 51.0 k] mol? in organic.”® Goodenough has established some important
computational insights into energetic effects of water’s presence.”® Further theory and targeted
experiments, like nuclear magnetic resonance spectroscopy or isotopic labeling studies, can differentiate
the roles of zeolitic and coordinated water in ion conduction.

There is a general lack of fundamental understanding about the nucleation and growth mechanism of
PBAs in solution. PBAs are typically synthesized through a simple and inexpensive co-precipitation
reaction. An aqueous solution of the hexacyanometallate compound is combined with an aqueous
solution of a salt (often a halide) of the transition metal that will occupy the P site. The final coordination
polymer forms immediately. The ease of synthesis makes PBAs highly scalable as battery materials.
Furthermore, parameters like salt concentration, temperature, and mixing rate can be controlled to
impart some control over defects and water content. Generally, though, the co-precipitation methods
results in high vacancy and water content. Recently more advanced methods have been developed to
suppress vacancies,®® and increasingly elaborate, functional architectures, like core-shell particles made
of two separate phases, are being realized. The growth of PBA crystals can be observed from nuclei via in
situ small-angle X-ray scattering (SAXS), and microfluidic reactors can allow for precise control over mixing
rates and salt concentrations to study their effect on vacancies. A more detailed description of the
reaction mechanism will increase the tunability of lattice architecture and electrochemistry.

A quantitative description of the PBA electronic structure is key to understanding important properties
like electronic conductivity, but only very limited work on computational models of PBAs has been done
so far. There is substantial opportunity for a robust model of PBAs within DFT to understand and suggest
methods of improving electronic conductivity. Furthermore, computational models can accelerate the
process of discovering new useful compositions. Wojdet and coworkers undertook the pioneering DFT
work in PBAs in the mid 2000s.5%%2 Eventually they were able to calculate several properties for a limited
number of compositions using the generalized gradient approximation (GGA+U) method. This strategy
was taken up by Mizuno and coworkers to model the effect of the inserting ion’s radius on insertion3 and
by Lopez and coworkers to calculate additional properties for the iron hexacyanoferrate system.®® The
calculation of the band structure for hypothetical compounds can reveal information about important
materials properties. However, the critical, semi-empirical Hubbard parameter is known for only a few
compositions. A database of Hubbard parameters, an efficient means of calculating them, or rapid
experimental techniques for their determination would enable predictive DFT models of PBAs. Such
models can select the most promising candidates for time-intensive synthesis and characterization.

The behavior of PBAs is poorly characterized at low potentials. The need for a negative electrode that
matches the rate capability and high cycle life of the positive electrodes has motivated work into PBA
anodes with different R-site ions. Manganese hexacyanomanganate has been investigated and utilized as
an anode in combination with a PBA cathode. The resulting full cell delivered a voltage of 1.55 V and
retained 90% capacity at 12 C because the two electrodes were well matched in terms of kinetics and
stability.®* Attempts have been made to develop other compositions that operate at even lower potentials
and in an organic electrolyte, but success remains elusive. The hexacyanoferrates®®> and
hexacyanocobaltates®® have been explored as anodes for lithium-ion, but they do not maintain their
crystal structure at such low potentials. At present, the limits of the stability of water in the structure and
the structure itself are unknown. Better understanding of their behavior at low potential will aid in



designing future compositions. Given the need for low-potential materials and the extraordinary number
of unsynthesized and uncharacterized PBAs, we see the development of low potential PBA materials as
animportant research direction in the future. A possible group of candidate are the hexacyanochromates,
which show electrochemical activity at low potentials in aqueous electrolytes.>

Finally, no thorough cost analysis of PBA batteries has been published that can direct research toward
practical applications. We therefore created a concise technoeconomic model that broadly identifies
which use-cases are addressable by PBA batteries (Figure 5). The performance and cost of three PBA
battery chemistries were modeled using capacity, voltage, and density data from state-of-the-art
components. Values for many of the parameters were taken from the BatPaC modelling software.®’

(A) (B) NMC | Li*(org) | 6 PBA | Na*(org) | HC
300 700
- NMC | Li*{org) | G 4%, 49 %
2 m 0% 3%
~ 600 I 3% *-
= 250 2 3% 794 750t %
=
= s00 € 3%
— 200 < LFP|Li (org” LTO PBA | Na*| (aq) | PBA
- PBA | K*{org) | G g
o 1400 3%
‘GE 150 PBA | Na*(org) | HC NMO | Na*(org) | HC a
L 300 = %
£ 100 %
=
g LFP | Li*(org) | LTO {200 = NMO | Na*(org) | HC
o - o 1%, 5%
50 o & 9%
PBA | Na*(aq) | PBA| 4%j 3%
4%
0 0 5%
(C) Bill of Materials / USD kW' h™!
0 50 100 150 200 250 300 350 400 450
PBA | K*(org) | G )
NMO | Na*(org) | HC ’
PBA | Na*(aq) | PBA 10
LFP | Li*(org) | LTO P I ]
+
PBA | Na™(org) | HC 2
It
NMC | Li"(org) | G 7]
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16

Bill of Materials / USD kW' h™" cycle™

Aluminum [ cathode [ separator B Anode Electrolyte Carbon Binder Copper

Figure 5. A Concise Technoeconomic Model of PBA Batteries. Three different PBA batteries were modeled, as well as three
other systems for the purposes of comparison. The modeled chemistries are: lithium nickel-manganese-cobalt oxide 622 (NMC)
| Li* in organic electrolyte (org) | graphite (G); sodium PBA | Na*(org) | hard carbon (HC); lithium iron phosphate (LFP) | Li*(org)
| lithium titanate (LTO); sodium manganese oxide (NMO) | Na*(org) | HC; sodium PBA | Na*(aq) | sodium PBA; and potassium
PBA | K*(org) | G. The values for many parameters were taken from the BatPaC modelling package, and the NMO is based on
that modeled by Passerini in a recent perspective®. The model extends only to the stack level; each system has a cathode of
about 80 um thickness. (A) The specific energy (blue bars, left axis) and energy density (green bars, right axis) are plotted for
the three PBA architectures analyzed, as well as two lithium-ion stacks and one sodium-ion stack for context. (B) The mass
fraction (left) and volume fraction (right) are plotted for the components of the six architectures. The slices in the charts are
color-coded according to the legend at the bottom. The two lithium-ion stacks also contain copper current collectors because
lithium alloys with aluminum at low potentials. (C) The bill of materials in USD kW h' (colored bars, upper axis) are plotted.
The bar segments are also color-coded according to the legend at bottom. The cost amortized over cycle life is also shown
(hashed bars, lower axis).



As Figure 5A shows, the specific energy and energy density of all PBA batteries are substantially lower
than those of state-of-the-art lithium-ion batteries. The energy density is especially low because of their
very low crystal density. For this reason, PBA batteries are unlikely candidates for use in consumer
electronics or electric vehicles. Comparing the mass-fractions of the components of the sodium-ion PBA
and sodium-ion NMO batteries, shown in Figure 5B, the PBA cathode is significantly less massive (33% vs.
38%) but thicker (49% vs. 36%). The bill of materials for each architecture has also been calculated based
on estimates on the prices of the stack components. Figure 5C shows the bill, broken up by component
and normalized by energy content. PBAs have a low cost because they are easily and scalably prepared
from inexpensive precursors.* Our model uses a value of 5.00 USD kg for PBAs. The potassium-ion PBA
battery is cost-competitive with the sodium-ion NMO battery modeled by Passerini.®® The sodium-ion PBA
| PBA battery has a very high cost at about 400 USD kW-! h-%, But when its bill of materials is amortized
over its extremely long cycle life, the cost falls below even the lithium-ion LFP | LTO system (a common
technology in stationary energy storage). This metric, price in units of USD kW h'! cycle?, is a more
relevant metric for stationary storage like utility deployments.®® Furthermore, the impressive rate
capability of PBA batteries allows them to respond quickly to changes in load without significant loss of
capacity or damage to the PBA crystal structure. For these reasons, commercial deployments of PBA
batteries to date have been in grid-scale applications. Indeed, the U.S. Department of Energy has
supported the development and scale-up of PBA batteries through two multi-million dollar grants to
Natron Energy’® (formerly Alveo Energy) and Sharp.” The caveat is, of course, that the all PBA battery will
have a much higher up-front capital cost for an (e.g.) 1 MW h energy-storage installation. In summary,
while the low crystal density of PBAs will prevent their near-term application in fields like consumer
electronics or electric vehicles, their inexpensive precursors, long cycle lives, and high rate capabilities
make them technoeconomically competitive with contemporary grid-scale energy-storage technology.
More sophisticated modelling can extend the analysis to the cell or pack level using BatPaC, treat the
power capabilities in a quantitative manner, or examine exact PBA compositions with more specific cost
and performance parameters.

Conclusion

Here we have outlined our perspective on the intricate relationship between the crystal structure and
electrochemistry of PBAs at each crystallographic component: both the carbon- and nitrogen-coordinated
transition-metal ions, the inserting ion, vacancies, and water. Careful control at each of these sites has led
to the current array of state-of-the-art PBA compositions in batteries. We also described gaps in the
current understanding of these materials. Specifically, the role of water in conduction is poorly
understood and will strongly impact organic-electrolyte cells. Fundamental understanding of the PBA
polymerization reaction is necessary to optimize synthesis conditions. Better computational tools will help
improve electronic conductivity and speed materials discovery. Most low-potential PBAs that could serve
as anodes have not been synthesized or explored. And low energy density, long cycle life, low cost
applications with sodium, potassium, or other metal ion charge carriers are ideal for PBA electrodes.
Deeper fundamental understanding and further technological development are likely to make PBAs an
important active material in the future portfolio of electrochemical energy storage solutions.
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Figures
Figure 1. Prussian Blue Analog Batteries Enabling Renewable but Intermittent Energy Sources.

Figure 2. The Crystal Structure of PBAs. (A) PBAs have a face-centered cubic geometry and open-framework lattice. Here the
green and dark blue atoms are transition-metal ions at the R site and P site, respectively. The yellow atoms are inserting ions.
Grey atoms are carbon and light blue are nitrogen. (B) Alkali metal ions insert into the sub-cubes of the lattice as the transition-
metal ions change oxidation state. At high concentrations of lithium or sodium, the structure can distort to a less symmetric
rhombohedral geometry.

Figure 3. Metal lons Inserting into the PBA Structure. (A) The PBA lattice can accommodate diverse metal ions at the A site.
Here the relative sizes of (clockwise from top left) lithium, sodium, rubidium, and potassium are shown. (B) High
concentrations of lithium and sodium ions can induce a cubic-to-rhombohedral phase change in PBAs as the inserting ion
displaces toward the corner of the sub-cube. (C) The inserting ions diffuse through the structure through the <100> channels.

Figure 4. Defects and Water Affecting the lon Insertion Reaction. (A) Two vacancies of the hexacyanometallate complex,
including the R-site ion and its six cyanide ligands, are shown: one on the top face and one on the right-front face. (B) Connected
vacancies offer up an alternate route for the conduction of ions through the structure. (C) An inserting ion sheds its hydration
shell before entering the lattice.

Figure 5. A Concise Technoeconomic Model of PBA Batteries. Three different PBA batteries were modeled, as well as three
other systems for the purposes of comparison. The modeled chemistries are: lithium nickel-manganese-cobalt oxide 622 (NMC)
| Li* in organic electrolyte (org) | graphite (G); sodium PBA | Na*(org) | hard carbon (HC); lithium iron phosphate (LFP) | Li*(org)
| lithium titanate (LTO); sodium manganese oxide (NMO) | Na*(org) | HC; sodium PBA | Na*(aq) | sodium PBA; and potassium
PBA | K*(org) | G. The values for many parameters were taken from the BatPaC modelling package, and the NMO is based on
that modeled by Passerini in a recent perspective®8. The model extends only to the stack level; each system has a cathode of
about 80 um thickness. (A) The specific energy (blue bars, left axis) and energy density (green bars, right axis) are plotted for
the three PBA architectures analyzed, as well as two lithium-ion stacks and one sodium-ion stack for context. (B) The mass
fraction (left) and volume fraction (right) are plotted for the components of the six architectures. The slices in the charts are
color-coded according to the legend at bottom. The two lithium-ion stacks also contain copper current collectors because
lithium alloys with aluminum at low potentials. (C) The bill of materials in USD kW- h! (colored bars, upper axis) are plotted.
The bar segments are also color-coded according to the legend at bottom. The cost amortized over cycle life is also shown
(hashed bars, lower axis).
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