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Abstract

Here we demonstrate a full-cell battery design that bridges the energy density and rate
capability between that of supercapacitors or pseudocapacitors with that of traditional lithium-
ion batteries. This is accomplished by pairing an anode that enables ultrafast ion co-
intercalation, an open framework cathode that allows rapid ion diffusion, and linear ether based
electrolyte that sustains cell-level stability and high rate performance. We show this platform to
be suitable for both sodium and potassium batteries using graphite as the co-intercalation anode,
and Prussian blue as the open framework cathode. Our devices exhibit active material energy
densities > 100 Wh/kg with power density > 1000 W/kg with cycling durability approaching ~
80% energy density retention over 2000 cycles. This work brings together state-of-the-art

concepts for fast-charging batteries into a full-cell configuration.
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Introduction

Whereas many applications, such as consumer electronics, can suffice with the energy
and power density of conventional lithium-ion batteries, many future applications that will pivot
on battery technology will demand faster charging times. This is especially true for numerous
areas such as high power weaponry, EVs or drones conducting long distance travel, and robotics
or other high power machinery.'” To this regard, fast recharging and high power density is the
focus of high power electrochemical supercapacitors, although even the most novel approaches
in such systems remain limited to energy density many times lower than a battery due to
electrolyte, cell packaging, and the nature in which charge is stored.*'® The energy stored per
active site for a supercapacitor is much less compared to the energy stored per active site for a
faradaic system. Similarly, pseudocapacitors and hybrid capacitors are largely centered on the
use of aqueous electrolytes that may enable high power, but at the cost of energy density and

. . . . . 11-19
commercially viable materials in a packaged device.

Therefore, there remains a significant
need to design devices that can boast the energy density competitive with a battery, but with fast
charging capability and durability.

One of the key challenges in fast charging batteries is the diffusion kinetics of ions across
the liquid-solid interface, and through the host insertion materials where they are stored. In the
first case, this is associated with the de-solvation step of ion insertion into the host material, and
in some cases, the diffusion of the ion through the solid-electrolyte interphase (SEI) region.’ In
anode materials such as graphite, the de-solvation of an alkali ion is the rate-limiting step for
high power capability.*! To address this, recent work has highlighted the mechanism of co-

intercalation for both sodium (Na) and potassium (K) ions that leverages a solvent which

chelates with the alkali metal ion where the solvent forms a shell around the ion.”*>° This
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enables the insertion of the ion and solvent shell into a layered anode, such as graphite or multi-
layered graphene, where the rate-limiting de-solvation process is mitigated and the weak ion-host

lattice interactions facilitate ultrafast diffusion.’" *?

Recent work has demonstrated extraordinary
results for half-cell devices that utilize co-intercalation, with sodium boasting capacities
exceeding 100 mAh/g for over 8000 cycles in nanostructured carbons, and charge times as low
as 12 seconds,* and potassium demonstrating capacities up to 100 mAh/g with rate capability up
to 30 second charge.** Whereas researchers have emphasized this mechanism to be transferrable
across different ions and different high quality graphite-like materials, the bottleneck of co-
intercalation studies to date remains the challenge of combining these half-cell studies into full-
cell configuration that can exploit this high rate performance.

In this regard, separate research efforts have been focused on improving the performance
of cathode materials. Prussian blue (PB) has been lauded as a promising battery cathode for high
rate capability alternative ion chemistries due to its high theoretical capacity (170 mAh/g),35

. 38 . .
3637 and nontoxic nature and low cost,” which is

rigid, open structure with large interstitial sites,
advantageous for large scale applications. This metal organic framework® has a
hexacyanometalate structure®® with chemical formula AXM[M(CN)6)]1_Y-ZH2O,41 where A
represents alkali ions (Na, K), 0<x<2, and M represents transition metals. As observed by
previous work, the use of iron as the transition metal to synthesize sodium/potassium
hexacyanoferrate yields higher capacity and cycling stability compared with other PB
analogues.*” The rigid, open framework cathode structure™ * has large interstitial sites which
aid in accommodating corresponding changes in volume during cycling with low lattice strain,®

and tunable, three-dimensional channels that allow for ion, and even molecule,

insertion/extraction.’® ** As a result of the electrochemical practicalit , there is a stron
p y g
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correlation between the structure of Prussian blue and performance making it an ideal cathode
for high rate battery systems.*’™"'

In this work, we build from previous studies with an aim toward a synergistic cathode —
electrolyte- anode battery configuration that leverages the open framework cathode structure and
co-intercalation anodic mechanism into a high rate battery device. Our work demonstrates a
broadly adaptable design strategy to tailor the performance of a battery to perform with energy
density and cycling performance characteristic of a battery, but at high rates often limited to
supercapacitors or pseudocapacitors. This enables a class of energy storage systems optimized

for higher power applications, such as grid-storage, weaponry, power beaming, electric vehicles,

among other next-generation application areas.

Experimental Details

Prussian Blue Synthesis

Sodium Hexacyanoferrate — Sodium Prussian Blue (NaPB): 3 mmol FeCl,-4H,O (Sigma-
Aldrich, >99%) and 2.0 g Na;CcHsO7-2H,0 (Fisher Scientific) were added to 100 mL deionized
water to make solution A and stirred until dissolved. 2 mmol NasFe(CN)s10H,O (Sigma-
Aldrich, >99%) and excess of NaCl (Fisher Scientific, 99.8%) were added to 100 mL deionized
water to make solution B and stirred until dissolved. Potassium Hexacyannoferrate — Potassium
Prussian Blue (KPB): 3 mmol FeCl,-4H,0O (Sigma-Aldrich, >99%) and 2.0 g C¢HsK307;-H,O
(Sigma-Aldrich, >98%) were added to 100 mL deionized water to make solution A and stirred
until dissolved. 2 mmol K4Fe(CN)g3H,O (Sigma-Aldrich, 98.5-102.0%) and excess of KCl
(Sigma-Aldrich, 99.0-100.5%) were added to 100 mL deionized water to make solution B and

stirred until dissolved. In both cases solution B was added to solution A and stirred for 4 hours.
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The composite solution was collected by centrifugation and the precipitate was dried at 100°C
overnight. Particle size, morphology, and composition was examined using SEM and EDS with a
Zeiss Merlin scanning electron microscope. Material crystal structure was examined by x-ray
diffraction using a Rigaku Smart Lab with a Cu Ko radiation source.

Electrode Fabrication

Graphite electrodes were fabricated by making a slurry of natural graphite powder (Alfa Aesar,
99.9995%), conductive carbon black (MTI), and PVDF binder (MTI, >99.5%) in the ratio of
(80:10:10) and coated onto carbon coated aluminum (MTIL, >99.9%). Similarly, Prussian blue
electrodes were fabricated by making a slurry of the synthesized Prussian blue powder (either K-
or Na- hexacyanoferrate), multi wall carbon nanotubes (CheapTubes, >95%), and sodium
carboxymethyl cellulose (Sigma-Aldrich) in the ratio of (80:10:10) and coated onto carbon
coated aluminum (MTI, >99.9%).

Coin Cell Assembly & Electrochemical Testing

Graphite half-cells were fabricated using the graphite electrodes as the working electrode with
either Na (Strem Chemicals, 99.95%) or K (Sigma-Aldrich, 99.95%) metal as the counter and
reference electrode. Prussian blue half-cells were made using the Prussian blue electrodes as the
working electrode with either Na or K metal as the counter and reference electrode. Full-cells
were assembled using the graphite electrodes as the anode and Prussian blue electrode as the
cathode with a cathode to anode ratio of 1.6:1 by mass with cathode loading of ~0.8 mg/cm? and
anode loading of ~0.5 mg/cm®. A 2325 Celgard separator and whatman glass fiber separator
were used to fabricate all coin cells. The electrolytes used for all coin cells were 1 M NaPFg
(Alfa Aesar, >99%) in diglyme (Sigma-Aldrich, 99.5%) for Na chemistries and 1 M KPFq

(Sigma-Aldrich, 99.5%) in diglyme (Sigma-Aldrich, 99.5%) for K chemistries. Cells were
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fabricated with extra care to dry the electrolyte using 4A molecular sieves before use.
Electrochemical testing was performed on a multichannel Metrohm Autolab testing apparatus
and MTI 8 Channel Battery tester.
Results and discussion

To develop a fast charging battery that relies upon co-intercalation at the anode, and an
open framework cathode architecture, we first characterized each type of electrode material in a
half-cell configuration (Fig. 1). Both Na" and K" charge storage in natural graphite via co-
intercalation was explored using diglyme (DEGDME) solvent using half-cells: Na|NaPF¢ in
DEGDME|GR and K|KPFs in DEGDME|GR. As the coordinated alkali ions and solvent
molecule co-intercalate into the graphite, the spacing between the graphene sheets in the c-
direction increases and reversibly restores its original structure upon extraction®® (Fig. la).
Galvanostatic cycling can be observed in Fig. 1b as the half-cells are charged and discharged and
the alkali ions are inserted and extracted into the graphite, respectively. The rate capability of
natural graphite as a co-intercalation anode was galvanostatically tested and the results can be
found in Fig. S8. Similarly, half-cells of alkali metal Na or K and the respective PB electrode,
Na|NaPFs in DEGDME|NaPB (NaPB) and K|KPFs in DEGDME|KPB (KPB), were made to
study the synthesized Prussian blue in the diglyme system. Fig. 1c and galvanostatic charge-
discharge curves for both the NaPB and KPB electrode materials illustrate the alkali ions moving
out of the PB structure on charge and back into the PB open framework on discharge for both Na
and K chemistries (Fig. 1c, d). The rigid structure and large interstitial sites™® of this perovskite-
type structure® metal organic framework facilitate the intercalation process, allowing for high
rate capability, as further demonstrated in this study. Further, scanning electron microscopy

(SEM) of the as-synthesized PB particles are shown in Figs. 2c and 2d. KPB particles are more
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spherical in morphology (Fig. 2d) compared with the NaPB (Fig. 2c) which are more cubic,
corresponding to past literature observations.*> ** **** Both NaPB and KPB particles are ~100
nm in diameter with the particle size of NaPB is ~100nm in diameter while that of KPB is <
100nm, yielding capacities consistent with those from previous work.’”> In this work, we use
XRD ad EDS along with analysis of the electrochemical performance to qualify the composition
of the Prussian Blue analogues. XRD analysis (Fig S3) shows that the NaPB is thombohedral in
structure while KPB has a monoclinic crystal structure. Both atomic arrangements are a result of
the higher Na and K content, respectively, as the higher alkali ion concentrations force the
lattices to shift into lower symmetry structures. This shift is consistent with that observed for
NaPBs*>*"* and KPBs** intentionally synthesized with high sodium and potassium content for
battery cathodes. SEM EDS spectra and mapping (Fig S4-7) supports electrochemical
observations to suggest that the composition of the Prussian Blue analogues are Na,PB, x > 1.9
and K,PB, x <1.7.”

A rate study was conducted for both NaPB and KPB half cells to probe the rate-capability
of the individual working electrodes (Fig. 2 a, b, e). Both NaPB and KPB were tested at C rates
spanning between 1 C to ~ 60 C, which yields charging times of ~1 minute (Fig. 2e). At rates
near 1 C, both NaPB and KPB exhibit storage capacity of ~110 mAh/g, while at the highest rate
(58.8 C) the NaPB maintains a capacity of ~38 mAh/g and the KPB exhibits ~31 mAh/g.

As half-cell performance confirms material stability of both the NaPB and KPB and
reflects the stability of the electrode material over a certain set of testing conditions, full-cell
batteries require a combination of electrode/electrolyte compatibility, high Coulombic efficiency,
and minimal first cycle loss such that the alkali metal shuttling between the electrodes actively

participate in the intercalation reactions. In this spirit, we tested Na and K full-cells, GR|NaPFg
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in DEGDME|NaPB and GR|KPFs in DEGDME|KPB. A rate study with the full-cells was
conducted to examine the electrochemical performance at high rates and corresponding
capacities. Galvanostatic charge-discharge curves (Fig. 3 a, b) represent the measured cell
capacity with respect to the cathode (NaPB) and both electrodes (FullCell). The latter case
represents the actual full-cell capacity of the device, even though the former is commonly

37, 43, 44 a5 with other

reported in the literature. Notably, for the Prussian blue system
commercially viable battery systems such as the lithium nickel manganese oxide and graphite
cells,” there are distinct differences between half cell and full cell testing. In the case of full
cells, the alkali metal abundance is limited to that which originates in the cathode material. As
such, SEI formation will consume some amount of this metal and slightly lower the full cell
capacity from that measured in half cell tests. Further, the SEI formed on the electrodes in a full
cell device can also be different, leading to diverse SEI layers that can modify kinetics and
diffusion in the full cell.”

All batteries were cycled between rates of 1.2 C to 17.7 C, with the applied current

calculated with respect to the cathode material. The energy density (£) was assessed based on

the relation:

t
E = I/MJ V(t)dt
0

where M is the total combined electrode mass, V(t) is the voltage during galvanostatic testing,
and I is the (constant) current used for the galvanostatic measurement.  The energy density is
shown in Fig. 3¢ at different charging/discharging rates. From this data, we observe the energy
density of the Na and K batteries to be ~ 110 Wh/kg at rates of 1.2 C to energy density of ~ 75
Wh/kg for NaPB|GR and ~30 Wh/kg for KPB|GR at the fastest charging rate of 17.7 C. Cycling

coulombic efficiencies and first cycle decay can be found in Fig. S11 and S12, respectively.
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Although there are many factors that contribute to the rate capability of the system,” *° we

attribute the lower reversible capacity, and consequently lower energy density, of the KPB|GR
battery at high rates to larger charge transfer resistance (Fig. S14). Especially at high rates, there
can be additional electrolyte consumption as a result of joule heating due to oxygen reactions
that occur at the end of fully charging the device,”’ even though our full cell devices at lower
rates of 1.2 C show excellent stability and high Coulombic efficiency (Figure S11). This
demonstrates the promise of this open framework/co-intercalation architecture design for full cell
batteries.

To characterize the durability of these fast-charging batteries, each of these devices were
subjected to extended high rates of 2 A/g, or ~ 11 C (Fig. 4a). The NaPB|GR full-cell maintained
a capacity retention approaching ~ 80% over 2000 cycles and the KPB|GR full-cell retained
nearly 60% capacity. This emphasizes cycling performance, especially for the NaPB|GR,
promising for technological applications where augmented power capability can be achieved
with comparable cycling duration to existing battery systems. It should also be noted that safety
is often highlighted as a challenge in high power operation of Li batteries, with one reason for
this being the non-uniform deposition of Li that occurs under high currents. In such systems,
dendrite formation originates from the anode as the local host insertion lattice achieves full
capacity and Li metal plating occurs on the anode surface. Whereas this is problematic for Li
cells since Li metal plating in liquid electrolytes is unstable, leading to dendrite formation, the
less negative electrochemical potential of Na/Na+ compared to Li/Li+ leads to dendrite-free and
stable plating processes that occur within the electrochemical window of glyme electrolytes.** **
This implies that, at least for fast-charging Na batteries, such non-uniform deposition will not

lead to adverse safety concerns that remain problematic for fast charging Li batteries, even

10
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though this could be a concern for the fast charging K batteries since K metal plating is similarly
unstable.”

To understand how our results compare to other high power approaches discussed in the
literature, we have plotted our results compared to others who have reported full-cell battery
performance (Fig. 4b). Recent reports by Jiang et al. (blue squares, Fig. 4b) and Wang et al. (blue
circles, Fig. 4b) have demonstrated Prussian blue and Prussian white cells with energy densities
of 150 Wh/kg and 206 Wh/kg, respectively. However, in both cases the cell performance
remains limited to rates less than 0.5 A/g. Alternatively, Le Comte et al. (Orange hexagons, Fig.
4b) reported long term cycling for over 60,000 cycles at 5 C but with lower energy densities of
~11 Wh/kg and power densities on par with those reported in this work. Other works reporting
NIC and KIC performance generally yield competitive or lower performance compared to our
study, as is observed in Figure 4b. When comparing the devices from this study with other
electrochemical energy storage devices (Figure 4c¢), it is evident that the energy density is on par
with and the power density is higher than that of battery technologies. Even when considering
the mass contributions from packaging, the power and energy densities are still improved over
current battery technologies. In our study, we demonstrate the feasibility for a battery system to
enable both high rate performance and moderate energy densities with the possibility to further
tune and optimize both the open framework cathode structure, as well as the electrode-electrolyte
interface that enables co-intercalation to engineer the performance characteristics in the
framework of this general fast-charging battery design scheme.

Conclusion
In summary, here we have demonstrated how a co-intercalation natural graphite anode

and an open framework Prussian blue cathode can enable high-power batteries with moderate

11
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energy density >100 Wh/kg and power density > 1000 W/kg. Using a co-intercalation anode, 1)
eliminates the rate-limiting step of alkali ion de-solvation at the electrode-electrolyte interface,
allowing for high rate capability and 2) allows for alternative ion intercalation into graphitic
carbon. Prussian blue as a cathode material offers a rigid, open framework with large interstitial
sites for ease of rapid ion extraction and insertion, supporting both Na and K chemistries.

The synergy of these electrode materials holds great promise for high-power batteries for
electric vehicles and efficient storage of renewable energy. Further investigation into refining the
cathode material allows for tunability to access a broad range of power and energy densities
currently outside the scope of traditional supercapacitor and battery systems. This study lays the
groundwork for engineering an electrode/electrolyte system for fast-charging, energy-dense
batteries that overcome the limitations of supercapacitors and enable performance as a battery at

high currents or under fast-charging conditions.
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Figure 1: Diglyme electrolyte solvent is compatible with both anode and cathode

Fig chemistries, confirmed by galvanostatic charge-discharge curves of both Na and K

chemistries of (b) natural graphite and (d) Prussian blue.



Nanoscale Page 20 of 23

45
(a) 1 Sodium|NaPF, in DEGDME|NaPB
401
P
& 4
Z 35
<
s
»n 3.0
> o
2 25
%]
g
£ 2.0
e >58C Rate >1C
> 151 D
(b) | potassium|KPF, in DEGDME|KPB (e) 1201
~ 40 P Pty
o @loo_ncw 12C
Ty 2 80
S = 29C
e < 60- 5.9 Cated
& 2.5 B 17.7 C 33388
- < 404
S £ 29.4 C 03008
=) sl
> 20 Rate O 20{ ¢ NaPB 58.8 C
1.5 >58C  qm— >1C oL KPB
0 20 40 60 80 100 120 0 5 10 15 20 25 30 35

Figure 2: Prussian blue cathode supports both Na and K chemistries for high rate
capability demonstrated by the synthesized (c) NaPB and (d) KPB nanoparticles and

their corresponding electrochemical performance (a, b, e).
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Figure 3: Electrochemical performance of rate study of GR|PB full cell, galvanostatic

charge-discharge curves of 1* cycle of each rate for (a) Na and (b) K chemistries, (c)

corresponding plot of energy density at cycle, and (d) average energy density at each rate.
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Figure 4: Full cell high rate capability for extended cycling at (a) 2 A/g for 2000 cycles

with an inset of a lit green light LED, (b) this work compared to literature, and (c) this

work compared with other electrochemical energy storage devices.
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Fast-Charging Dense Battery

Open Framework Co-Intercalation
Cathode Anode
Theme: A fast-charging full-cell battery design is demonstrated that builds upon
ultrafast metal ion co-intercalation at the anode and fast ion diffusion through an
open framework structure at the cathode to enable high power cycling with

moderate energy densities approaching 100 Wh/kg.

23



