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ABSTRACT: The rising demands on low-cost and grid-scale energy
storage systems call for new battery techniques. Herein, we propose the
design of an iconoclastic battery configuration by introducing solid Li-
storage chemistry into aqueous redox flow batteries. By dispersing tiny-
sized Li-storable active material particulates and conductive agents into
high-salinity aqueous electrolytes, a slurry flow battery based on an
intriguing interfacial charge “passing-down” mechanism is constructed,
presenting expanded potential window, favorable redox stability, and
good fluidity. A low-cost commercial dialysis membrane is used as the
separator, which could efficiently inhibit the crossover of cathodic/anodic
particulates via size exclusion and enable unimpeded transmembrane Li+

migration. The aqueous lithium-ion slurry flow batteries achieve nearly
100% Coulombic efficiency, long cycling life, high safety, and low system
cost, holding great promise for large-scale energy storage applications.

With the booming increase in demand for conversion
from fossil fuels to renewable energy sources, such
as intermittent solar and wind energy, the develop-

ment of low-cost and sustainable secondary battery systems is
urgently required to fulfill the ever-growing need for
distributed energy storage devices in smart grids.1 Redox
flow batteries based on aqueous electrolytes are highly
promising for stationary applications due to their reliable
safety and modulable cell architecture with decoupled energy
and power densities. All-vanadium redox flow batteries
(VRFBs) have been intensively studied owing to their mono-
element feature and high robustness.2 However, the
application of VRFBs is still constrained by the intractable
crossover effect, relatively low Coulombic efficiency (usually
∼85%), and high cost of ion-exchange membranes (500−700
USD m−2).2−4 To overcome the above issues, the development
of conceptually novel energy storage devices is of great
significance. Lithium-ion redox flow batteries (Li-RFBs) have
been proposed as a new type of battery technology featuring
the functional mechanism of lithium-ion batteries (LIBs) based
on organic electrolytes but working in a RFB manner.5−8

Chiang’s group exemplified this concept with a semi-solid
lithium rechargeable flow battery based on the typical cathode/
anode materials and carbonate electrolyte of LIBs.6 However,
the organic electrolyte in Li-RFBs may lead to fire risk and
elevated system cost. Therefore, it is desirable to substitute the
organic electrolytes with aqueous electrolytes with high safety,

environmental friendliness, and good cost effectiveness.
Nevertheless, there have been very few reports on aqueous
semi-solid flow cell (A-SSFC) systems.9 Moreover, the
electrochemical performances of aqueous LIBs are constrained
by the narrow electrochemical stability window of water (1.23
V) and the side reactions in aqueous media. Wang’s group
proposed the use of a highly concentrated aqueous Li-salt
electrolyte for expanding the potential window of conventional
aqueous LIBs from 1.23 to ∼3.0 V, which holds great promise
for improving the energy density of aqueous LIBs.10 Notably,
the utilization of hypersaline aqueous electrolyte in dynamic
RFBs aiming for large-scale energy storage still has not been
explored. On the other hand, it is necessary and worthwhile to
construct appropriate active materials that make maximal use
of the potential window of high-salinity aqueous electrolytes.
Herein, we report the design of dynamic aqueous lithium-

ion slurry flow batteries (ALISFBs) based on Li-insertion/
extrusion reversible particulate slurries dispersed in hypersaline
aqueous electrolytes. The structural configuration of the
ALISFBs is displayed in Scheme 1. A hypersaline aqueous
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lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) electro-
lyte was employed to maximize the operation voltage of the

ALISFBs under the premise of safety. To sufficiently utilize the
extended potential window of high-salinity aqueous electrolyte,
vanadium-containing polyanion lithium compounds, Li-
VaXb(PO4)c (including β-LiVOPO4, LiVPO4F, and
Li3V2(PO4)3) and vanadium dioxide (VO2) are rationally
picked as the redox-active materials in the cathodic and anodic
slurries, respectively. Specifically, the densely packed frame-
work of β-LiVOPO4 brings forth a high operating potential
(4.0 V vs Li+/Li), rapid lithium-ion diffusion, and remarkable
phase stability.11−13 Benefiting from the introduction of more-
electronegative F− ions with strong inductive effect into the
consolidus covalent bonded crystal structure, LiVPO4F
displayed further improvements in the redox potential (4.2 V
vs Li+/Li) and lattice stability.14−16 Li3V2(PO4)3, with a
favorable lithium super ionic conductor (LISICON) structure
that can effectively facilitate Li+ diffusion, was also tested as a
control sample in ALISFBs.17−19 At the anodic side, VO2 has a
unique structure of V4O10-type bilayers formed from distorted
and edge-sharing VO6 octahedra and delivered a stable
potential plateau (∼2.7 V vs Li+/Li), a high theoretical
capacity (∼195 mAh g−1), and rapid Li+ diffusion.20,21

Additionally, the hypersaline aqueous electrolyte can effectively
prevent the dissolution of these vanadium-based active
materials into the electrolyte. Moreover, a certain amount of
MWCNTs was homogeneously mixed into the slurries via ball-
milling and served as a conductive agent to form dense
electron-transfer pathways in the slurries. Instead of an
expensive ion-exchange membrane, a low-cost commercial
dialysis membrane with nanoscale pores (MWCO 100) was
used as the separator to isolate the cathodic and anodic
slurries. The dialysis membrane enables the rapid shutting of
Li+ ions and effectively prevents the cross-over contamination
of active material particulates via size exclusion. Based on the

Scheme 1. Schematic Configuration of an Aqueous Lithium-
Ion Slurry Flow Batterya

aThe battery consists of two electrolyte reservoirs, two peristaltic
pumps, and a flow cell filled with circulating cathodic and anodic
slurries. The slurries are composed of active material particulates and
MWCNTs (serving as conductive agents) dispersed in high-salinity
aqueous electrolytes. The cathodic active material, LiVaXb(PO4)c,
represents β-LiVOPO4, LiVPO4F, or Li3V2(PO4)3. The anodic active
material used in this work is VO2. The cathodic and anodic slurries in
the flow cell are separated by a commercial dialysis membrane
(MWCO 100) and circulated between the flow cell and the storage
reservoirs during charge−discharge processes.

Figure 1. Physiochemical properties of the active material particulates and slurries. (a) XRD patterns of β-LiVOPO4, LiVPO4F, Li3V2(PO4)3,
and VO2 particulates. (b) Optical photographs of 1.0 M active material particulate slurries dispersed in 21 m high-salinity aqueous LiTFSI
electrolyte. (c) SEM images of β-LiVOPO4, LiVPO4F, Li3V2(PO4)3, and VO2 particulates. (d) Electronic conductivity tests of LiVOPO4/
MWCNTs (77:23, w/w) slurries dispersed in different concentrations of aqueous LiTFSI electrolyte. (e) Electronic conductivity tests of
LiVOPO4/MWCNTs slurries with different weight ratios of conductive MWCNTs dispersed in 21 m aqueous LiTFSI electrolyte. (f)
Viscosity tests of aqueous LiTFSI electrolytes with different concentrations (red dots) and LiVOPO4/MWCNTs (77:23, w/w) slurries with
different concentrations dispersed in 21 m aqueous LiTFSI electrolyte (green dots).

ACS Energy Letters http://pubs.acs.org/journal/aelccp Letter

https://doi.org/10.1021/acsenergylett.2c00032
ACS Energy Lett. 2022, 7, 862−870

863

https://pubs.acs.org/doi/10.1021/acsenergylett.2c00032?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.2c00032?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.2c00032?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.2c00032?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.2c00032?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.2c00032?fig=fig1&ref=pdf
http://pubs.acs.org/journal/aelccp?ref=pdf
https://doi.org/10.1021/acsenergylett.2c00032?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


above intriguing design, hypersaline ALISFBs exhibited an
open-circuit voltage higher than 1.5 V, a total energy density
up to 84.6 Wh kg−1 (calculated based on the total mass of
cathodic and anodic active materials), and a remarkable
Coulombic efficiency maintained at almost 100% during long-
term cycling. Importantly, owing to the high structural stability
of LiVaXb(PO4)c||VO2 particulates and the efficient size
exclusion of the dialysis membrane, the ALISFBs displayed
remarkable cycling stability. Especially the LiVPO4F||VO2

ALISFBs showed an excellent capacity retention ratio of
nearly 100% after more than 1000 cycles, with almost no
attenuation per cycle and per day. In addition, the combination
of a flow cell with a commercial, inexpensive dialysis
membrane greatly reduced the system cost of the ALISFBs,
which is critical for their practical deployment toward large-
scale energy storage applications.

The approaches to the synthesis of the sub-micron
particulates of β-LiVOPO4, LiVPO4F, Li3V2(PO4)3, and VO2
are detailed in the Supporting Information. The X-ray
diffraction (XRD) patterns of these samples were well
consistent with the corresponding JCPDF cards in the XRD
database (Figure 1a). The characteristic bond vibrations in the
Fourier transform infrared (FTIR) spectroscopy and the
chemical compositions in the energy-dispersive X-ray (EDX)
spectra further verified the successful synthesis of these active
materials with high phase purity and crystallinity (Figures S1
and S2).22−26 To prepare high-salinity slurries, a 1.0 M
concentration of ball-milled particulates of these active
materials was homogeneously dispersed in a 21 m aqueous
LiTFSI electrolyte by ultrasonication, as shown in Figure 1b.
Here, M indicates the mole concentration of active material,
and m indicates the mole concentration of LiTFSI salt. Prior to
the battery assembly, the dispersion stability and physiochem-

Figure 2. Electrochemical properties of high-salinity aqueous electrolytes and slurries. The electrochemical tests were performed in a
standard three-electrode system with a graphite felt electrode as working electrode, a saturated Ag/AgCl electrode as reference electrode,
and a platinum electrode as counter electrode. (a) Linear sweep voltammetry (LSV) tests of pristine aqueous LiTFSI electrolytes with
different concentrations. (b) CV curves of 1.0 M active material particulate/MWCNTs (77:23, w/w) slurries in 21 m aqueous LiTFSI
electrolytes measured at a scan rate of 0.1 mV s−1. (c−e) CV curves of 1.0 M active material particulate/MWCNTs (77:23, w/w) slurries in
aqueous LiTFSI electrolytes with different concentrations at a scan rate of 0.1 mV s−1.
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ical properties of these slurries were investigated. As shown in
Figure S3, the ball-milled particulates of LiVOPO4 and VO2
with or without the addition of MWCNTs were dispersed in
aqueous LiTFSI electrolytes with different concentrations. We
found that the increase in salt concentration and the addition
of MWCNTs were beneficial to improving the dispersion
stability of slurries and inhibiting dissolution of vanadium. The
diameter distributions of ball-milled LiVOPO4, LiVPO4F,
Li3V2(PO4)3, and VO2 particulates in slurries were measured
by scanning electron microscopy (SEM) and dynamic light
scattering (DLS), confirming their sub-micron particle sizes
(Figure 1c and Figure S4). The crystalline structure integrity of
these ball-milled particulates was further verified by XRD
patterns (Figure S5). Moreover, the influences of conductive
agent and LiTFSI electrolyte concentrations on the electronic
conductivity and ionic conductivity of the slurries were
investigated (Figure 1d,e and Figure S6). The electronic
conductivity of particulate slurries was significantly increased
upon addition of more MWCNTs. The 1.0 M LiVOPO4/
MWCNTs (77:23, w/w) slurries dispersed in 21 m aqueous
LiTFSI electrolyte showed a greatly improved electronic
conductivity (5.22 mS cm−1) compared to 0.01 M
LiVOPO4/MWCNTs (77:23, w/w) slurries dispersed in 21
m aqueous LiTFSI electrolyte (0.03 mS cm−1), confirming the
formation of more dense conductive pathways by more
MWCNTs. The ion conductivity of pristine 21 m aqueous
LiTFSI electrolyte is ∼15 mS cm−1, which was higher than that
of conventional 1 m LiTFSI/carbonate electrolyte (∼8.6 mS
cm−1). However, the ionic conductivity of particulate slurries

decreased from 13.8 to 8.9 mS cm−1 as the concentration of
solid particulates increased from 0.01 to 1.0 M, owing to the
increased blocking of ions by solid particulates.6 The kinematic
viscosities of pristine aqueous LiTFSI electrolyte and
particulate slurries were also measured (Figure 1f). The
kinematic viscosity of 1.0 M LiVOPO4/MWCNTs slurry in 21
m aqueous LiTFSI electrolyte was determined to be 518.4
centipoise (cP), which was much lower than those of
previously reported semi-solid slurries dispersed in organic
electrolytes (700−2000 cP) measured at the same shear rate
(20 rpm).6,8,27 Overall, the particulate slurries in hypersaline
aqueous electrolytes showed good dispersibility and electrical
conductivity, thus making them favorable for application in
ALISFBs.
To determine the electrochemical window of aqueous

LiTFSI electrolytes with different concentrations, linear
sweep voltammetry (LSV) tests on the electrolytes were
performed by a standard three-electrode setup, using a graphite
felt electrode as the working electrode, a saturated Ag/AgCl
electrode (0.199 V vs standard hydrogen electrode) as the
reference electrode, and a platinum electrode as the counter
electrode (Figure 2a). As the concentration of LiTFSI was
increased from 1 to 21 m, the electrochemical stability window
of the electrolyte expanded from 1.5 to 3.0 V. This result
verified that the hypersaline aqueous LiTFSI electrolyte could
efficiently broaden the working voltage window of ALISFBs
and suppress the hydrogen and oxygen evolution reactions.
When combined with the inner Helmholtz double layer
composed of a high concentration of Li+ and more and more

Figure 3. Electrochemical performances of the ALISFBs with dialysis membranes as separators. (a) EIS curves of the LiVOPO4||VO2,
LiVPO4F||VO2, and Li3V2(PO4)3||VO2 ALISFBs. (b) Charge−discharge profiles during the initial few cycles of the ALISFBs at 20 mA cm−2.
(c) Rate performances of the ALISFBs from 5 to 20 mA cm−2. (d) Charge−discharge curves of the LiVOPO4||VO2 ALISFBs at different
current densities from 5 to 20 mA cm−2. (e) Long-term cycling performances of the ALISFBs at 20 mA cm−2.
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TFSI− anions, free water is deprived, and thus the voltage
window broadens.10 The electrochemical properties of 1.0 M
active material particulate/MWCNTs (77:23, w/w) slurries in
21 m aqueous LiTFSI electrolytes were analyzed by cyclic
voltammetry (CV), as shown in Figure 2b. The cathodic
LiVOPO4/MWCNTs slurry exhibited an oxidation peak at
4.32 V (unless otherwise specified, Li+/Li is the reference) and
a reduction peak at 4.11 V, while the LiVPO4F/MWCNTs
slurry exhibited a higher oxidation potential at 4.48 V and a
slightly lower reduction potential at 4.18 V. The CV curve of
the Li3V2(PO4)3/MWCNTs slurry displayed three pairs of
redox peaks, owing to the step-by-step extraction/insertion of
Li+ ions from/into three different lithium storage sites of a unit
cell. The anodic VO2/MWCNTs slurry exhibited a reduction
peak at 2.68 V and an oxidation peak at 2.78 V. The as-
measured potential gaps of LiVOPO4||VO2, LiVPO4F||VO2,
and Li3V2(PO4)3||VO2 redox pairs in 21 m aqueous LiTFSI
electrolyte were 1.5, 1.6, and 1.3 V, respectively. Additionally,
the electrochemical performances of these cathodic/anodic
slurries in aqueous LiTFSI electrolytes of different concen-
trations were also compared (Figure 2c−e). When the LiTFSI
concentration was lower than 10 m, the CV curves of these
particulate slurries showed asymmetrical reduction and

oxidation peaks, suggesting that the slight dissolution of active
materials occurred in low-concentration aqueous electrolytes.
When the LiTFSI concentration was ≥15 m, the slurries
showed symmetrical redox peaks in CV curves, verifying their
insolubility and good electrochemical reversibility in hyper-
saline aqueous electrolyte. Moreover, the CV curves of slurries
at different cycles were well overlapped with those at the first
cycle (Figure S7), which verified the remarkable structural
stability and electrochemical reversibility of these active
materials in high-salinity aqueous electrolytes. The Li+ storage
behaviors of the active material particulate/MWCNTs slurries
were further studied by using a three-electrode system (Figure
S8). Overall, the voltage plateaus of these slurries and the
corresponding potential gaps were consistent with the CV
curves in Figure 2b. Moreover, the CV curves of 1.0 M
cathodic/anodic slurries in 21 m aqueous LiTFSI electrolytes
were collected at different scan rates. A linear relationship
between the peak current (i) and the square root of the scan
rate (v1/2) was verified for all the slurries, suggesting that the
reaction rate is limited by the diffusion of nano-sized active
materials in the slurries rather than the Li+ ion diffusion in the
active materials.28

Figure 4. Charge-transfer and Li-storage mechanism studies of the ALISFBs. (a) Schematic interfacial charge “passing-down” process of Li+

migration and electron transport in the ALISFBs during the discharge processes. (b) In situ Raman spectra of the LiVOPO4/MWCNTs
slurry in the LiVOPO4||VO2 ALIBs during the charge−discharge processes between 0.1 and 2.4 V. The label “c” means charging and “d”
means discharging. (c, d) In situ XRD patterns of LiVOPO4/MWCNTs and VO2/MWCNTs slurries in the LiVOPO4||VO2 ALIBs at various
charged/discharged states.
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The ALISFBs were constructed following a standard flow
cell configuration (Figure S9), except that the conventional
cathodic/anodic electrolytes were replaced by the active
material particulate/MWCNTs slurries dispersed in 21 m
aqueous LiTFSI electrolytes, and the ion-exchange membrane
separators were replaced by commercial dialysis membranes
(MWCO 100). First, the electrical impedance of the dialysis
membrane was measured by electrochemical impedance
spectroscopy (EIS, Figure S10). To balance the capacities of
the cathodic and anodic sides, typically 0.6 M LVOPO4, 0.6 M
LiVPO4F, or 0.3 M Li3V2(PO4)3 was used as the cathodic
active material, 1.0 M VO2 was used as the anodic active
material, and 23 wt% of MWCNTs was added in the slurries
via ball-milling as the conductive agent. As shown in the
Nyquist plots (Figure 3a), the cell resistances of the LiVOPO4||
VO2, LiVPO4F||VO2, and Li3V2(PO4)3||VO2 ALISFBs were
0.16, 0.22, and 0.26 Ω cm−2, respectively. Galvanostatic
charge−discharge tests of these ALISFBs were carried out at
the current rate of 20 mA cm−2 (Figure 3b). The LiVOPO4||
VO2 ALISFBs showed the lowest cell voltage polarization,
which is consistent with the EIS analysis in Figure 3a. The rate
performances of these ALISFBs were tested between 5 and 20
mA cm−2 (Figure 3c,d and Figure S11). Taking the LiVOPO4||
VO2 ALISFBs as an example, as the current density varied to 5,
10, 15, and 20 mA cm−2, the specific capacity of the anodic
side was measured to be 126.5, 112.2, 101.8, and 92.4 mAh
g−1, corresponding to the total energy density of 84.6, 71.3,
63.5, and 57.2 Wh kg−1 for the ALISFBs (calculated based on
the total mass of cathodic and anodic active materials),
respectively. The long-term cycling stability of these ALISFBs
was tested at a constant current rate of 20 mA cm−2 for over
1000 cycles (Figure 3e). The initial Coulombic efficiencies
were 93.07% (for LiVOPO4||VO2), 90.61% (for LiVPO4F||
VO2), and 90.41% (for Li3V2(PO4)3||VO2), which mainly
originate from the consumption of dissolved oxygen in the
slurries during the first few charge−discharge cycles.10,29,30 In
the later cycles, the Coulombic efficiencies quickly increased to
nearly 100% (Figure S12). The LiVOPO4/MWCNTs slurry
delivered the highest initial specific capacity (94.0 mAh g−1)
relative to Li3V2(PO4)3/MWCNTs (73.5 mAh g−1) and
LiVPO4F/MWCNTs (66.6 mAh g−1) slurries. The LiVO-
PO4/MWCNTs slurry maintained a discharge capacity of 61.6
mAh g−1 after 1000 cycles, corresponding to a low capacity
decay rate of 0.033% per cycle (or 1.25% per day). The
periodic capacity fluctuation of LiVOPO4||VO2 ALISFBs
during long-term cycling should originate from the diurnal
cycles of indoor temperature between day and night. Notably,
the capacity retention of LiVPO4F||VO2 ALISFBs was nearly
100% after more than 1000 cycles, with almost no attenuation
per cycle or per day, demonstrating that the excellent cycling
stability and electrochemical reversibility resulted from the
remarkable lattice stability of LiVPO4F.

31 However, as a
control sample, the Li3V2(PO4)3||VO2 ALISFBs showed an
unsatisfactory capacity retention of only 48% after 500 cycles,
which might be ascribed to the proton co-intercalation and the
surface oxidation of Li3V2(PO4)3 in an aqueous electrolyte
environment.32 Further to investigate the crucial parameters on
cell performances, we conducted a series of control experi-
ments on the ALISFBs (Figures S13−S17, with specific details
and more discussions in the Supporting Information).
Specifically, the influences of active material particulate
concentrations, electrolyte concentrations, conductive agent
types, conductive agent ratios, and separator types on the

performances of LiVOPO4||VO2 ALISFBs were comprehen-
sively studied, as summarized in Figures S13−S17. Further-
more, we suggest that the inter-particle electronic contacts
could be another important factor for achieving high capacity
and long life of cells. We believe that the further optimization
of the structure, size, and interfaces of active material
particulates could help to achieve higher battery performances
at a lower electrolyte concentration. Moreover, the further
composition optimization of the electrolyte (such as adding
surfactants and dispersants to lower the viscosity) and
conductive additives will also help to achieve higher battery
performance at a lower electrolyte concentration.
To elucidates the detailed Li+ migration and electron

transport mechanisms in the ALISFBs, an interfacial charge
“passing-down” process is shown in Figure 4a. To further
disclose the Li-storage mechanism in the active material
particulates, in situ Raman and XRD analyses were carried out
for the LiVOPO4||VO2 ALIBs. The in situ Raman spectra of the
LiVOPO4/MWCNTs slurry were collected at different
charged/discharged states, as shown in Figure 4b. When the
ALISFB was charged to 2.4 V, the peak intensities of the ν(Li−
O) modes (250 cm−1) weakened to 45% of the initial value
and then fully recovered to 100% as the ALISFB was
discharged to 0.1 V (Figure S18).33 This result confirmed
the high revisability of Li+ extraction/insertion processes
within the LiVOPO4 particulates. The rest of the characteristic
peak intensities (VO and PO4 tetrahedra) displayed almost
no variation upon charging and discharging process, verifying
the stable lattice structure of Li1−xVOPO4 during the cycles.
Moreover, in situ XRD analyses of LiVOPO4/MWCNTs and
VO2/MWCNTs slurries were also performed at various
charged/discharged states. The characteristic diffraction
peaks around 27.0 and 28.4° in Figure 4c are assigned to the
(201) and (020) planes of LiVOPO4. These peaks slightly
shifted to higher degrees during the charge processes and
returned back during the discharge processes, revealing the
slightly changed interplanar distances of LiVOPO4 along with
the extraction/insertion of Li ions. The characteristic
diffraction peaks around 14.4 and 28.9° in Figure 4d are
assigned to the (001) and (002) planes of VO2. Oppositely,
these peaks shifted to lower degrees during the charge
processes and restored during the discharge processes,
revealing the corresponding interplanar distance changes of
VO2 induced by the Li+ intercalation/de-intercalation. The
electrochemical redox behavior of the V species in the active
materials as a consequence of Li+ extraction/insertion was also
evident by X-ray photoelectron spectroscopy (XPS) (Figure
S19).34−36 The V 2P1/2 and 2P3/2 signals of LiVOPO4 shifted
to higher energy levels upon charging to 2.4 V, and the
opposite shifts were observed upon discharging. On the
contrary, the V 2P1/2 and 2P3/2 signals of VO2 shifted to lower
energy levels upon charging and shifted back to higher energy
upon discharging.
Benefiting from the unique cell configuration, the cost of the

ALISFBs is optimistic for grid-scale energy storage applica-
tions; the system-level cost of ALISFBs is discussed in detail in
the Supporting Information. First, the price of the dialysis
membrane is only about 1/100th of those of ion-exchange
membranes, thus significantly reducing the system cost.
Second, the consistent Raman characteristic peaks of electro-
lyte before and after long-term cycling for over 1000 times
confirmed its high stability for long-term operations, which can
reduce the maintenance cost of the ALISFBs (Figure S20).
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Third, the particulates in slurries can be easily recycled by
simple liquid−solid separation methods, such as filtration and
centrifugation, which greatly facilitates the recovery and reuse
of the active materials. Last but not least, the cost of flow
battery could be further reduced in future efforts: (1) Using
cheap active materials based on Earth-abundant elements
(such as Mn, Fe, and Ti) could further reduce the system cost.
(2) Tuning the structure and interface of active material
particulates and conductive agent is beneficial to improving
electronic contacts and reducing the use of MWCNTs. (3)
The concentration of LiTFSI electrolyte could be reduced by
the optimization of slurry compositions, thereby reducing the
cost of Li salt. In addition, relatively inexpensive lithium salts
are possible options for replacing LiTFSI.37,38

In summary, we developed an unconventional aqueous
slurry flow battery based on circulating cathodic/anodic
slurries composed of Li-storable active material particulates
and conductive agents dispersed in high-salinity aqueous
electrolytes. To demonstrate this proof-of-concept, sub-micron
cathodic LiVaXb(PO4)c and anodic VO2 particulates with high
lattice stability and appropriate potential were picked as the
active materials in the slurries. The slurries could be
conveniently prepared by ball-milling the particulates and
MWCNTs in high-concentration aqueous LiTFSI electrolyte,
exhibiting good fluidity, conductivity, and redox reversibility.
Furthermore, a low-cost dialysis membrane serving as the
separator could effectively prevent the cross-over of the
particulates via size exclusion and enable rapid ion trans-
portation. Owing to the rational combination of these key
components, the ALISFBs achieved long cycling life, high
Coulombic efficiency (approaching 100%), and favorable
operation voltage among the state-of-the-art aqueous RFBs.
An interfacial charge “passing-down” process was proposed to
elucidate the working principle of ALISFBs. Intriguingly, owing
to the exchange of expensive ion-exchange membranes and the
easy recovery/recycling of the electrolytes, it is expected that
the system price of the ALISFBs would be very competitive,
thus making them conducive to grid-scale and sustainable
energy storage applications. Further investigations on exploring
new slurry components and optimizing the battery perform-
ances of ALISFBs will be an important aspect of our future
research.
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