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Non-aqueous redox flow batteries (NARFBs) are promising in the grid-scale energy storage for the harvesting of
the intermittent renewable power sources. However, the lack of efficient separator is still impeding their further
development. A flexible nanoporous separator is prepared through a “rolling dough” strategy, with zinc metal-
organic framework (MOF-5) and polytetrafluoroethylene as the substrate. The prepared separator shows a
remarkable ionic selectivity of Li™ over N-(ferrocenylmethyl)-N,N-dimethyl-N-ethylammonium ions (Fc1N112")

at a high ratio 26.6. A Li-based hybrid NARFB constructed with the separator exhibits substantially high
Coulombic efficiency 99.7% and average discharge capacity 2.26 Ah L™! with capacity retention 99.96% per
cycle over 200 cycles at 4 mA cm 2. The excellent performance is attributed to the MOF nanoparticles and the
designed composite structure, which achieves both high ionic selectivity and chemical stability simultaneously.
This work provides a facile and efficient strategy to fabricate high-performance separator for NARFBs.

1. Introduction

Redox flow battery (RFB) has been regarded as one of the most
promising grid-scale energy storage technology owing to its decoupled
power and energy features, flexible modular design, excellent scalabil-
ity, long cycle life and rapid response [1,2]. Early RFBs are based on
aqueous electrolytes and the all-vanadium as well as Zn/Br systems have
been commercially demonstrated [3]. However, the aqueous electrolyte
limits the output potential, resulting in a limited energy density [4]. In
contrast, the non-aqueous RFBs (NARFBs) based on organic solvents
potentially have much wider electrochemical window and thus higher
energy density [5]. Although a great effort has been devoted to the
development of NARFBs, the crossover of the electrolyte, viz. active
species diffusion through the membrane, and the low ionic conductivity
have been among the major challenges for their practical application
[6,7].

The separator, i.e. the membrane, which serves as preventing the
crossover of the positive and negative active species whilst facilitating

the transport of the supporting electrolyte ions, is crucial to achieve a
high performance and long-term stability [8]. An ideal membrane in a
NARFB should have high ionic conductivity and selectivity, low swell-
ability, low-cost, both high mechanical and chemical stability in the
organic solvent [7]. The commercially available ion exchange and
porous membranes, such as Fumasep [9,10] and Celgard [11,12]
products have been used in NARFBs [8], but these ion exchange mem-
branes show high swellability and poor chemical stability in organic
solvents [13]. Meanwhile, commercial porous separators often have too
large pore size which leads to unacceptable crossover [14,15]. In recent
years, many modification strategies have been proposed to alleviate the
issues [13,16-20]. Nevertheless, the thickness and mass of the modified
membrane increase obviously, making the situation more complex [21].
For the large-scale application of NARFBs, it is important to develop
cost-effective as well as easy fabrication membranes since a high ratio of
the cost of a RFB comes from the membrane [22]. Furthermore, readily
repairability is another plus especially when the membrane is broken
during transportation or operation, and easy fabrication into various
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shapes can meet different needs. Accordingly, development of new
methods to prepare composite free-standing membrane can be an
alternative solution.

Metal-organic frameworks (MOFs), with central metallic atoms and
organic ligands, have regular micropores and high porosity [23], and
can serve as molecule and ion sieves and have been applied in gas
separation [24] and recently, the application of MOFs has been extended
to energy storage [21,25]. Copper (II) benzene-1,3,5-tricarboxylate
(HKUST-1) [17], zirconium (II) 1,4-benzenedicarboxylate (UiO-66)
[26], and nickel (II) benzene-1,4-dicarboxylate (Ni-BDC) [16] have
shown good ion sieving effect and demonstrated potential as a compo-
nent of a separator in an RFB. The MOF-5 is zinc (II) benzene-1,4-
dicarboxylate, which is constructed of Zn4O nodes with 1,4-benzodicar-
boxylic acid struts between the nodes. MOF-5 has been applied in gas
separation [27], catalysis [28], water treatment [29] and supercapacitor
[30]. The micropores stemmed from the MOF-5 crystals (~8 A 31D
may mitigate the crossover of large-sized active species and provide
continuous ion-transfer pathways for small supporting electrolyte ions.

MOF particle cannot self-assembled without binders. Polymer such
as polyethylene, polyvinylidene fluoride and polytetrafluoroethylene
(PTFE), show good chemical stability, and have been used as binders
applied in the separator of lithium batteries [32,33]. PTFE show good
stability in RFB application [34,35]. Meanwhile, PTFE is highly stable in
organic electrolyte [32]. Furthermore, other components of our in-house
designed NARFB device are made from PTFE. To avoid the effects caused
by using of other polymers, PTFE is a good choice.

The iron-based metal-ligand complexes are earth abundant and have
good electrochemical properties and fast kinetics [36]. The ionic-
derivatized ferrocene compound, N-(ferrocenylmethyl)-N,N-dimethyl-
N-ethylammonium bis (trifluoromethane-sulfonyl) imide (Fc1N112-
TFSI), exhibits rapid redox kinetics, high reversibility, stability, and
solubility in organic solvent [10,37]. Wei et al [37] reported a Li-based
hybrid NARFB using FclN112-TFSI and lithium bis(tetra-
fluoromethylsulfonyl)amide (LiTFSI) as the active species and support-
ing electrolytes, respectively, and show a good cycling performance.

Herein, we report that a MOF-5-based mixed-matrix (MMM) enables
a facile “rolling dough” preparation of a flexible free-standing separator.
A similar Li-based hybrid NARFB is assembled according to Ref. [37].
The separator shows a remarkably high ionic selectivity of Lit over
Fc11\5112+ ions and good long-term stability over 200 cycles at 4 mA
cm™“.

2. Experimental
2.1. Materials

Zinc nitrate hexahydrate (Zn(NOs)2-6H20, 98%), terephthalic acid
(H2BDC, 98%), ethylene carbonate (EC, 98%), ethyl methyl carbonate
(EMC, 98%), and PTFE dispersion (60 wt%) were bought from Sigma-
Aldrich. N,N-Dimethylformamide (DMF, 99%) was purchased from
Alfa Aesar. Propylene carbonate (PC, 98%), 4-Fluoro-1,3-dioxolan-2-
one (FEC, 98%) were purchased from TCI Chemicals. LiTFSI (99%)
was supplied by Acros Organics. All chemicals were used as received
without further purification. A Celgard PP (Celgard 2500, 25 pm
thickness) separator for comparison was obtained from Celgard LLC.
Fc1N112-TFSI was prepared from (dimethylaminomethyl) ferrocene
(96%, Sigma-Aldrich), bromoethane (98%, Acros Organics), and LiTFSI
according to a reported procedure [37].

The MOF-5 nanoparticles were synthesized according to the reported
method [27]. In a 100 mL Teflon-lined autoclave, Zn(NO3),-6H20
(1.664 g, 5.60 mmol) and HoBDC (0.352 g, 2.12 mmol) were dissolved in
80 mL DMF solvent. Then the autoclave was sealed and heated to 403 K
for 4 h. After cooling down to room temperature, the colorless MOF-5
powder was collected with centrifugation and washed thoroughly with
DMF to remove the unreacted zinc nitrate. The prepared MOF-5 crystals
were dispersed in methanol 3 days for solvent exchange and then dried
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under vacuum at 433 K overnight.

2.2. Fabrication of MMM separator

Specific amount of MOF-5 powder was ground in a mortar, after
which the PTFE dispersion was added, finally making a weight ratio of
MOF:PTFE = 4:1. After uniform mixing, the material was dried and
kneaded until a dough-like mass formed, followed by repeated rolling to
obtain a smooth and thin separator. After peeling-off, the separator was
cut into required size and immersed in the EMC/EC/PC (5:4:1 by
weight) solvent to achieve phase conversion. After drying at 373 K in
vacuum, the separator was stored in the glove box. The remained ma-
terial after cutting the used part was remixed into a dough-like mass,
kneaded and rolled flat to obtain a new separator following the same
procedure described.

2.3. Characterization

The X-ray diffraction (XRD) data were collected at room temperature
on a PANalytical X‘Pert X-ray diffractometer at 45 kV, 40 mA for Cu Ka
radiation (A = 1.54056 A). Scanning electron microscopy (SEM) images
were recorded using a JEOL JIB-4700F Multi Beam System equipped
with an Energy dispersive spectroscopy (EDS) unit. Fourier transform
infrared spectroscopy (FTIR) curves were acquired with a PerKin Elmer
Fourier transform infrared spectrometer. Solvent contact angle was
measured on a Theta Flex optical tensiometer with 5 pL solvent droplet.
Nitrogen adsorption/desorption isotherms were measured with Micro-
trac BELsorp Mini II. The samples were degassed at 393 K for 24 h under
vacuum before the nitrogen sorption analysis were performed at 77 K in
a relative pressure range 0.01-0.99. The tensile strength measurement
was done with Tensile and Compression Testing Machine MTS 400 at
room temperature. Thermal gravimetric analysis (TGA) was studied
using TA Instruments TGA Q500 at a heating rate of 10 °C min~" in Ny
atmosphere.

2.4. Permeation test

The permeability of the active species and supporting electrolyte
through the separator was measured using an H-cell, in which the right
half-cell was filled with 10 mL 0.05 M redox species solution or sup-
porting electrolyte solution while the left side with the 10 mL solvent.
The effective area of the membrane is ca. 1 cm?. Solutions at both sides
were stirred to minimize the concentration polarization. The samples
were taken from the left compartment from time to time. The concen-
tration of the active species was monitored with an UV-Vis spectrometer
(Varian Cary 50) and that of the supporting electrolyte was determined
with measuring the conductivity. The solution samples were poured
back to the cell immediately after the measurement. The permeability is
calculated according to the equation [7]:

a6 &)

where V is the volume of the solution in the active species
compartment, C; the concentration of the active species in the same side
as a function of time, A the effective area, L the thickness of the sepa-
rator, P the permeability of the membrane and Cy the concentration of
active species in the other half-cell. The ionic selectivity is defined as the
ratio of the permeability of the supporting electrolyte ion to that of the
active species:

PS
Tonic selectivity = P (2)

where P; and P, are the permeability of the supporting electrolyte ion
and the active species, respectively.
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Fig. 1. a) XRD patterns of the synthesized MOF-5 powder and MMM separator. b) SEM image of the MOF-5 powder. c) Scheme of the separator fabrication steps. d)

Photographs of the flexible separator.
2.5. Electrochemical test

Graphite felt, lithium metal foil and stainless steel were used as
cathode, anode and current collector, respectively. A single cell was
constructed with a specific membrane sandwiched by two Teflon shells.
The electrolyte containing 0.1 M Fc1N112-TFSI, 1 M LiTFSI and 5 wt%
FEC in EMC/EC/PC (5:4:1 by weight) was employed as catholyte, while
the same electrolyte without Fc1N112-TFSI as anolyte. Before test, the
separator was cut into pieces of 28 mm in diameter and immersed in the
anolyte for 24 h. In the flow cell mode, static anolyte (1 mL) was added
to the anode compartment, the catholyte (5 mL, theoretical volume
specific capacity 2.68 Ah L™!) was circulated between cell and storage
tank with a peristaltic pump (BT100-1L, Longer Precision Pump Co.,
Ltd., China) at a flow rate of 20 mL min~!. Galvanostatic charge and
discharge cycling was carried out on a cell test system (LAND, China).
The electrochemical impedance spectra of the cell were measured in the
frequency range of 0.01-10° Hz with a perturbation amplitude of 10 mV
with the PARSTAT MC 200 Multichannel Potentiostat (AMETEK, USA).

3. Results

The XRD measurement results show that the MOF-5 material was
successfully synthesized (Fig. 1a). The crystals are nano cubes (Fig. 1b).
As schematically illustrated in Fig. 1c, flexible MMM separator was
prepared with 100% utilization of material with the “rolling dough”
approach. A broken separator was reused by redo the rolling dough
practice to make a new one with the material. The XRD pattern of MMM
separator shows the MOF diffraction peaks. The MMM separator is
flexible (Fig. 1d). The FTIR results further confirm the existence of the
MOF and the PTFE components (Fig. 2a). The MOF nanoparticles are

closely packed in the PTFE bulk phase without cracks at the surface
(Fig. 2¢). The separator is dense, with a thickness close to 85 pm (Fig. 2d
and e). In addition, the MMM separator exhibits a much smaller contact
angle (~9.5°) than that of the commercial Celgard PP separator
(~41.6°) (Fig. 2b) with the solvent. The MMM separator has a tensile
strength of 3.8 MPa (Fig. 2f). A good thermal stability is further proved
with the high decomposition temperature of ~400 °C, as shown in the
TGA curve in Fig. 2g.

The nitrogen adsorption/desorption isotherms at 77 K were
measured (Fig. 3a). Combination of type-I and type-IV isotherm curves
are identified for the MMM separator i.e. has strong gas adsorption in
low relative pressure range and a hysteresis loop in medium relative
pressure > 0.45 range, indicating the coexistence of micropores with a
large volume (0.199 ecm® g™!) and mesopores with a smaller volume
(0.048 cm?® g_l). The pore size distribution calculated with the non-
linear density functional theory (NLDFT) model shows that the pores
are mainly concentrated at ~0.8 nm which is the structural nanopore of
MOF-5 [31] (Fig. 3b and c). The pore size of the MMM separator is much
smaller than that of Celgard PP (64 nm [7]). Such small pores are ex-
pected to impede the transport of active species of Fc1N112-TFSI (~1
nm for Fc1N112* [38]).

The permeation experiments were done with using an H-type
diffusion-cell. The concentrations of the active species (Fc1N112-TFSI)
and supporting electrolyte (LiTFSI) were derived from the calibration
curves, obtained with the UV-Vis and conductivity measurements,
respectively. Both the MMM and PP separators exhibit higher perme-
ation rate of the supporting electrolyte than that of the active species
(Fig. 3d). The permeabilities of Fc1N112-TFSI in MMM and PP separa-
tors are measured as 2.95 x 10”8 and 6.47 x 1078 m? s71, respectively.
The MMM separator shows four times higher selectivity for Li" over
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Fc1N112" (26.6) than that of the PP separator (6.0).

A single static cell was assembled (Fig. 4a) with a separator size of 28
mm in diameter. Good rate capability of battery is an important merit for
fast charge/discharge in storing/releasing the energy. Before testing cell
performance, Cyclic voltammetry (CV) measurement of active species
was conducted (Fig. 4b). The redox peak current ratio of the Fc1N112-
TFSI is roughly 1.0, which indicate the redox reaction is quasi-
reversible. The cell assembled with the MMM separator exhibits excel-
lent rate capability at j of 2-12 mA cm ™2 (Fig. 4c). CE of the MMM
separator-based battery increases gradually with j which is higher than
97%, and almost close to 100% at high j, and is much better than that of
the battery using a PP separator in all the current density range exam-
ined (Fig. 4d and e). The voltage efficiency (VE) decreases rather quickly
with the increase of j. Energy efficiency (EE) of the MMM based cell is
higher than that of the cell assembled with the PP separator (87.4% vs.
83.7% atj = 2 mA cm™2). The capacity decay always happens during the
test; thus, the capacity value does not recover when the current density
condition goes back to 2 mA cm 2. The EIS curves of the cells with both
MMM and PP separators are plotted in Fig. 4f. The intercept of EIS with

the X-axis at the highest frequency is dominated by the separator
resistance (Rp). The semicircles at the medium frequency are related to
the charge transfer process (R¢) at the interface between the electrodes,
electrolyte and separator. W1 is the Warburg diffusion element related to
active species diffusion capacitance. Q; is the constant phase element
which is related to the electric double layer capacitor [39]. The MMM
separator is thicker than PP (85 vs. 25 um), which causes larger Ry, than
that of PP (12.9 vs. 4.6 Q cmz), leading to low VE. However, the MMM
separator has smaller R than that of with PP (16.4 vs. 25.6 Q cmz),
which indicates that the interfacial resistances in the cell with MMM
membrane are lower than those in the cell with PP membrane, meaning
faster pathways for Li* transport in the cell with MMM membrane as the
separator.

A large-size MMM separator can be easily obtained. An in-house
designed standard NARFB device with an effective area of 2 cm x 2
cm was assembled. High average CE of 99.7% and EE of 80.9% are
achieved (Fig. 5a) for 200 cycle at j = 4 mA cm ™2 . VE is determined by
the ohmic resistance and polarization resistance which generally in-
creases with cycling [40], leading to the slow decline of VE. The flow
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battery exhibits an average discharge capacity of 2.26 Ah L™! over 200
cycles (99.96% capacity retention per cycle). The representative charge/
discharge profiles of the flow battery are shown in Fig. 5b. The perfor-
mance of the flow battery is remarkably good.

The separator after long term cycling test was washed with EMC/EC/
PC solvent, dried and then subjected to SEM observation. The SEM
morphology and corresponding EDS elemental mappings are shown in
Fig. 6. The XRD and FTIR patterns of the MOF and PTFE components in



J. Yuan et al.

D

Chemical Engineering Journal 433 (2022) 133564

(=
el

80 4

T
60

40

— 1% cycle 50" ¢
45 — 200‘" cycle

aﬁs://J

N o
IS

Voltage (V)

Efficiency (%)

* Charge Capacity

—
t
204

* Discharge Capacity

w
(,-1 uy) Anoeden

[N]

34
2.54

i

Cycle Number

0 20 40 60 8 100 120 140 160

T T T T T

T 0 2
180 200 0 0.5 1 15 2 2.
Capacity (Ah L)

»
w

Fig. 5. (a) Cycling performance of the NARFB over 200 cycles assembled with large-size MMM separator at j = 4 mA cm 2 (b) Representative charge/discharge

profiles of the flow battery.

Fig. 6. SEM micrographs and the corresponding EDS elemental mappings of the cycled MMM separator.

a b
PTFE

- ) 9

5 = )

8 8 0-C-0 asymmetric stretch _|

=2 & | 0-C-O symmetric stretch

2 E tine M C-H stretch—
[

-— [ "
= i VIM 5 7 L) :

‘ “ une i = C=0 stretch |/ |
. ‘\ ”\“‘ 4“\ Jiu ! ‘
C-F stretch

5 10 15 20 25 30 35
20(%)

40 4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Fig. 7. (a) XRD patterns and (b) FTIR spectra and of the MMM separator before and after the cycling test.

the separator after cycle test are similar with those of pristine ones
(Fig. 7).

4. Discussion

The XRD results show that the MOF-5 material was successfully
synthesized with the solvothermal method with high purity and crys-
tallinity (Fig. 1a). Comparing the separator XRD with the powder XRD,
the XRD pattern of MMM separator clearly shows the MOF diffraction
peaks at same locations with similar relative intensities, which confirms
the structural stability of the MOF during separator preparation. The
diffraction peak (200) represents the porous structure of MOF-5. The
peak intensity decreases after separator fabrication partly due to the
pore filling with solvent. The FTIR result (Fig. 2a) further confirm the
existence of the MOF and the PTFE components. The peaks at 1600 cm

and 1390 cm ™! represented the asymmetric stretch and symmetric
stretch of the carboxyl groups of MOF-5. The peaks caused by C-H
stretch can be seen at 746 and 824 cm™L. The peak at 1660 cm™! was
contributed by the carbonyl bond from the entrapped DMF solvent. In
addition, two characteristic peaks at 1155 and 1220 cm ™! indicated the
presence of C-F stretch from PTFE. The MOF nanoparticles are closely
packed in the PTFE bulk phase without cracks at the surface (Fig. 2c). In
addition, the MMM separator exhibits a much smaller contact angle
(~9.5°) than that of the commercial Celgard PP separator (~41.6°)
(Fig. 2b), which means better affinity to the electrolyte.

The cell assembled with the MMM separator exhibits excellent rate
capability. CE increases gradually with j due to the reduced crossover
effect. The CE of MMM separator-based battery is higher than 97%, and
almost close to 100% at high j, and is much better than that of the
battery using a PP separator in all the current density range examined
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(Fig. 4c). The VE decreases rather quickly with the increase of j due to
the increased concentration polarization loss. The EIS curves of the cells
with both MMM and PP separators are given in Fig. 4d. The MMM
separator has larger Ry, than that of PP (12.9 vs. 4.6 Q cm?), leading to
lowered VE, while the MMM separator has small Ry (16.5 Q cm?),
indicating that the interfacial resistances in the cell with MMM mem-
brane are low, meaning faster pathways for Li* transport in the cell with
MMM membrane as the separator.

Wei et al. [37] used commercial Celgard 3501 separator with the
same electrolyte as in this work, and their cell exhibited excellent 99.0%
CE and 99.95% capacity retention per cycle over 100 cycles at j = 3.5
mA cm 2. For comparison, the NARFB in this work with MMM separator
shows 99.7% CE and 99.96% capacity retention per cycle over 200 cy-
cles at j = 4 mA cm™2. Such high CE and capacity retention is attributed
primarily to the high ion selectivity of the MMM separator which
effectively suppresses the cross-over of the active species, and the
chemical stability of the separator.

According to the electrochemical experiment results, the remarkable
selectivity is attributed to the ion-size sieving effect of MOF-5 and the
dense combination of the two components in the composite membrane.
Crossover of active species causes capacity decay and decreases the
capacity retention. Low permeability contributes to obtain high capacity
retention. The size of the pores of MOF-5 is 0.8 nm, much bigger than the
diameter of Li* (0.15 nm [41]) and TFSI™ (0.65 nm [41]), but smaller
than that of Fc1N112" (~1 nm [38]). Therefore, MOF nanoparticles in
the composite membrane effectively limits the diffusion of Fc1N112™
ion, while facilitates the diffusion of Li" and TFSI". The ion transfer
mechanism through the MMM separator is illustrated in Fig. 8. MMM
separator serves as a sieve to mitigate the active species crossover and
allows the supporting electrolyte ions transport. Most active species are
blocked by the MOF whereas the supporting electrolyte ions (Li" and
TFSI™) can pass through the intracrystalline MOF pores.

The separator after long term cycling test was washed with EMC/EC/
PC solvent, dried and then subjected to SEM observation. It remains
integrated with no obvious cracks on the surface. A little deposition of
Fe-related species is found on its surface (Fig. 6). The XRD and FTIR
patterns of the MOF and PTFE components in the separator after cycle
test are similar with those of pristine ones. The C = O stretch peak
coming from DMF during the MOF synthesis disappeared after cycling
test. Meanwhile, no other new peaks in XRD pattern and FTIR spectrum
are observed in Fig. 8 after the cycling test, which demonstrates that the
MMM separator maintains its original chemical structure, proving its
high stability in long-term battery operation.

5. Conclusions
In summary, we reported a facile “rolling dough” preparation to

synthesize the MMM separator to moderate the cross-over effect and
thus improve the performance of NARFBs. The MOF-5 crystals inside the
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MMM separator cannot only block the active species, but also provide an
efficient Li* ion pathway through the structural nanopores. The sepa-
rator shows a remarkable ionic selectivity of Li* over Fc1N112" ion at a
high ratio 26.6. The flow cell assembled with MMM separator delivers
high CE (99.7%) and capacity retention (99.96% per cycle) over 200
cycles at 4 mA cm 2. The superior performance of this NARFBs is
attributed to the deliberately designed MMM separator, which shows
high ionic selectivity, cycling performance and chemical stability.
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