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Designing Redox-Stable Cobalt–Polypyridyl Complexes
for Redox Flow Batteries: Spin-Crossover Delocalizes
Excess Charge
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Shi-Cheng Wang, Yi-Tsu Chan, Jihun Lim, Zhaomin Hou,* Mu-Hyun Baik,* Yunho Lee,*
and Hye Ryung Byon*
easy to scale in principle.[1] When operated
in a flow-through mode, soluble redox couples dissolved in liquid media and stored
in large reservoirs can be supplied to the
electrochemical cell on demand.[2] Unfortunately, currently available technologies
suffer from low energy densities severely
restricting their scope of utilization. The
poor energy density is attributed to moderate solubility and low potential difference of the redox couples.[3] Higher energy
densities may be achieved by adopting
tunable design strategies based upon
organic or organometallic molecules.
The output voltage may be increased by
designing catholytes with highly positive
redox potentials, while employing molecules with highly negative redox potentials
as anolytes. Organometallic complexes
represent an underutilized, but potentially
powerful foundation.[4] Due to the d-electrons in the frontier orbital space, they can
engage in redox events without changing
the structure or reactivity notably, in
stark contrast to typical organic molecules. First-row metals
can access high or low-spin (LS) configurations, providing an
additional way for modulating the redox behavior over a wide
range.[5] To highlight how transition metals may be used as
electrolytes, we examined strategies for rationally modifying
the redox properties of a representative Co-complex, namely

Redox-active organometallic molecules offer a promising avenue for
increasing the energy density and cycling stability of redox flow batteries.
The molecular properties change dramatically as the ligands are functionalized and these variations allow for improving the solubility and controlling
the redox potentials to optimize their performance when used as electrolytes.
Unfortunately, it has been difficult to predict and design the stability of redoxactive molecules to enhance cyclability in a rational manner, in part because
the relationship between electronic structure and redox behavior has been
neither fully understood nor systematically explored. In this work, rational
strategies for exploiting two common principles in organometallic chemistry for enhancing the robustness of pseudo-octahedral cobalt–polypyridyl
complexes are developed. Namely, the spin-crossover between low and highspin states and the chelation effect emerging from replacing three bidentate
ligands with two tridentate analogues. Quantum chemical models are used
to conceptualize the approach and make predictions that are tested against
experiments by preparing prototype Co-complexes and profiling them as
catholytes and anolytes. In good agreement with the conceptual predictions,
very stable cycling performance over 600 cycles is found.

1. Introduction
Energy storage is a key component for integrating renewable
energy sources such as solar or wind into large-scale energy
grids. Redox flow batteries (RFB) constitute a particularly attractive platform because they are conceptually simple, safe, and
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Co(II) bearing pyridyl and pyrazolyl ligands. The redox properties of metal–polypyridyl complexes are generally well understood,[6] whereas much less is known about reactions that they
may undergo under electrochemical reaction conditions. Very
recently, several Co-complexes bearing similar ligands were
considered as catholytes and their redox stabilities were studied,[7] but these initial tests
were limited to short cycling periods under
mild conditions. In this study, we acquired
and analyzed data from much longer cycling
periods and our galvanostatic tests were carried out under high concentrations of the Cocomplexes providing more reliable diagnostic
data on the structural stability. In addition,
we complement our experimental findings
with an in-depth analysis of the underlying
electronic structure based on quantum chemical models. We quantify the role of the chelation effect, which has long been thought to
be a desirable feature for exploitation, and
we found that spin-crossover is a key component of electrochemical reversibility. These
concepts are enriched and supported by postmortem chemical analyses of the extensively
cycled catholyte and electrode. This approach
allowed for identifying specific guiding principles for designing efficient and robust electrochemical materials that display promising
cycling stabilities.

as the electronic stress is delocalized over all six CoN bonds.
The average CoN bond lengths in LS-[Co(III)(L1)3]3+ is 1.98 Å
and becomes 2.18 Å in HS-[Co(II)(L1)3]2+.
Figure 2 illustrates the energies of the HS/LS states of the
Co(II) and Co(III) complexes. Co(III) is a strong Lewis acid

2. Design Principles
The three 2,2′-bipyridyl (L1) ligands create a
pseudo-octahedral coordination environment
to give a textbook electronic structure consisting of three nonbonding t2g-like molecular
orbitals (MO) and two antibonding eg-like
MOs. [Co(III)(L1)3]3+ is easy to prepare and
is an 18-electron Co(III)–d6 complex adopting
a LS state, as illustrated in Figure 1a. It is
tempting to envision that reduction leads
to the occupation of the LUMO, as shown
in Figure 1b, lengthening the axial CoN
bonds and lowering the d(z2)-based σ*–MO
to afford a 19-electron LS–Co(II)–d7 species.
Such a complex is expected to be unstable,
as the elongated CoN bond may be cleaved
easily. First-row transition metals can deal
with such electronic stress by spin-crossover
into the high-spin (HS) manifold,[8] depicted
in Figure 1c. The energetically favorable
exchange energy between the unpaired spins
lowers the total energy of the complex. Our
calculations estimate the HS-[Co(II)(L1)3]2+
to be 6.9 kcal mol−1 lower in energy than its
LS-analogue. Thus, the spin-crossover helps
to stabilize the reduced state and the HS configuration renders the complex less reactive,
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Figure 1. Conceptual MO-diagram of [Co(II/III)(L1)3]2+/3+ in high-spin and low-spin states.
For early transition metal, Co, both low- and high-spin states can exist. Herein CoN bond
affects the orbital energy level of the d(z2)-based σ*-molecular orbital. To remain as a more
stable structure, spin-crossover is able to take a place on d6 to d7 reduction of pyridyl- and
pyrazole-ligand based Co-complexes.

1702897 (2 of 10)

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.advancedsciencenews.com

www.advenergymat.de

Figure 2. Molecular structures of Co-complexes (left) and relative energy level diagrams with ligands (L) a) 1, b) 2, and c) 3 (right). For all the three
5 e 2-configurations, otherwise Co(III) species are stable at the low-spin state, t 6 e 0
structures, Co(II) species are more stable at the high-spin state, t2g
2g g
g
-configurations. Absolute potential gap of each species are shown in eV unit. As the number of pyrazoles in the ligand increased, both of redox states
energy is increased.

and the Co(III)N bonds are relatively short creating a strong
ligand field and the LS state is 1.039 eV (=24.5 kcal mol−1) lower
in energy than the HS alternative, according to our calculations. The spin-state ordering is inverted in the Co(II)-complex
and the HS state is preferred by 0.292 eV (= 6.9 kcal mol−1),
as mentioned above. The oxidation requires 5.991 eV taking
spin-crossover into account, as shown in red in Figure 2a. If the
spin-crossover is ignored, the oxidation is easier by ≈0.3 eV, as
marked in green.
To increase the working potential of a RFB, catholytes should
have highly positive redox potentials, i.e., large free energy differences between the Co(II) and Co(III) species. The profile
shown in Figure 2a illustrates that the energy difference can
be increased by either raising the Co(III)-state or lowering the
Co(II)-state energies. Since Co(III) is much more Lewis acidic
than Co(II), replacing the pyridyl-ligands by weaker Lewis bases
will penalize the Co(III)-state more severely than the Co(II)state. In other words, weaker Lewis base ligands will destabilize
the Co(III)-state more than the Co(II)-state, and increase the
energy difference.
Ideal candidates for this strategy are pyrazole groups that
resemble the pyridyl ligands, but the additional nitrogen atom
reduces the electron-density on the N-lone pair rendering it
a weaker Lewis base than pyridine. Increasing the oxidation
potential this way weakens the CoN bonds, however, and may
lead to undesirable decompositions. The complex can be stabilized even if individual metal–ligand bonds become weaker by
the chelation effect.[9] These considerations point to the ligands
L2 (6-(3-pyrazolyl)-2,2′-bipyridine) and L3 (2,6-bis(N-pyrazolyl)pyridine), to give the Co-complexes 2 and 3, respectively. The
Co metal in 1 carries three bidentate ligands, whereas there are
two tridentate ligands in 2 and 3, which reduce the entropic
penalty (Table 1): The free energies of formation are −726.3,
−710.6, −695.9 kcal mol−1 for complexes 1, 2, and 3, respectively. Thus, the energy penalty in 2 and 3 are only 15.7 and
30.5 kcal mol−1 compared to 1, highlighting the chelation effect.
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The entropy penalty for forming 1 is 35.4 kcal mol−1, whereas
only 26.1 and 18.8 kcal mol−1 are needed for 2 and 3, respectively, for the Co(II)-complex. Similarly, 40.1 kcal mol−1 is the
entropic penalty for the Co(III)-state of complex 1, which is
notably higher than 29.1 and 22.7 kcal mol−1 for complexes
2 and 3, respectively. Thus, utilizing two tridentate ligands
instead of the three bidentate ligands lowers the free energy of
binding by ≈10 kcal mol−1. In addition to this energetic benefit,
the tridentate ligand also offers the advantage that the ligand
will not fully disengage from the metal center until all three
CoN bonds are cleaved.

3. Molecular Structures and Spin-Crossover
The Co-complexes were fully characterized by elemental analysis, nuclear magnetic resonance (NMR), UV–vis, electron paramagnetic resonance (EPR) spectroscopies and single-crystal
X-ray crystallography (Figures S1–S15 and Tables S1–S14,
Supporting Information). Unsurprisingly, the Co(II)–d7 complexes all show paramagnetically shifted 1H NMR-signals and
Table 1. Free energies of complexation in kcal mol−1. X and n indicate
the ligand type (X = 1, 2, and 3) and no. of L, respectively.
LX

Denticity

Co(II) +nLX →

No. of L, n

ΔH (gas)

(298.15 K) ΔS

ΔG (sol)

[Co(II)(LX)n]2+

L1

2

3

−726.30

−35.36

−479.04

L2

3

2

−710.56

−26.07

−474.06

L3

3

2

−695.85

−18.75

−467.67

−40.15

−886.50

Co(III) +nLX → [Co(III)(LX)n]3+
L1

2

3

−1365.56

L2

3

2

−1337.88

−29.11

−875.76

L3

3

2

−1311.85

−22.74

−861.64
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X-ray diffraction studies indicate that the axial CoN bonds are
slightly shorter at 2.12 Å than ≈2.14 Å seen for the equatorial
CoN bonds (Table S12, Supporting Information). The DFTcalculated CoN bond lengths, also summarized in Table S12
in the Supporting Information, show that the low-spin Co(II)–d7
complex is Jahn–Teller distorted. Two CoN bonds are computed to be elongated to 2.25 Å, whereas ≈2.00 Å is predicted
for four CoN bonds. For the high-spin analogue, the CoN
bonds are calculated to be closer in lengths with two CoN
bonds being 2.19 and the other bonds being 2.18 Å. These
structural features are easy to understand given the qualitative MO-diagrams shown in Figure 1 and suggest strongly that
the [Co(II)(L1)3]2+ in the single crystal adopted a HS configuration. Upon oxidation to Co(III)–d6, the CoN bonds should
shorten and the Jahn–Teller distortion vanish. The single
crystal structure of [Co(III)(L1)3]3+ reveals CoN bond lengths
of 1.92–1.95 Å, and they are in good agreement with DFTcalculations for the LS-state featuring CoN bond lengths of
1.97–1.98 Å than the HS-analogue showing CoN bonds in the
range of 1.96–2.14 Å. Analogous observations can be made for
the Co(L2)2 and Co(L3)2 complexes, as detailed in Table S12 in
the Supporting Information. In conclusion, the X-ray diffraction studies strongly suggest that the Co(II/III) redox couples
are associated with spin-crossover. Additional evidence was
obtained from frozen solution X-band EPR experiments and
the Evans’ method at room temperature that indicate a HS configuration for Co(II), as explained in Figures S12–S15 in the
Supporting Information.

4. Redox Potentials
To obtain the redox potentials, cyclic voltammetry (CV) techniques were utilized in an argon-filled glovebox. Figure 3 shows
representative CV traces for the first cycle using 10 × 10−3 m
solutions of the Co-complexes in tetraglyme and two distinct
redox peaks can be identified against the blank CV traces. The
initial oxidation denoted a1 in the forward direction en route to
positive potentials from the open-circuit voltage of 0.1 V indicates oxidation of Co(II) to Co(III), whereas the reduction Co(II)
is observed on the backward sweep, marked c1 in Figure 3.
Reduction to Co(I) is seen at c2, which can be converted back to
Co(II) (a2) upon forward sweep. Further extension of the negative potential window exposes the reduction of ligands[10] and
also formation of Co(0). As may be expected, these features are
irreversible (Figure S16, Supporting Information).[11] Analogous redox peaks are readily identified in different solvents,
diglyme and a 3/7 mixture of ethylene carbonate:dimethyl carbonate (EC–DMC), as shown in Figure S17 in the Supporting
Information. Table 2 enumerates the experimental half-wave
potentials E1/2 and the DFT-computed normal potentials E0
for Co(I/II) and Co(II/III). Our quantum chemical calculations gave redox potentials of −1.40, −1.21, and −1.15 V for the
Co(I/II) for the Co(I/II) couples carrying the L1, L2, and L3
ligands, respectively, constituting a remarkably good agreement
between theory and experiment, which showed E1/2 of −1.36,
−1.24, and −1.28 V, respectively. Initially, we had not considered the Co(I/II) couple, as the Co(I)–d8 complex is formally a
20-electron species, and it is not expected to be redox-stable. It
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Figure 3. Cyclic voltammograms for 10 × 10−3 m Co(L1)3, Co(L2)2, and
Co(L3)2 with 0.1 m lithium bis(trifluoromethane)sulfonimide (LiTFSI) in
tetraglyme at a scan rate of 50 mV s−1. The working and counter electrodes are glassy carbon (GC) and Pt, respectively. An Ag/Ag+ as the reference electrode was calibrated against the ferrocene/ferrocenium (Fc/
Fc+) couple. Arrows indicate the starting point and direction of potential
sweeping and the scale denotes current density. Gray dashed lines represent the blank curves recorded in the absence of the Co-complexes.

is therefore interesting that the experiments showed a clean,
quasi-reversible and consistent redox behavior for this couple
in CV profiles. Of course, the aforementioned spin-crossover
does not take place for this Co(I)–d8/Co(II)–d7 couple and both
species maintain classical HS-configurations. Our calculations
confirm that the three complexes should display redox potentials within a range of ≈200 mV, in reasonable agreement with
the experimentally observed variation of ≈120 mV.
Interestingly, the Co(II/III) couple showed a potential shift
to positive values within the series L1–L3 and sluggish electron
transfer likely due to the spin-crossover mentioned above. The
DFT-calculated redox potentials are +0.77, +1.02, and +1.36 V
showing a serious deviation from the experimentally measured
Table 2. Comparison of experimental half-wave potentials E1/2 acquired
from Figure 3 and DFT-computed normal potentials E0. The values in
the parenthesis indicate the peak-to-peak separation, ΔEpp.
Co(I/II)

Co(II/III)

E1/2(exp.)

E0 (calc.)

E1/2 (exp.)

Co(L1)3

−1.36 (0.06)

−1.40

−0.05 (0.09)

+0.77

−0.03

Co(L2)2

−1.24 (0.10)

−1.21

+0.16 (0.18)

+1.02

+0.17

Co(L3)2

−1.28 (0.11)

−1.15

+0.65 (0.79)

+1.36

+0.61
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potentials of −0.05, +0.16, and +0.65 V, respectively. While the
general trend shifting to more positive potentials within the
series of the ligands is reproduced, disagreements as great
as ≈800 mV are inconsistent with many unrelated studies[12]
showing that the computational method utilized here is capable
of calculating potentials reasonably well. Given that the spincrossover occurs during electron transfer, we suspected at first
a catastrophic error in the spin-state energies,[13] but after some
exploration we found a much more compelling reason. As the
molecular charge increases, so does the driving force for ion
pair formation and the redox processes cannot be properly
modeled if ion pair formation is ignored. Instead of the structurally more complex bis(trifluoromethane)sulfonimide (TFSI)
anion, we used a chloride ion as a representative counter ion
in our simulations following the redox equation shown in
Equation (1) (Table S15, Supporting Information), where A
indicates the anion
2+

−e−

Co ( II)( LX )n  + A −  Co ( III)( LX )n A − 

2+

(1)

With the ion pair formation taken into account, the computed
redox potentials become −0.03, +0.17, and +0.61 V, as enumerated
in Table 2, in excellent agreement with the experimental potentials. This finding highlights that ion pair formation is important and may account for potential shifts as large as ≈800 mV.
For the Co(I/II) couples, ion pairing appears less important, as our calculations can reproduce the potentials without
explicitly considering it. Ion pairing is expected to be important for nonpolar solvents and highly charged ions and our
results support this notion, as explained in more detail in the
Supporting Information. The redox behavior of the Co(II/III)
couple becomes increasingly irreversible when polar solvents
such as acetonitrile (ε = 38) or dimethyl sulfoxide (ε = 47) are
employed (Figure S18, Supporting Information).[14] Here, the
ion pair formation is kinetically more challenging as the desolvation of the counter ions becomes difficult. Diglyme and
tetraglyme with low dielectric constants of 7.4 and 7.7, respectively, are therefore preferable and we observed stable redox
peaks even after 200 repetitive CV cycles (Figure S19, Supporting Information).[15] As discussed above, the E1/2 of the
Co(II/III) couple shifts to positive values within the ligand
series L1–L3. The Co(L1)3 and Co(L2)2 complexes exhibit
quasi-reversible redox behavior for the Co(II/III) and Co(I/II)
couples, where the peak-to-peak separation[16] ΔEpp = Ep,a − Ep,c
gently increases at higher sweeping rates, and the peak–current ratios jp,a/jp,c linger between 0.92 and 0.98 (Figure S20
and Table S16, Supporting Information). The Co(L3)2 complex displays more asymmetric redox features and larger ΔEpp
than Co(L1)3 and Co(L2)2 (Figure 3 and Figure S20, Supporting
Information), suggesting that its redox kinetics is more challenged than the other two complexes. Further experimental
inquiries using chronoamperometry were utilized while the
charge transfer coefficient derived from Tafel extrapolation
(Table S17, Supporting Information) along with the Nicholson
method (Figures S21–S22, Supporting Information),[17] confirm
considerably slower electron-transfer kinetics for the [Co(II/III)
(L3)2]2+/3+ (Table S18, Supporting Information) showing the
largest energy difference between the Co(II) and Co(III) states
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reflected in the most positive redox potential, which is also
attributed to large energy rearrangement of Co(II/III) redox
couples by spin-crossover. Another contributing factor to the
large peak-to-peak separation may be that the electronic coupling of the Co complex with the electrode becomes critical[18]
as any inefficiency in the electron transfer between the electrode surface and the Co(II/III) will be compounded by the
internal reorganization and spin-crossover kinetics.[11a]

5. Semi-Redox Cell Using Co(II/III) as Catholyte
With the conceptual understanding at hand, we investigated the performance of the Co(II/III) couples as catholytes
focusing on the cycling stability by galvanostatic cycling.
Co-complexes containing similar ligands have previously been
considered as catholyte and their short-term stabilities were
studied in a 30 h experiment consisting of 10 cycles using
1 × 10−3 m redox-active couples.[7a] These tests under mild conditions are prone to overestimate the stability and, thus, we
examined the cell performance under harsher conditions. We
employed a catholyte concentration that is 400 times higher
at 400 × 10−3 m in diglyme, cycled up to 200 times and the
structural stability of the Co complexes was analyzed based
the spin-crossover and chelation effects in combination with
post-mortem chemical analyses of the extensively cycled catholytes and electrodes. To the best of our knowledge, this is the
first comprehensive study on spin-crossover complexes as
potential electrolytes. Our redox cells were comprised of the
Co-catholytes with carbon film serving as the positive electrode
and metallic Li constituting the negative electrode, as illustrated in Figure 4a. During the charge cycle, Co(II) is oxidized
and Li+ is reduced, and vice versa during discharge, as summarized in Equations (2–4). The Li+ ions move between the
negative and positive electrodes through the Li-ion-conductive
glass ceramic separator Li1+x+3zAlx(Ti,Ge)2−xSi3zP3−zO12 (LATP),
whereas migration of the Co-complexes and self-discharge are
prevented.[19] Therefore, the material loss due to leaks across
cell compartments can be eliminated as a reason for fading of
cell performance and we may concentrate solely on chemical
processes intrinsic to the Co(II/III) redox reaction, when analyzing the cell performance.
−
2+ − e

( + ) Co ( II)( LX )n   Co ( III)( LX )n 

3+

(2)

− e−

( − ) Li  Li +

(Overall )

(3)
2+

3+

Co ( II)( LX )n  + Li +  Co ( III)( LX )n  + Li

(4)

The galvanostatic performances summarized in Figure 4b
show representative average potentials of Co(L1)3, Co(L2)2,
and Co(L3)2 at 3.45, 3.70, and 4.06 V versus Li/Li+ in diglyme,
respectively, and 3.85 V versus Li/Li+ for Co(L3)2 in EC–DMC.
These potential increases within the ligand series are fully
consistent with the redox potentials of Co(II/III) from the CV
experiments. As expected, Co(L3)2 gives the highest working
potential and we observe a notable solvent dependence, leading
to the energy density of ≈23 W h L−1 in EC–DMC (Figure 4g).
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Figure 4. Li/Co-complex redox cell performance with 400 × 10−3 m Co complexes in catholyte containing 1 m LiTFSI in either diglyme or EC–DMC. The
negative electrode consists of metallic Li with 1 m LiTFSI in EC–DMC solvent with a Li-ion-conductive glass ceramic separator between anode and
cathode. a) Schematic illustration of Li/Co-complex redox cell. b) Representative galvanostatic charge–discharge profiles for Co(L1)3, Co(L2)2, and
Co(L3)2 at a current density of 0.05 mA cm−2 in 25 °C. Charge–discharge profiles for 200 cycles with c) Co(L1)3, d) Co(L2)2, e) Co(L3)2 in 1 m LiTFSI/
diglyme, and f) Co(L3)2 in 1 m LiTFSI/EC–DMC catholyte at a current density of 0.5 mA cm−2. g) Corresponding cycling profiles with energy density (ED).

Thus, Co(L3)2 is the most promising candidate to serve as
a catholyte in Li redox cells. Comparing this new design to
organic or coordination complexes reported previously, such
as K3Fe(CN)6 (3.4 V vs Li/Li+), Fe(NO3)3/Fe(NO3)2. (3.0–3.8 V
vs Li/Li+), FeCl3/FeCl2 (3.3–3.8 V vs Li/Li+), ferrocene (3.6 V vs
Li/Li+), 1,1-dimethylferrocene (3.1 V vs Li/Li+), benzoquinone
(2.5–2.8 V vs Li/Li+), TEMPO (3.5 V vs Li/Li+) and TEMPO
with Bis(trifluoromethane)sulfonimide lithium salt in 1:1 ratio

Adv. Energy Mater. 2018, 1702897

(3.7 V vs Li/Li+),[20] Co(L3)2 presents one of the highest potentials reported to date. At 0.05 mA cm−2, the Li/Co-complex
redox cells deliver ≈10 A h L−1, indicating over 90% utilization
of the 400 × 10−3 m Co complexes with the theoretical capacity
being 10.72 A h L−1. The capacities are decreased to 5–6 A h L−1
at a tenfold higher current density of 0.5 mA cm−2 (Figure 4c–f
and Figure S23, Supporting Information). The resulting rate
capability is lower than what is typically seen when aqueous
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catholytes such as iodide/triiodide are used, as demonstrated
previously.[19] This drop is likely due to the slow mass transport
of the Co-complexes in nonaqueous media,[21] which should be
mitigated by engineering redox cells in flow-through mode. The
decreasing diffusion length of Co complex through 3D nanostructures of the electrode may enhance the capacity at higher
current densities.[22] In addition, separators with larger open
pores may be used to boost the current-density performance
even in nonaqueous media.[23] And indeed, Figure S24 in the
Supporting Information shows the prototype of a semi-redox
flow cell delivering enlarged capacity as the catholyte volume
is increased.
The cycling performance of Li/Co-complex redox cells was
examined at a current density of 0.5 mA cm−2. After 20 cycles,
the capacity retained 99.9, 99.7, and 99.1% for Co(L1)3, Co(L2)2,
and Co(L3)2, respectively, in diglyme and 99.7% for Co(L3)2 in
EC–DMC (Figure 4c–f). The Coulombic efficiency lingered at
≈99.9% for all Co-complex catholytes, suggesting that there is
no notable penalty from the slow electron-transfer rate in the
current density that these cells are capable of delivering. Such
remarkable capacity retention and Coulombic efficiency suggest
that the Co-complexes are stable during repetitive Co(II/III)
cycling. Given that the Co(II)–d7 species is a 19-electron complex, this high stability and apparent inertness to decomposition and side-reactions is surprising at first and highlights the
power of spin-crossover accessing the HS state, in which the
excess electron is delocalized across the whole molecule, as
explained above. The chemical analyses on Co(L3)2 catholyte
and carbon electrode unveil negligible amounts of side products: 1H NMR spectroscopy and electrospray ionization mass
spectrometry reveal no evidence for either decomposition of
ligands or dimerization of Co(L3)2 after 20 cycles (Figures S25
and S26, Supporting Information). After 200 cycles, the
capacity of the Li/Co(L3)2 redox cell decreased to ≈88% in EC–
DMC revealing a Coulombic efficiency of 98.8% (Figure 4f).
This long-term cycling performance is remarkably high among
organic and organometallic redox-active molecules[24] that generally suffer from undesirable chemical reactions often related
to highly reactive radicals.[23c,24e]
In diglyme, the cycling performance was slightly inferior
to EC–DMC, yielding ≈80% capacity retention and ≈97.5%
Coulombic efficiency, which may be ascribed to the low oxidation potential of diglyme showing an onset potential of ≈4.3 V
versus Li/Li+ (Figure S27, Supporting Information), close to
the redox potential of the Co(II/III) couple of Co(L3)2. Furthermore, the LATP separator being an electrical insulator with an
ionic conductivity of ≈10−4 S cm−1 at 25 °C may also impose
a large polarization on the redox cell and degrade the performance. On the contrary, the superior cycling performance for
Co(L1)3 and Co(L2)2 in diglyme characterized by a capacity
retention of ≈91% and ≈87%, respectively (Figure 4c,d), highlights the electrochemical stability of nonaqueous media during
charge–discharge cycles.
To better understand the capacity fading, we analyzed the
Co(L3)2 catholyte after cycling. 1H NMR spectra show that the
Co(L3)2 complex remained mostly intact after 200 cycles in
both diglyme and EC–DMC (Figure S28, Supporting Information). The 1H NMR signals are associated with the paramagnetic and diamagnetic properties of the Co(II) and Co(III) ions,
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respectively, and we saw notable concentrations of the Co(III)
species in addition to the expected Co(II) complex at the end
of discharge, which is more pronounced in diglyme compared
to EC–DMC. This finding highlights the difficulty of quantitatively reducing the Co(III) species and leaving detectable
amounts of Co(III)-complex in solution. Because of the slow
rate of spin-crossover, it is likely that some of the Co(III) species undergo ligand-rearrangement or other reactions leading
to alternative compositions of the Co(III)-complex, which
cannot be reduced at the applied potential. Thus, in moving forward, spin-crossover rates must be increased, which is possible
by first evaluating the spin–orbit couplings and examining the
surface-hopping probability at the crossing point.[20b] Work that
elaborates on this follow-up strategy is currently ongoing in our
laboratories. An alternative explanation for the capacity loss
may be that the Co-complexes are deposited onto the carbon
electrode surface. Such deposition of epoxide/hydroxyl and pyridine/pyrazole/imide groups on the carbon electrode is indeed
detected by X-ray photoelectron spectroscopy (Figure S29, Supporting Information). Electrochemical impedance spectroscopy (EIS) reveals increasing charge-transfer resistances (Rct)
at the carbon electrodes for all Li/Co-complex redox cells after
200 cycles (Figure S30, Supporting Information). This increase
is far more significant for Co(L3)2 in diglyme than in EC–DMC,
reflecting less deposition of catholyte in the presence of latter.
We were unable to find such deposits on the LATP separator
where its ionic conductivity was unchanged after 200 cycles
(Figures S31 and S32, Supporting Information). Taken together,
we conclude that the sluggish reduction of Co(III) species from
Co(L3)2 and the oxidation of diglyme are the main causes for
the capacity fading from Li/Co(L3)2 redox cells. Yet, this deterioration was minor after 200 cycles, highlighting the remarkable
stability of the Co-complexes.

6. Redox Cell Design Based on Cobalt (I/II)
and (II/III)
To increase the utility scope, we replaced the negative Li electrode with carbon and used the Co(I/II) couple as the anolyte,
implementing a cell design that uses a common soluble charge
carrier on both sides of the battery. During charge, Co(II) is oxidized to Co(III) on the catholyte side, whereas the same Co(II)
complex is reduced to Co(I) on the anolyte side (Equations (5–7)
and Figure 5a)
−
2+ − e

( + ) Co ( II)( LX )n   Co ( III)( LX )n 
−
1+ − e

( − ) Co ( I)( LX )n   Co ( II)( LX )n 

(Overall )

2+

3+

(5)

2+

(6)
3+

2 Co ( II)( LX )n   Co ( III)( LX )n  + Co ( I)( LX )n 

1+

(7)
Initially in the static cell, the Co-complexes were activated by
charging up to 2.1 V to obtain stable open-circuit voltages Ecell. The
Co(L3)2-cell exhibits the highest voltage of ≈1.88 V (Figure S33,
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Figure 5. Redox cells based only on Co-complexes containing 200 × 10−3 m Co(L3)2 in 1 m LiTFSI/tetraglyme for both catholyte and anolyte. a) Schematic
illustration of redox cell design during discharge. b) Representative charge–discharge profiles for 300 cycles at a current density of 0.2 mA cm−2 and at
a temperature of 35 °C. The inset shows anolyte (left) and catholyte (right) color after cycling. c) Corresponding cycling profiles of Coulombic efficiency
(CE), voltaic efficiency (ηv) and energy efficiency (ηE). d) Cycling performance with different current densities at 35 °C. The blue dots indicate CE.

Supporting Information), while Co(L1)3-cell gives a cell
voltage of ≈1.25 V, comparable to the redox potential differences between Co(I/II) and Co(II/III) couples described above
(Table 2). EC–DMC and acetonitrile solvents provoked overcharge behavior (Figure S34, Supporting Information), suggesting that in these solvents side reactions occur. One possible
reaction is that one CoN bond breaks exposing a coordination site that may allow the carbonate or acetonitrile solvents
to engage the Co(I)-center.[23c,25] Therefore, we used tetraglyme
that is less likely to engage the sterically crowded Co-center. The
redox cells containing 200 × 10−3 m Co(L3)2 with 1 m LiTFSI/
tetraglyme show ≈89% capacity retention after 170 cycles at
25 °C (Figure S35, Supporting Information). Compared to
the Li/Co-complex redox cells, the capacity is dramatically
decreased due to small activation amount of anolyte Co(I) species at the initial charging process (see below) and large volume
of the electrolyte solution. The flow-through mode may be necessary to enhance the volumetric capacity. Upon elevating the
operating temperature to 35 °C, the enhanced ionic conductivity
of LATP[26] lead to ameliorated capacity retention. Figure 5b,c
illustrates that these redox cells retain a capacity of ≈98%
during 300 cycles and show Coulombic, voltaic and energy efficiencies >98%, ≈78% and ≈73%, respectively, at a current density of 0.2 mA cm−2 and 35 °C. The prolonged cycling stability
at different current densities is demonstrated over 600 cycles in
Figure 5d. The comparison of capacity profiles at 0.1 mA cm−2
reveals ≈95.4% capacity retention (Figure S34c, Supporting
Information), demonstrating high stability of the Co(L3)2 cell.
During the operation of the redox cell, the anolyte changed
color from brown to dark blue. The carbon electrode and LATP
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surfaces were covered with precipitates, far more apparent on
the anolyte side. The X-ray photoelectron spectra of the carbon
electrode surface revealed considerable amounts of oxygen and
nitrogen residues and spin–orbit peaks of Co 2p3/2 and 2p1/2
(Figure S36, Supporting Information), suggesting the formation of a thick passivation layer from the anolyte. Furthermore,
blueish coloration on the LATP surface facing the anolyte
(Figure S37, Supporting Information) likely due to precipitated Co(I) and/or chemical reaction of Ti from the LATP separator is consistent with previous reports.[20d,27] Taken together,
these observations provide good reasons to expect a decrease
in anolyte concentration and explain the low capacity found
when Co(L3)2 is used both as anolyte and catholyte. Interestingly, the Co(L3)2 cells are stable during galvanostatic cycling,
yet they form precipitates on the anolyte side. It appears that the
Co(I)-complexes degrade during the initial activation, but reach
an equilibrium upon further cycling characterized by the low
Coulombic efficiency of ≈87% at the initial stage that gradually
improves to ≈95% after 150 cycles (Figure 5d). The degradation
is anticipated for the labile Co(I)–d8, high-spin 20-electron complex. The tridentate ligands may prevent the complete detachment of the ligand and contribute to the resistive capacity
retention. This expectation is confirmed by the greater cycling
stability of the tridentate Co(L3)2 with the capacity retention of
97.4% compared to the bidentate Co(L1)3 system with 82.3%
after 25 cycles (Figure S38, Supporting Information). Such
swift capacity fading for Co(L1)3 was not seen for the catholyte
in Li/Co(L1)3 redox cell where we observed ≈91% retention
for 200 cycles at 25 °C, suggesting severe deterioration of the
anolyte, Co(I/II)(L1)3. These findings illustrate the power of the
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chelation effect that stabilizes the otherwise redox-labile 20-electron species.

7. Conclusions

The authors declare no conflict of interest.

Keywords

By combining theoretical and experimental methods we evaluated several strategies toward exploiting the unique features
of organometallic complexes as charge carriers towards highperformance RFB. Unlike organic or single-atom systems,
these complexes dissipate the stress associated with the excess
electrons by spin-crossover. In addition, the chelation effect can
enhance the stability. By increasing the denticity of the ligands,
the number of ligands on the metal can be reduced and the
entropic penalty is lowered by nearly 10 kcal mol−1. DFT calculations allow for identifying ways of increasing the oxidation
potential of a catholyte. The analysis illustrated in Figure 2
suggested that weaker Lewis bases should in principle give
higher oxidation potentials. This nonintuitive, but logical prediction was confirmed by replacing the pyridyl groups with
pyrazolyl moieties, affording the [Co(II/III)(L3)2]2+/3+ couple.
This new catholyte showed a redox potential that is ≈600 mV
more positive than the original system, [Co(II/III)(L1)3]2+/3+,
delivering a working potential of 3.8–4.0 V against the Li/Li+
anode couple, which is one of the highest reported to date. The
Co(I/II) couple displayed a surprisingly stable and well-defined
redox profile in the cyclic voltammetry experiments, inspiring
us to test a purely Co-based redox cell design. As anticipated,
the Co(I) 20-electron complex displayed signs of decomposition, but nonetheless delivered a respectable performance due
to the stabilizing effect of the tridentate chelating ligand.
In conclusion, we demonstrated in this work how to utilize quantum chemical methods to understand and design
the redox properties of an organometallic complex for use as
a catholyte or anolyte in RFB. We showed that redox potentials
and capacity fading can be understood and improved rationally.
These results emphasize the highly tunable nature of organometallic complexes and suggest that further improvement of
the redox stability and working potential should be possible
by additional ligand modifications. This work is currently
underway in our laboratories.

Experimental Section
The experimental section is provided in the Supporting Information.

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