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ABSTRACT: Liquid/liquid biphasic batteries without a membrane could
be promising models of redox flow batteries. However, such batteries
inherently undergo self-discharge at the liquid/liquid interface, resulting
in a low Coulombic efficiency and poor capacity retention. Herein, we
report a triphasic system comprising all-nonaqueous electrolytes to
overcome the challenges in biphasic systems. By incorporation of a third
electrolyte layer to separate the anolyte and catholyte, the system
effectively impeded the self-discharge event without compromising the
Coulombic efficiency and capacity retention. Li metal anode and
phenothiazine derivative C18-PTZ (0.5 M) cathode have been used to
construct the electrochemical cell. Moreover, we have designed two all-
nonaqueous triphasic models either stacking the phases vertically or
physically separating two phases sidewise along with a common interfacial
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layer at the top. Interestingly, both designs showed high capacity retention under static (~98%, 31 days, 100 cycles) and flow
(~99%, 39 days, 100 cycles) conditions. Moreover, all batteries exhibited an average Coulombic efficiency of nearly 100%.

lobal energy and climate challenges require the
transition from fossil fuels to renewable energy
resources, including but not limited to solar, wind,

and hydroelectric power, driving the utilization of large-scale
energy storage devices.'* Redox flow batteries (RFBs) could
be promising energy storage devices due to their unique
properties, including high scalability, decoupled energy and
power, and high safety.*”® In the conventional RFB
configuration, redox-active materials are dissolved in solvents
to form a catholyte and anolyte, which are stored separately in
external tanks.” Depending on the electrolyte used, RFBs can
be classified as either aqueous RFBs (ARFBs) or nonaqueous
RFBs (NRFBs).*'° Although ARFBs are safer and more cost-
effective, they typically have a narrow voltage window (<1.6 V)
due to the low thermodynamic stability of water.'"'” In
contrast, NRFBs have a higher electrochemical window (~5.5
V), but they are associated with other challenges such as low
ionic conductivity, high flammability, and the high cost of
organic electrolytes.13’14 Additionally, NRFBs face the
significant challenge of redoxmer crossover due to the lack of
appropriate membranes in nonaqueous media, ultimately
impacting the overall battery performance."”™"” To optimize
RFB performance, it is crucial to develop membranes with high
ionic conductivity, molecular selectivity, stability, and low
cost.'"?
An alternative strategy to address the aforementioned issues
is the fabrication of RFBs without a membrane separator.”””’
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This approach, demonstrated by our groupzz’23 and several

other researchers,24_29 involves utilizing immiscible aqueous/
nonaqueous electrolytes. This biphasic system consists of two
immiscible electrolytes with different densities and a suitable
partition coefficient, forming two phases with a common
interface. This interface functions as a separator between the
anolyte and the catholyte.”” However, membrane-free batteries
with nonaqueous/nonaqueous electrolytes are rarely reported
because of challenges in designing and selecting suitable
solvents and redox-active materials.’”~*> Although membrane-
free biphasic batteries are promising, they face significant
challenges that limit their practical application. These
challenges include capacity loss due to the mixing of the
anolyte and catholyte at the interface, self-discharge induced by
interfacial ion migration during the solvation—desolvation
process (rate of solvent diffusion), and low capacity utilization
owing to poor mass transfer under static conditions. Addi-
tionally, compared with membrane-based RFBs, membrane-
free batteries exhibit an unstable liquid/liquid interface that
can significantly disrupt the thermodynamic balance under
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Figure 1. (A) Schematic of the triphasic systems (Design-I and -II). (B) Redox reactions of C18-PTZ. (C) Cyclic voltammograms were
measured by repeated potential sweeping of 5 mM C18-PTZ in FEC/LiTFSI (0.1 M) on a glassy carbon electrode at a scan rate of 50 mV/s.
(D) Cycling voltammetry stability of C18-PTZ in a FEC/LiTFSI (0.1 M) solution at different scan rates in the range of 50—250 mV/s. (E)
The ratio of the reduction and oxidation peak currents is a function of scan rate.

flow conditions.”** Active material crossover by convective
mass transport under flow conditions further exacerbates
capacity loss.

This study presents a new strategy by introducing a third
layer as an ion-selective membrane to facilitate the separation
of the anolyte and catholyte, alleviate self-discharge, and
achieve a high Coulombic efficiency. The introduction of an
interfacial electrolyte layer in the liquid/liquid triphasic system
not only effectively separates the anolyte and catholyte but also
facilitates convenient electrolyte flow (anolyte or catholyte)
without disturbing the thermodynamic balance of the electro-
lyte phases even at high flow rates. This new approach enables
the triphasic system to overcome the limitations of biphasic
membrane-free batteries, resulting in improved capacity
utilization and performance under flow conditions. The
triphasic all-nonaqueous strategy is implemented using two
distinct cell designs (see Figure 1A). Three nonaqueous
electrolytes, tetraethylene glycol dimethyl ether (TEGDME),
nonafluoro-1,1,2,2-tetrahydrohexyl-trimethoxysilane
(NFTTS), and fluoroethylene carbonate (FEC), are used in
the membrane-free batteries with Li metal and a phenothiazine
derivative as the anode and cathode materials, respectively,
resulting in a cell voltage of 3.52 V. The cycling performances
of triphasic membrane-free batteries based on both designs are
evaluated under static and flow conditions. All batteries
exhibited outstanding cycling performances with capacity
retentions under static conditions (~98%, 31 days, 100 cycles)
and flow conditions (~99%, 39 days, 100 cycles). Further-
more, all of the batteries demonstrated an average Coulombic
efficiency of nearly 100% under both static and flow
conditions.

This study introduces three new triphasic configurations
based on all nonaqueous electrolyte systems, utilizing various
electrolyte solvents and salts. These configurations exhibit
versatility beyond specific redox-active cathode materials. The
combinations of electrolyte solvents and salts offer oppor-
tunities to explore a wide range of redox-active cathode and
anode materials with varying solubilities, paving the way for
high-performance membrane-free redox flow batteries. In
addition, it effectively addresses issues in conventional RFBs,
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such as membrane limitations and high costs. Furthermore, it
tackles challenges related to self-discharge, low Coulombic
efficiency, and crossover of redox materials during electrolyte
flow in biphasic membrane-free batteries, demonstrating its
broad applicability and improved performance across diverse
battery chemistries.

Design of the Nonaqueous Triphasic System. Design-
ing an all-nonaqueous triphasic system with appropriate
catholyte and anolyte materials is a significant challenge
because of the complex interplay between the solubility of the
active material and crossover. To successfully fabricate a high-
performance membrane-free redox flow battery using a
nonaqueous triphasic (three-layer) system, two primary
requirements must be met. First, the three nonaqueous
electrolytes must possess immiscibility, high ionic conductivity,
and a wide electrochemical stability window. Second, the
redox-active cathode material should exhibit high solubility in
the catholyte layer and minimal solubility in the intermediate
electrolyte layer or the anolyte during both the charging and
discharging processes to prevent battery crossover-induced
self-discharge. In this study, three triphasic systems were
developed, each based on an all-nonaqueous electrolyte:
propylene carbonate/NFTTS/1-Butyl-1-methylpyrrolidinium
bis(trifluoromethylsulfonyl)imide, benzotrifluoride/1-ethyl-3-
methylimidazolium tetrafluoroborate/NFTTS, and
TEGDME/NFTTS/FEC (see the Supporting Information
for details). However, only TEGDME/NFTTS/FEC was
studied for battery analysis due to its relatively lower cost
compared with the remaining two systems. Three nonaqueous
electrolytes, TEGDME, NFTTS, and FEC, were selected based
on their desirable properties, including mutual immiscibility,
high ionic conductivity, and key comépatibility with Li metal
anodes in lithium-ion batteries.’>*>*° The triphasic systems
Design-I and -II were fabricated using the selected electrolytes
(TEGDME, NFTTS, and FEC with lithium bis-
(trifluoromethanesulfonyl)imide (LiTFSI)), as shown in
Figure 1A. Before fabricating the triphasic systems, individual
electrolyte solutions were prepared for TEGDME, NFTTS,
and FEC containing LiTFSI with specific quantities (Figures
S1 and S2). The as-prepared electrolyte solutions exhibited
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Figure 2. RDE studies of electrolyte solutions containing C18-PTZ (1 mM) in FEC/LiTFSI (0.1 M). (A) LSV curves at a scan rate of 5 mV/s
with rotation rates from 100 to 1600 rpm. (B) Fitted linear Lévich plots of the limiting current (i) versus the square root of the rotation
rates (@'/%). (C) Linearly fitted Koutecky—Lévich plots of i ™! vs @~'/% (D) Linearly fitted plots of log i as a function of overpotential.

gravimetric densities in the order of FEC/LiTFSI > NFTTS/
LiTFSI > TEGDME/LITFSI. Consequently, in the Design-I
triphasic system, the electrolyte solutions were arranged as
follows: FEC was the bottom layer, NFTTS was the middle
layer, and TEGDME was the top layer (Figures 1A and S3A.
The FEC, TEGDME, and NFTTS layers functioned as the
catholyte, anolyte, and ion-exchange layers, respectively.
Moreover, the NFTTS layer served as the separator,
preventing direct contact between the FEC and TEGDME
layers while facilitating the desired electrochemical processes.

Utilizing the inherent gravimetric density differences
between the as-prepared electrolyte solutions, a Design-II
triphasic system was developed using a glass vial with two
compartments separated by a common divider (Figures 1A and
S3B). Both compartments were filled with the FEC electrolyte
solution, and the NFTTS electrolyte solution was added on
top of each FEC-containing compartment. In this design, one
side of the divider used the FEC electrolyte as the catholyte,
whereas the other side used the FEC electrolyte as the anolyte.
The strategic positioning of the NFTTS electrolyte as an
interfacial layer enabled efficient ion transport and suppressed
the crossover of redox species, ensuring the appropriate
functionality of the triphasic system while preserving the
integrity of the electrochemical processes involved. The
triphasic systems constructed in this study according to
Design-I and Design-II were thoroughly evaluated for their
long-term charge/discharge performances.

Selection of the Anode and Cathode Materials.
Achieving a high capacity for RFBs requires the selection of
redox-active materials with a high potential. In this study, Li
metal was selected as the anode because of its low
electrochemical potential (—3.04 V vs a standard hydrogen
electrode), high energy density, and theoretical capacity
(~3,860 mAh/g).”” Graphite felt (GF) was selected as the
cathode owing to its chemical inertness in nonaqueous
electrolytes, high electrical conductivity, highly porous
structure, and high specific surface area.” To increase the
Coulombic efliciency and suppress crossover, the solubility of
the catholyte compounds in the catholyte solvent should be
high and the solubility in the separating and anolyte
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electrolytes should be minimal. The solubility properties of
several redox-active catholyte compounds, including deriva-
tives of phenothiazine,”” cyclopropenium,® 2,2,6,6-tetrame-
thylpiperidinyloxy (TEMPO),***’ anthraquinone (AQ),"" and
ferrocene,*” were evaluated in the three supporting electrolytes
of the triphasic system (Table S1). The phenothiazine
derivative C18-PTZ (Figure 1B) exhibited high solubility in
FEC and poor solubility in TEGDME and NFTTS (see the
Supporting Information for details about the solubility tests).
The solubility of C18-PTZ in FEC/LiTFSI (1.2 M) was
determined to be 0.5 M. To investigate the confinement of
C18-PTZ within the FEC layer, a crossover study was
conducted using the triphasic system based on Design-I over
a 10-day period under static conditions. The system was
evaluated for the potential crossover of 0.5 M C18-PTZ
dissolved in the FEC phase. Notably, no significant crossover
was observed throughout the 10-day period, as confirmed by
ultraviolet—visible spectroscopy (Figure S4A) and cyclic
voltammetry (CV) (Figure S4B). These results demonstrate
the effective confinement of C18-PTZ within the FEC layer.
Based on these favorable results, C18-PTZ was selected as the
cathode material for subsequent investigations.

Electrochemical Characterization. CV was used to
determine the redox potentials and evaluate the electro-
chemical stability of C18-PTZ in the FEC electrolyte. A well-
defined redox couple (0.35 V vs Ag/Ag") was observed in
FEC/LiTFSI (0.1 M). The almost identical voltammograms
obtained after 500 cycles demonstrated the high electro-
chemical stability of C18-PTZ in the FEC/LiTFSI electrolyte
(Figure 1C). The peak potential separation of C18-PTZ at a
scan rate of 50 mV/s was 68 mV, which is indicative of a one-
electron redox process as per the Nernst equation.*> Moreover,
the ratios of the cathodic peak current (i,) and anodic peak
current (ipa) at scan rates ranging from 50 to 250 mV/s were
approximately 1 (Figure 1D,E), indicating high stability under
different scan rates. Furthermore, the anodic and cathodic peak
currents had a linear relationship with the square root of the
scan rate (1'%, Figure S5), indicating that the redox process is
diffusion-controlled.**
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Figure 3. Charge/discharge performances of LillC18-PTZ (0.5 M) triphasic battery cells under static conditions. Capacity retention,
Coulombic efficiency (CE), voltage efficiency (VE), and energy efficiency (EE) values of LillC18-PTZ (0.5 M) static cells based on (A)
Design-I and (B) Design-II. Cyclic voltammograms of the pre- and postcycled catholytes of (C) Design-I and (D) Design-II. Charge/
discharge profiles at different operating current densities based on (E) Design-I and (F) Design-II. Coulombic efficiency (CE), voltage
efficiency (VE), and energy efficiency (EE) at different current densities for (G) Design-I and (H) Design-II.

The diffusion coeflicient D derived from the slopes of the
linearly fitted Lévich plots was 6.23 X 107® cm?/s (Figure 2B).
The electrochemical kinetic rate constants of the charge-
transfer reactions of C18-PTZ were obtained using the
Kouteck-Lévich equation (eq S2).*> The linear correlations
between i~' and @™'/* for C18-PTZ at different overpotentials
(n = 10, 20, 30, 40, 50, 60, 70, 80, 90, and 100 mV) were used
to estimate the i values (Figure 2C), which were obtained
from the reciprocal of the Y-axis intercepts and plotted against
the overpotential, as shown in Figure 2D. The kinetic rate
constants (k,) of C18-PTZ were calculated to be 3.51 X 1073
cm s' using eq S2. The diffusion coefficients and rate
constants of C18-PTZ are comparable to those of redox-active
organic materials used in aqueous flow batteries.**~*

Charge/Discharge Performance. The charge/discharge
performances of the nonaqueous triphasic systems (Design-I
and -II) using C18-PTZ (0.5 M) in FEC (Design-I and -II) as
the catholyte and Li metal in TEGDME (Design-1) and FEC
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(Design-II) as the anolyte were studied under both static and
flow conditions. Schematics of the triphasic cell systems are
shown in Figures 1A and S6.

Under Static Conditions. Two triphasic cells based on
Design-I and -II were assembled by pairing Li metal as the
anode and C18-PTZ (0.5 M) as the cathode. To evaluate the
battery cycling performances of the cells, they were subjected
to charging and discharging within the voltage range of 4.0—
2.6 V, as the cutoff limits. All charge/discharge experiments
were performed in a glovebox filled with an inert Ar
atmosphere under normal conditions (27 °C). To evaluate
the long-term cycling performances of the cells, they were
operated for 100 charge/discharge cycles at a current density
of 0.75 mA/cm’. For the Design-I and -II cells, the operation
durations were 28 and 33 days, respectively. Both LillC18-PTZ
(0.5 M) triphasic cells exhibited good cycling performances.
The capacity retentions of Design-I and -II were 97.25%
(99.98% per cycle, 99.94% per day, Figure 3A) and 98.72%

https://doi.org/10.1021/acsenergylett.3c02594
ACS Energy Lett. 2024, 9, 218—-225


https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.3c02594/suppl_file/nz3c02594_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.3c02594/suppl_file/nz3c02594_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.3c02594/suppl_file/nz3c02594_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.3c02594?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.3c02594?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.3c02594?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.3c02594?fig=fig3&ref=pdf
http://pubs.acs.org/journal/aelccp?ref=pdf
https://doi.org/10.1021/acsenergylett.3c02594?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Energy Letters

http://pubs.acs.org/journal/aelccp

w
o

w
o

g v 100 g 100
< (A) flow cell: Design-I i
gy e S 0
5 % CE —o—VE EE— < §% CE —o—VE EE— "
8 0 & 8 60 o
g’ 10 § % 10 ;:3
= fuy I i 0,
§  |=— copeciyretention9ges% 40 B g T ot e & 0 B
8 ] (99.985% per cycle, 99.953% per day) 3 o o per cycle, 99.9/ <% per day
[a] r r - r 20 &) 20
0 20 40 60 80 100 0 20 40 60 80 100
Cycles Cycles
0.041 (C) flow cell: Design-I 0.044 (D) flow cell: Design-II ol (E) flow cell: Design-|
E 002 £ 0024 S 364
< € o theoretical capacity
® 0.00 © 0.00+ 2 30 (13.4 Ah/L)—
= 5 o /=
© 0.02] O 0.02 > 54l
004 — before cycling 0.04 — before cycling —08—1 -02
el — after cycling Raal — after cycling 241 —1.2mAcm
0.0 0.4 0.8 0.0 0.4 0.8 0 5 10 15
Potential (V vs. Ag/Ag®) Potential (V vs. Ag/Ag") Capacity (Ah/L)
4.0, (F) flow cell: Design-Ii 1051 (G) flow cell: Design-I 105 (H) flow cell: Design-Ii
’ —_ |y —~
— ° o 2
S 3_6_//”,& S 0010.8 mATem” N ® 90_0.8 mA/<1:n(1) 0.8
) theoretical capacity’ ey 1.0 ey E
8 3.2 ({340 — ) 12 k) 12
o o 754 ; o 754
> 28, T ——CE £ Pl ——ce
—08 —1.0 ——VE ——VE
2.4 —1.2 mAlcm2 601 ——EE 601 ——EE
0 5 10 15 3 6 9 12 3 6 9 12
Capacity (Ah/L) Cycles Cycles

Figure 4. Charge/discharge performances of the LillC18-PTZ (0.5 M) triphasic battery cells based on Design-I and Design-II under flow
conditions. Capacity retention, Coulombic efficiency (CE), voltage efficiency (VE), and energy efficiency (EE) values of the LillC18-PTZ
(0.5 M) flow cells based on (A) Design-I and (B) Design-II. Cyclic voltammograms of the pre- and postcycled catholytes of the LillC18-PTZ
(0.5 M) flow cells based on (C) Design-I and (D) Design-II. Charge/discharge profiles of the LillC18-PTZ (0.5 M) flow cells based on (E)
Design-I and (F) Design-1II at different operating current densities. CE, VE, and EE values of the LillC18-PTZ (0.5 M) flow cells were based
on (G) Design-I and (H) Design-II at different operating current densities.

(99.98% per cycle, 99.95% per day, Figure 3B), respectively.
The theoretical capacity utilization of the battery cells based on
Design-I and -II were measured to be 52.2% and 58.6%,
respectively. These results demonstrate that the combination
of redox materials (Li and C18-PTZ), supporting electrolyte
solvents (FEC and TEGDME), and electrolyte salt (LiTFSI) is
not only compatible but also stable under real battery
operating conditions. Additionally, both static batteries
demonstrated high Coulombic efficiencies (approximately
100% for both cells) and energy efficiencies (74% for
Design-I and 82% for Design-1I), exceeding those of reported
membrane-free batteries (80—96%).>*>**”*%*° The CV results
of the pre- and postcycling electrolytes for both triphasic static
cells showed negligible changes in peak current densities
(Figure 3C,D), suggesting that C18-PTZ remained confined
within the catholyte during extended cycling. Thus, the battery
cycling performance and postcycling analysis confirmed the
importance of the intermediate electrolyte layer (NFTTS) as
an jon-exchange separator in the triphasic static system.

To investigate the self-discharge of the static membrane-free
batteries, the open-circuit voltage (OCV) of the completely
charged cells was monitored for 100 h. The OCV exhibited no
significant voltage drop for either battery for more than 100 h.
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The per-hour voltage loss was 0.45 mV/h for Design-I and
0.53 mV/h for Design-1I (Figure S7). Thus, the intermediate
layer effectively eliminates self-discharge originating from the
migration of the redox species from the catholyte to the
anolyte. Moreover, these results demonstrate the high
Coulombic efficiency and high capacity retentions of both
batteries.

In addition, the effect of various charge/discharge current
densities on the performance of the LillC18-PTZ (0.5 M)
static cells was investigated. The cells (Design-I and -II) were
subjected to cycling at current densities of 0.5, 0.75, and 1.0
mA/cm?, respectively, and the average Coulombic efficiency,
voltage efficiency, and energy efficiency values were
determined at each current density over three cycles (Figure
3GH). The static cells of Design-I and -II exhibited an
increase in overpotential with an increasing applied current
density. The increase in the overpotential at higher current
densities can be attributed to limited mass diffusion.””**
Furthermore, both static cells (Figure 3G,H) showed
Coulombic efficiencies close to 100%, which is higher than
the performances of previously reported membrane-free
systems (Table S2). When the applied current density was
increased from 0.5 to 1.0 mA/cm?, the energy efficiency values
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of the batteries decreased from 84% to 64% (Design-I) and
89% to 73% (Design-1I). This is caused by the overpotential
increase, owing to mass transport losses. Notably, both the
batteries regained their original efficiencies when cycled back
at 0.5 mA/cm? thus confirming their improved charge-rate
performances. In addition, the polarization of batteries based
on Design-I and -II under static conditions was investigated at
different states of charge (SOCs). The peak power densities of
the batteries under static conditions were 27 mW/cm”
(Design-1) (Figure S8A) and 30 mW/cm* (Design-II) (Figure
S8B) at 100% SOC. Correspondingly, the area-specific
resistance (ASR) for both the electrolyte and the entire
battery under static conditions (Design-I and Design-II) was
also investigated. The ASR of both the electrolyte and the
entire battery decreased with increasing SOC. Moreover, the
electrolyte contributed more than 60% (Design-I) (Figure
S8C) and 53% (Design-II) (Figure S8D) of the resistance
compared with that of the entire battery.

To study the cycling stability of the Li anode, we
investigated the battery performance (Design-I and Design-
IT) utilizing a limited amount of Li metal anode (0.9 equiv of
the catholyte material) to further assess the efficacy of our
developed triphasic electrolyte system. Both batteries under-
went 50 charge/discharge cycles (approximately 17 days), with
continuous monitoring of their capacity over time. The results
indicate that both batteries exhibited capacity retention of
99.17% for Design-I (Figure S9A,B) and 98.12% for Design-1I
(Figure S9C,D) and Coulombic efficiencies of nearly 100%.
CV analysis of pre- and postcycled catholytes and anolytes of
batteries based on Design-I (Figure S10A) and Design-II
(Figure S10B) suggest negligible crossover of active materials.
Moreover, the digital images of pre- and postcycled Li metal
anodes of batteries based on Design-I and Design-1I (Figure
S11) show no signs of dendrite formation. Therefore, the
notable capacity retention observed in both batteries
demonstrates the good state of health of the Li metal anode
and highlights the better efficacy of the developed triphasic
electrolyte system.

Under Flow Conditions. While the static triphasic
membrane-free batteries demonstrated a notable charge/
discharge performance with a Coulombic efficiency of nearly
100% and improved capacity retention, the limited mass-
transfer conditions resulted in low capacity utilization. In
addition, the independent scaling of energy and power is
challenging under static conditions. To evaluate the efficacy of
the triphasic system under flow conditions and enable the
independent scaling of power and energy, membrane-free
triphasic flow cells based on Design-I and -II were evaluated
for long-term charge—discharge cycling using a flowing
catholyte. The flow conditions were optimized by evaluating
the charge/discharge performance of LillC18-PTZ (0.5 M)
flow cells with Design-I (Figure S12A) and Design-II (Figure
S12B) at various catholyte flow rates (0.5 to 2.0 mL/min) at a
current density of 1 mA/cm® Consequently, an optimal flow
rate of 1.0 mL/min was selected to perform long-duration
cycling. At this flow rate, the flow cells of Design-I and -II
showed improved capacity retentions of 98.65% (99.985% per
cycle, 99.953% per day) and 99.47% (99.994% per cycle,
99.972% per day), respectively (Figure 4A,B). Design-I (Figure
4A) exhibited a Coulombic efficiency of ~100%, voltage
efficiency of ~84%, and energy efficiency of ~83%, whereas
Design-II exhibited a Coulombic efficiency of ~100%, voltage
efficiency of ~88%, and energy efficiency of ~87% (Figure
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4B). No obvious change in the CV current densities of the
postcycled batteries was observed, confirming the high stability
of the redox-active materials, with no crossover of the active
material to the interfacial layer (Figure 4C,D). Both designs
exhibited improved performance in terms of efficiency and
retention compared with those reported previously (Table S2).

The OCV of the completely charged cells was observed for
100 h to evaluate the effect of electrolyte flow on the self-
discharge of the cells (Figure S13A,B). Over the investigated
period, minimal decay in the OCV values (0.57 mV/h for
Design-I and 0.49 mV/h for Design-II) was observed, which
confirmed the absence of self-discharge in the cells. Thus,
replacing the biphasic interface with an electrolyte layer can
eliminate the interfacial self-discharge and crossover of active
materials under convective mass transport by using electrolyte-
flowing conditions. The charge rate performances of the Lill
C18-PTZ (0.5 M) flow cells based on Design-I and -II were
evaluated at current densities of 0.8, 1.0, and 1.2 mA/cm?, and
the corresponding cycling profiles, as well as the Coulombic
efficiency, voltage efficiency, and energy efliciency values were
measured for an average of three cycles. Similar to the static
cells, the flow cells exhibited an increase in overpotential with
increasing applied current density (Figure 4E,F). This increase
in overpotential is attributed to the induced transport losses
that occur at higher current densities.'®*” The Coulombic
efficiency of the cells remained at 100% for all current
densities; however, the voltage efficiency and energy efficiency
values decayed with an increasing current density. The increase
in the overpotential and the corresponding reduction in
voltage efficiency at higher current densities may be attributed
to mass transport limitations (Figure 4GH). Both cells
regained their original performance when cycled back at 0.8
mA/cm?® Furthermore, the triphasic cells under flow
conditions exhibited improved capacity utilization compared
to the static cells (80% for Design-I and 84% for Design-II
under flow conditions at 1 mA/cm?® compared to 42% for
Design-I and 48% for Design-II under static conditions at 0.75
mA/cm?), indicating that the flow of electrolytes significantly
reduced the mass transport limitations of the static battery. As
a result of the enhanced mass transport, the triphasic batteries
exhibited higher peak power densities under flow conditions
compared to those under static conditions. Specifically,
Design-I achieved a peak power density of 39 mW/cm*
(Figure S14A), while Design-II reached an even higher peak
power density of 46 mW/cm?® (Figure S14B). The ASR results
for both the electrolyte and the entire battery under flow
conditions indicated that the electrolyte resistance accounted
for over 58% (Design-I) (Figure S14C) and 47% (Design-1I)
(Figure S14D) of the entire battery. Thus, the ASR of the
electrolyte and the entire battery is significantly reduced under
flow conditions, allowing for higher current densities without
compromising the performance. The relatively low power
densities compared to those of conventional aqueous
membrane-based redox flow batteries can be attributed to
the reduced ionic conductivity of nonaqueous solvents and
increased mass transfer resistance from the triphasic interface.

In summary, to overcome the challenges associated with the
biphasic electrolyte approach, a triphasic liquid—liquid system
with two new strategic designs (Design-l and -II) was
proposed. In contrast to biphasic systems, the newly developed
triphasic system features an additional electrolyte layer to
separate the anolyte and catholyte, eliminating self-discharge
and providing high Coulombic efficiency and capacity
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retention. The intermediate layer enabled an improved cycling
performance and the flow of the electrolyte to achieve
decoupled energy and power. The triphasic batteries based
on the two novel designs were assembled using Li metal as the
anode and a phenothiazine derivative C18-PTZ (0.5 M) as the
cathode. The cycling performances of the triphasic membrane-
free batteries based on Design-I and Design-II were evaluated
under static and catholyte flow conditions. Static batteries
based on Design-I and -II yielded outstanding cycling
performance with high capacity retentions of 97.25% and
98.72%, respectively, and Coulombic efliciencies close to
100%. However, under static conditions, the capacity
utilization of the batteries was lower owing to limited mass
transport. To enhance capacity utilization and enable the
decoupled scaling of energy and power, flow conditions were
introduced for both designs of the triphasic system by using an
optimized flow rate of 1 mL/min. Flow batteries based on
these designs exhibit a significantly higher capacity utilization
than static batteries. Moreover, Design-I and -II flow batteries
achieved improved capacity retentions of 98.65% and 99.47%,
respectively, with Coulombic efficiencies close to 100%. The
peak power densities of the Design-I and -II batteries under
static conditions were 27 and 30 mW/cm? respectively,
whereas those under flow conditions increased to 39 and 46
mW/cm?, respectively. The improved power densities of the
flow batteries were attributed to the lowered electrolyte
resistance resulting from enhanced mass transport compared
with static batteries. Therefore, the outstanding performance of
the nonaqueous triphasic system provides a novel strategy for
developing membrane-free, nonaqueous batteries with high
voltage, high Coulombic efficiency (close to 100%), improved
capacity utilization, and high capacity retention.
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