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Full-Hexacyanometallate Aqueous Redox Flow Batteries
Exceeding 1.5 V in an Aqueous Solution

Ji-Eun Jang, Ryeong-ah Kim, S. Jayasubramaniyan, Chanhee Lee, Jieun Choi,
Youngdae Lee, Sujin Kang, Jaechan Ryu, Seok Woo Lee, Jaephil Cho, Dong Woog Lee,
Hyun-Kon Song, Wonyoung Choe, Dong-Hwa Seo,* and Hyun-Wook Lee*

Aqueous redox flow batteries (RFBs) have attracted significant attention as
energy storage systems by virtue of their inexpensive nature and long-lasting
features. Although all-vanadium RFBs exhibit long lifetimes, the cost of
vanadium resources fluctuates considerably, and is generally expensive.
Iron–chromium RFBs take advantage of utilizing a low-cost and large
abundance of iron and chromite ore; however, the redox chemistry of CrII/III

generally involves strong Jahn–Teller effects. Herein, this work introduces a
new Cr-based negolyte coordinated with strong-field ligands capable of
mitigating strong Jahn–Teller effects, thereby facilitating low redox potential,
high stability, and rapid kinetics. The balanced full-cell configuration features
a stable lifetime of 500 cycles with energy density of 14 Wh L−1. With an
excessive posolyte, the full-cell can attain a high energy density of 38.6 Wh
L−1 as a single electron redox process. Consequently, the proposed system
opens new avenues for the development of high-performance RFBs.

1. Introduction

Sustainable energy storage systems (ESSs) have received a great
deal of attention to satisfy emerging demands at grid-scale
without compensation for large-scale and long-time operation;
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additionally, they have low mainte-
nance and cost.[1,2] However, the current
lithium-ion battery (LIB) technology
might not be chosen as an ideal can-
didate to replace active materials in
the positive and negative electrodes in
grid energy storage because faded LIBs
result from the degradation of active
materials (cathode and anode) or the
dried electrolyte. When contemplating
long-term operations or replacing a
defective component, LIB maintenance
entails rather significant expenses and
complex procedures. In this regard,
aqueous redox flow batteries (RFBs) have
been widely employed as an alternative
for economical ESSs.[3–5] One noticeable
advantage of aqueous systems is their
very high dielectric constant, allowing
soluble redox couples to dissolve with

large quantities in an aqueous solution with dissociation.[6] The
high solubility also benefits to increase the available energy den-
sities and the output current would be controlled by the size
of the electrode stacks in RFBs.[7] Of course, aqueous systems
are advantageous in many aspects of: they are inexpensive, en-
vironmentally benign, and highly soluble rather than the use
of organic liquid-based RFBs.[8,9] As shown in Figure 1a replac-
ing or rebalancing negolytes and posolytes can be readily altered
while maintaining infra-tank and pump systems; such proper-
ties are well-suited for stationary energy storage. All-vanadium
RFBs have been widely studied since the same elements are em-
ployed in both the negolyte (VII/III) and posolyte (VIV/V) and since
such systems feature long calendar and cycle lives with more than
200 000 cycles.[10–12] Nevertheless, the price of vanadium source,
V2O5, has been highly fluctuated up to 28.8 USD lb−1 at the end
of 2018, resulting in high costs and performance as 1000 USD
kWh−1 approximately.[13]

The concept of iron-chromium RFBs using ferrous/ferric
(FeII/III) and chromous/chromic (CrII/III) ions is the first chem-
istry taking advantage of low cost and widely abundant iron
and chromite ore.[2,14] These FeII/III redox couples are expected
to be more stable as a posolyte with a combination of cyanide
ligands that have extensively used to a posolyte material in
RFB reference.[15–20] However, the redox chemistry of CrII/III in
chromium-based negolytes generally involves strong Jahn–Teller
effects due to the unequal occupation of electrons in eg orbitals
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Figure 1. Cell configuration and d-orbital splitting for different chromium octahedral complexes. a) Cell schemetic of the negolyte of [Cr(CN)6]4−/3− paired
with the posolyte of [Fe(CN)6]4−/3−. The negolyte (red) and posolyte (yellow) are circulated through the pump. The active electrolytes can be replaced
or rebalanced when the system is degraded. The arrows in the middle of the diagram indicate cation migration across the Nafion membrane. Mobile
cations of sodium are readily transported through the membrane. On the other hand, hexacyanometallate anions of [Cr(CN)6]4−/3− and [Fe(CN)6]4−/3−

are excluded by Donnan exclusion effects. b) Jahn–Teller effects of CrII (d4) octahedral complex. c) d-orbital splittings and the reduction potentials of
chromium-based octahedral complexes.

of high-spin CrII (d4) as shown in Figure 1b. This can lead to
simultaneous splitting of the electronic states and a symmetry-
lowering distortion. This phenomenon limits the electrochemi-
cal reactions as a low current density and energy efficiency, re-
sulting in the sluggish kinetics of the CrII/III redox couple (k0
< 10−6) [18,21,22] and low Coulombic efficiency, which is corrobo-
rated by a severe hydrogen evolution reaction (HER) arising from
the low reduction potential (−0.41 V versus SHE) under acidic
conditions.[23] Interestingly, the d4 electron configuration of CrII

can alter its spin states from high-spin to low-spin depending on
the increase of the energy gap (∆o) between eg and t2g orbitals.
Coordination compounds composed of a metal ion and ligands
offer the benefit of pi (𝜋) interactions, which facilitate dramatic
effects on the triply degenerate t2g orbitals.[24] Ligands such as
carbonyls (CO) and cyanides (CN−) are 𝜋 acceptors with empty
orbitals that can interact with metal d orbitals in a 𝜋 fashion,
leading to the stabilization of t2g orbitals. It has been suggested
that the significant electronic stabilization is beneficial to stable
CrII/III redox reactions enabled by the low-spin configuration of
CrII. As shown in Figure 1c, the energy split between eg and t2g

orbitals can increase from the free metal ion state to coordination
with a strong-field ligand, playing a crucial role in shifting a re-
dox potential more negative figures according to spectrochemical
series.[25] In particular, when CrIII changes its oxidation state to
CrII at a high-spin state, electrons are transferred into the eg or-
bitals, whereas electron transfer can occur into t2g orbitals in the
coordination complex covalent with strong-field ligands, manip-
ulating the redox potential of CrII/III via the use of suitable ligands
and simultaneously mitigating strong Jahn–Teller effects.

Although various studies have provided some negolytes
in a chromium-based system, there is a need for negolytes
containing low-redox-potential with fast kinetics and sta-
ble cyclability.[17,18,26–30] Bae et al. showed that chromium-
ethylenediaminetetraacetic acid (Cr-EDTA) can exhibit a low re-
duction potential (−0.99 V versus SHE) with reversible cathodic
and anodic processes. However, the designed battery has shown
slow kinetics operated at very low current density of 2.5 mA
cm−2, and a very low energy efficiency of less than 7% due to
the large overpotential of chromium-based redox couples.[26,27]

Slow kinetics inhibit the power density of batteries and occur
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Figure 2. Electrochemical characterization of K3[Cr(CN)6]. a) CV of [Cr(CN)6]4−/3− redox species (brown) and the counterpart of [Fe(CN)6]4−/3− (yellow)
at a scan rate of 20 mV s−1 on a glassy carbon electrode. The blue dashed lines denote the thermodynamic reduction potentials of the HER and OER,
which depend on pH. b) CV of 5 × 10−3 m [Cr(CN)6]4−/3− redox species (red) and the redox behavior of CrCl3 coordinated with weak-field ligands of
chlorine (black) at a scan rate of 20 mV s−1. c,d) Stability test of 0.1 m K3[Cr(CN)6] with the different supporting electrolytes of 1 m NaCl (c) or 1 m NaCN
(d) at 20 mV s−1. e) CV curves of 5 × 10−3 m [Cr(CN)6]4−/3− redox species at different scan rates from 5 to 500 mV s−1. f) Relationship between peak
currents and corresponding scan rates of K3[Cr(CN)6].

in the comparable reaction of hydrogen evolution, although
chromium complexes have merits of low redox potential, allow-
ing for an overall high voltage. Marshak et al. introduced 1,3-
propylenediaminetetraacetic acid chelated chromium (Cr-PDTA)
as a negolyte material using a strategy of chelating ligands. The
full-cell couple with the posolyte, [Fe(CN)6]4−/3− showed a high
discharging potential of approximately 1.5 V and an improved
energy efficiency of 78.1% during cycling at ±100 mA cm−2,
which provides the best performance among the new chromium-
based RFBs. However, such cycle life of 70 still needs to be
ameliorated. Chen et al. found various chromium complexes for
Cr-based RFBs, such as Cr-bipyridine ([Cr(bipy)2(H2O)2]3−), Cr-
dipicolicic acid ([Cr(DPA)2]−), Cr-iminodiacetate ([Cr(IDA)2]−),
and chromium 3-((2,6- bis (ethoxycarbonyl) pyridin-4-yl)oxy)-
N,N,N-trimethylpropan-1-aminium bromide ([Cr(f-DPA)2]+).[18]

This work assessed that the charge transfer kinetics, stability,
and solubility of a complex would be corroborated by the suit-
able molecular design. Goeltz et al. reported a hexacyanochro-
mate redox reaction based on a single cyclic voltammogram (CV)
of [Cr(CN)6]4−/3−.[31] In general, the Cr(II) complex is less stable
than Cr(III) complex due to weaker bond strength between Cr(II)
and ligands because the formation constant of Cr(II) cyanide is
smaller than that of the Cr(III) cyanide complex. Consequently, it
is crucial to suppress the undesirable decomposition of the Cr(II)
complex during electrochemical cycling of RFBs. Therefore, the
better designs of material chemistry are indubitably required in

order to resolve the performance issues associated with the afore-
mentioned systems.

In this work, we introduce a new Fe-Cr RFB system co-
ordinated by strong-field cyanide ligands to mitigate strong
Jahn–Teller effects for high-energy and stable performances.
Chromium complexes coordinated with strong-field cyanides can
allow low redox potentials compared to complexes coordinated
with weak-field ligands due to the electron transfer to t2g orbitals
rather than eg orbitals. Since this system is introduced for the first
time, we have carefully evaluated diverse assessment methods for
the unique features with low redox potential, high stability, and
fast kinetics below the potential of HER as shown in Figure 2a.
A thermodynamic analysis of the redox reaction energetics us-
ing density functional theory (DFT) calculations suggests that
the [Cr(CN)6]4− complex is preferentially associated with low-spin
states relative to complexes coordinated with weak-field ligands,
facilitating a stable and fast redox reaction. In order to enable
further development of redox flow system, we matched the ne-
golyte with a K3[Fe(CN)6] posolyte as a full cell and performed var-
ious investigations to confirm the proper redox at different state
of charges (SOCs). Benefiting from the aforementioned unique-
ness, this hexacyanometalate-based RFB is capable of reversible
redox reactions with relatively high potential as an aqueous sys-
tem taking advantage of the low potential of [Cr(CN)6]4−/3− and
improved cycling performance at high current densities. Further-
more, we expand on the considerable degradation mechanisms
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that play a crucial role in governing the kinetics and stability of
the reaction and provide important insights into the design of a
stable RFB.

2. Results

2.1. Electrochemical Properties of Hexacyanochromate with
Respect to Low Redox Potential, High Stability, and Fast Kinetics

Facile synthetic K3[Cr(CN)6] was employed as a source of
[Cr(CN)6]4−/3− in our experiment; this enabled us to take advan-
tage of the low chemical cost of chromium(III) acetate, which
is beneficial compared to the onerous price of commercially
available K3[Cr(CN)6] (Sigma–Aldrich, 99.99%). X-ray diffraction
(XRD) profiles in Figure S1 (Supporting Information) reveal that
as-synthesized K3[Cr(CN)6] corresponds to the XRD patterns of
both commercialized K3[Cr(CN)6] and PDF 00-027-1350. CVs in
Figure 2a,b show reversible redox reactions of [Cr(CN)6]4−/3− an-
ions, which possess the reduction and oxidation peaks at −1.19
and −1.11 V versus SHE, respectively. Whereas CV of CrII/III in
CrCl3 redox reaction denotes serious irreversibility with a consid-
erably small oxidation peak near −0.11 V and a negligible reduc-
tion peak, even at the same scan rate of 20 mV s−1. The CrCl3 re-
action also shows poor activity with very low current density. The
reliable electrochemical properties of [Cr(CN)6]4−/3− are unique
because of its low redox potential of −1.15 V, which is lower than
the potential of HERs in an aqueous system. The redox poten-
tial could arise from complexation effects, leading to the stabi-
lization of the energy level of t2g orbitals in the complex.[25] Si-
multaneously, controlling supporting electrolytes facilitate redox
reactions with high stability and fast kinetics. Indubitably, side
reactions associated with water splitting emerge as primary con-
siderations in designing aqueous RFBs. In terms of thermody-
namic conditions, the standard reduction potentials of the ne-
golyte and the posolyte exhibit at −1.15 and 0.49 V (versus SHE),
respectively. Given the pH of each electrolyte, the HER (−0.8 V
versus SHE at pH 13) on the negolyte side presents more chal-
lenges than the oxygen evolution reaction (OER at 0.8 V versus
SHE at pH 7) on the posolyte side. However, when taking the re-
action kinetics into account, the redox system of [Cr(CN)6]4−/3−

possesses simpler reaction pathways compared to HER. This is
because it involves only a single electron, as opposed to two elec-
trons, as seen in [CrIII(CN)6]3− + e− → [CrII(CN)6]4− in the redox
system and 2H2O + 2e− → H2 +2OH− in the case of HER. It
is well-known that single-electron reactions are generally prefer-
able at high current densities from a kinetic standpoint rather
than thermodynamics. To validate the plausible properties of
[Cr(CN)6]4−/3−

, various aspects influencing such formidable prop-
erties are needed to discuss in more detail in the next section.

The chemical stability that relies on long-term cycling should
invariably be ensured due to the less stable Cr(II) complex that
forms during redox reactions. The stability of metal complexes
can be considered by the association constant (or stability con-
stant, Kf), which is the equilibrium constant for reactions form-
ing metal complexes and indicates the strength of interactions
between metal ions and ligands. The higher association constant
means having stronger metal–ligand interactions and good ther-
modynamic stability. [CrIII(CN)6]3− is thermodynamically stable
and inert complex (Kf = 1033; Kf is the association constant of

the metal complex).[32] On the other hand, [CrII(CN)6]4−, which
is the reductive form of the hexacyanochromate ions, has a lower
Kf (1021) than that of [Cr(CN)6]3−. This means that [Cr(CN)6]4−

is thermodynamically less stable and more labile, resulting in
more easily undergoing ligand exchange processes substituting
CN− with H2O or OH− ligands, failure to maintain metal com-
plex structure, and forming the insoluble chromium hydroxide
(Cr(OH)x). This can be the dominant loss mechanism of active
species during electrochemical reactions from [CrIII(CN)6]3− to
[CrII(CN)6]4−, and causes increasing irreversible capacity of the
RFB. Furthermore, the parasitic HER at the charging process
should be suppressed. This is because it increases the pH of the
negolyte, accelerating unexpected ligand exchange by OH− and
the formation of Cr(OH)x. Therefore, it is necessary to design an
environment to mitigate these processes and improve the stabil-
ity of hexacyanochromate ions during a repeated redox reaction.

Supporting electrolytes can open up new opportunities to sup-
press undesirable ligand exchanges and destruction of active
materials, especially considering the less stable Cr(II) complex
in [Cr(CN)6]4−. Also, high concentrations of supporting elec-
trolytes can limit trace solubility, potentially extending the ca-
thodic electrochemical stability window of water beyond the ther-
modynamic level of −0.8 V versus SHE.[33] In addition, concen-
trated supporting electrolytes decrease the chemical activity of
water, resulting in less ligand exchange to OH−. As a cyanide-
based supporting electrolyte, sodium cyanide (NaCN) was se-
lected for the excellent electrochemical stability, especially against
very reductive potentials, combined with a high solubility in wa-
ter. Long-term CV data in Figure 2c,d compares the stability of
[Cr(CN)6]4−/3− redox reactions in the cyanide-based supporting
electrolyte (NaCN) to the NaCl supporting electrolyte. The ini-
tial cycles using both NaCl and NaCN supporting electrolytes
in Figure 2c,d clearly show the reversible reduction and oxida-
tion reactions near −1.2 and −1.1 V, respectively. Whereas the
current density when using the NaCl electrolyte rapidly dimin-
ished and was rarely detected after 70 cycles, suggesting that
the NaCl supporting electrolyte did not alleviate the ligand ex-
change and the redox species might result in forming Cr(OH)x
via side reactions; such material might be deposited on the glassy
carbon electrode.[34] On the other hand, the current density and
redox potentials using NaCN supporting electrolyte were main-
tained even after 1000 cycles as shown in Figure 2d, which was
expected since the ligand exchange was limited by the number
of cyanide ligands. Unlike the chloride based solutions, the ex-
cessive cyanide ions played a significant role in suppressing de-
composition and maintaining a high stability of [Cr(CN)6]4−/3−.
Additionally, a comparison of the initial solution and the solu-
tion aged for 10 days with 5 × 10−3 m K3[Cr(CN)6] via a CV curve
and UV–visible spectra showed minimal damage to the materi-
als properties after storage (Figure S2, Supporting Information).
The minor degradation observed may primarily be due to expo-
sure to the outside atmosphere during the repeated experimental
process of sampling and conducting the CV test of the 10-day old
solution. Under regular experimental conditions, where the so-
lution is sealed, stability issues during solution storage may not
be significant.

The fast kinetics of electrochemical reactions can be under-
stood by analyzing associations between the CV scan rate and
the corresponding current density as shown in Figure 2e,f. The
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CV data, which were scanned from 5 to 500 mV s−1, show small
potential shifts from 81 to 134 mV (Figure 2e and Table S1,
Supporting Information) and exhibit high current densities dur-
ing redox processes, even at the high scan rate of 500 mV s−1,
indicative of a stable redox system with high charge and dis-
charge conditions. The corresponding peak currents exhibit a
linear relationship with respect to the square root of the scan
rates as shown in Figure 2f. The small ∆Ep is comparable with
the value in the diffusion-controlled kinetic regime such that
the slope in Figure 2f can thus be used to determine the diffu-
sion coefficient (D0) via the Randles–Sevcik equation. Since the
slopes of the cathodic and anodic processes are ±0.0002, the dif-
fusion coefficient D0 is calculated as 7.16 × 10−6 cm2 s−1. The
charge transfer rate (k0) can also be calculated using the Nichol-
son method that provides the information about the relationship
between ΔEp and k0 (Table S2, Supporting Information).[35] Ac-
cording to this method, the k0 is calculated as 6.03 × 10−3 cm
s−1, facilitating that [Cr(CN)6]4−/3− redox couples show the out-
standing quasi-reversible behavior without any catalysts com-
pared to other Cr-based materials.[23,26–28] Table S3 (Supporting
Information) compares the electrochemical properties of the re-
duction potential, diffusion coefficient, and charge transfer rate
in the hexacyanochromate complex with those obtained by previ-
ous studies. In particular, k0 of [Cr(CN)6]4−/3− redox couple is ap-
proximately 6000 times higher than CrII/III redox couple in CrCl3
without catalysts and even six times higher than that with Bi cata-
lyst. Additionally, it is higher than that of CrII/III-PDTA redox cou-
ple (1.7×10−4 cm s−1), which had previously been considered to
have the best performance among Cr-based systems. Our elec-
trochemical analyses of the [Cr(CN)6]4−/3− complex indicate that
it exhibits desirable behavior that enables fast kinetics with high
stability at low redox potentials below the HER, which can be a
promising candidate as a negolyte for sustainable RFB systems.

2.2. Theoretical Consideration by DFT Simulation of
Chromium-Based Compounds

We performed molecular simulations to understand the complex
chemistry behind the stable redox reaction of the [Cr(CN)6]4−/3−

coordination compound at low potential. Although it is already
well-known concept that Cr(CN)6 has the low-spin state of d-
electrons, the theoretical analysis was carried out to investigate
how the spin state can affect the properties compared to various
chromium octahedral complexes with other ligands.[36]

By calculating the electronic structures and redox reaction en-
ergies of various CrII-ligand complexes using DFT, we revealed
the complex interplay between ligands and electronic structure
in governing redox potential. Since frontier molecular orbitals
(MOs), including the highest occupied and lowest unoccupied
MOs, are important for the redox behaviors of coordination com-
pounds, we compared electronic configurations of the frontier
MOs of representative CrII-based compounds using DFT cal-
culation as presented in Figure 3a. We considered triplet (t2g

4)
and quintet (t2g

3eg
1) states for each CrII-based compound in

order to find the energetic stable spin states (Table S4, Sup-
porting Information). [CrCl6]4−, [Cr(H2O)6]2+, [Cr(NH3)6]2+, and
[Cr-PDTA]2− are stable in their quintet states (high-spin state),
whereas [Cr(CN)6]4− is stable in its triplet states (low-spin state);

Figure 3. Simulated electronic configurations, Jahn–Teller distortions, and
redox reaction energies of CrII-based compounds. a) Energy levels of elec-
tronic orbitals. The upward arrows represent electrons with up-spin, and
the downward arrows represent electrons with down-spin. Black solid and
dashed lines denote occupied molecular orbitals (MOs) for up-spin and
down-spin, respectively. Blue solid and dashed lines indicate unoccupied
MOs for up-spin and down-spin, respectively. b) Molecular structures with
bond lengths of ligands and distortion index D of octahedral complex.
c) Calculated energy changes during CrII/III redox reactions in these com-
pounds.

these finding are consistent with conventional understanding
that strong-field ligands such as CN− result in low-spin states due
to their large d orbital splitting.

Since the CrII-based compounds with high-spin state have sin-
gle electron at eg states, thereby leading to strong Jahn–Teller dis-
tortions, bonds with two ligands along z direction are more elon-
gated than the bonds with other fours, as shown in Figure 3b.
In contrast, [Cr(CN)6]4− has weak Jahn–Teller distortions due to
unevenly occupied t2g orbitals in the low-spin state, allowing for
negligible elongation of bonds along the z direction.

Adv. Energy Mater. 2023, 13, 2300707 2300707 (5 of 12) © 2023 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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To compare distortion degree, we calculated the distortion in-
dex using the following equation:

d = 1
n

n∑
i=1

||li − lav
||

lav
(1)

where li is the distance from the central Cr atom to the ith lig-
and and lav is the average distance. The strength of Jahn–Teller
distortion (i.e., the degree of distortion) when transitioning to a
CrII state is intrinsically related to the kinetics of the CrII/III re-
dox reaction. The kinetics of electrochemical reactions are usu-
ally defined by the reorganization energy, which is initially intro-
duced by Marcus,[37] the required energy for the rearrangement
of the ligand and solvent between the initial and final states dur-
ing charge transfer reactions. The Jahn–Teller distortion signifi-
cantly affects this reorganization energy that a weak Jahn–Teller
distortion caused by the low-spin state of the d4 configuration
during redox reactions often correlates with a smaller reorgani-
zation energy, resulting in fast redox kinetics.[38] [CrCl6]4− has
a larger distortion index of 0.2599 than others with a high-spin
state because of its negatively charged ligands, which is in agree-
ment with strong stabilization of the highest occupied eg state in
Figure 3a. [Cr(CN)6]4− has the smallest distortion index of 0.007
due to weak Jahn–Teller effects. It is thus inferred that the fast ki-
netics of the [Cr(CN)6]4− negolyte is mainly attributed to its facile
redox reaction with weak Jahn–Teller distortion. We further cal-
culated energy changes in these compounds during CrII/III redox
reactions. As shown in Figure 3c, [Cr(CN)6]4− exhibits signifi-
cantly smaller energy changes compared to other compounds ex-
cept [Cr-PDTA]2−, explaining its low potential observed in our ex-
perimental results (Figure 2a). Another Cr-complex with low en-
ergy change, [Cr-PDTA]2−, corresponds to the reported value of a
low reduction potential (−1.11 V versus SHE),[17] despite form-
ing a high-spin state. Although the compound of [Cr-PDTA]2−

is encapsulated by steric ligands, its redox kinetics are relatively
slower than the low-spin [Cr(CN)6]4− due to a relatively higher
distortion index. Our DFT calculations show that the coordina-
tion compound of [Cr(CN)6]4−/3− possesses stable and fast redox
reactions at a low potential of −1.15 V, which is enabled by the
low-spin configuration of CrII.

2.3. Full Redox Flow Battery Using Hexacyanometallates

After carefully validating the desirable properties, we built a full
RFB cell composed of [Cr(CN)6]4−/3− and [Fe(CN)6]4−/3− redox
couples as shown in Figure 1a and Figure S3 (Supporting In-
formation). The preliminary half-cell data in Figure 2a suggest
that the standard thermodynamic potential of the two negolyte
and posolyte is 1.64 V. However, it is notorious that a half-cell
CV test does not always correlate to full-cell data measured in
a constant current mode because the potential-derived charac-
terization is imprecise due to the overlapped faradaic response
for the forward process, especially in the potential regime below
HER. In this regard, we have verified the galvanostatic profile for
the full-cell configuration, showing a highly reversible capacity
of 10.2 Ah L−1 at a discharging current density of 50 mA cm−2

with an average potential of 1.43 V (Figure 4a). In particular, the
redox mediators of [Cr(CN)6]4−/3− are coordination compounds

that are well known to exhibit vivid colors depending on the d
orbital energy gap of transition metals. During the discharge
process, the color of the negolyte in Figure 4a changes from
dark brown to light red, as also shown in Movie S1 (Support-
ing Information). The UV–Vis spectra depending on the state of
charge (SOC), shown in Figure 4b, also reveals corresponding
species such that the peak at 326 nm indicates the charged state
of [Cr(CN)6]4−.[39–41] As the color changes to light red, the corre-
lated peaks at 307 and 377 nm increase together with increased
concentrations of [Cr(CN)6]3−, implying that comprehensive re-
dox change occurred in the full-cell configuration with excellent
reductive stability. Another post-mortem XRD analysis also man-
ifests successful conversion to [Cr(CN)6]4− as shown in Figure 4c.
We used dried powder obtained by evaporating solvent of the ne-
golyte at the different SOCs of 0%, 50%, and 100%. Asterisks (*)
in Figure 4c indicate the information of NaCN reference, which
was exploited to calibrate peak positions across different sam-
ples. The enlarged XRD patterns at 32°–35° in Figure 4c clearly
elucidate that the dried samples show good agreement with
the conventional K3[Cr(CN)6] and K4[Cr(CN)6] phases upon the
SOCs, implying a successful phase transition from [Cr(CN)6]4− to
[Cr(CN)6]3−.

Cell polarization curves and power densities in Figure 4d,e en-
able to the fast kinetics of [Cr(CN)6]4−/3− to be deduced for the full-
cell configuration. This advance allows accurate demonstration of
the electrochemical behavior of [Cr(CN)6]4−/3− as well as the im-
plementation of hexacyanometallates for a genuine energy stor-
age application with competitive performance. Using our char-
acterization of the current-voltage behavior at various SOC val-
ues (0%, 10%, 25%, 75%, and 100%), we achieved a remark-
able performance of [Cr(CN)6]4−/3− even without using any cat-
alysts, such as bismuth, titanium, or a porous current collector
. [12,42–44] Open-circuit voltage (OCV) and ohmic resistance were
obtained from Figure S4a (Supporting Information). The OCV
increased from 1.55 to 1.80 V. The linear ohmic region of SOC
50%, between 1.25 and 1.5 V, shows an area-specific resistance
(ASR) of 1.82 Ω. The OCV increased from 1.55 to 1.80 V with
increasing the SOC (Figure S4b, Supporting Information). The
thermodynamic full-cell voltage obtained by the OCV of SOC
50% was 1.63 V, similar to the theoretical cell voltage derived
by the standard reduction potential of active materials of each
side, as shown in Figure 2a. The linear ohmic region of SOC
50%, between 1.25 and 1.5 V, suggests that the redox reaction
is not the main factor determining the cell performance. The
calculated ASR from the ohmic region is 1.82 Ω, which is de-
termined mainly by cell components. Furthermore, the maxi-
mum peak power density reaches 410 mW cm−2 as shown in
Figure 4d, denoting that the material is a promising candidate
for large-scale energy storage field. The rate performance test at
the different current densities demonstrates that our flow cell
can operate within a range from 20 to 150 mA cm−2, as shown
in Figure S5 (Supporting Information). The energy efficiency of
the cell remains approximately 80% or higher up until a den-
sity of 100 mAcm−2, and close to 70% at 150 mA cm−2. The
Coulombic efficiency exceeded 97% at current densities above
50 mA cm−2 and reached 99% at 100 and 150 mA cm−2. How-
ever, the relatively low Columbic efficiency at lower current den-
sities (20 and 30 mA cm−2), which is under 95%, can be at-
tributed to the increased activity of the HER at these low current

Adv. Energy Mater. 2023, 13, 2300707 2300707 (6 of 12) © 2023 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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Figure 4. Full-cell performance of 0.4 m K3[Cr(CN)6]. a) A typical voltage profile of K3[Cr(CN)6] and the corresponding solution images at different states
of SOC (0%, 25%, 50%, 75%, and 100%,). b) UV–Vis spectra of K3[Cr(CN)6] at different states of SOC (0%, 25%, 50%, 75%, and 100%,). The single
peak at 326 nm indicates the charged state of [Cr(CN)6]4− and the peaks at 307 and 377 nm denote the discharged state of [Cr(CN)6]3−. c) XRD data of
the post-mortem dried samples at SOC of 0%, 50%, and 100%. d) Power density as a function of the current density at the different states of SOC (0%,
25%, 50%, 75%, and 100%). e) Plots of the Coulombic efficiency, energy efficiency, and capacity for 500 cycles (±100 mA cm−2). A total of 30 mL of 0.4 m
K3[Cr(CN)6] solution was used as a negolyte with 2.5 m NaCN as a supporting electrolyte. As a posolyte, 40 mL of 0.4 m K4[Fe(CN)6] was dissolved in
2.5 m NaCl supporting electrolyte. The data was represented at intervals of every five cycles.

densities, implying that a very low charging rate can be detrimen-
tal to our battery system, when the redox reactions occur under
HER.

This charge transfer kinetics in the full-cell configuration does
not seem to limit power output, which is in good agreement with
the rapid kinetics presented in Figure 2e,f. Long-term cycling per-
formance of [Cr(CN)6]4−/3− and [Fe(CN)6]4−/3− complexes at a cur-
rent density of 100 mA cm−2 (Figure 4f and Figure S4c,d, Sup-
porting Information) shows high Coulombic efficiency, energy
efficiency, and normalized capacity for 500 cycles. The Coulom-
bic efficiency is another vital factor for evaluating the electro-
chemical performance of hexacyanometallates because it deter-
mines the reversibility of the redox processes and the inactivity
of HER. Promising averaged Coulombic efficiencies of 99.29%
were achieved for 500 cycles, inferring the truly reversible reac-
tion of redox mediators. The energy efficiency was also main-
tained above 70% (average 73.85% for 500 cycles), because of
the overpotential between charge and discharge at the high cur-
rent density. The capacity decay was calculated to be less than

0.02% per cycle, denoting that there are no significant side re-
actions such as the fatal decomposition of active materials or
HER.

For long-lasting cycling, possible degradation might occur at
the posolyte and negolyte. Cycling tests on degraded flow cells
mainly exhibited capacity fading at the posolyte. For example,
when an extra posolyte of K4[Fe(CN)6] was added after 1100 cycles
in a slightly degraded flow cell, the diminished capacity recovered
immediately to the initial cycle, as shown in Figure S6 (Support-
ing Information), suggesting that the gradual capacity fading oc-
curred due to the consumption of counter posolytes. As far as the
compatibility issues are concerned, this hexacyanometallate con-
figuration of both posolyte and negolyte is recommended consid-
ering the validity of the specifically nonparametrized full cells of
kinetic parameters of the two reaction rates, lifespans, redox flow
mediators, and flowing flux. If both electrodes have different re-
dox reactions, such as single- or two-electron redox reactions, it
is difficult to match the rate capability and cyclability of both elec-
trolytes.

Adv. Energy Mater. 2023, 13, 2300707 2300707 (7 of 12) © 2023 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH

 16146840, 2023, 32, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/aenm

.202300707 by U
lsan N

ational Institute O
f, W

iley O
nline L

ibrary on [17/12/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



www.advancedsciencenews.com www.advenergymat.de

Figure 5. Stability test of 1 m K3[Cr(CN)6] with excessive posolyte. a) Cycling profiles of discharge capacity, Coulombic efficiency, and energy efficiency
for 1500 cycles (±50 mA cm−2). A 1 m K3[Cr(CN)6] solution was used as a negolyte with 2.5 m NaCN as a supporting electrolyte. A total of 50 mL of
0.35 m K4[Fe(CN)6] and 0.1 m K3[Fe(CN)6] with 2.5 m NaCl was used as a counter posolyte. The data was represented at intervals of every 20 cycles.
b) A typical voltage profile corresponded to (a).

We also validated the utilization of the full-cell at a higher ne-
golyte concentration of 1 m, which is close to the maximum sol-
ubility of K3[Cr(CN)6]. Considering the solubility of K3[Cr(CN)6]
per se, up to 1.1 m can be dissolved in water with 2 m NaCN sup-
porting electrolytes. The solubility in water with 2 m NaCN sup-
porting electrolyte was measured by fitting the UV–Vis spectra,
as shown in Figure S7 (Supporting Information). The peak inten-
sity of the fully saturated solution was 1.28014 at 432 nm. Using
the high solubility in aqueous media, we employed full-cell tests
with 1 m concentrated K3[Cr(CN)6] with the different amount of
the posolytes (Figure 5 and Figure S8, Supporting Information).
When 1 m concentrated K3[Cr(CN)6] was operated with excessive
amount of the posolyte, the cell exhibited stable cyclability for
1500 cycles, as shown in Figure 5, suggesting that the cycle life is
strongly dependent on the charge balance during cell operation.

Although the full-cell system showed outstanding perfor-
mance, especially for the negolyte part, additional studies to
find other proper posolyte are needed for more advanced per-
formances. In the current system, the low solubility of the full-
cell in Figure 4 was determined by the limited solubility of the
posolyte, K4[Fe(CN)6], which is less than 0.4 m. If the counter
species is used, the critical obstacle could be overcome to improve
the cell performance, particularly under the high-concentration
condition. First, this solubility compatibility causes concentra-
tion mismatch at high-concentration Cr(CN)6, resulting in water-
molecule migration due to osmotic pressure. Based on this prob-
lem, it is difficult to design a proper Cr(CN)6 negolyte, such as
tuning the concentration of active materials and supporting elec-
trolytes. Furthermore, the utilized volume of the posolyte should
be increased when using a high-concentration negolyte, decreas-
ing the volumetric energy density of the system. The total volume
of the negolyte and posolyte should be considered in practical
cell operation. The volumetric energy density determined by both
side electrolytes is crucial. The large amount of the posolyte in-
creases the entire volume of electrolyte and decreases the energy
density of the battery system. This can become a critical disad-
vantage when setting the system in a practical situation.

Figure S8a (Supporting Information) shows that galvanos-
tatic charging-discharging profiles of a 1 m full-cell at the 1st

and 5th cycles have identical plots as discharge capacities of
531.76 and 531.03 mAh, respectively, suggesting that this sys-
tem can utilize 99% of the theoretical capacity even at the near-
maximum concentration. This full-cell could achieve an energy
density of 38.6 Wh L−1, an outstanding value compared to com-
mon aqueous RFBs, such as all-vanadium flow batteries of 16–
33 Wh L−1.[45] With compatible matching between the K4Fe(CN)6
posolyte and K3Cr(CN)6 negolyte as a whole energy-density wise,
the high-concentration full-cell exhibited 80% capacity retention
for 80 cycles as shown in Figure S8b,c, Supporting Information.
Because the low solubility of [K4Fe(CN)6] (<0.4 m) caused the con-
centration mismatch with 1 m [K3Cr(CN)6], resulting in water-
molecule migration due to osmotic pressure. In addition, the lim-
ited solubility of the counter species becomes a critical obstacle to
designing appropriate hexacyanochromate-based negolytes, such
as tuning the concentration of supporting electrolytes. These can
influence cell operations and must be more seriously consid-
ered for long-term operation at a high-concentration. As a plau-
sible clue for limited concentration, Wu et al. reported that the
solubility of ferrocyanide could increase to 1.5 m by cation ex-
change to ammonium ions, enhancing the long-term stability
and performance of RFBs at high concentrations.[41] In this re-
gard, to achieve high energy density as a full-cell configuration,
the compatible energy density, solubility, and reaction kinetics of
posolytes and their well-matched counterparts are in strong de-
mand.

3. Discussion

For a complete assessment of the study materials for practical ap-
plications, we have to consider the significant degradation mech-
anisms of RFBs, such as cross-over, self-decomposition of active
materials, and electrolyte side reaction.[46] Cross-overs denote the
ion-transport of active electrolytes across ion-conducting mem-
branes leading to undesirable migration of ions in posolytes,
negolytes, and/or supporting electrolytes. In this work, we em-
ployed a cation-exchanged Nafion membrane that transports
mobile cations and excludes the negatively charged anions ei-
ther by size or Donnan exclusion effects (Figure 1a). Since

Adv. Energy Mater. 2023, 13, 2300707 2300707 (8 of 12) © 2023 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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[Cr(CN)6]4−/3− and [Fe(CN)6]4−/3− hexacyanometallates are sur-
rounded by strong-field ligands of cyanides, the outer region
of the octahedral redox species is strongly negative, resulting
in complete exclusion dominated by electrostatic interactions
within the membrane. Bakajin et al. measured ion exclusion co-
efficients using the Donnan model, suggesting that K3Fe(CN)6
showed near-complete exclusion due to its high cation-anion
valence (1/3), which indicates high electrostatic repulsion.[47]

The self-decomposition of active materials and electrolyte side
reactions should also be considered for stable RFBs since the
chemical decomposition of redox species causes deterioration
of the intrinsic property of active materials. [Fe(CN)6]4−/3− is
widely used as a reference posolyte due to its highly stable per-
formance without compromising the self-decomposition of ac-
tive materials. In the case of [Cr(CN)6]4−/3−, we observed that
the charged state of [Cr(CN)6]4− tends to partially exchange
cyanide with hydroxyl (OH−) ligands via photoaquation mech-
anism, which is well-known in metal complexes (Figure S9a,
Supporting Information).[41–43] It is also known that the photo-
excitation of the hexacyanometallates might lead either to its dis-
sociation into CN− and [Cr(CN)5]3− fragments or the formation of
[Cr(CN)5(H2O)]3− in a general aqueous medium.[41,48] However,
cyanide complexes tend to show different features depending on
the solvent interaction, thereby influencing the electronic struc-
ture. A feasible mechanism of ligand stability in this system is
that the cyanide-based supporting electrolyte can offer an oppor-
tunity to control the condition of the aqueous solvent. As shown
in Figure S9b (Supporting Information), although as-synthesized
K3Cr(CN)6 is coordinated with aqua ligands observed in UV–Vis
spectra, the subsequent complex after first cycle verifies ligand
exchange to cyanides forming K3Cr(CN)6.[40,41] Our results pro-
vide clear examples both of the energy dependence of ligand ex-
changes and of the role of supporting electrolytes in the reactivity
of metal complexes. We therefore conclude that by harnessing
this advantage, the suggested RFB system can operate the pro-
longed cycles without cross-over problems and chemical decom-
position, including ligand exchange. The safety of free cyanides
(hydrogen cyanide (HCN) and cyanide ions (CN−)) needs to be
discussed. In particular, gaseous HCN is very hazardous to peo-
ple. Gaseous HCN molecules can easily spread into the air and
become an inhalation risk. Problematic HCN is dominant at low
pH, as the pKa of HCN is 9.2; 99% of free cyanides exist in the
form of HCN below pH 7.[49] However, most of the free cyanides
in the present system exist in the form of CN− in the electrolyte
solution because the operating pH of the electrolytes is 13–14.
More than 99.99% of free cyanides exist as CN− anions in solu-
tion at this pH range (Figure S10, Supporting Information). Of
course, extreme care is needed when handling cyanide ions and
ensuring that the redox flow systems are indeed under the safety
regulation.

Although hexacyanometalate-based RFBs have shown promis-
ing electrochemical performances against the aforementioned
issues, some unexpected degradation, such as leakage of elec-
trolytes and precipitation as salts, may occur in the system,
thereby facilitating the replacement or rebalancing the ratio of the
active material solutions while maintaining the infra-tank and
pump systems.[50] To evaluate conceptual and technological po-
tential, we prepared an intentionally degraded negolyte and re-
placed it with a new K3[Cr(CN)6] solution as shown in Figure S11

(Supporting Information). Following the replacement, the spe-
cific capacity reaches the original performance after a couple of
cycles for aging processes that are required to match the counter-
part capacity with the posolyte.

The outstanding properties of hexacyanometallates are not
only limited to RFBs, possible exploring their application in
a variety of ambitious projects. The main advantage of the
[Cr(CN)6]4−/3− redox system is the very low redox potential of the
negolyte due to the coordination with strong-field ligands retain-
ing high stability even against HER. A comparison against other
well-known aqueous RFB systems (Figure 6) shows that this high
overall potential is contributed by the potential of the negolyte,
[Cr(CN)6]4−/3−, suggesting a higher overall potential matching
with high redox posolytes. We note that the low redox potential
of [Cr(CN)6]4−/3− will benefit from knowledge obtained by other
electrochemical technologies, such as CO2 electroreduction pro-
cesses and biomass conversion.[51] Therefore, we believe that this
invention will contribute significantly to stationary energy stor-
age in other areas that prefer to combine with continuous-flow
electroreduction systems.

4. Conclusion

In the quest for sustainable RFBs, we have discovered the new
negolyte, K3[Cr(CN)6], which exhibits a low redox potential of
−1.15 V versus SHE, stable cycling performance, and fast charge
transfer kinetics. The coordination with strong-field ligands ob-
served herein is expected to play important roles in governing
the low-spin state of CrII, thereby allowing low redox potential
during electrochemical cycling. On the basis of a wide variety of
RFB chemistries beyond hexacyanometallates, our results, cou-
pled with high stability and fast kinetics, will help to guide the
development of RFBs with high-energy densities and prolonged
lifetimes. Our thermodynamic DFT calculation also confirms
that the cyanide-coordinated molecules can promote the fast ki-
netics attributed by virtue of their facile redox reaction via weak
Jahn–Teller effects rather than the strong Jahn–Teller effects char-
acterizing other compounds. The prototype full-cell configura-
tion highlights a stable lifetime to 500 cycles, and a high-energy
density of 38.6 Wh L−1, surpassing the difficulties of vanadium
RFB. In comparison to conventional and other flow batteries, this
cell configuration has superior properties in terms of the full-cell
potential and cycling performance. Consequently, we believe that
our new proposed [Cr(CN)6]4−/3− systems represents a novel and
scientifically intriguing material that can push forward the devel-
opment of grid energy storage.

5. Experimental Section
Synthesis of Potassium Hexacyanochromate (K3[Cr(CN)6]): K3[Cr(CN)6]

was synthesized following a modified method based on previous
literature.[52,53] Cr(CH3COO)3 (JUNSEI, Cr 21–25%) was dissolved in
20 mL distilled (DI) water and this solution was transferred into a boil-
ing KCN (Alfa Aesar, 96.0%) solution (8.93 g of KCN in 30 mL DI water).
0.24 g of activated charcoal was added during the reaction, acting as a cat-
alyst to promote the formation of K3[Cr(CN)6] from the precursors. The
chemical reaction for the formation of K3[Cr(CN)6] is as follows:

Cr(CH3COO)3 + 6KCN → K3 [Cr(CN)6] + 3CH3COOK (2)

Adv. Energy Mater. 2023, 13, 2300707 2300707 (9 of 12) © 2023 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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Figure 6. Standard redox potentials of aqueous redox flow batteries. All-vanadium systems possess relatively high potential region; this work covers the
low redox potential of −1.15 V versus SHE, which opens new avenues for the design of high-energy density RFBs.

After allowing all the ingredients to mix for 5 min, the activated
charcoal was filtered and the filtered solution was partially dried in
order to evaporate the remnant solvent. Finally, the solution was
chilled to precipitate K3[Cr(CN)6] taking advantage of the solubility
differences depending on temperature. This precipitated K3[Cr(CN)6]
was filtered and washed by ethanol five times, then dried in a vac-
uum oven at 40 °C. The synthesized K3[Cr(CN)6] was characterized
by XRD and compare with commercial K3[Cr(CN)6] (Sigma–Aldrich,
99.99%).

Half-Cell Characterization: CV measurements were conducted using
an EC-Lab potentiostat (BioLogic). A three-electrode system was em-
ployed with an Ag/AgCl reference electrode filled with a 3 m KCl solution,
Pt wire as a counter electrode, and a 3 mm diameter-glassy carbon working
electrode. A half-cell test was performed using the 5× 10−3 and 0.1 m solu-
tions containing synthesized K3[Cr(CN)6] with 1 m supporting electrolytes.
To compare the redox reaction of chromium, experiments were conducted
using the CrCl3 redox system as a reference. A total of 5 × 10−3 m CrCl3
(Sigma–Aldrich, ≥98.0%) was dissolved in DI water with the supporting
electrolyte of 1 m HCl.

Flow Cell (Full-Cell) Characterization: The full-cell test was conducted
at the two different K3[Cr(CN)6] concentrations (0.4 and 1 m). The ra-
tio of negolyte and posolyte active species was set to 1:1.3. A 0.4 m
cell consisting of 30 mL of a 0.4 m K3[Cr(CN)6] solution with a 2.5 m
NaCN (Alfa Aesar, 95%) as the supporting electrolyte, and 40 mL of
a 0.4 m K4[Fe(CN)6].3H2O solution (Sigma–Aldrich, 98.5–102.0%) with
2.5 m NaCl (Alfa Aesar, 99.0%) supporting electrolyte. In the case of a 1 m
cell, 20 mL of a 1 m K3[Cr(CN)6] solution with 3 m NaCN and 75 mL of a
0.35 m K4[Fe(CN)6].3H2O solution with 3 m NaCl were used. For the sta-
bility test at 1 m with highly excessive posolyte, 1 mL of 1 m K3[Cr(CN)6]
solution with 2.5 m NaCN, and 50 mL of 0.35 m K4[Fe(CN)6].3H2O
and 0.1 m K3[Fe(CN)6] (Sigma–Aldrich, > 99.0%) solution with 2.5 m
NaCl were utilized. The flow battery cell (TS CHEM) was assembled with
5 cm2 (2 cm × 2.5 cm) carbon-felt electrode (XF-30a, TOYOBO), graphite
plate, copper current collector, and Nafion membrane. Nafion (NRE-212,
Sigma–Aldrich, Nafion perfluorinated membrane, thickness 0.002 inch)
was soaked in a 0.1 m HCl solution for 30 min then rinsed in DI water.
The carbon felt electrode was heated to 500 °C for 5 h under an air atmo-
sphere. The anolytes and catholytes were circulated in a tube (Masterflex
Norprene tubing, I.D. 3.18 mm, O.D. 6.35 mm) by pump drives (JenieWell,

JWSE600) at an average flow rate of approximately 40 mL min−1, where all
carbon felt electrodes was compressed by ≈70% in a stack cell.

A galvanostatic charge–discharge test was performed using an EC-Lab
potentiostat at room temperature. Before taking measurements, both the
anolyte and catholyte were circulated for 2 h without applying a bias. A con-
stant current was applied during the charging and discharging processes
(100 mA cm−2) for a voltage cutoff range from 1 to 1.9 V. Power tests
were conducted by potentiostat (IviumStat) at each SOC. Current scan-
ning was employed during the discharging state in order to obtain peak
power densities, which the cell was charged at a constant current density of
30 mA cm−2.

The state of the anolyte during full-cell operation was investigated using
UV–Vis spectroscopy. The cell was charged at 30 mA cm−2 and discharged
at 50 mA cm−2 from 1.0 to 1.9 V. An amount of 0.2 mL of the solution was
extracted at each SOC (0%, 25%, 50%, 75%, and 100%,) and diluted them
1/100 times (0.004 m).

Computational Details: All first-principles calculations were conducted
according to spin-unrestricted DFT using the Gaussian 09 package.[54] Ge-
ometry optimizations and MO energy level calculations were carried out
following Becke–Lee–Yang–Parr (B3LYP) hybrid functional[55] and the 6–
31G basis set. The solvation effect of water was modeled using the integral
equation formalism polarizable continuum model (IEFPCM). Various spin
states from singlet to septet were considered and the state with the lowest
DFT energy was selected for each molecule.

Solubility Test: Various concentrations of K3[Cr(CN)6] solution were
prepared (0.05, 0.1, 0.2, 0.3, 0.4 m, and unknown (saturated solution)).
The unknown solution was made by adding K3[Cr(CN)6] into the 2 m
NaCN solution until the solid could no longer be dissolved, after which the
residue was filtered. The concentration of the unknown solution was eval-
uated using UV–visible spectroscopy. Absorbance is proportional to con-
centration. A precalibrated absorbance–concentration plot was obtained
through the peak intensity at 429–432 nm for other solutions, and the sol-
ubility was calculated using this plot.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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