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Fig. 1. Concept of an RFLB full cell and a summary of the reported energy density of various aqueous and nonaqueous RFBs. (A) Schematic
illustration of a redox flow lithium battery (RFLB) full cell. It has two separate tanks filled with porous LiFePO, and TiO, granules. Catholyte and
anolyte are circulated through the materials in the tanks and to the cell during charging and discharging. (B) Photograph of an RFLB full cell used in
this report. Electrolytes are circulated with two peristaltic pumps. (C) A plot summarizing various flow-type battery chemistries in terms of cell
voltage, effective concentration of redox species (by considering the number of electrons involved in the reaction), and energy density.

those based on Nafion (commonly used in aqueous RFBs), have good
flexibility and chemical stability, their performance is greatly com-
promised in nonaqueous RFBs due to the high permeability of redox
mediators. Therefore, a suitable membrane is needed for the development
of RELB full cells. Here, we report a polymeric Nafion/polyvinylidene
difluoride (PVDF) composite membrane that enables the operation of
the first RFLB full cell. As shown in Fig. 1, granules of LiFePO, and TiO,,
which are used as the cathodic and anodic Li storage materials, respec-
tively, are statically kept in two separate tanks in the full cell. Two pairs
of redox mediators, namely, dibromoferrocene (FcBr,) and ferrocene (Fc),
and cobaltocene [Co(Cp),] and bis(pentamethylcyclopentadienyl)cobalt
[Co(Cp*),], are used in the catholyte and anolyte for the redox targeting
reactions with LiFePO, and TiO,, respectively. Because of the con-
densed state of the materials, the Li* concentration in LiFePO, and
TiO, is 22.8 and 22.5 M (for Li, 5Ti0,), which amounts to a theoretical
volumetric capacity of 613 and 603 ampere-hours per liter (Ah liter "),
respectively (29). Considering a 50% porosity of the materials in the
tank, the reachable tank energy density of an RFLB full cell could be
as high as ~500 watt-hours per liter (Wh liter ™), which is 10 times that
of the conventional VRB (50 Wh liter ! for one tank) (30). We anticipate
that RFLB will pave the way for next-generation large-scale energy
storage.

RESULTS

Physical properties of the Nafion/PVDF membrane

An ideal membrane has high areal Li* conductivity, minimum redox
mediator permeability, and good mechanical strength. LISICON (lith-
ium super ionic conductor) structured glass ceramic is a popular option
in various redox flow lithium half-cells. However, the presence of Ti*"
makes the membrane liable to be reduced by the redox molecules in the
anolyte. For instance, as shown in the inset of Fig. 2A, the OHARA
LICGC glass ceramic membrane undergoes a striking color change
when it is in contact with the reduced Co(Cp*), molecules. Moreover,
the ceramic membrane is too fragile to be used as the separator in large
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flow cells. On the other hand, although the lithiated Nafion membrane
is chemically stable with the anolyte, it suffers from severe crossover of
redox mediators as a result of strong swelling induced by the electrolyte
solvent (table S1), and the cell fails to be charged/discharged properly
(fig. S1). Hence, here, we propose using PVDF as a rigid framework for
Nafion to control the swelling and consequently eliminate the crossover.
The as-prepared dry membrane NP11 (Nafion/PVDEF weight ratio, 1:1)
has large areal resistance, which drastically drops after it is assembled
into an RFLB full cell with electrolyte circulating for 48 hours (fig. S2).
The membrane “activation” process continues upon cycling the cell—a
further decrease of the membrane resistance was observed after charging/
discharging the cell for 47 cycles (Fig. 2A). In contrast to the glass ceramic
membrane, the Nafion/PVDF composite membrane presented nearly no
color change after cycling, indicating good chemical stability.

The bright and dark areas in the atomic force microscopy (AFM)
phase images in Fig. 2B represent the hard hydrophobic and soft hydro-
philic regions of the NP11 membrane, respectively (31, 32). Clearly, the
hydrophilic -SO;Li groups on the side chain of the Nafion membrane
are uniformly interconnected with the hydrophobic fluorocarbon back-
bones of PVDF and Nafion, and thus, continuous Li* transport channels
are formed. Such a microstructure of the NP11 membrane is distinct
from the pure Nafion membrane (fig. S3)—the bright area corresponding
to the C-F chains becomes more predominant in the composite mem-
brane and the hydrophilic channels are surrounded by large hydro-
phobic domains. As a result, the swelling of the composite membrane
is greatly reduced (table S1), which is further substantiated by the
crossover test of the redox mediators in fig. $4. The scanning electron
microscopy image in fig. S5 shows that the surface of the NP11 mem-
brane is uniform and smooth with no crack observed. The EDX elemen-
tal mapping reveals a uniform distribution of all the four elements,
corroborating the excellent dispersion of the two phases in the com-
posite membrane. Hence, the microstructure of the NP11 membrane
ensures continuous Li* transport through the isolated hydrophilic
domains while eliminating crossover of the redox mediators with the
surrounding rigid hydrophobic domains. While varying the Nafion/
PVDF ratio in the composite membrane, we observed that the degree
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Fig. 2. General properties of Nafion/PVDF membranes. (A) Impedance Nyquist plots of the NP11 membrane before and after testing in an RFLB
full cell for 47 cycles. The inset also shows the photographs of an OHARA LICGC and NP11 membrane before and after cycling. (B and C) AFM phase
image (B) and energy-dispersive x-ray spectroscopy (EDX) elemental mapping (C) of the as-prepared NP11 membrane.

of lithiation (DL) increases with Nafion content (table S2) and so does
Li" conductivity. Compared with the NP11 membrane, although NP21
exhibits lower areal resistance, it has severe crossover of redox mediators
(fig. S4), so it can’t be used in an RFLB full cell (fig. S6). In contrast,
although the NP12 membrane has no crossover problem, it suffers from
unendurably high areal resistance (fig. S7).

The stability of the NP11 membrane was extensively evaluated after
cycling in an RFLB full cell. As shown in fig. S5B, the surface of the NP11
membrane remains smooth and uniform and no obvious changes could
be observed. In addition, the distribution of S and O elements is uniform,
indicating that there is no phase separation of Nafion and PVDF. More-
over, the AFM phase images (fig. S8) show that the hydrophilic -SO;Li
groups (dark area) on the side chain of the Nafion membrane remain
uniformly interconnected with the hydrophobic fluorocarbon backbones
(bright area) of PVDF and Nafion after cycling. Fourier transform infra-
red spectroscopy (FTIR) spectra further confirm the chemical stability of
the NP11 membrane upon prolonged cycling. The characteristic vibra-
tion bands of Nafion and PVDF in NP11 appear the same before and
after cycling in an RFLB full cell (fig. S9), suggesting excellent chemical
robustness of the materials. The above characterizations unambiguous-
ly reveal that both the Nafion and PVDF components in the composite
membrane retain uniform dispersion without appreciable phase sepa-
ration and chemical degradation after prolonged cycling in an RFLB full
cell.

RFLB full cell performance

For reversible redox targeting reactions and consequently effective
energy storage in the solid active materials in the tanks to be realized,
the potentials of redox mediators should just straddle those of the active
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materials in the same electrolyte, which thus could be reversibly oxi-
dized (delithiated) by a mediator with a high potential and reduced
(lithiated) by a mediator with a low potential. As shown in the cyclic
voltammograms in Fig. 3A, the potential of LiFePO, is 3.45 V (versus
Li/Li") on the cathodic side, which lies in between the potentials of
FcBr, (3.78 V) and Fc (3.40 V). Similarly, on the anodic side, the
potential of TiO, (~1.80 V) lies in between the potentials of Co(Cp),
(2.10 V) and Co(Cp*), (1.67 V).

Figure 4A shows the typical voltage profiles of an RFLB full cell, in
which it used 5 mM Co(Cp),/Co(Cp*), and 5 mM FcBr,/Fc in the an-
olyte and catholyte, respectively. We used a slight excess quantity of
TiO, in the anodic tank over LiFePO, in the cathodic tank to determine
the reaction yield of LiFePO,. Three consecutive plateaus are observed
for the charging process. The first plateau at 1.80 V is determined by the
oxidation of Fc in the cathodic compartment and the concurrent reduc-
tion of Co(Cp)," in the anodic compartment [reaction (5), Fig. 3B]
when the IR drop [~0.55 V, see the galvanostatic intermittent titration
technique (GITT) in Fig. 4A] across the membrane and electrolytes is
taken into account. With the progress of the charging process, Co(Cp*),"
is subsequently reduced in the anodic side when that of Co(Cp),*
ceases. Meanwhile, Fc continues to be oxidized on the cathodic side pre-
sumably due to the superior reaction reversibility of Fc to Co(Cp), ", and
the overall reaction reduces to reaction (3), rendering the second plateau
at 2.25 V. FcBr, then starts to be oxidized when all Fc is converted to Fc™,
which leads to reaction (1), corresponding to the third plateau at 2.65 V.
With the formation of Co(Cp*),, TiO, starts to be lithiated as a result of
redox targeting reaction between the two in the anodic storage tank,
which regenerates Co(Cp*),". Concomitantly, the oxidation of FcBr,,
forming FcBr,", leads to the delithiation of LiFePOy, in the cathodic
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Fig. 3. Working principle of the redox targeting reactions in cathodic and anodic tanks. (A) Cyclic voltammograms of the redox mediators and
Li storage materials—LiFePO, and TiO,. (B) A scheme compiling the chemical reactions between the redox mediators and materials in the tanks, as
well as the electrochemical reactions of the mediators in the cell at different charging and discharging stages.

Fig. 4. Electrochemical performance of the RFLB full cell. (A) Typical voltage profiles of the RFLB full cell at different current densities. The inset

shows a fraction of the GITT curve of the cell during the charging process at a current density of 0.05 mA cm

2, (B) Volumetric capacity retention

and coulombic efficiency of the cell over cycling at different current densities.

storage tank. As a result, the third charging plateau is obviously pro-
longed, and the capacities of both LiFePO, and TiO, are released at this
stage [reaction (2)]. In contrast, only two plateaus are observed in the
first charging process (fig. S10) because both Co(Cp), and Co(Cp*), are
initially in reduced states, and hence, reaction (5) is absent during the
first charging. The discharging process nearly reverses the above
electrochemical and chemical reactions with three voltage plateaus from
high to low voltage corresponding to reactions (1), (4), and (5), respec-
tively. The prolonged third plateau of the discharging curve involves the
reactions of both FePO, and Li, TiO, with Fc and Co(Cp), [reaction
(6)], respectively.

There is a clear trend that the voltage plateaus increase with current
density. As discussed previously, the operation of RFLB relies on the
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chemical reactions between redox mediators and Li storage materials
in the tanks, the electrochemical reactions of the redox mediators in
the electrochemical cell, and the mass transport of Li* and redox me-
diators between the two, as well as that of Li* across the membrane.
Although the microstructure of the Li storage materials in the tank is
optimized, our previous study discloses that the pseudo-first-order vol-
umetric rate constants of the Li*-coupled heterogeneous electron trans-
fer between Fc/FcBr, and LiFePO, are in the range of 1 to 6 s, which is
translated into a “C-rate” of more than 43C, a rather fast process for
normal battery operation (33). In addition, as the redox mediators used
here are highly reversible, the fast electrode reactions of these redox spe-
cies are unlikely to dictate the power of the cell. Hence, the mass
transport, especially that of Li* across the membrane, would plausibly
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