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he need for large-scale energy stor-
Tage on the electrical power grid is

growing rapidly. Energy storage ca-
pacity is already needed for frequency reg-
ulation and the management of short-
term transients, which have proved to be
extremely costly in recent years."? Wide-
spread use of variable energy sources, such
as solar and wind, will require immense
energy storage capacity for load balancing.
Pumped hydropower and compressed air
are currently used for energy storage on the
grid, but they require a high capital invest-
ment, have a low energy efficiency, and
their use is location-dependent. Flywheel
facilities offer high energy efficiency and
power, but may not provide high enough
energy to act as the primary energy storage
source for the grid. Electrochemical energy
storage devices such as batteries are desir-
able for use on a grid-wide scale, as they
offer rapid response, high energy efficiency,
and high energy density."

Despite a growing need for energy stor-
age devices on the electrical grid, both the
research community and battery manufac-
turers have focused their efforts on the
development of batteries for portable elec-
tronics and vehicles. As a result, most of the
well-characterized materials systems used
in batteries are not suitable for large-scale
use on the electrical grid.>* Lithium ion
batteries provide insufficient cycle life at
too high a cost to be used on large scales.
The low cost of traditional lead acid bat-
teries has made them more attractive for
use on the grid, but they have low energy
efficiency and suffer from poor cycle life
even during shallow-discharge cycling. Re-
dox flow batteries and high-temperature
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age devices such as batteries offer an attractive

solution, current commercial battery technology cannot provide adequate power, and cycle

life, and energy efficiency at a sufficiently low cost. Copper hexacyanoferrate and nickel
hexacyanoferrate, two open framework materials with the Prussian Blue structure, were
recently shown to offer ultralong cycle life and high-rate performance when operated as
battery electrodes in safe, inexpensive aqueous sodium ion and potassium ion electrolytes. In
this report, we demonstrate that the reaction potential of copper—nickel alloy hexacyano-
ferrate nanoparticles may be tuned by controlling the ratio of copper to nickel in these
materials. X-ray diffraction, TEM energy dispersive X-ray spectroscopy, and galvanostatic
electrochemical cycling of copper—nickel hexacyanoferrate reveal that copper and nickel form
a fully miscible solution at particular sites in the framework without perturbing the structure.
This allows copper—nickel hexacyanoferrate to reversibly intercalate sodium and potassium
ions for over 2000 cycles with capacity retentions of 100% and 91%, respectively. The ability to
precisely tune the reaction potential of copper—nickel hexacyanoferrate without sacrificing
cycle life will allow the development of full cells that utilize the entire electrochemical stability
window of aqueous sodium and potassium ion electrolytes.

KEYWORDS: energy storage - batteries - nickel hexacyanoferrate - copper
hexacyanoferrate - Prussian Blue - electric grid

sodium/sulfur and sodium/nickel chloride
batteries cannot be cycled quickly, and there-
fore can be used only for low power applica-
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We recently showed that two promising
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materials, copper hexacyanoferrate (CuHCF) and nickel
hexacyanoferrate (NiHCF) offer long cycle life, high
capacity retention during fast cycling, and very low
hysteresis that allows development of devices with
very high energy efficiency.®'° Bulk quantities of
highly crystalline nanoparticles of these CuHCF and
NiHCF were synthesized at or near room temperature
from earth-abundant precursors and operated in aque-
ous electrolytes. CUHCF and NiHCF are desirable sta-
tionary energy storage facilities on the grid because of
their long cycle life, high rate capability, and high
energy efficiency. NiHCF, which has a lower reaction
potential than CuHCF for a variety of insertion ions, is
more stable than CuHCF during long-term cycling of
sodium.'® Here, the copper—nickel hexacyanoferrate
(CuNiHCF) system was examined in an effort to raise
the reaction potential of NiHCF, while still retaining its
superb stability during sodium ion cycling. Optimiza-
tion of the CuNiHCF material system will allow devel-
opment of higher voltage aqueous sodium ion full cells
with extremely long cycle life.

Prussian Blue analogues such as CuNiHCF have a
face-centered cubic structure in which octahedrally
coordinated transition metal hexacyanides form an
open framework with 6-fold, nitrogen-coordinated
transition metals (Figure 1a)."" Hydrated alkaline ions
or zeolitic water may occupy the interstitial “A Sites”
within the framework. Materials with this structure may
therefore be represented by A.P,[R(CN)¢l,-nH,0,
where A is an alkaline ion and P and R are transition
metal ions. During the reversible electrochemical cy-
cling of these materials, alkaline ions are inserted or
removed from the A Sites, with a corresponding
change in the valence of either the P or R site ion. For
example, the electrochemical reduction of iron in
CuHCF during K intercalation may be described by:
KCuFe"(CN)s 4+ xe~ + xK* = K, CulFe"(CN)gl,
[Fe"™(CN)l; _x. Changing the electrochemically active
species at the P or R sites results in a change in the
reaction potential of the material. In this work, the
concentrations of electrochemically inert Cu?™ or Ni*™
on the P Sites were varied to tune the reaction poten-
tial of electrochemically active iron on the R sites.

Previous study of the electrochemical properties of
Prussian Blue and its analogues focused on the beha-
vior of electrodeposited thin films, which in some cases
were shown to have very long cycle life.">~"* Though
the majority of work on these materials examined
their electrochromic properties, the development of
thin film Prussian Blue analogue batteries was also
investigated.’*™'® The thin film electrodes in those
studies had thicknesses of less than 300 nm, and mass
loading on the order of um/cm?. Recently, we demon-
strated successful cycling of bulk Prussian Blue ana-
logue electrodes with high enough mass loading
(about 10 mg/cm?) for practical use.®~'°
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Most investigations of Prussian Blue analogues have
examined “pure” materials, in which only one species
occupies the A, P, or R sites; however, the framework
structure of these materials allows multiple species to
occupy each site. This was demonstrated for A, P,and R
site ions.2°~ 23 Precipitated cadmium—iron hexacyano-
ferrate particles showed complex changes in crystal
structure and electrochemical properties as the Cd/Fe
ratio varied, and it was shown that Cd and Fe can
occupy both the P and A sites.?! In contrast, simple
solid-solution behavior with no abrupt changes in
crystal structure was observed for nickel—iron hexa-
cyanoferrate, and copper—nickel hexacyanoferra-
te—hexacyanocobaltate particles.?>*2

A recent study of CuHCF and NiHCF found that each
of these materials reversibly intercalates ions including
Li*,Na™, K", and NH,T.'° The hexacyanoferrate group
is electrochemically active in both materials, but at a
higher potential in CUHCF than in NiHCF. The effect of
the P site species in pure materials on the reaction
potential of the hexacyanoferrate groups was pre-
viously examined.** In this work, the physical and
electrochemical properties of CUNiHCF materials with
intermediate compositions were studied. The nano-
particulate morphology of CuNiHCF allows advanced
imaging techniques such as scanning transmission
electron microscopy (STEM) energy dispersive X-ray
spectroscopy (EDS) to be used to directly relate com-
position to reaction potential. In addition, CuNiHCF is
synthesized in bulk at or near room temperature from
earth-abundant materials, and operates in low-cost
aqueous devices, making it attractive for large-scale
energy storage on the grid. The development of
electrode materials with tunable potentials will allow
optimization of full cell voltages, which is especially
important for aqueous cells with limited electrolyte
stability.

RESULTS AND DISCUSSION

CuNiHCF materials with a variety of compositions
were synthesized by a previously described coprecipi-
tation method.2~'° The relative concentrations of Cu, Ni,
and Fe in these materials were found using inductively
coupled plasma mass spectrometry (ICP—MS). Fresh
CuNiHCF nanoparticles were used for physical character-
ization, while slurry electrodes containing CuNiHCF were
used for electrochemical measurements.

Transmission electron microscopy (TEM) of CuNiHCF
showed that these materials are composed of large
agglomerations of 20—50 nm nanoparticles (Figure 1b).
Both TEM selected area electron diffraction and powder
X-ray diffraction found these phase-pure materials to
have the face-centered cubic Prussian Blue crystal struc-
ture (Figure 1¢, 2a), and TEM EDS confirmed the presence
of both Cu and Niin CuNiHCF (Cu/Ni = 0.56:0.44), but only
Cu in CuHCF and Ni in NiHCF (Figure 1d). This latter result
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Figure 1. (a) The unit cell of CuNiHCF contains a framework of hexacyanoferrate groups linked by nitrogen coordinated P site
transition-metal ions such as Cu and Ni. The large, interstitial A sites may contain either hydrated alkaline ions or zeolitic
water. (b) TEM reveals that CuNiHCF is composed of agglomerations of 20—50 nm particles. (c) The TEM electron diffraction
pattern of CuNiHCF is consistent with the Prussian Blue crystal structure. (d) TEM EDS shows that CuNiHCF (Cu/Ni = 0.56:0.44)
contains both Cu and Ni, while pure CuHCF and NiHCF contain only Cu or Ni, respectively.

corroborates the ICP—MS elemental analysis. The posi-
tions of the X-ray diffraction peaks of CuNiHCF were
observed to shift to lower angles with increasing Ni
content (Figure 2b). This shift corresponds to a roughly
linear increase in lattice parameter with increasing Ni
content between the lattice parameters of pure CuHCF
and NiHCF (Figure 2c). The lattice parameter of Prussian
Blue analogues also varies with charge state®9?> The
various CuNiHCF materials had different initial charge
states, complicating the effect of composition on the
lattice parameter. Nevertheless, the general trend to larger
lattice parameters with increasing nickel content is clear.

Previous examinations of mixed hexacyanoferrates
have typically used the combination of X-ray diffrac-
tion and cyclic voltammetry techniques to assess
whether or not multiple species occupy the P sites of
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the structure.°~23 For mixed hexacyanoferrates show-
ing more complicated behavior, such as the mixed
occupancy of both the P and A sites, sophisticated
techniques such as Mossbauer spectroscopy and elec-
tron spin resonance have been used to elucidate the
structure.' To the authors' knowledge, in no instance
has the atomic scale homogeneity of a mixed Prussian
Blue analogue been directly observed by using an
imaging technique such as TEM EDS. Wide-area TEM
EDS imaging (Figure 1d) of CuHCF, CuNiHCF (Cu/Ni =
56:44), and NiHCF confirmed the presence of both Cu
and Ni in only the CuNiHCF sample, but do not pro-
vide information about the homogeneity of CuNiHCF.
However, STEM EDS mapping of CuNiHCF nanoparti-
cles conclusively reveals that Cu, Ni, and Fe are dis-
tributed throughout each nanoparticle (Figure 3).
N

VoL.6 = NO.2 = 1688-1694 = 2012 ACNJANIC)

WWww.acsnano.org

1690



a b c
10.22
CuHCF ~
Z10.20 -
\ CUHCF - 3
L A e
£10.18
. ) & Cug 77Nig ,HCF &
£ Cug 7Nig sHCF 2 3
2 . n 27 Z10.16
2 e 2 g
2 CuoseNio uHCF 3 Cugsehip lHCF 0 0
- J 1 = T T T T T 1
£ A e b 00 02 04 06 08 10
5 ) 5 Fractional Nickel Content (Ni/(Ni+Cu))
z Cug pgNig 7 HCF 2
Cug sgNip 7,HCF
- ) ) |
(=4
& § 8 ool NHCF
o lzn ) T8 $880sss ‘
i G b Brod MMCF
. : | .

1 I I

0 30 40 50 60 70 53.0
Diffraction Angle (2 Theta)

535 54,0 54.5
Diffraction Angle (2 Theta)

I 1
56.0

Figure 2. (a) The wide-angle X-ray diffraction spectra of the CUNiHCF powders reveal that the materials are highly crystalline,
have the FCC Prussian Blue structure, and contain no impurity phases. (b) A slight peak shift to lower angles is observed as the
Ni content of CuNiHCF increases, as illustrated by the shift of the 600 peak. (e) The lattice parameter of CuNiHCF increases with
increasing Ni content. This trend is complicated by differences in charge states of the samples.

The distribution of Cu appears to be less homogeneous
than those of Ni and Fe; however, this may result from
the limited resolution and contrast of the STEM EDS
technique. Thus, quantitative conclusions about nano-
particle homogeneity cannot be drawn from the STEM
EDS map alone. Nevertheless, it confirms that CuNiHCF
is a single phase containing a mixture of Cu and Ni,
rather than a mixture of multiple pure phases of CuHCF
and NiHCF.

The single-phase nature of CuNiHCF was also
studied by electrochemical characterization using
aqueous half-cells. Working electrodes and counter-
electrodes were prepared as previously described.®~'°
The electrolytes used were T M NaNOs or 1T M KNOs,
with HNO3 added to lower the pH to 2. Galvanostatic
cycling of potassium ions (Figure 4a) and sodium ions
(Figure 4b) was performed on CuNiHCF electrodes at
+50 mA/g (about 0.8C). Specific capacities of between
50 and 65 mAh/g, typical for Prussian Blue analogues,
were observed during both sodium and potassium ion
cycling. The limited control of electrode mass loading
on the porous carbon cloth substrates resulted in some
variation in the specific capacity of the electrodes.
Though these specific capacities are about one-third
of those observed for common lithium-ion cathodes,
for stationary storage applications a high specific
capacity is less important than long cycle life, high
power, and high energy efficiency.’

At 50 mA/g, CuNiHCF electrodes had voltage hys-
tereses at half-charge of less than 13 mV during
potassium ion cycling, and less than 25 mV during
sodium ion cycling. These low voltage hystereses
indicate the rapid kinetics for alkali ion cycling in
CuNiHCF. The low voltage hysteresis of CuNiHCF dur-
ing cycling will allow full cells using CuNiHCF cathodes
to achieve very high round trip energy efficiencies. For
example, a hypothetical one-volt cell using a CuNiHCF
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a b
Dark Field

Figure 3. (a) Dark-field scanning TEM of individual Cug se.
Niy 44HCF nanoparticles. (b,c,d) EDS maps of Cu, Ni, and Fe,
respectively, in the same nanoparticles. A homogeneous
distribution of these elements is observed.

cathode and a highly reversible anode such as acti-
vated carbon can achieve a round trip energy effi-
ciency of over 95% at modest current densities. The
rate capabilities of CUHCF and NiHCF electrodes were
recently explored in detail 2~ '°

At every tested composition, the reaction potential
of CuNiHCF has the “S-curve” shape that is character-
istic of a solid solution insertion reaction. Advanced
electrochemical characterization such as the galvano-
static intermittent titration technique (GITT) is needed
to quantitatively determine the true equilibrium reac-
tion potential of an electrode. However, the extremely
low voltage hystereses observed during galvanostatic
cycling at 50 mA/g allow ready estimation of the half-
charge reaction potentials. The reaction potential of
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Figure 4. (a) Potential profiles of CuNiHCF during galvanostatic cycling in 1 M KNOs. (b) Potential profiles of CuNiHCF during
galvanostatic cycling in 1 M NaNOs. (c) The reaction potential of CuNiHCF decreases with increasing Ni content in both sodium
and potassium electrolytes. CuNiHCF reacts with potassium at higher potentials than it does with sodium. (d) CuHCF and
NiHCF show no capacity loss after 2000 cycles at 500 mA/g in 1 M KNO3, while Cug 56Nig 44HCF shows a capacity loss of 9%. (e)
NiHCF and Cug s¢Nig.44HCF show no capacity loss after 2000 cycles at 500 mA/g in 1 M NaNOs, while CuUHCF loses 25% of its

capacity. NiHCF cycling data were previously reported in ref 9.

CuNiHCF with both potassium and sodium ions de-
creases dramatically with increasing Ni content
(Figure 4c), but the shapes of the potential profiles
do not change substantially. The steady change in the
reaction potential and lattice parameter with changes
in composition, accompanied by a consistent potential
profile, provide evidence that Cu and Ni are randomly
distributed on the P sites in the CuNiHCF structure. The
reaction of CuNiHCF with potassium ions occurs at
much higher potentials than its reaction with sodium
ions (Figure 4c). For example, the half-charge reaction
potential of CuNiHCF (Cu/Ni = 0.56:0.44) with sodium is
144 mV higher than that of NiHCF. This is consistent
with prior studies on bulk and thin film Prussian Blue
analogues, which found higher reaction potentials for
heavier alkali insertion ions.”%2%

The potential of the electrochemically active hexa-
cyanoferrate group has been shown to depend
strongly on the nitrogen-coordinated species, and
hexacyanoferrates with smaller, more highly charged
nitrogen-coordinated transition metals typically have
higher reaction potentials.?* Prior studies found that
the reaction potentials of mixed hexacyanoferrates
vary smoothly as the fractional occupancy of each
species in the P sites in the crystal structure
varies.?>?'?3 However, the reaction potentials were
found to remain constant when changes in composi-
tion were due partial occupancy of the A sites by
transition metals, and not changes in the occupancy
of the P sites.?"?* In addition, substantial changes in
the occupancy of the A sites by transition metals results
in more complicated electrochemical behavior,?
rather than a single, smooth potential profile. Finally,
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the roughly linear change in the lattice parameter of
CuNiHCF with composition is consistent with the
Vegard's law behavior commonly observed for substi-
tutional alloys. Together, electrochemical and X-ray
diffraction data provide robust evidence that Cu and
Ni form a fully miscible solution on the P sites in the
CuNiHCF structure.
The ability to control the reaction potential of Cu-
NiHCF is especially desirable because it operates in
aqueous cells, which have a narrow, pH-dependent
electrolyte stability window. The reaction potential of
CuNiHCF can be tuned to optimize its position with
regard to the stability of the electrolyte. Doing so will
help allow the use of the entire stability window of the
electrolyte, resulting in higher voltage full cells.
Long-term electrochemical cycling of CuHCF, NiHCF,
and CuNiHCF (Cu/Ni = 0.56:0.44) was performed in
both electrolytes. At 500 mA/g (250 mA/g for CuHCF) in
KNO3, CuHCF and NiHCF show zero capacity loss for
2000 cycles, but CuNiHCF shows a capacity loss of 9%
(Figure 4d). CuHCF was found to slowly lose capacity
during much longer potassium ion cycling.®'® One
mechanism for capacity loss is slow dissolution of the
electrodes, the rate of which depends on the insertion
ion species and pH. The relative concentration of Cu
and Ni may also affect the chemical stability of
CuNiHCF, but the long-term cycling reported here shows
no conclusive trends. NiHCF and CuNiHCF show zero
capacity loss for 2000 cycles when cycled at 500 mA/g in
1 M NaNOs, while CuHCF loses 25% of its capacity when
cycled under these conditions (Figure 4e). The cycling
data for NiHCF was previously reported.’ There-
fore, CuNiHCF can be used in aqueous sodium ion
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batteries with higher full cell voltages, while still main-
taining the excellent cycle life previously observed for
NiHCF.

Prussian Blue analogues such as CuNiHCF are desir-
able for use as battery electrodes because of their
scalable synthesis, operation in inexpensive, safe aque-
ous electrolytes, long cycle life, and high rate perfor-
mance and energy efficiency. TEM EDS mapping of
CuNiHCF reveals that it is a single, homogeneous
phase, with Cu, Ni, and Fe distributed throughout the
individual nanoparticles. The consistent changes in
lattice parameter and reaction potential, in combina-
tion with the smooth potential profiles demonstrate
that Cu and Ni form a fully miscible solution on the P

METHODS

Nanoparticulate CuNiHCF was synthesized using a precipita-
tion method, as described previously.2~"® An aqueous precur-
sor containing desired quantities of Cu(NOs), and Ni(NOs), with
a total concentration of 40 mM was combined in pure water
with another aqueous precursor containing 20 mM KsFe(CN)g
by simultaneous, dropwise addition. CuNiHCF rapidly precipi-
tated. These precipitates were filtered, washed with water, and
dried in vacuum at room temperature. The Cu:Ni ratio in the
final CuNiHCF precipitates was close to the Cu:Ni ratio in the
aqueous precursor. For example, a 50:50 ratio of Cu:Ni in the
precursor resulted in a 56:44 ratio of Cu:Ni in the solid product.
This slight excess of copper in the final product was observed for
all intermediate compositions in the CuNiHCF system. Battery
electrodes with mass loadings of approximately 5—10 mg
CuNiHCF/cm? were prepared as reported previously,®'® and
studied in three electrode flooded cells that contained excess
aqueous electrolyte, CuNiHCF working electrode, a Ag/AgCl
reference electrode, and a large, partially charged NiHCF coun-
ter-electrode that acted as a reversible ion sink. The electrolytes
used were 1 M KNOs and 1T M NaNOs, with HNOs added to lower
the pH to 2.
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