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Abstract: The large-scale, cost-effective storage of electrical
energy obtained from the growing deployment of wind and
solar power is critically needed for the integration into the grid
of these renewable energy sources. Rechargeable batteries
having a redox-flow cathode represent a viable solution for
either a Li-ion or a Na-ion battery provided a suitable low-cost
redox molecule soluble in an aprotic electrolyte can be
identified that is stable for repeated cycling and does not
cross the separator membrane to the anode. Here we demon-
strate an environmentally friendly, low-cost ferrocene/ferroce-
nium molecular redox couple that shows about 95% energy
efficiency and about 90 % capacity retention after 250 full
charge/discharge cycles.

The rapidly expanding deployment of renewable energy
sources, which supply electric power from wind and solar
energy to a grid servicing a variable and increasing energy
demand, requires the development of distributed electrical
energy storage that may be either portable or stationary.[1,2]

Rechargeable batteries offer such an electrical energy stor-
age, but all of the targets of cost, safety, service life, and
energy and power density in a single existing rechargeable
battery have yet to be met. Recently, rechargeable batteries
with a solid oxide Li-ion electrolyte separating an aprotic
anolyte and an aqueous flow-through catholyte have been
explored.[3–7] These batteries would offer a water soluble
redox molecule and a metallic lithium anode, but a suitable
solid Li+-electrolyte separator has yet to be developed. This
cell configuration is potentially advantageous owing to the
low cost of aqueous electrolytes and the extremely high
capacity of a lithium anode. However, to avoid water
decomposition, the H2/O2 evolution potential limits the
applicable potential change of such cells. More importantly,

the solid Li+-electrolyte separator must be sufficiently robust
mechanically to be fabricated as a thin large-area membrane
and have chemical stability in a corrosive aqueous catholyte
to prevent the lithium anode from getting into contact with
the aqueous catholyte.[8]

Alternatively, semipermeable, mechanically robust, and
flexible separators have been developed that block dendrites
from an alkali-metal anode.[9] They allow a flow-through
catholyte containing an aprotic liquid with a large voltage
window, for example, formamide and amides,[10,11] provided
the redox molecule of the catholyte is soluble in the liquid
electrolyte and is blocked from crossing the membrane into
the anode. A liquid flow-through cathode offers a fundamen-
tally different, higher capacity and rate capability than a solid
insertion-compound cathode and the use of an aprotic liquid
electrolyte permits a broader potential window than is
possible with a conventional aqueous flow-through battery.
Herein, we explore the use of inexpensive ferrocene dissolved
in dimethylformamide as the liquid cathode of a 3.6 V Li-ion
cell with a solid Li+-electrolyte separator (see the Supporting
Information, SI, for more details). The liquid cathode exhibits
a high-rate discharging capability with high energy efficiency
and stable discharge potential, which are comparable to those
of Li-ion batteries and superior to the conventional redox-
flow batteries based on proton chemistry.

In ferrocene, two cyclopentadienyl ligands, C5H5, lie on
top of each other with the Fe atom sandwiched in the middle.
The p orbitals of the C5H5 rings and the Fe d orbitals are
responsible for coordination and chemical reactivity.[12] In the
ground state, the frontier orbital of ferrocene (Figure 1a) is
generally accepted as being (e2g)

4(a1g)
2, whereas for ferroce-

nium the orbital structure is generally accepted as being
(e2g)

4(a1g)
1.[13] The activation energy required for the orbital

electronic structure conversion is as low as approximately
10 kJ mol�1 in most organic solvents[14] with a rate constant[15]

that is much greater than that of other redox couples used in
conventional redox-flow batteries.[16] Besides, good thermal
stability, the high solubility in most organic solvents,[17] and
a redox potential of 3.6 V vs. Li+/Li make ferrocene an
attractive material for the construction of a liquid cathode Li-
ion battery.

The working principle of such a battery is based on the
reversible redox reaction between ferrocene and ferrocenium
(Figure 1b). Upon charging, Li-ions move from the cathode
to the anode through a NASICON-type Li1+x+3zAlx(Ti,Ge)2-

xSi3zP3-zO12 (LATP) membrane in which the Li-ion diffuses
through a vacancy diffusion mechanism,[18, 19] while electrons
move from the cathode to the anode through an external
circuit. During charging, ferrocene is oxidized into ferroce-
nium in the cathode, while a Li-ion is reduced to Li in the
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anode. Correspondingly, discharging is the reverse process
relative to charging. The cell structure design is flexible
following the basic rule that the cathode and anode should be
isolated by a Li-ion-conducting ceramic membrane. In this
study, a home-built cell (Figure 1c) composed of a cathode
compartment (Ti foil as supporting substrate, activated
carbon as current collector, and ferrocene dissolved in
selected organic solvent as liquid cathode), a LATP separator
(electrochemically stable at a potential range between 2.8–
6 V vs. Li+/Li),[3, 6] and an anode compartment (conventional
organic electrolyte or polymer electrolyte as buffer layer,
Li@Cu foil as anode) is used. Combining the concept and
advantages of Li-ion batteries and redox-flow batteries, the
cell can be designed with a flow-through cathode[20, 21] and
a replaceable anode, both of which can be independently
scalable. The benefit from such a configuration relies in the
reduced size of individual cells to further lower the cost of the
whole battery pack. The high power output of a fully charged
cell was impressively demonstrated by simultaneously light-
ing twelve white LED bulbs (Figure 1d).

The solvent might interact with either ferrocene or
ferrocenium, leading to a significant solvent dependence of
the redox potential. Therefore, the redox behavior of
ferrocene/ferrocenium in some representative inexpensive

solvents such as N,N-dimethylformamide (DMF), N,N-dimet-
ylacetamide (DMA) and tetrahydrofuran (THF) were tested.
The commercial organic electrolyte for Li-ion batteries,
ethylene carbonate (EC)/diethyl carbonate (DEC), was also
tested as reference. The dQ/dV plots (Figure 2a) of 0.1m
ferrocene in these solvents in the presence of 1m LiPF6

exhibit quite different redox behavior at the same current
density: DMA showed the highest redox potential followed
by DMF and THF with EC/DEC being the lowest. However,
the reversible capacity of ferrocene achieved in DMA was the
smallest among the solvents tested. The redox potential
depends on the interactions between ferrocene/ferrocenium
and solvent molecules through possible interactions between
the hydrogen-bonding acid and base moieties of the solvent
and the members of the ferrocene/ferrocenium couple.[22] It�s
found in our studies that DMF was the most suitable solvent
for the ferrocene/ferrocenium redox reaction considering the
smaller overpotential (~ 70 mV) and higher reduction poten-
tial (~ 3.6 V vs. Li+/Li) of ferrocenium. Moreover, cyclic
voltammetry (CV) measurements with a low sweeping rate
(Figure 2b) confirmed that the redox reaction of ferrocene/
ferrocenium was reversible as the cathodic and anodic peaks
were symmetric, and this redox reaction was the sole reaction
taking place in DMF, suggesting the stability of both

Figure 1. Rationality of using the ferrocene/ferrocenium redox couple to design an alkali-ion battery. a) The frontier orbital electronic structure of
ferrocene/ferrocenium. b) Working principle of the cell. A NASICON-type Li1+x+3zAlx(Ti,Ge)2-xSi3zP3-zO12 membrane is used as separator, which only
allows Li-ions to pass through. In the NASICON structure, Li-ions occupy two positions in the conduction channels: the M1 site, which is
coordinated by a trigonal antiprism of oxygen atoms, and the M2 site, which has a distorted eightfold coordination. Long-range ion conduction in
the NASICON structure is built up by ion diffusion between the M1 and M2 sites. (Ti,Ge)O6 octahedrons and PO4 tetrahedrons in the NASICON-
type structure are shown in green and purple, respectively. c) Proposed cell design and configuration. The cathode part is composed of a Ti foil as
the supporting substrate, activated carbon as the current collector, and ferrocene solution as liquid cathode. A NASICON-type Li1+x+3zAlx(Ti,Ge)2-

xSi3zP3-zO12 membrane is used to separate the cathode from the anode. The cell was sealed with the Surlyn resin. d) An experimental
demonstration of the power performance of the cell showing a power output high enough to light twelve LED bulbs simultaneously. The solid
electrolyte is 0.64 cm2 in area.
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ferrocene/ferrocenium redox reaction and DMF as solvent in
the measured potential range. Increasing the sweeping rate
led to a linear response of peak current density and square
root of sweeping rate (SI, Figure S1), indicating the redox
electrochemical process in the system was controlled by
diffusion.

To gain further insight into the redox kinetics, rotation
disk electrode (RDE) measurements were carried out to
determine the diffusion coefficient of ferrocene/ferrocenium
and the kinetic rate constant of the redox reaction. RDE
measurements at a variety of rates yield the mass-transport-
limited currents (Figure 2c,d). The Levich plot (Figure 2e) of
the limiting current densities (Jlim) showed a linear response
to the square root of rotation rates (w1/2), from which the
diffusion coefficient of ferrocene and ferrocenium could be
determined to be 8.9 � 10�6 cm2 s�1 and 3.2 � 10�6 cm2 s�1,
respectively, based on the Levich equation [Jlim = 0.620 �
nFD2/3w1/2n�1/6C, in which n is the number of electrons in the
charge-transfer step, F is the faraday constant, n is the
kinematic viscosity (~ 9.7 � 10�3 cm2 s�1), and C is the pre-
pared bulk concentration of the reactants (8 �
10�4 molcm�3)]. The diffusion coefficient of ferrocene/ferro-
cenium in DMF is similar to those of redox couples in aqueous
flow batteries,[23] but orders of magnitude higher than that in
Li-ion batteries and NiMH batteries.[24,25] A Tafel plot of the
kinetic current Jk showed a linear response to the over-
potential (Figure 2 f). Extrapolating the Tafel line to the
equilibrium potential yields the exchange current density (J0)
of 1.05 � 10�3 Acm�2 and 5.13 � 10�4 Acm�2 for ferrocene and

ferrocenium, respectively. The rate constant of the electron
transfer, k0, is proportional to the exchange current density
according to J0 = nFk0C and results in the kinetic rate
constant of 1.4 � 10�2 cms�1 and 6.8 � 10�3 cms�1 for ferrocene
oxidation reaction and ferrocenium reduction reaction,
respectively. Both values are greater than those found for
other redox couples used in aqueous flow batteries such as
VO2

+/VO2+, Fe3+/Fe2+, Ce4+/Ce3+, Cr3+/Cr2+, and Br2/Br� ,[16]

and are comparable to those of the I3
�/I� redox couple in

aqueous phase.[26] This result implies that the voltage loss due
to the rate of surface electrochemical reactions is negligible.
The high rate can be attributed to an outer-sphere one-
electron redox reaction with low energy barrier. Mass transfer
of the electroactive species to the current collector surface is
a major factor in determining the rate of an electrochemical
oxidation or reduction, which can be further improved by an
advanced current collector design that shortens diffusion
pathways of electroactive materials.[27]

The Li+ solid electrolyte membrane, often the bottleneck
of mass transfer, did not restrain a high power output of the
cell. Polarization-curve analysis showed that a maximum
power output of 155 W kg�1 with a corresponding discharge
potential of approximately 2.4 V could be achieved at room
temperature based on the total weight of the ferrocene
solution (Figure 3a). The cell could work shortly with the
maximum power output in order to avoid possible TiIV

reduction in the Li-ion conducting membrane when the
voltage was below 2.8 V. The cell was able to deliver a rated
power output of 120 Wkg�1 with a current density of

Figure 2. The redox behavior of the ferrocene/ferrocenium couple in an aprotic solvent. a) Solvent-dependent redox potential of ferrocene/
ferrocenium in DMA, DMF, THF, and EC/DEC solvents containing 1m LiPF6 with a current rate of 0.2 C. b) CV profile at a scan rate of
0.01 mVs�1 using 1m LiPF6 in DMF as electrolyte. c,d) RDE measurements of ferrocene and ferrocenium in DMF containing 1m LiPF6 at various
rotation rates ranging from 100 rpm to 4900 rpm at a scan rate of 5 mVs�1 on a glassy carbon electrode. e) Levich plot of limiting current ( Jlim)
vs. square root of rotation (w1/2) of ferrocene and ferrocenium. f) Tafel plot derived from the rotation rate of 4900 rpm in the overpotential (h)
range of 0.05 to 0.27 mV for ferrocene and ferrocenium.
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1150 mAg�1 (equals to C-rate of ~ 8). This power density is
comparable to/exceeding that of the current battery technol-
ogies.[28] Increasing the conductivity of the Li-ion conducting
membrane would significantly improve the power perfor-
mance. For instance, the cell showed the rated power output
of 165 and 210 W kg�1 at elevated temperatures of 40 and
55 8C, respectively (SI, Figure S2). The capacity retention at
different current densities (Figure 3b) showed that the cell
reached a reversible capacity of 134 mAh�1 g�1 with a dis-
charge potential of ca. 3.6 V and a current density of 0.2 C,
94% of the theoretical capacity of ferrocene. Ohmic polar-
ization resulted from the resistance of the Li-ion-conducting
membrane and concentration polarization resulted from
limited Li-ion transport in the solid electrolyte and ferroce-
nium diluent in the electrolyte became more obvious as the
current density increased. Nevertheless, reversible capacities
of 130, 110, and 90 mAh�1 g�1 were delivered at higher
current densities of 0.5, 1, and 1.5 C, respectively. It could be
expected that the rate capability could be further enhanced
with the development of superior Li+-ion conductors,[29]

which would benefit in promoting mass transfer between
the anode and cathode. Galvanostatic charge/discharge
measurements further demonstrated a stable cyclability of
the cell. The initial charging capacity at a current density of
0.2 C reached 143 mAh�1 g�1 (Figure 3c), almost the theoret-
ical capacity of ferrocene (145 mAh�1 g�1). A reversible
capacity of around 130 mAh�1 g�1 was achieved from the
second cycle. An incomplete oxidation (~ 10%) of ferrocene
was observed, which was caused by the diffusion-controlled
electrochemical process. The potential was rather stable upon
cycling and the average discharge potential reached 3.5 V.

The overpotential was decreased from ca. 200 mV for the first
cycle to ca. 150 mV at the second cycle, and further decreased
to less than 100 mV at the 50th cycle, which is probably due to
a gradually decreased interfacial resistance between the
solution and the current collector.[7] The small overpotential
resulted in a high energy efficiency of ca. 95 % after the first
cycle (SI, Figure S3), which is much greater than that of
conventional redox-flow batteries (typically 65–75 %).[30] The
capacity retention was rather stable on cycling (Figure 3d),
ca. 90 % of the initial discharge capacity could be maintained
after 250 full charge/discharge cycles with a capacity decay of
ca. 0.4% per cycle. The Coulombic efficiency immediately
reached 98 % at the second cycle and stabilized between 98–
100 % thereafter.

The redox reaction of ferrocene and ferrocene-containing
compounds shows high reversibility and electrochemical
stability.[31] The solubility of the pristine ferrocene in organic
solvents could be further increased by chemical functional-
ization of ferrocene, thus providing higher energy density.[32]

The NMR analysis (SI, Figure S4) of the cells before and after
cycling shows that the sharp peak resulting from the ferrocene
ligand was not changed, indicating that the ligands of
ferrocene are stable in the DMF-based electrolyte. The
gradual capacity loss could be attributed to the anode, on
which Li dendrites (SI, Figure S5) form upon cycling and
detach from the current collector. Though the observed
degradation of the LATP separator by TiIV reduction (when in
direct contact with detached Li dendrite) is rather slow, as
evident by the slightly increased cell resistance (SI, Fig-
ure S6), the LATP membrane does not show any structural
deformation (SI, Figure S7). Compared with previous reports

Figure 3. Electrochemical performance of the cell. a) Polarization curve and corresponding power density at room temperature. b) Room
temperature cell discharge behavior at various C-rates of 0.2, 0.5, 1, and 1.5. The cell is fully charged to 4.15 V (vs. Li+/Li) with a fixed C-rate of
0.2 prior to rate capability test. c) Representative charge/discharge profiles of the first, second, and 50th cycles. d) Capacity retention with
corresponding Coulombic efficiency (CE) at room temperature over cycling.
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using aqueous electrolytes,[3–6] DMF provides a wider poten-
tial range and alleviates the possible corrosion on the LATP
membrane caused by H+ or OH� attack after long-term
operation.[8, 19] DMF as solvent in such a liquid cathode Li-
redox battery avoids the use of a costly commercial organic
electrolyte and can be operated in a broad temperature range
owing to its relatively high boiling point (153 8C) and low
freezing point (�61 8C).[33] The DMF solvent with its specific
heat capacity (~ 140 JK�1 mol�1) and thermal conductivity
(~ 180 mWK�1 m�1)[34] can effectively dissipate the heat,
potentially offering an automatic cool-down system in case
of a temperature increase or overloaded operation.[35] Never-
theless, it should be pointed out that the LATP separator,
being the bottleneck of mass transfer, limited the cell to
achieve higher power density. There�s plenty of room to
improve the conductivity of Li+ conductors. For instance,
a superionic Li+ conductor based on Li10GeP2S12 has recently
been reported to exhibit a very high bulk conductivity of
12 mS cm�1 at room temperature.[36]

In summary, the ferrocene/ferrocenium redox reaction in
an aprotic solvent can be applied in a liquid cathode Li-ion
redox battery for efficient electrical energy storage. The
electroactive ferrocene/ferrocenium redox couple exhibits
rapid redox kinetics with specific capacity over
130 mAh�1 g�1. The redox reaction is highly reversible and
efficient as the capacity maintains ca. 90% after 250 full
charge/discharge cycles and the Coulombic efficiency reaches
98–100%. The cell shows a power density of 120 Wkg�1 based
on the total weight of the liquid cathode, comparable to most
current battery technologies. In addition, the liquid cathode is
stable upon cycling and shows a mild reaction when short-
circuited with metallic Li, thus making it a sustainable and
safe energy storage medium. The ferrocene/ferrocenium
redox couple has also been shown to work in a Na-ion battery
with a semipermeable membrane.[9]
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