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Abstract 

Non-aqueous redox flow batteries (NARFBs) are promising for large-scale energy 

storage. However, the lack of high performance membrane is still impeding their 

further development. Two-dimensional (2D) metal-organic framework (MOF) 

nanosheets-modified porous separators are prepared by the filtration method. The 

NARFBs constructed with the 2D MOF nanosheets-modified separator exhibit 

substantially higher Coulombic efficiency (91.0% vs 82.9%) without obvious 

compromise on voltage efficiency (93.7% vs 94.2%), and larger average discharge 

capacity (1.30 vs 0.86 Ah L−1) compared with the pristine Celgard separator at 4 mA 

cm−2. Such performance is originated from the unique microstructure of 2D-MOF 

nanosheets. The interlayer spaces assembled by the nanosheet layers enable the fast 

transport of supporting electrolyte but impede the crossover of active materials and 

impose limited effect on the separator resistance. This work provides a facile and 

efficient strategy to mitigating the crossover effect in NARFB.  

Keywords: Energy storage; Non-aqueous redox flow battery; Porous separator; 

Metal-organic frameworks; Nanosheet 
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1. Introduction 

Redox flow battery (RFB) stands out as a promising energy storage technology 

owing to its independent power and energy features, long cycle life, and rapid 

response [1]. Compared with the aqueous RFBs, the non-aqueous RFBs (NARFBs) 

have received increasing attention because of their wider electrochemical window and 

thus higher energy density [2]. However, the performance of NARFBs was far from 

commercialization, among which is the poor cycling performance. The poor stability 

of the active materials during charging/discharging and the serious crossover effect of 

the electrolytes should be mainly responsible for that [3,4]. 

As a crucial component of NARFB, the membrane serves as preventing the 

crossover of the positive and negative active species whilst facilitating the transport of 

the supporting electrolyte ions [5,6]. An ideal membrane should have high ion 

conductivity and selectivity, low swelling ability, good compatibility with the active 

materials, and excellent stability in operating conditions [4,6]. The commercially 

available ion-exchange and porous membranes have been used in NARFBs [5]. The 

anion (cation) exchange membranes such as Neosepta [7] and Fumasep [8] show high 

ion selectivity; however, the low ion conductivity, high swelling, and possible 

reactions with the solvent and active materials seriously limit their applications in 

NARFBs [9]. In contrast, the porous separators such as Celgard [10,11] and Daramic 

[10,12] show high ion conductivity and good structural and chemical stability. 

Nevertheless, the large pore size of the commercial porous separators results in poor 

selectivity of the ions, i.e., more serious crossover of the active species and thus more 
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capacity loss of the cell during charging/discharging cycles [13]. Correspondingly, 

various strategies have been proposed to mitigate the crossover effect of the porous 

membranes [9,14,15]. Controlling the pore size has been proved to be effective 

[6,16,17]. When a porous composite separator composed of polymers of intrinsic 

microporosity (PIM) was used, the NARFB delivers impressive Columbic efficiency 

(CE) over 6 days of cycling [16]. A porous composite membrane with Y-zeolite 

coated on a polyvinylidene fluoride microporous separator possesses unique 

nanoporous structures with an average pore size of < 2 nm. The NARFBs with such 

separator delivers high energy efficiency and exceptional capacitity retention 

capability (> 99.98% per cycle) over extended cycling [17]. 

Metal-organic frameworks (MOFs), self-assembled by inorganic metal center 

and organic ligands, possess regular structural micropores and high porosity [18], 

which have been widely applied in gas storage and separation [19], catalysis [20], 

drug delivery [21], supercapacitors [22], rechargeable batteries [23], just to name a 

few. The MOF-based materials can be also used in NARFBs [24]. The 

zero-dimensional (0D) MOF nanoparticles, such as zeolitic imidazolate frameworks 

(ZIF-8(7)) [25], copper benzene-1,3,5-tricarboxylate (HKUST-1) [25], 

Ni3(2,3,6,7,10,11-hexaiminotriphenylene)2 (Ni3(HITP)2) [26], and 

Zr6O4(OH)4(1,4-benzenedicarboxylate)6 (UIO-66) [27], can significantly alleviate the 

crossover of the active species. A novel composite membrane was prepared by 

controlled in-situ growth of Cu-MOF nanoparticles with gradient density in a porous 

Celgard separator [28]. The crossover of active species is obviously mitigated by the 



5 
 

reduced effective pore size and the resultant battery delivers an average CE of 97% 

over 20 cycle at the current density (j) of 4 mA cm−2 [28]. However, the nanoparticles 

in the porous membrane obviously increase the membrane resistance and thus lower 

the voltage efficiency (VE).  

Compared to the 0D nanoparticles, two-dimensional (2D) MOF nanosheets are 

expected to afford faster ion transfer and provide higher ion conductivity due to their 

ultrathin thickness and high surface area [29,30]. The 2D MOF nanosheets can be 

self-assembled layer-by-layer to form highly integrated selective composite film [31]. 

The guest species are able to permeate through the 2D layered MOF membranes and 

realize the molecular sieving via either pores within MOF nanosheets or interlayer 

passages among nanosheets [32,33]. 2D MOF nanosheets have been used in 

lithium-sulfur batteries [26]. However, to the best of our knowledge, there is no report 

on the application of 2D MOF nanosheets as separator in NARFBs.  

Herein, the 2D Ni-MOF nanosheets were deposited on the surface of the porous 

commercial Celgard 2325 separator for NARFBs. The commercial Celgard 2325 

membrane (pore size: 28 nm, thickness: 25 μm), made of polypropylene and 

polyethylene, exhibits excellent solvent resistance, good chemical and mechanical 

stability, and excellent affinity with the organic solvents [10], which has been widely 

employed in NARFB [10,34] and thus used in this work. The iron-based metal–ligand 

complexes are earth abundant and have good electrochemical properties and fast 

kinetics [35]. Our very recent results [8] show that NARFB based on iron(III) 

acetylacetonate (Fe(acac)3) anolyte and 
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N-(ferrocenylmethyl)-N,N-dimethyl-N-ethylammonium bis 

(trifluoromethane-sulfonyl) imide (Fc1N112-TFSI) catholyte delivered good cycling 

performance and rate capability. Accordingly, they were used as the active materials 

here. The electrode reactions of the active materials are illustrated in Scheme S1. The 

2D MOF nanosheets modified Celgard 2325 separator exhibits impressive 

performance in terms of mitigating the crossover of active species and enhancing the 

cycling stability. The resultant battery shows high rate capability, improved CE at 

almost no expense of VE. 

2. Experimental 

2.1.  Materials 

The chemicals used in this work include nickel(II) chloride hexahydrate 

(NiCl2·6H2O, 99.9%, Aladdin), triethylamine (TEA, 99.5%, Aladdin), ethanol (99.8%, 

Aladdin), N,N-Dimethylformamide (DMF, 99.9%, Aladdin), terephthalic acid 

(H2BDC, 98%, Sigma-Aldrich), iron(III) acetylacetonate (Fe(acac)3, 99.9%, 

Sigma-Aldrich), polyvinylidene fluoride (PVDF, Sigma-Aldrich), acetonitrile (MeCN, 

99.9%, Sigma-Aldrich), N-Methyl-2-pyrrolidone (NMP, 99%, TCI), 

(dimethylaminomethyl)ferrocene (97%, Adamas), bromoethane (99%, J&K 

Scientific), lithium bis(tetrafluoromethylsulfonyl)amide (LiTFSI, 99.5%, Meryer), 

tetraethylammonium bromide (TEABr, 99%, Guangfu). All chemicals were used as 

received without further purification.  

Tetraethylammonium bis(trifluoromethylsulfonyl) imide (TEATFSI)  was 

synthesized with the procedure in literature [12]. The aqueous solutions of TEABr 
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and LiTFSI were mixed in a molecular ratio of 1:1 and stirred for 3 h to form 

crystallites, followed by rinsing with deionized water and drying under vacuum. 

Fc1N112-TFSI was synthesized with the reported procedure [36]. 

2.2.  Preparation of Ni-MOF nanosheets modified Celgard separator 

    Ultrathin Ni-MOF nanosheets were synthesized following the literature [37]. 

Briefly, 0.375 mmol NiCl2·6H2O was first dissolved in a mixed solution of DMF (16 

mL), ethanol (1 mL), and deionized water (1 mL) under ultrasonication, followed by 

adding 0.375 mmol H2BDC. 0.5 mL TEA was then injected into the solution and 

stirred for 10 min. The colloidal solution was continuously ultrasonicated for 8 h in 

the sealed condition at room temperature. 3 mL of the colloidal solution was dispersed 

in 397 mL DMF and ultrasonicated for 1 h to obtain the uniform dispersion. 20 mL of 

the resultant dispersion was filtered directly onto the Celgard 2325 separator by 

Millipore filter systems and dried at room temperature. The loading of Ni-MOF 

nanosheet is approximately 0.06 mg cm−2. The obtained separator is marked as 

NS-MOF@Celgard. Separators with different thicknesses of nanosheet layer were 

prepared with the similar procedure. Instead of 20 ml, 80 and 120 ml of the dispersion 

were used, and the resultant separators are labeled as NS-MOF@Celgard-1 and 

NS-MOF@Celgard-2, respectively. 

For comparison, the Ni-MOF nanoparticle modified Celgard separator 

(P-MOF@Celgard) was also fabricated. The Ni-MOF particles were synthesized by 

the same procedure with that of Ni-MOF nanosheets but without ultrasonication. 1.5 

mL of the solution and 2 mg PVDF were dispersed in 20 mL NMP and ultrasonicated 
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for 1 h to obtain the uniform dispersion. The dispersion was filtered directly onto the 

Celgard 2325 separator by Millipore filter systems and dried at room temperature. 

2.3. Characterization 

X-ray diffraction (XRD, Bruker D8-focus, Germany) was employed to analyze 

the phase of the separators with Cu Kα radiation at a scan rate of 2 ° min−1. The 

morphology of the Ni-MOF nanosheets was observed by transmission electron 

microscopy (TEM, JEM-2100F, Japan) at 200 kV. Atomic force microscopy (AFM, 

Bruker, Germany) was employed to characterize the thickness of 2D MOF nanosheets. 

The surface and cross-section microstructures of the separators were examined by 

scanning electron microscopy (SEM, JSM-7800F, Japan) operated at 5 kV equipped 

with an energy dispersive spectroscopy (EDS) unit. The pore properties of the 

separators were measured with Quantachrome Autosorb-1. The samples were 

degassed at 120 oC for 12 h under vacuum before the nitrogen sorption analysis were 

performed at 77 K in a relative pressure of 0.01-0.99. 

2.4. Permeability tests 

    The permeability of the active species and supporting electrolyte through the 

separators was measured using an H-cell, in which the right half-cell was filled with 

0.05 M redox species solution or supporting electrolyte solution while the left side 

with MeCN, separated by either pristine or modified Celgard separators. Both sides 

were continuously stirred to reduce the concentration polarization. The solutions were 

sampled from the left compartment from time to time. The concentration of the active 

species was monitored by UV-Vis spectrometer (Shimadzu UV-2450, Japan) and that 
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of the supporting electrolyte was determined by conductivity measurement with a 

conductivity meter (INESA DDS-307A, China). The solutions were poured back to 

the cell immediately after the measurement. For Fc1N112-TFSI and Fe(acac)3, the 

peak wavelength of 435 nm was selected for calculation. 

2.5. Electrochemical tests 

    The flow battery performance was tested with an in-house designed flow cell in 

the argon-filled glove box [12]. The electrolytes with 0.1 M Fc1N112-TFSI/0.5 M 

TEATFSI/MeCN and 0.1 M Fe(acac)3/0.5 M TEATFSI/MeCN were employed as 

catholyte and anolyte, respectively. The electrolytes flowed through the graphite felts 

(Morgan, USA) at a flow rate of 20 mL min−1 by peristaltic pump (LONGER, China). 

Galvanostatic charge and discharge cycling was conducted on a cell test system 

(LAND, China). The electrochemical impedance spectra of the cells were measured in 

the frequency range of 0.1−105 Hz with a perturbation amplitude of 10 mV on the 

PARSTAT MC 200 Multichannel Potentiostat (AMETEK, USA). 

3. Results and discussion 

The fabrication procedure of 2D NS-MOF@Celgard separator is illustrated in 

Fig. 1. The resultant Ni-MOF nanosheets can form colloidal dispersion in DMF (inset 

in Fig. 2a). The flexible ultrathin nanosheet morphology of Ni-MOF is shown in the 

TEM image (Fig. 2a). The EDS elemental mapping demonstrates the uniform 

distribution of Ni, C and O throughout the nanosheets (Fig. S1). The thickness of 

most nanosheets is ~4 nm as revealed by the AFM image (Fig. 2b). The 

NS-MOF@Celgard separators were prepared by vacuum filtrating the diluted  
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Fig. 1. Schematic illustration for the fabrication of 2D NS-MOF@Celgard separator. 

Ni-MOF dispersion onto the Celgard 2325 membrane. The XRD patterns of the 

separators are shown in Fig. 2c. The diffraction peak at 8.4 o is assigned to the (200) 

of Ni-MOF, which is similar to that reported [30]. The MOF layer is closely 

assembled by the 2D nanosheets, without cracks at the surface as evidenced by the 

SEM results (Fig. 2d). Lamellar microstructure is observed in the cross-section SEM 

images (Fig. 2e and f) and the thickness of the Ni-MOF nanosheet assembled layer is 

~500 nm. The thickness of the MOF layer can be controlled by the amount of the 

dispersion, which is ~2 and ~3 µm for NS-MOF@Celgard-1 and 

NS-MOF@Celgard-2 separators, respectively. However, the surface microstructure 

remains similar (Fig. S2). 
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Fig. 2. Characterization of the Ni-MOF nanosheets and the NS-MOF@Celgard 

separator. (a) TEM image of Ni-MOF nanosheets and photograph of colloidal 

dispersion (inset). (b) AFM image of Ni-MOF nanosheets and the corresponding 

height profile. (c) XRD patterns of NS-MOF@Celgard and Celgard separators. 

Surface (d) and cross-section (e, f) SEM images of the NS-MOF@Celgard separator. 

To explore the pore properties of the separators, the nitrogen isotherm sorption at 

77 K was conducted. The Celgard 2325 membrane exhibits type-IV isotherm curve 

with the hysteresis loop at high relative pressure (Fig. S3), indicating the existence of 

large mesopores. In contrast, both type-I and type-IV isotherm curve can be found for 

the Ni-MOF layer with high gas sorption at low relative pressure and obvious 

hysteresis loop at relative pressure > 0.45, indicating the coexistence of micropore 

and mesopore in the MOF layer. The Barrett-Joyner-Halenda (BJH) pore size 

distribution (Fig. 3a) reveals that the Ni-MOF layer has mesopores with a size  
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Fig. 3. (a) Pore size distribution of the Ni-MOF layer and the Celgard separator. (b) 

Permeation rates of TEATFSI, Fc1N112-TFSI, and Fe(acac)3 in Celgard and 

NS-MOF@Celgard separators. 

distribution of 3−15 nm, which is much smaller than the Celgard membrane with the 

peak pore size at ~30 nm. Because the structural pore of Ni-MOF is ~0.63 nm [38], 

the pores measured by N2 sorption (3−15 nm) is derived from that formed by the 

assembled nanosheets. Such smaller pores compared with those in pristine Celgard 

are expected to impede the transport of active materials of Fc1N112-TFSI and 

Fe(acac)3. 

To examine the permeation ability of the active materials and the supporting 

electrolyte through the separators, the permeation rates were measured using an 

H-type diffusion cell. The concentration of active species (Fc1N112-TFSI and 

Fe(acac)3) and supporting electrolyte (TEATFSI) was calculated based on the 

calibration curves (Fig. S4), which were obtained by UV-Vis spectrometer and 

conductivity test. All of the NS-MOF@Celgard, P-MOF@Celgard and Celgard 

separators exhibit higher permeation rate of the supporting electrolyte than that of the 
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active species (Figs. 3b and S5). The sizes of the active species are enlarged when the 

solvation effect is taken into account in practical application [39], which make the 

diffusion of active species through the separators more difficult. Compared with the 

case of the supporting electrolyte TEATFSI, the permeation rates of the active species 

are reduced more seriously after the Ni-MOF nanosheets modification. If the 

TEATFSI/active species selectivity is defined as the ratio of the slope for TEATFSI to 

that for active species [40], the NS-MOF@Celgard separator shows higher 

TEATFSI/Fc1N112-TFSI and TEATFSI/Fe(acac)3 selectivity (4.6 and 4.8, 

respectively), two times of that of Celgard separator (2.1 and 2.3, respectively). 

Although P-MOF@Celgard separators can also obviously impede the crossover of the 

active species, the improvement in ion selectively is very limited (2.8 and 3.1, 

respectively), much lower than that of NS-MOF@Celgard. It indicates that the 

NS-MOF@Celgard is advantageous in suppressing the crossover effect. 

    The experimental results show that 2D MOF is advantageous over MOF 

nanoparticles in terms of suppressing the permeation of active species. The ion 

selectivity of NS-MOF@Celgard separator is much higher than that of MOF 

nanoparticle modified ones. The structural pore size of Ni-MOF is ~0.63 nm [38], 

which is bigger than the equivalent diameter of TEA+ (0.52 nm [41]) and TFSI- (0.54 

nm [41]) but much smaller than that of Fc1N112+ (~1 nm [42]) and Fe(acac)3 (~2.1 

nm [43]). Although the ions become larger due to the solvation effect, the solvation 

shell is easily broken as is well known in the lithium-ion battery field [44]. Those 

results may be indirect evidences that the ions can permeate through the 



14 
 

intracrystalline pores. Accordingly, the transport paths are illustrated in Fig. 4. Most 

active species are blocked by the MOF layer whereas the supporting electrolyte ion 

can pass through the MOF layer fairly easily through the interlayer spaces formed by 

the nanosheets assembling and the intracrystalline MOF pores.  

 

Fig. 4. Schematic permeation of TEA+, TFSI−, Fe(acac)3, and Fc1N112+ through the 

Ni-MOF layer in the NS-MOF@Celgard separator. 

To evaluate the electrochemical performance of NS-MOF@Celgard separator in 

NARFB, a flow cell with 0.01 M Fc1N112-TFSI and 0.01 M Fe(acac)3 in 0.1 M 

TEATFSI/MeCN as catholyte and anolyte, respectively, was assembled. The initial 

results show that the thickness of the MOF layer has a great influence on the battery 

performance. The battery with thin MOF nanosheet layers (NS-MOF@Celgard) can 

operate for ~40 cycles at low current density (1 mA cm−2, Fig. S6a) whereas only 

several cycles can be achieved for the thicker membranes (NS-MOF@Celgard-1 or 

NS-MOF@Celgard-2, Fig. S6c and e). The corresponding EIS results before vs. after 

battery tests are shown in Fig. S6b, d and f. The intercept of the high frequency 

semicircles with the X-axis is dominated by the membrane resistance (Rm) [28,40]. 
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The semicircles at the high frequency are related to the charge transfer process (Rct) at 

the interface between electrodes and electrolytes. Both Rm and Rct increase after 

cycling; the thicker the membrane, the larger and the faster increase of Rm and Rct. 

Such fast increased Rm and Rct are probably related with the deposition of Fe-based 

active materials (as discussed below), which should be responsible for the fast failure. 

Thicker MOF layers are expected to mitigate the crossover of active species 

more effectively. However, such thick layers will inevitably bring larger resistance to 

the separator. The precipitation of the active species on the separators seriously 

impedes the penetration of the supporting electrolyte and rapidly deactivates the 

battery with thicker layer [8]. Accordingly, proper thickness of the Ni-MOF layer is 

important considering the balance between resistance and permeability. Consequently, 

the following battery test was performed on the separator with 500 nm MOF layer 

(NS-MOF@Celgard); meanwhile, higher concentration of electrolytes were used to 

achieve higher energy density, 0.1 M Fc1N112-TFSI and 0.1 M Fe(acac)3 in 0.5 M 

TEATFSI/MeCN. 

The rate capability of battery is an important merit for fast charge/discharge in 

storing/releasing the intermittent energy sources. It was examined by galvanostatic 

charging/discharging at j = 2−12 mA cm−2 (Fig. S7). The batteries with both Celgard 

and NS-MOF@Celgard separators cycle stably at different j. CE increases gradually 

with j due to the reduced crossover effect whereas VE decreases rather quickly due to 

the increased polarization loss. Compared to that with pristine Celgard separator, the 

battery with NS-MOF@Celgard separator exhibits higher CE over the whole j studied 
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(Fig. 5a) especially at low current densities. CE increases from 77.8% to 88.3% after 

the MOF modification at j = 2 mA cm−2. It demonstrates that the Ni-MOF layer 

modification can effectively inhibit the crossover of active species. Meanwhile, VE  

 

Fig. 5. (a) Coulombic and voltage efficiencies of the batteries with different 

separators at the current densities of 2−12 mA cm−2. (b) Area resistance of the 

batteries with different separators. 

decreases only slightly, which is still 83.2% (vs 85.3% for Celgard separator) when j 

is as high as 12 mA cm−2. Such small decline in VE is probably due to the slight 

change of the separator resistance. As shown in Figs. S8 and 5b, the membrane 

resistance increases slightly from ~4 to ~6.5 Ω cm2 after nanosheet modification, 

which contributes to the slight decline in VE. 

To evaluate the long-term cycling performance, flow cells were tested at j = 4 

mA cm−2 for 100 cycles. The NARFB with the NS-MOF@Celgard separator shows 

more stable cycling performance and higher capacity retention (Figs. 6a and S9) than 

the cells with the Celgard separator (Fig. S10a). CE improves significantly, especially 

in the initial stage, indicating that crossover is mitigated, which is in consistent with 
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the penetration results. Compared to that with the pristine Celgard separator, the 

average CE of the flow cell with NS-MOF@Celgard separator increases by ~8% and 

reaches 91.0% (Fig. 6b). VE remains almost constant because of slight difference in  

 

Fig. 6. (a) Cycling performance of the cell with NS-MOF@Celgard separator over 

100 cycles at 4 mA cm−2. (b) Average Coulombic, voltage, and energy efficiencies of 

cells with different separators at j = 4 mA cm−2.  

the resistance of the separator after modification (Fig. 5b). Moreover, an improved 

average energy efficiency (EE) of 85.1% (vs 78.2% for Celgard separator) and high 

average discharge capacity of 1.30 Ah L−1 (vs 0.86 Ah L−1) are delivered. Such 

performance is remarkably better than that of NARFBs with porous separators (Table 

1). Furthermore, compared with the reported Cu-MOF nanoparticle modified Celgard  

Table 1. Performance comparison of NARFBs with porous separators. 

Electrolyte Separator Cycles CE 
(%) 

VE 
(%) 

EE 
(%) 

DCa  
(Ah L−1) 

Ref. 

0.1 M V(acac)3 Daramic 250 10 73 − 68 − [45] 
0.01 M V(acac)3 L-PSQ/Celgard 50 62.7 − 43.7 − [14] 
0.3 M DBMMB/MePh Daramic 175 50 90 77 69 − [10] 
0.1 M DBMMB/MePh Celgard 4560 − ~85 ~95 ~80 − [10] 
0.1 M Ferrocene/Li CuBTC/Celgard 20 ~97 ~85 83.4 − [28] 
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0.1 M Fc1N112-TFSI/Fe(acac)3 Daramic 250 100 88.3 91.6 81.1 1.06 [8] 
0.1 M Fc1N112-TFSI/Fe(acac)3 Celgard 2325 75 82.9 94.2 78.2 0.86 This 

work 0.1 M Fc1N112-TFSI/Fe(acac)3 NS-MOF@Celgard 100 91.0 93.7 85.1 1.30 

aDC: average discharge capacity 

separator, tested by static cells [28], where CE increases from 88.0% to 97.4% but VE 

decreases from 84.1% to 80.6% at j = 4 mA cm−2 after modification, the present 

2D-MOF nanosheet is more advantageous.  

To further illustrate the advantage of 2D-nanosheet over 0D-nanoparticle, the 

long-term cycling performance of battery with P-MOF@Celgard separator was 

examined. As shown in Fig. S10b, the average CE, VE, EE and average discharge 

capacity are 88.3%, 93.2%, 82.3% and 1.05 Ah L−1, respectively, over 100 cycles. 

The nanoparticle modification is an improvement over the pristine Celgard separator; 

however, it is less effective than the nanosheet. It should be noted that the loading of 

MOF particle is ten times higher than that of MOF nanosheets. The higher area 

specific resistance is expected (Fig. S8). The lower CE (88.3% vs 91.0%) suggests 

that the nanosheet is more effective in impeding the ion crossover. The 2D-MOF 

nanosheet can be assembled layer-by-layer without binders, which is an additional 

advantage.  

Although the battery assembled with NS-MOF@Celgard separator exhibits 

relatively high CE, its capacity decreases with cycling (Fig. 6a). The cycling stability 

is always a serious concern for NARFBs [8,12]. The 100-cycled NS-MOF@Celgard 

separator was examined by SEM. It remains integrated; no obvious cracks or 

exfoliation of the MOF layer is found (Fig. S11a). The EDS results show that the 

composition maintains constant. All those results infer the structural and chemical 
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stability of the NS-MOF@Celgard separator. However, the deposition of Fe-related 

species is detected by EDS (Fig. S11b and c). Similar results were found on the 

porous Daramic membrane [8]. Such deposition not only reduces the content of active 

materials but also increases the separator resistance (Fig. S12), leading to the decayed 

capacity. In addition, although the crossover of the active materials is obviously 

impeded by the nanosheet modification, it still happens especially considering the 

moderate ion selectivity (4.6 and 4.8 for TEATFSI/Fc1N112-TFSI and 

TEATFSI/Fe(acac)3, respectively), which is also responsible for the capacity 

degradation during cycling. 

4. Conclusions 

    The 2D Ni-MOF nanosheets-modified porous separator prepared by the filtration 

method is demonstrated for NARFBs. The NS-MOF@Celgard separator effectively 

impedes the crossover of the active species whilst imposes only limited impact on the 

transport of the supporting electrolyte. The flow cell assembled with 

NS-MOF@Celgard separator delivers high CE (91.0%), EE (85.1%) and discharge 

capacity (1.30 Ah L−1) compared with the pristine Celgard separator (82.9%, 78.2%) 

without expense of VE at j = 4 mA cm−2. This work provides a facile yet efficient 

strategy to alleviating the crossover effect in NARFB.  
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