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ABSTRACT: Although great recent efforts have been invested to Na*

improve the performance of supercapacitors, these energy storage o ¢ %
devices still fall short of meeting our expectations because of their
limited working voltage, insufficient cycle life, and high manufacturing t
cost. Here, we report the facile preparation of cobalt hexacyanoferrate Tege c¢%e ¢¢ ° o
(CoHCFe) nanoparticles, which have an analogous structure to
Prussian blue but with many vacant ferricyanide sites. In 0.5 M ¢ [ ¢ ¢ (fot © &
Na,SO,, CoHCFe exhibits specific capacitance of >250 F/g, excellent
rate capability, and ultrahigh cycling stability with capacitance
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retention of 93.5% after 5000 cycles. Furthermore, CoHCFe was

paired up with a carbon black modified graphene (mRGO) negative electrode to form asymmetric supercapacitors. They deliver
a wide working voltage of ~2.4 V in Na,SO,, large energy density and power density. Given its high electrochemical
performance, chemical robustness, environmental benignity, ease of preparation and low cost, CoOHCFe as well as other Prussian
blue analogues clearly deserve more attention for future energy storage applications.
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ith the rapid development of the global economy, fossil
fuels are on the verge of depletion. Tremendous efforts
have been devoted to exploiting sustainable energy sources and
advanced energy storage technologies."” Supercapacitors have
attracted mounting attention as novel energy storage devices
because of their high power densities and long cycle lives.
These positive attributes make them promising in applications
such as emergency power systems where high power delivery or
uptake is needed.’”>
Typical electrode materials investigated for supercapacitors
include carbonaceous or polymeric materials, metal oxides and
hydroxides.> Encouraging progresses have been made over the
past decade.*”® Nevertheless, some issues still persist. It
remains a grand challenge to extend their limited working
voltage, promote their insufficient energy/power density and
cycle life, and lower their manufacturing cost.’ In addition,
many of these electrode materials are only operable in highly
corrosive electrolytes, which are likely to cause corrosion
damage to their closures. It is therefore more desirable to
develop electrode materials operable in mild neutral electro-
Iytes. Thus far, there have been few candidates available to meet
this important criterion, two well-studied examples of which are
carbon-based electrical double-layer capacitors and MnO,-
based faradaic pseudocapacitors.”® The former suffer from the
relatively low specific capacitance, whereas the latter are more
or less restricted by their cycling stability.
Iron(III) hexacyanoferrate(II) or Prussian blue is one of the
oldest known synthetic compounds. It has been widely applied
as pigments or coating materials because of their high
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environmental compatibility and chemical stability.” Prussian
blue and its analogues possess unique open framework
structures with the general chemical formula of A,M;[Fe-
(CN)g]nH,O (where A = alkali metal cation, M = transition
metal cation).”™"" The possibility to accommodate different
transition metal cations within the coordination framework
renders them with appealing electrochemical, ion-exchange,
sensing, or photomagnetic properties, which have been the
subject of intense research for decades.”'"'> Very recently,
Prussian blue analo%ues have been investigated as the battery
electrode materials.”>™'® They demonstrated decent specific
capacity and excellent cycling stability. However, as far as we
know, their potentials for supercapacitive energy storage have
rarely been explored.'” In this work, we prepared cobalt(II)
hexacyanoferrate(III) (CoHCFe) nanoparticles as the super-
capacitor electrode material in a neutral Na,SO, electrolyte.
This compound exhibited large faradaic capacitance under high
current rates. When paired up with a graphene-based negative
electrode in an asymmetrical supercapacitor, it delivered a high
working voltage of ~2.4 V, remarkable energy/power density,
and ultrahigh cycling stability.

For the synthesis of CoHCFe, an aqueous solution of
Co(NOs;), was added dropwise to an aqueous solution of
K;Fe(CN); under vigorous magnetic stirring until a total molar
ratio of Co:Fe = 3:2 was reached. During the course of
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Figure 1. Crystal structure and morphology of CoHCFe nanoparticles. (a) Schematic of the CoHCFe crystal structure; (b) XRD pattern, (c) SEM

image, and (d) TEM image of CoHCFe nanoparticles.
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Figure 2. Supercapacitive performance of CoHCFe nanoparticles assessed from three-electrode measurements in 0.5 M Na,SO,. (a) CV curves at
different scan rates; (b) specific capacitance derived from a; (c) galvanostatic charge—discharge curves at different current densities; (d) specific

capacitance derived from c.

addition, reaction proceeded immediately as evidenced by the
rapid formation of insoluble dark violet colloids. The resulting
product was centrifuged, repetitively washed with copious

amount of water, and finally lyophilized.
Figure 1b is the X-ray diffraction (XRD) pattern of CoHCFe.

All the diffraction peaks are assignable to Co;(Fe(CN);),-xH,0

11008

with no discernible impurity phase. Their broad width indicates
the nanoscale feature of the final product. The stoichiometry
agrees well with the starting molar ratio of the two metal
precursors. Figure la schematically illustrates the possible
crystal structure of CoHCFe. Analogous to Prussian blue, it has
a three-dimensional cyano-bridged bimetallic basic unit with
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alternatin% Co(II) and Fe(III) located in a face-centered cubic
lattice.”™"" To maintain the specific stoichiometry, one-third of
ferricynanide sites are unoccupied, resulting in a more open and
accessible structure. There is no alkali metal cation in the
tetrahedral sites of the cubic framework necessary for charge
compensation.11

In images ¢ and d in Figure 1, scanning electron microscope
(SEM) and transmission electric microscope (TEM) were
performed to interrogate the microstructure of CoHCFe.
Nanoparticles of ~20 nm in size are interconnected to form a
continuous porous network. They appear to be poorly
crystalline and gradually degrade under strong electron beam
radiation. Prussian blue analogues are known to have rather
limited thermal stability.'® But at low temperatures (<100 °C)
relevant to most battery or supercapacitor applications, its
chemical stability is adequate.

The electrochemical performance of CoHCFe as a super-
capacitor electrode material was first assessed by cyclic
voltammetry (CV) and galvanostatic charge—discharge (CD)
measurements in a three-electrode system in 0.5 M Na,SO,.
Active material was blended with Super P conductive carbon
black and polytetrafluoroethylene (PTFE) binder, and then
loaded onto Ni foams to achieve a loading of 1 mg/cm? as the
working electrode. Figure 2a shows the CV curves of the
material at different scan rates within the potential window of
—0.1—1.1 V versus saturated calomel electrode (SCE). A pair of
pronounced redox peaks is located at ~0.4 V. They correspond
to the redox reaction of Fe™ in CoHCFe, which is
accompanied by Na® ion ingress in and out of the cyano-
bridged metallic framework for maintaining local charge
neutrality.”'® The symmetric peak shape indicates high reaction
reversibility. Specific capacitance of CoHCFe was calculated
and plotted with the scan rate in Figure 2b. At the slowest rate
of 5 mV/s, it delivers a high value of 250 F/g, which is
considerably larger than most carbon-based materials and
closely approaching that of MnO,.”® The specific capacitance
still retains >100 F/g under a high current rate of 100 mV/s. In
order to exclude the possible contribution from the Ni foam
substrate and conductive carbon additive, a control sample was
prepared by loading Super P and PTFE alone on the working
electrode, and measured under identical conditions. Negligible
capacitance was recorded (Figure 2b). Furthermore, CoHCFe
was also evaluated by charge/discharge experiments under
different current densities from 1 A/g to 50 A/g (Figure 2c).
These CD curves exhibit plateaus at 0.4—0.5 V, in accordance
with the position of CV redox peaks. Their highly symmetric
shapes reveal the high electrochemical reversibility and fast
reaction kinetics. Specific capacitance estimated from CD
curves is in the range of ~250 F/g at 1 A/g to ~60 F/g at 50
A/g (Figure 2d). At the maximum current rate of S0 A/g, the
charge or discharge step is completed in less than 4 s. We also
investigated higher loading of the active material up to 5 mg/
cm? on the Ni foam substrate. The area-specific capacitance (in
F/cm?) increases almost linearly (see the Supporting
Information, Figure S1).

For supercapacitors, good performance stability is another
important criterion in the selection of electrode materials. The
cycling stability of the CoHCFe was scrutinized from repetitive
CV cycling. Its capacitance retention is derived and plotted with
the cycle number (Figure 3). After S000 potential cycles, more
than 90% of the original capacitance was retained, underlining
the ultrahigh chemical and structural robustness of the
electrode material.
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Figure 3. Potential cycling stability of CoHCFe nanoparticles.

The above electrochemical assessments reveal that our
CoHCFe nanoparticles have large specific capacitance under
high current rates and excellent cycling stability in Na,SO,.
These properties, combined with the ease of preparation, make
them a highly attractive candidate. Previously, attention has
mostly been focused on carbon-based materials and MnO,, as
supercapacitor electrode materials in neutral electrolytes.
CoHCFe compares favorably to the former for its larger
specific capacitance, and excel the later for its better chemical
stability.”*'"7>' As for MnO,, it is known to have a great
propensity toward oxidation to form soluble Mn*" (please refer
to the Pourbaix diagram of manganese).

We explored the influence of Co(II) to Fe(III) molar ratio
on the electrochemical performance of CoHCFe. The specific
capacitance is found to rise considerably with Co amount from
1:1 to 3:2 (Figure 4a). Further increasing the ratio to 2:1 yields
no obvious improvement. At the ratio of unity, CoHCFe is
expected to adopt a perfect cubic framework free of vacant
ferricyanide sites. Higher Co ratios bestow the crystal structure
with increasing porosity and openness. This is evidenced by its
much greater micropore Brunauer—Emmett—Teller (BET)
surface area (see the Supporting Information, Figure S2).
Previously, porous Prussian blue framework was observed to
have higher storage capacity for hydrogen than their nonporous
counterparts. A correlation was revealed between hydrogen
uptake capacity and the concentration of framework
vacancies.””** Here, we believe that the structural nanoporosity
also largely facilitate the transport of Na* ions in and out of
CoHCFe framework. Moreover, Co(II)HCFe(II) nanoparticles
were prepared from K,Fe(CN,); and Co(NO;), at different Co
to Fe ratios, but they were measured to have substantially lower
specific capacitance (Figure 4b). Other bimetallic analogues
MHCFe (M = Mn, Fe, Ni, Zn) were also attempted (see the
Supporting Information, Figure S3). Among all the transition
metals evaluated, CoHCFe exhibits the optimal activity. In
addition, we examined the effect of other electrolyte cations
(Li* or K*) on the supercapacitive performance of CoHCFe.
No obvious difference was noticed (see the Supporting
Information, Figure S4).

In light of the great performance of CoHCFe in the positive
potential regime, we decided to construct asymmetrical
supercapacitors by pairing it with a negative electrode. Recently,
graphene has received much attention for applications in energy
storage by virtue of its large surface areas and high electric
conductivity.”*** Unfortunately, exfoliated graphene sheets are
highly likely to restack or aggregate, risking losing their
nanoscale feature and surface areas.’®*” To this end, we
developed carbon black modified graphene sheets (mRGO, see
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Figure 4. Influence of cobalt to iron molar ratio and iron oxidation state on the supercapacitive performance of CoHCFe. (a) Specific capacitance of
Co(II)HCFe(III) nanoparticles with different starting Co(II) to Fe(III) molar ratios; (b) specific capacitance of Co(II)HCFe(II) nanoparticles with

different starting Co(II) to Fe(II) molar ratios.

a °
L 2004 mRGO@Ni foam
[+*]
2
S 1504
=
o
3 100
© \
© i
& 501
7]
[}
2 9
‘n T T T T T
0 20 40 60 80 100
Scan Rate (mV/s)
c2
2
=
>, 104
=
)
=
[
[m]
S
® 4] ——CoHCFe(lll))/mRGO
% —— mRGO//mMRGO
m T

1 10
Energy Density (Wh/kg)

b 2.5

Voltage (V)
e & &

o
(%]
N

o
o
N

0 10 20 30 40
Time (s)

-
o
o

N

88.9%

(=
o
N

S
o
N

N
o
N

Capacitance Retention (%)
(=2
o

0 1000 2000 3000 4000
Cycle Number

Figure S. Performance of CoHCFe//mRGO asymmetric supercapacitors. (a) Specific capacitance of mRGO within the potential range of —1.1—0.1
V vs SCE at various scan rates. Data were derived from CV measurements; (b) galvanostatic charge—discharge curves of CoHCFe//mRGO
asymmetrical supercapacitors at different current densities; (c) Ragone plot of CoHCFe//mRGO asymmetrical supercapacitors in comparison with
mRGO/mRGO symmetrical supercapacitors; (d) cycling stability of COHCFe//mRGO asymmetrical supercapacitor.

the Supporting Information for experimental details), in which
carbon black nanoparticles were intentionally added as pillars
between graphene sheets to effectively suppress their
aggregation.28 In such a configuration, the large surface areas
of graphene sheets become more accessible. Indeed, mRGO
exhibits improved specific capacitance than graphene alone,
reaching ~190 F/g at the scan rate of S mV/s and ~70 F/g at
100 mV/s within a potential window of —1.1-0.1 V in 0.5 M
Na,SO, (Figure Sa).

For asymmetrical supercapacitors, CoHCFe positive elec-
trode and mRGO negative electrode were paired up in a mass
ratio of 1:1.4 to account for their difference in specific
capacitance. They were galvanostatically charged and dis-
charged in a two-electrode setup over a wide voltage range of
0—2.4 V (Figure Sb). It is worth noting that in most aqueous
supercapacitors, the working voltage is limited to less than 2 V
as restricted by the electrochemical stability window of water.>
This is particularly severe for alkaline electrolytes as many

faradaic supercapacitor electrode materials developed for those
systems such as MnO, and Ni(OH), are also excellent
electrocatalysts for water oxidation.*”*' In the present work,
our CoHCFe//mRGO asymmetrical supercapacitor can be
charged up to ~2.4 V as benefited from the ineffectiveness of
CoHCFe and mRGO toward the electrocatalytic decomposi-
tion of water in Na,SO,. It presents a very important advantage
in practical applications which demands higher working
voltages. In Figure Sc, we depict the specific energy density
and power density of the CoHCFe//mRGO asymmetric
supercapacitor in the Ragone plot. It delivers a high energy
density of 34.4 Wh/kg at a power density of 2.5 kW/kg, and a
high power density of 25 kW/kg at an energy density of 6.7
Wh/kg. The maximum value of energy density is superior to
that of most asymmetric supercapacitors operating in neutral
electrolytes owing to its higher working voltage.*™>* As a
comparison, we also prepared and evaluated a symmetric
mRGO//mRGO pair under the same condition. Although it
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has comparable power density to CoHCFe//mRGO, its energy
density is only half or one-third of the latter, highlighting the
merit of using CuHCFe as the positive electrode material.
Furthermore, CoHCFe//mRGO asymmetric supercapacitor
demonstrates remarkable cycling stability. The overall capaci-
tance retention drops slightly in the first 1000 cycles, then
levels off and stays constant at ~90% of the original value even
after 4000 cycles (Figure Sd).

In summary, we prepared CoHCFe nanoparticles via a facile
coprecipitation method. The product possesses a three-
dimensional cyano-bridged bimetallic framework analogous to
Prussian blue but with many vacant ferricyanide sites. The
structural openness facilitates the passage of charge balancing
ions (such as Na*) in and out of the framework, and therefore
expedites the electrochemical redox reaction of CoHCFe.
When evaluated as the supercapacitor electrode material using a
three-electrode system in a mild and noncorrosive Na,SO,
electrolyte, CoHCFe exhibits large specific capacitance under
high current rates. More impressive is its excellent cycle life as a
result of its chemical and structural stability. In light of its great
potential, we further constructed asymmetric supercapacitors
by pairing the CoHCFe positive electrode with an mRGO
negative electrode. They deliver incredible working voltage as
large as ~2.4 V, energy density up to 34.4 Wh/kg, and power
density up to 25 kW/kg. Given the ease of preparation and low
costs, CoHCFe and other Prussian blue analogues may hold
great promise for future energy storage applications.
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Experimental details, additional characterization, and electro-
chemical data. This material is available free of charge via the
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