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Membrane technologies with low environmental impacts and ease of use

have awide spectrum of applications, with the potential to provide more
sustainable solutions in domains such as water, energy and pollution
treatment. However, the design of membranes is subject to a trade-off
betweenion conductivity and selectivity. Here we show a composite
polymeric membrane that breaks this dilemma and supports both high
proton conductivity (80.1 mS cm™) and good vanadiumion selectivity
(2.01x10° S min cm™). Underlying this synthetic success is a flow-processing
technique through which zeolite nanosheet fillers are oriented in a preferred
direction throughout a polymer Nafion matrix. As a result, pairing this
aligned membrane with a vanadium flow battery leads to a high energy
efficiency of >80% at 200 mA cm2and remarkable stability over 1,000
cycles. This work enables the design of membranes that combine otherwise
mutually exclusively properties for many possible applications beyond

energy storage.

Renewable energy is poised to account for an increasing share of
the future power portfolio to address sustainability challenges that
have resulted from massive carbon emissions from fossil fuels. The
ever-growing urgency to accelerate decarbonization of the economy
isdriving the development and adoption of large-scale energy storage
and conversion technologies, such as flow batteries (FBs)'*, fuel cells**
and water electrolysers®’, to tackle the intermittency and instability
of renewable energy. lon-selective membranes are the central com-
ponent in many electrochemical devices and govern the efficiency
of energy conversion and utilization. In aqueous FBs with recyclable
non-combustible electrolytes, ion-selective membranes conductions
tocomplete an electric circuit and separate chemical reactions between
theanode and cathode®. However, current membrane materials, includ-
ing commonly used perfluorosulfonic acid-based Nafion, generally
suffer from low ion selectivity and limited conductivity due to their
irregular channels and serious swelling®. The design and development
of high-efficiency membranes are beneficial for maximizing renewable
energy utilization and promoting energy sustainability'®2,

Todeviseion-selective membranes, there are two major considera-
tions. One s to fabricate fast and regular ion-transport channels with
precise selectivity™ ¢, and the other is to construct membrane with
highly aligned and oriented channel architecture®, Molecular sieve
materials, such aszeolites, with well-defined interconnected rigid chan-
nels and super-stable frameworks are prospective materials®. Oriented
zeolite polycrystalline membranes have initially presented potential
for efficient ion separation®’, while their preparation and application
techniquesstill pose great challenges owing to grainboundary defects,
incomplete/interlaced coverage, randommisoriented intergrowth and
fragile structural characteristics® .

Analternative approachistoincorporate zeolite into the polymer
matrix, which could take advantage of the molecular sieves and feasible
fabrication processes used for pure polymer membranes® 2, However,
it is worth noting that the isotropy of traditional zeolite materials
makes it impossible to align their molecular sieving channels in poly-
mers. Two-dimensional (2D) zeolite nanosheets (ZNs)**** provide
aconvenient and practical route to achieve this purpose”. The value
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behind ordered, in-plane nanosheets within polymers is apparent, as
these additions help maximize the benefits of the high-aspect-ratio
structures®. In particular, this merit will be further magnified by adopt-
ing 2D materials with intrinsically regular sieving channels. However,
owingtoentropy, the distribution of nanosheets in polymers gravitates
towards randomness, making it challenging to develop composite
membranes with highly aligned architectures.

Here, we show a simple and controllable volatilizing shear
flow-induced alignment (VSFI) approach to disperse aluminiferous
ZNs in the polymeric matrix in an ordered way (Fig. 1a and Supple-
mentary Fig.1). The shear force generated during volatilization serves
to control the orientation of the ZNs in the polymer. These aligned
nanosheets could both maximize discrimination of ions and enable
fast proton transport, therefore breaking the trade-off between ion
selectivity and conductivity, together with enhanced tensile strength
and swelling resistance. The favourable combination of conductivity
and selectivity in the aligned membrane is further manifested in flow
batteries that show high energy efficiency of >80% and impressive
stability over 1,000 cycles. This work provides an effective strategy
for the rational design of membranes for applications, including safe,
eco-friendly and high-performance flow battery systems for sustain-
able large-scale energy storage.

Results

Membrane fabrication

First, high-aspect-ratio aluminiferous ZNs with an optimized Si/Al ratio
of23.7 + 1.7 were synthesized viaa modified MFI-type silicalite ZN syn-
thesisapproach®** (see Methods and Supplementary Note 1 for details,
and Supplementary Figs. 2-4). The ZNs presented a classic rhombus
morphology with an edge thickness of 7.5 nm and a lateral dimen-
siono0f4.9 x 2.7 um? (Fig. 1b and Supplementary Fig. 5), and exhibited
excellent chemical and thermal stability (Supplementary Figs. 6 and 7).
Additionally, the aluminiferous ZN showed nearly cylindrical b axis
straight channels along the thickness (Fig. 1c and Supplementary
Figs.8-10) withaspecial hydrophilicionic surface (see Supplementary
Fig.11and Supplementary Note 2 for details).

We found that local shear flow could effectively induce the align-
ment of high-aspect-ratio nanofillers in the suspending fluid during
material processing, especially in polymer processing®". In this study,
the volatilization process in the VSFI method provided a controllable
local shear flow to facilitate the uniform and ordered distribution of
ZNs in the polymeric phase (Fig. 1d). A homogeneous Nafion hybrid
casting solution with well-dispersed ZNs (Supplementary Fig.12) was
utilized to demonstrate the feasibility of our VSFl strategy. Initially, ZNs
were randomly distributed in the casting solution without a specific
orientation (Fig.1e, paneli). Following the volatilization of the solvent,
shear flow was generated by the liquid supplement to volatilization. The
differenceinthe shear flow around the ZNs caused agradual decrease
inthe angle (0) between the nanosheet and the plane direction (Fig. e,
panel ii). With appropriate choices of volatilization temperature and
pressure, the nanosheets arranged in a highly oriented in-plane man-
ner and were uniformly distributed in the polymer (Fig. 1e, panel iii).
Tounderstand the volatilizing shear flow-induced alignment process,
we used computational fluid dynamics to analyse the shear flow rate
distribution around the ZN during the volatilization process. According
tothe Newtonian law of viscosity, the volatilizing shear flow resulted in
anefficient shear flow force, 7 (7 =  du/dy, where uis the viscosity and
du/dyis the shear flow rate). As shown in Fig. 1f, there was an obvious
shear force gradient field along the ZN, and the shear force at the two
end points of the ZN presented different distributions, which acted on
the angle adjustment and alignment of the ZNs.

The aligned composite membranes were characterized by scan-
ning electron microscopy (SEM) and transmission electron microscopy
(TEM). A series of random cross-sectional SEM images revealed that
all the ZNs were almost parallel to the membrane surface and evenly

distributed in the polymer (Supplementary Figs. 13 and 14), rather
than accidental events. The TEM images and energy dispersive X-ray
spectroscopy (EDS) results (Fig. 2a,b) also proved the aligned nature of
the ZNsinthe polymeric matrix. To further verify the orderliness of the
nanosheets, wide-angle X-ray scattering (WAXS) measurements were
employed to quantitatively analyse the orientation degree of the ZNs
inthe polymer. AsshowninFig. 2c, the aligned composite membrane
showed atypical aeolotropic scattering pattern, indicating the aligned
state of the ZNs in the polymer. A sharp peak at ¢ = 90° is observed in
the corresponding azimuthal angle (¢) plot. The calculated orientation
degree, identified by the Herman’s orientation factor (f; Methods),
was as high as 0.81, further proving that ZNs were well assembled in
the membrane®.

The internal structure of the aligned composite membrane was
studiedin detail using focused ion beam-scanning electron microscopy
(FIB-SEM). A protective Pt layer was deposited on the upper surface of
the membrane before analysis, and then an FIB was applied to carve a
trench and mill a series of continuous thin slices (Fig. 2d). The corre-
sponding cross-sectional SEM images were recorded. Figure 2e shows
arepresentative cross-sectional SEM image exposed on FIB milling of
the membrane. A3D model (Fig. 2f) was reconstructed on the basis of
the SEMimages. By segmenting different phases, the ZNs were clearly
presentedinasurface-rendered view (Fig.2g). It can be observed that
the ZNsinthe polymeric phase were uniformly distributed in parallel,
which was consistent with the WAXS results. The orientation degree of
the ZNsinthe membrane was also quantified by analysing the FIB-SEM
tomograms, and the statistical orientation histogram showed a pre-
ferred orientation of nanosheets at an angle close to 0°, parallel to the
membrane surface (Fig.2h). The corresponding pie chart of the angle
distribution percentage (Fig. 2i and Supplementary Table 1) further
revealed that more than 80% of the nanosheets were oriented at angles
between 0°and10°. This preferential orientation of ZNs deviates highly
fromtherandom orientation, which could provide an effective barrier
toresist the transport of unwelcome ions and maximize theion-sieving
capability of the membranes.

Thelocal shear flow force generated by the volatilization process is
highly responsible for the uniform alignment of the nanosheetsinthe
polymer. Selecting asuitable volatilization rate (v) is crucial for amem-
brane with a high degree of orientation. Generally, when the casting
solution compositionis unchanged, vcan be easily adjusted by ration-
ally setting the volatilization temperature (7) and absolute pressure
(P).Figure 3ashows anexperimental correlationrelating the actual vto
both Tand P, which determined the quality of the membranes (Fig. 3b
and Supplementary Fig. 15). When v was less than 0.18 gcm™2h™, ZNs
could not uniformly distribute in polymer and were almost deposited
atthebottom ofthe composite, while cracked and brittle membranes
were obtained owing to adearth of crystallinity. However, excessive v
resulted in discontinuous membranes with obvious bubble defects.
Our experimental results indicated that the optimal v range was
0.43+0.05 g cm™h™, where the corresponding fof the membranes was
located atahighlevel of more than 0.7 (Fig.3c). Whenv deviated from
thebestinterval, the distribution of ZNs in the polymer moved towards
disorder, leading to a low f. Figure 3d shows an intuitive comparison
of composite membranes with different fof 0.81and 0.46. Compared
with the highly aligned composite membrane, ZNs were distributed
randomly inthe low-aligned composite membrane without preferred
orientation (Fig. 3d and Supplementary Fig.16). The VSFImethod was
further confirmed by preparing a series of highly aligned membranes
under the optimal v, but using different Tand P parameters (Fig. 3e).
Moreover, we also fabricated a highly aligned ZN membrane with
different ZN contents (2-4 wt%) via the VSFI method (Fig. 3f).

Membrane properties
Amembrane with highion selectivity and conductivity is veryimportant
for FBs. Toreveal the effects of alignment on the membrane properties,
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Fig.1|Structure and formation process schematics of aligned zeolite
nanosheets in a polymer membrane. a, Schematic of the internal perspective
and the global perspective (inset) of acomposite membrane with aligned ZNs for
ion-selective transport. b, The SEM image of the ZN. ¢, The integrated differential
phase contrast scanning transmission electron microscopy image of the ZN. The
insetin cis the corresponding [010] (b axis along the thickness direction) zone
axis electron diffraction pattern from the ZN. d, Cross-sectional SEM image of the

1 Shear flow force

aligned ZN composite membrane. e, Schematic of the formation process of the
aligned ZN composite membrane: (i) randomly dispersed ZNs in casting solution;
(ii) angle adjustment of ZN under shear flow force; and (iii) aligned distribution
of ZNsin polymer membrane. The filaments in e represent disordered polymer
chains. f, Computational fluid dynamics analysis of the ZN alignment process.
Theredregionrepresents a higher shear force than the cyan region. Scale bars,
1pm(b); 5nm(c),2nm™ (¢, inset); 5 pm (d).

highly aligned composite membranes, with f of approximately 0.8
(abbreviated as h-ZN), and low-aligned composite membranes, with f
of approximately 0.45 (abbreviated as I-ZN), were used to investigate
theion permeationrate and conductivity. Inaddition, to highlight the
superiority of high-aspect-ratio nanosheets, pure Nafion membranes
(abbreviated as p-Nf; Supplementary Fig.17) and isotropic (bulk-type)
zeolite counterpart incorporated membranes with fof less than 0.05
(abbreviated asi-ZB; Supplementary Fig. 18) were also prepared under

the same conditions as h-ZN. All composite membranes involvedin this
study were controlled at the same optimal doping amount of 3 wt% and
withathickness of ~46 pm, unless otherwise specified (Supplementary
Fig.19 and Supplementary Note 3).

Taking the vanadium flow battery (VFB) asan example, the resist-
ance to vanadium ions was investigated next. As shown in Fig. 4a and
Supplementary Fig. 20, once zeolites were incorporated into the poly-
meric phase, all the membranes exhibited enhanced resistance to
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Fig.2|Structure characterizations of polymer membrane featuring aligned
ZNs.a,b, TEMimage (a) and EDS results (b). ¢, 2D WAXS image and azimuthal
angle plots. d, The overview SEM image of the trench on the membrane surface.
Theregion marked by the red dashed frame in the cross-sectional image was
selected for further analysis. e, Representative cross-sectional SEM image during
the FIBmilling. f, Orthogonal cross-sections through the 3D reconstructed
FIB-SEM tomogram. Nanosheets appear as a bright pattern on the light grey
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polymer matrix, and the high-aspect-ratio nanosheet lying on a plane parallel

to themembrane surface s visible intuitively. g, Surface-rendered view of

the segmented FIB-SEM tomograms. Nanosheets are shownindark blue. h,i,
Statistical orientation histogram (h) and corresponding pie chart (i) of the angle
(6) between the nanosheet and the membrane surface. Scale bars, 500 nm (a);
100 nm (b); 20 pm (d); 5 um (e).

vanadium ions compared with p-Nf, owing to the absolute vanadium
ion-sieving ability of the zeolite rigid channels (Fig. 1c and Supplemen-
tary Figs. 21 and 22). Benefiting from the unique 2D structure, the use
of ZNsasfillersresulted in higherincreasesin the vanadiumresistance
than that of bulk-type zeolite counterparts, strongly proving the supe-
riority of nanosheet materials. Among them, h-ZN exhibited the lowest
vanadiumion permeability, indicating that the higher alignment of ZNs
indeed contributes to the better barrier effect for larger size activities
in FBs. Furthermore, as shown in Fig. 4b, the vanadium permeability
measured in the experiment was highly consistent with the calculated
theoretical prediction based on the Bharadwaj model® considering the
effect of f, further verifying the superiority of the orderly alignment.
Electrochemical impedance spectrum testing showed that
the introduction of zeolites apparently decreased the area resist-
ance of the membranes (Supplementary Figs. 23 and 24), and the
proton conductivity also corresponded well with the tendency of
the resistance to vanadium ions (Fig. 4a), following the order of

h-ZN > -ZN > i-ZB > p-Nf. Among these, h-ZN possessed the strongest
proton conductivity (80.1mS cm™), which was 2.6 times higher than
that of p-Nf (31.1 mS cm™) and 1.9 times higher than that of commer-
cial Nafion 212 (Nf212) (41.5mS cm™) (Supplementary Fig. 25). On the
basis of the above results, h-ZN exhibited the highest vanadium ion
selectivity (20.1x 10*S min cm ), usually identified as the ratio of the
proton conductivity to the vanadiumion permeability in a VFB, which
was 8.4 times higher than that of p-Nf (2.4 x 10* S min cm™) and 2.8
times higher than that of Nf212 (7.1 x 10* S min cm™) (Supplementary
Fig. 25). It is worth noting that the vanadium ion selectivity of h-ZN
increased by more than 50% compared to that of I-ZN. All these results
demonstrated that the preferential orientation of ZNs in the polymer
(Fig. 4c) resultedinasieving effect of the high-aspect-ratio nanosheets
close to maximum and effectively promoted the transport of protons
as quickly as possible.

We reasoned that the fast proton transport behaviour was not
only derived from the structural variations within the polymer***
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Fig.3| Control over the alignment of ZNs in the polymer membrane. a, The
effect of volatilization rate (v) on the membrane structure via the VSFI method,
highly associated with temperature (7) and absolute pressure (P) when keeping
unchanged casting solution composition. The marked points represent the
experimentally tested v at different coordinates of Tand P, and thered curve
represents the optimal v for preparation of the highly aligned ZN composite
membrane. b, Digital photographs of membranes prepared with different v.
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¢, The orientation factor (f) of membranes prepared with different v. d, A typical
comparison of aligned composite membranes with differentf, involving cross-
sectional SEM images, 2D WAXS images and azimuthal angle plots. a.u., arbitrary
units. e,f, Azimuthal angle plots and the corresponding fof highly aligned ZN
composite membranes prepared by keeping the optimal v under different
conditions (e) and highly aligned ZN composite membranes with different ZN
contents prepared at optimal v via the VSFImethod (f). Scale bar, 5 um (d).

(Supplementary Fig. 26), but also highly correlated to unique and
aligned protontransport channels in aluminiferous ZNs. We performed
theoretical simulations to further confirm the transport behaviour
of protonsin the ZNs (Fig. 4d). Compared with silicalite ZNs, protons
entered aluminiferous ZNs more easily (Fig. 4e and Supplementary
Fig. 27) because the ionic surface layer of aluminiferous ZN formed
abundant monovalent cation-exchangeable sites (Supplementary
Fig. 28), which dramatically increased their affinity for protons.
However, protons exhibited faster diffusion behaviour in the hydro-
phobic non-ionic channel than in the ionic channel (Fig. 4f and
Supplementary Fig. 29). In addition, the potential of mean force

results indicated that aluminiferous ZNs have a lower energy barrier
for proton transport (Supplementary Fig. 30). Therefore, we believe
that the aluminiferous ZN constructs a sandwich-structured proton
transport pathway with a hydrophilicionic aluminiferous surface and
hydrophobic silicalite core, realizing a rapid adsorption-diffusion-
desorption process along the thickness (Fig. 4f, inset, and Supple-
mentary Fig.31).In contrast, the alignedsilicalite ZN-based composite
membrane failed to increase proton conductivity (Supplementary
Figs.32and 33), despite showing a similar vanadium resistance ability
(Supplementary Fig. 34) as the aligned aluminiferous ZN-based
composite membrane.
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Wealsoinvestigated the mechanical properties of the membranes.
The h-ZN achieved the maximal tensile strength (Fig. 4a and Supple-
mentary Figs.35and 36), indicating that the dispersion strengthening
effect of aligned ZNs in the membrane was much stronger than that of
disordered ZNs and bulk-type zeolite nanoparticles. The preferential
orientation also enhanced the spatial confinement effect and greatly
inhibited the swelling ratio of the membranes (Fig. 4a). h-ZN showed
the lowest swelling ratio of 4.4%, which was approximately twice
that of the pure polymeric membrane (8.3%). It is worth noting that
the swelling inhibition effect did not affect the water uptake ability
due to the hydrophilic porous structure of the aluminiferous zeolite
(Supplementary Fig.37).

Flow battery performance

VFBsingle-cell tests of these zeolite-polymer composite membranes
were carried out to further assess their technological relevance
(Supplementary Fig.38). Allthe composite membranes exhibited better
coulombic efficiency (CE), voltage efficiency (VE) and energy efficiency
(EE) than the pure polymeric matrix membrane (Fig. 5a and Supple-
mentary Fig. 39), consistent with the vanadium ion selectivity and
proton conductivity results. The battery performance enhancements
ofthe ZN composite membranes were conspicuous compared with the

bulk-type zeolite composite membrane, and the excellent alignment
of the ZNs in the membrane was further validated. The cell equipped
with h-ZN exhibited the highest CE, VE and EE throughout the overall
testing current density range (Fig. 5a and Supplementary Figs. 39 and
40). In particular, at alow current density, the CE of h-ZN apparently
increased (Fig. 5b and Supplementary Fig. 39a), whichisinline with the
slower open-circuit voltage decay results owing to the high vanadium
ion resistance (Supplementary Fig. 41). In addition, the high proton
conductivity of h-ZN effectively decreased the ohmic polarization
(Supplementary Fig.42), resulting inasubstantial enhancement of the
VE (Fig. 5c and Supplementary Fig. 39b), as well as a higher discharge
voltage and capacity (Supplementary Figs. 43 and 44). Itisworth noting
that the EE of h-ZN still reached 80.1% at a high current density of
200 mA cm™ (Fig. 5a,c), which was more than 10% higher than that of
the pure polymer membrane (69.0%). The results of the Nafion-based
membranes for VFB applications are summarized in Fig. 5d and
Supplementary Table 2. It is obvious that the VFB equipped with the
h-ZN exhibited superior battery performance in a very wide current
density range, which furtheridentified the advantages of the alignment
of ZNsin the polymer membrane.

The stability and reliability of h-ZN were further confirmed
by long-term tests at a current density of 200 mA cm™. As shown in
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membranes at the current density of 40-240 mA cm 2 b,c, Battery performance
comparisons of VFB cell equipped with different membranes at current densities
of 40 mA cm™(b) and 200 mA cm™(c). d, Comparison of h-ZN with the reported
Nafion-based membrane applied to VFB for EE at different current density. The
organic and inorganic represent Nafion-based membranes modified by organic
polymer blending and inorganic filler doping, respectively. e, The CE, EE and

Capacity (Ah I")

discharge capacity retention of the VFB cell equipped with different membranes
forlong-term tests at a current density of 200 mA cm 2 Nf 212 represents
commercial Nafion 212.f, Electrochemical reaction mechanism of a BQDS/AQS
flow battery. g, EEs of BQDS/AQS cell equipped with different membranes at the
current density of 40-160 mA cm 2 h, Charge-discharge curves of the BQDS/
AQS cell equipped with different membranes at a current density of 80 mA cm™.

Fig.5e, the energy efficiency of the cell with h-ZN did not show an obvi-
ous decline during the entire cyclic process, maintaining ~80% after
1,000 cycles (-18 days). Benefiting from the high vanadiumion selectiv-
ity*®, h-ZN also exhibited a lower capacity decay (0.07% per cycle and
3.67% per day) than the p-Nf (0.26% per cycle and 22.61% per day) and Nf
212 (0.12% per cycle and 9.38% per day), which confirmed the stability
of h-ZNinlong-duration operation (Fig. 5e and Supplementary Fig. 45).
In addition, h-ZN presented a stable microstructure without obvious
morphological changes after1,000 cycles (Supplementary Figs. 46 and
47). The chemical stability, especially oxidation stability, was further
demonstrated by immersing a VO, -containing solution for more than
two weeks. There was almost no change in the absorbance spectra of

the immersion solution and the weight and mechanical properties of
the membranes (Supplementary Fig. 48).

Furthermore, thefastand selective ion-transport behaviour ofh-ZN
was further demonstrated in an aqueous quinone-based organic flow
battery (Fig. 5fand Supplementary Fig. 49) with alow-cost and adjust-
ableelectrolyte®*®, which consisted of1,2-benzoquinone-3,5-disulfonic
acid (BQDS) as the positive electrolyte and anthraquinone-2-sulfonic
acid (AQS) as the negative electrolyte (labelled as BQDS/AQS). All the
BQDS/AQS cells equipped with the composite membranes also exhib-
ited enhanced CE, VE and EE compared with the p-Nf membrane (Fig. 5g
and Supplementary Fig. 50), and the beneficial role of the alignment
of ZNs was clear, which is consistent with the above VFB results.
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Forexample, the BQDS/AQS cell equipped with the h-ZN demonstrated
excellent battery performance with an EE of 67.2% at 80 mA cm2, which
was notably higher than that with the p-Nf (EE of 55.5% at 80 mA cm™).
The permeation experiments also suggested that h-ZN exhibited the
strongest barrier effect on organic active species in the electrolyte
(Supplementary Fig. 51 and Supplementary Table 3), and the corre-
spondingion selectivity of H/BQDS (Supplementary Fig. 52) reached
486.94 x10* S min cm™, an order of magnitude higher than that of H/V
duetoamore obvioussize sieving effect. At the same time, the BQDS/
AQS cell equipped with h-ZN exhibited the highest discharge voltage
and capacity (Fig. 5Sh and Supplementary Figs. 53 and 54). The stability
of the h-ZN membrane in the BQDS/AQS cell was also demonstrated at
aconstant current density of 80 mA cm™ (Supplementary Figs. 55and
56), which retained an outstanding capacity retention of up to 95.1%
after 100 charge-discharge cycles (capacity decay: ~3.5% per day).

Discussion

We demonstrate a flow-processing route to adjust the distribution
and manipulate the orientation of nanosheets in a polymer matrix.
The aligned ZNs maximized the efficiency of ion discrimination and
proton transport. The optimized membranes effectively break the
trade-off betweenion selectivity and conductivity, and simultaneously
exhibit superior battery performance, includingin VFB and BQDS/AQS
systems. The highly aligned membranes also possess higher Na*and
K" conductivity, and can be well applied in other battery systems, such
as azinc-iron flow battery (Supplementary Figs. 57 and 58). The VSFI
method also demonstrates the feasibility for fabrication of membranes
atalargerscale (Supplementary Fig. 59). Apart fromrenewable energy
ionseparation applications, aligning high-aspect-ratio nanosheetsin
polymers provides an effective way to design advanced composite
membranes for other fields, such as gas adsorption/separation and
isomer recognition. For example, highly aligned ZNs can berealized in
apolyetherblock amide (Pebax) polymeric matrix viathe VSFImethod
(SupplementaryFig. 60). Inaddition, many opportunities derived from
thisalign-assembled strategy will broaden the sustainable development
of advanced ultrathin nanocomposite materials for water treatment
and carbon capture, among others.

Methods

Materials

1,5-Diaminopentane (>97%),1-iodopropane (99%), potassium carbonate
(anhydrous, 299%), tetrapropylammonium hydroxide (TPAOH, 1.0 M,
aqueous), sodium hydroxide (97%), potassium hydroxide (85%),
silicic acid (99.9%, 20 um), tetraethyl orthosilicate (TEOS) (98%) and
1,2-dihydroxybenzene-3,5-disulfonic acid disodium salt monohydrate
(97%) were purchased from Sigma-Aldrich. Ethyl acetate (99.5%),
sodium aluminate (technical), potassium chloride (99%), magnesium
sulfate (99.5%) and sodium anthraquinone-2-sulfonate (97%) were pur-
chased from Aladdin. 2-Butanone (=99.5%), absolute ethanol (=99.7%)
and sulfuric acid (95-98%) were purchased from Yonghua Chemical.
VOSO0, (99%) was purchased from NanjingJingruiJiuan Biotechnology.
Nafion solution and Nafion 212 were purchased from Dupont. The
polymer contentin Nafion solution (specific gravity ~0.94) was 5 wt%,
and the solvent was a mixed solvent of water, 1-propanol and ethanol
withamassratio of 9:9:1. Pebax MH1657 was purchased from Arkema.
All chemicals were used as received, without further purification.

Synthesis of silicalite ZNs

The silicalite ZNs were bottom-up synthesized by hydrothermal
growth of silicalite nano-seeds using bis-1,5(tripropyl ammonium)
pentamethylene diiodide (dC5) as a structure-directing agent, as
detailed in the literature®. In brief, the silicalite nano-seeds were syn-
thesized from a precursor sol with a molar composition 0of10 SiO,:2.4
TPAOH:0.87 NaOH:114 H,0 by a hydrothermal reaction. The mixture
was first heated at 50 °C for 6 days, then the solution was filtered with

a 0.45 pm syringe filter and then the filtrate was further heated at
100 °Cfor 3 days. The product was washed and centrifuged to collect
silicalite nano-seeds. The dC5 was synthesized by exhaustive alkyla-
tion of 1,5-diaminopentane with 1-iodopropane in the presence of
potassium carbonate. The product was washed and purified using
ethanol, 2-butanone and ethyl acetate, and the purity was confirmed
by *C NMR. Thesilicalite ZNs were synthesized by secondary growth
of silicalite nano-seeds in a precursor sol, which had an overall molar
composition of 80 TEOS:3.75 dC5:20 KOH:9,500 H,0. The silicamolar
ratio of the silicalite nano-seed suspension to the precursor sol was
1:800. The mixture was then subjected to hydrothermal reaction at
140 °C for 4 days. The as-synthesized silicalite ZNs were washed with
0.1MKOH +2 MKClsolutionand deionized water and collected by cen-
trifugation. The as-preparedsilicalite ZNs were pretreated with piranha
solution or UV/ozone several times to corrode the structure-directing
agents, as previously reported®*°. The product was rinsed with alarge
amount of deionized water and dispersed in water for later use.

Synthesis of aluminiferous ZNs

The synthesis process for aluminiferous ZNs was similar to that for
silicalite ZNs, as detailed in a previous report®. First, the precursor
sol with the same molecular composition andsilicalite nano-seeds was
subjected to hydrothermal treatment at 140 °C for 3.5 days. Then,1M
NaAlO, solution was added to the reaction mixture (Si/Al molar ratio
of 25) to continue the hydrothermal treatment for another 0.5 day. The
specific optimized process is detailed in Supplementary Note 1. The
as-synthesized aluminiferous ZNs were washed with 0.1M KOH +2 M
KCl solution and deionized water and collected by centrifugation.
The as-prepared aluminiferous ZNs were pretreated as silicalite
ZNsbefore use.

Preparation of aligned ZN Nafion composite membranes

The aligned ZN Nafion composite membrane was prepared using
the VSFl alignment method. In brief, 0.79 ml of 0.5 wt% ZN suspen-
sion was mixed with 3 ml Nafion solution. Afterwards, a homogene-
ous suspension with 3 wt% ZN loading was obtained by stirring and
ultrasonication to avoid agglomeration. The homogeneous casting
solution was then poured into a flat-bottomed glass petri dish with
a diameter of 41 mm (membrane size: 13 cm?). In the preparation
of highly aligned ZN Nafion composite membranes, the solvent was
volatilized at an optimal rate (0.43 + 0.05g cm™h™) under a certain
temperature and pressure until a thin membrane was obtained. To
prepare the low-aligned ZN Nafion composite membrane, the solvent
was volatilized atanon-optimal rate under a certain temperature and
pressure until athinmembrane was obtained. The obtained membrane
was dried overnight to completely remove the solvent. After cooling
toroom temperature, the membrane was peeled off and immersed in
deionized water for 24 hbefore use. A pure Nafion membrane without
zeolite was prepared using the same procedure.

Preparation of Nafion composite membrane with bulk-type
zeolite

Thebulk-type zeolite was synthesized by hydrothermal crystallization
usinga precursor sol of 25 TE0S:3.3 TPAOH:1,120 H,0:NaAlO,. Typically,
the precursor solution was obtained by mixing 11.3 mI TPAOH, 19.2 ml
TEOS, 60 ml deionized water and 0.28 g NaAlO,. The precursor solu-
tion was hydrolysed overnight at room temperature and then filtered
with a 0.45 pm syringe filter. Hydrothermal synthesis was conducted
at180 °Cfor 4 h. The as-synthesized bulk-type zeolite was rinsed with
deionized water, dried and calcined to remove the structure-directing
agents before use. Bulk-type zeolite (3.9 mg) was added to a3 ml Nafion
solution (3 wt% zeolite loading), followed by vigorous stirring and
ultrasonication. The preparation procedure for the membrane with
bulk-type zeolite was the same as that for the highly aligned ZN Nafion
composite membrane.
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Preparation of aligned ZN Pebax membrane

The 2 wt% Pebax solution was obtained by adding Pebax to a mixed
solvent with ethanol and water (W anor:Wwater = 7:3) followed by stirring
at 80 °Cfor 2 h. A 0.79 ml portion of the 0.5 wt% ZN suspension was
added to a 6.5 ml as-prepared Pebax solution (3 wt% nanosheet load-
ing), followed by vigorous stirring and ultrasonication. The preparation
procedure for the Pebax membrane with aligned ZN was the same as
that for the Nafion membrane with aligned ZN. A pure Pebax membrane
without a zeolite nanosheet was prepared using the same procedure.

Characterization
SEM and EDS were performed using a Hitachi S-4800 microscope
equipped with an energy dispersive X-ray detector. For the membrane
cross-sectionexamination, the membrane wasimmersedin liquid nitro-
gen and then fractured with tweezers. The samples were coated with
gold prior to SEM analysis. The cross-sectional membrane sample for
TEM was sliced with a Leica EM UC7-FC7 and then characterized using
anFEI Tecnai G2 F20.*C NMR liquid spectrawere collected on a Bruker
ACF-400. Atomic force microscopy images were obtained using a Park
XE-100. Cs-corrected integrated differential phase contrast scanning
transmission electron microscopy images were taken at 300 kVonan FEI
Titan Cubed Themis G2300 scanning transmission electron microscope.
The quantitative elemental composition of the zeolite nanosheets was
analysed by X-ray photoelectron spectroscopy (Shimadzu Kratos AXIS
Supra). The thermal stability of the ZNs was measured by thermogravi-
metric analysis (Netzsch STA 449 F3) by heating the samples from 25to
700 °Cinair. Themechanical properties of the membranes were tested
using a tensile tester (XQ-1C, Shanghai New Fiber Instrument) at room
temperature by tailoring the membrane samples to a width of 2 mm
and alength of 10 mm, and all the membranes were exposed to ambi-
ent temperature and humidity before tests. The tensile rate was fixed
at 10 mm min™. The crystal structure of the zeolite was characterized
by X-ray diffraction (Rigaku Miniflex 600). WAXS characterization was
performed using a Xeuss 2.0. N, sorption-desorptionisotherms of ZNs
at 77 Kwere determined using a Micromeritics ASAP2460 instrument.
Other characterizations and properties measured for the
membranes, including water uptake, swelling ratio, oxidation
stability test, vanadiumion permeability, arearesistance, conductivity,
ionselectivity, positron annihilation lifetime spectroscopy and FIB-SEM
tomography, are detailed in the Supplementary Information.

Estimation of the orientation order parameter f
Herman'’s orientation factor fwas calculated using the azimuthal angle
plots obtained from the 2D WAXS images using equations (1) and (2)*.
The fvalues range between 0 and 1, where the former corresponds to
anisotropic structure, and the latter corresponds to perfect orienta-
tion along the director.

3{cos’p) -1

p W

and

gI cos?g sing d
(cos’p) = S5 (@) @ sing ¢(p @

I3 l@)sing dp

where @ is the azimuthal angle and /(¢) is the intensity distribution
functionwith azimuthal angle ¢. (cos*p)was calculated by integrating
the intensity of the specific 26 diffraction peak along ¢.

Calculation of permeability based on Bharadwaj model

To understand the effect of the orientation degree on vanadium ion
permeability, we calculated the theoretical permeability based on the
Bharadwaj model®. In brief, the integration of impermeable layered

ZNs into a polymeric matrix introduces a tortuous diffusive path
for vanadium ions, which in turn leads to a decrease in permeability.
The effect of tortuosity on the permeability can be expressed as in
equation (3).

1-9

P
P 3

where Pand P, are the permeabilities of the membranes with ZNs and
p-Nf membranes, respectively. @is the volume fraction of ZNs. Tis the
tortuosity factor defined as the ratio of the actual distance (d’) that
vanadiumions must travel to the shortest distance (d) that it would have
travelledinthe absence of ZNs. rcan be expressed using equation (4),
when it is assumed that the normal of all ZNs is consistent with the
direction of diffusion.

A
1=Z =14 50 @
where dis the aspectratio of ZNs.

However, the arrangement of ZNsis often random, and the orienta-
tion of the arrangement can be expressed by the orientation factor f:

f=={3cos?6-1) (5)

N~

where fis the angle between the normal of the ZN and the membrane
surfacenormal. The angular brackets denote the average of all the ZNs
inthe membrane.

Considering that any deviation of the ZN arrangement will actu-
ally affect the barrier effect of vanadium ions, the tortuosity factor
can be modified as

T=1+/—;<15<00529>=1+/§1¢(§)<f+ %) (6)

Asaresult, equation (3) can be expressed as:

p__ 1= @)

Po 1t i a()(f )
P1+ 32U+ )

Computational fluid dynamics

The COMSOL Multiphysics software was used to simulate the
angle-adjustment process of the ZN. The liquid phase is described by
alaminar flow model:

ou,
pla—t' +p V) uy = V[-pl+K|+F+pg (8)

pVu; = 0 )

where y;is the velocity of the liquid, p is the static pressure, / is the
identity diagonal matrix, Kis the viscous stress tensor, Fis the external
force term, p, is the density of the liquid and g is the gravitational
acceleration.

The ZNis described by solid mechanics:

0%u
Pimp = V(FS) +F, (10)
F=14+Vu an

where p;is the density of ZN, S is the strain-rate tensor, and F, is the
volumetricload.ZNisset toalength and width of 10 nm x 0.1 nmrigid
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rectangle. Inthis system, ZNis subjected to gravity, buoyancy from the
solvent and shear force simultaneously. With the simulation, the ori-
entation of the ZN changes and the angle to the horizontal gradually
decreases. To describe the change in the ZN position and orientation,
amoving grid was used to regenerate the grid according to the change
ingeometry after each simulation.

Molecular dynamics simulation

The atomistic structure of the MFI-type zeolite nanosheet was obtained
fromthe International Zeolite Association database. The aluminiferous
zeolite structure was constructed by applying Lowenstein’s rule (Al-O-
Allinkages are not allowed) with a Si/Al molar ratio of 25. All dangling
bonds of the silicon atoms on both zeolite surfaces were saturated with
-OH groups. The nanosheet was modelled as a zeolite fragment with
athickness of 22 A. The model was then moved into a simulation cell
with two water reservoirs placed on both sides. 4 M Hydronium ions
and 2 M sulfateions were added to the water reservoir on the left side
while keeping pure water on the right side.

All simulations were performed using the large-scale atomic/
molecular massively parallel simulator package*”. The interactions of
allatoms were described by the 12-6 Lennard-Jones (L)) and Coulombic
potentials. The SPC/E solvation model** was used for water molecules.
To decrease the high-frequency vibrations to reduce the simulation
time, the bonds and angles of the water molecules were constrained
by the SHAKE algorithm. The force-field parameters for the zeolite
membranes were taken from Emami et al.**, which were previously
validated against experimental data. A small, stable hydrated proton
(thatis, H;0") was used to describe the excess protons in the aqueous
solutions® and the force-field parameters for SO, were obtained from
apreviousreport*®. The particle-particle particle-mesh algorithm with
aroot meansquare accuracy of 10°was used to compute the long-range
electrostaticinteractions. The cutoff distances for short-range L) and
Coulombic potential were both set to 1.0 nm.

Each system wasinitially subjected to energy minimization, witha
tolerance of107°. The temperature was set at 300 K for all simulations.
A time step of 1fs was employed. The periodic boundary conditions
(PBC) were applied inthe xandydirections during the process of free
diffusion, where hydroniumions were driven by the concentration dif-
ference between the two sides. To simulate the directional transport
behaviours of the hydronium ions, an electric field with intensity of
0.05V A was applied along the z direction to generate the effective
transmembrane voltage. In this case, PBC was applied inall directions,
and each production run was first equilibrated for 5 ns and at 15 ns
minimum for data analysis.

Battery performance

A home-made VFB single cell was assembled by sandwiching the
membrane between two carbon felt electrodes with an effective
area of 4 cm? (2 cm x 2 cm) and clamped by two graphite plates.
A 10 ml portion of 1.5 M V*/V**in 3 M H,SO, and 10 ml of 1.5 M VO?*'/
VO,"in 3 M H,SO, were used as the negative and positive electro-
lytes, respectively. The electrolytes were cyclically pumped through
the corresponding electrodes. A Neware CT-4008 was used to test
the charge-discharge performance over a voltage range of 0.8-1.7 V
at various current densities. A long-term test was conducted at
200 mA cm™?, and the test was terminated when the discharge capac-
ity retention decreased to10%. Open-circuit voltage decay (0.8 Vlower
limit voltage) was tested at 50% state of charge, and the cell polarization
was examined at ~-100% state of charge. Allmembranes were activated
by repeating the charge-discharge process for several cycles before
testing.

The performance of the aqueous quinone-based organic flow
batterywasthesameasthatofthe VFB system.1,2-Dihydroxybenzene-3,5
-disulfonic acid disodium salt and anthraquinone-2-disulfonic
acid sodium salts were subjected to ion exchange to obtain their

acid form with increased solubility in aqueous solutions, as pre-
viously reported®. The resulting solutions consisting of 0.2 M
1,2-dihydroxybenzene-3,5-disulfonic acid (charged form was BQDS)
in1M H,SO, (10 ml) and 0.2 M AQS in1M H,SO, (10 ml) were used as
the positive and negative electrolytes of the aqueous quinone-based
organic cell, respectively. The charge and discharge cutoff voltages
weresettolVand 0.01V, respectively. Allmembranes were activated
by repeating the charge-discharge process for several cycles before
testing.

In zinc-iron flow battery tests, 10 ml of 0.6 M K,Fe(CN),in5M
NaOH and 10 ml of 0.3 M Zn(OH),> in 5M NaOH were used as posi-
tive and negative electrolytes, respectively. The charge process was
controlled by the charging time to maintain a constant charge capac-
ity, while the discharging process was terminated by setting a cutoff
voltage of 0.1V.

The efficiencies of single cells were evaluated using the CE, VE and
EE, and were calculated using equations (12), (13) and (14):

cE = daseharse 1005, 12)
charge
Edischarge
EE = —— x100% 13)
Echarge
EE
VE = CE x 100% (14)

where QuischargeaNd Qcnargeare the discharge capacity and charge capacity
per charge-discharge cycle, and Egiscnargeand Ecnargeare discharge energy
and charge energy per charge-discharge cycle.

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability

All data generated and/or analysed in this study are included in this
published article and its Supplementary Information file. The data that
support the findings of this study are available from the corresponding
author uponreasonable request.
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