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Freestanding functional inorganic membranes, beyond the limits of their organic
and polymeric counterparts', may unlock the potentials of advanced separation?,
catalysis?, sensors**, memories®, optical filtering” and ionic conductors®®. However,
the brittle nature of most inorganic materials, and the lack of surface unsaturated
linkages', mean thatit is difficult to form continuous membranes through
conventional top-down mouldings and/or bottom-up syntheses". Up to now, only a
few specificinorganic membranes have been fabricated from predeposited films by
selective removal of sacrificial substrates* *°, Here we demonstrate a strategy to
switch nucleation preferences in aqueous systems of inorganic precursors, resulting
inthe formation of various ultrathin inorganic membranes at the air-liquid interface.
Mechanistic study shows that membrane growth depends on the kinematic evolution
of floating building blocks, which helps to derive the phase diagram based on
geometrical connectivity. This insight provides general synthetic guidance towards
any unexplored membranes, as well as the principle of tuning membrane thickness
and through-hole parameters. Beyond understanding a complex dynamic system,
this study comprehensively expands the traditional notion of membranes in terms of
composition, structure and functionality.

Membrane construction relies on two conditions: constraining the
matter distribution in two dimensions and maintaining its geometric
continuity. For example, ultrathin polymeric membranes can be pre-
pared through interfacial polymerization (IP)'*?, typically performed
at the gas-liquid interface'*", at which the reactive building blocks
are continuously supplied and undergo a systematic aggregation. We
soughttotakeinspirationfromtheIPand apply the conceptto various
inorganics to create freestanding inorganic membranes.

Conversion of nucleation preference

Inatypical aqueous system for producing inorganic materials, owing
to the lowest free energy barrier (Supplementary Fig. 1; see details in
Supplementary Section 1.1), solid nuclei formation on the vessel wall is
preferred over that on the aqueous surface and homogeneous nuclea-
tionwithin the solution (Fig. 1a,b). Such undesired nucleation affinity,
disclosed by exploring the force indentation curve on the interface
using underwater atomic force microscopy (AFM), originates from
the van der Waals attraction of the solid-liquid interface on adjacent
solids, trapping themin awell-defined potential well (Fig.1c). Regard-
less of the vessel materials, the interfacial potential well is identified
in common aqueous systems (Extended Data Fig. 1). This discovery
inspires us to devise a solid-liquid interface shielding (SLIS) strategy
toshift thenucleation preference to the air-liquid interface, by simply
using a hydrogel coating to raise the energy barrier for nucleation on
the vessel wall (Fig. 1b).

In this study, partially hydrolysed poly(vinyl acetate) (PVAAc) was
used, which has alternating hydrophilic and hydrophobic areas (Sup-
plementaryFig.2), allowingitsrapid swellinginto abulk hydrogelin the
aqueoussolution with an elastic filamentlayer facing the fluid (Supple-
mentary Figs. 3 and 4). This hydrogel coat eliminates the potential well
onthe water-vessel interface and repels any approaching solid (Fig.1c
and Extended Data Fig. 1). Unveiled by the atomic pair distribution
function (PDF) technique, the strategy can be described by a simple
equation (equation (1)). Any approaching solids will cause adecreasein
the conformational entropy (AS < 0) of the coated hydrogel system'®"”
(Fig.1d). This produces arepulsive entropic force F (at the temperature
of Tand the resulting displacement of z) to inhibit their adhesion™,
which equivalently leads to an extra energy barrier (AGg s > 0) on the
solid-liquid interface from an energetic standpoint.
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From pilot practice to amembranelibrary

We then chose the silver mirror reaction, a well-known aqueous pro-
cess for producing solid deposits on the vessel surface', as a pilot
practice of the proposed SLIS strategy. When this classic reaction was
performedinthe PVAAc-coated vessel, a piece of shiny Ag membrane
was directly obtained on the solution surface (Fig. 2a), which can be
suspended by a varnished wire ring (Fig. 2b). The conductivity map-
ping (Fig. 2¢) indicates its structural homogeneity in morphology,
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Fig.1|SLIS-induced conversion of the nucleation preferenceinaqueous
solution. a, Sketch of the free energy change (AG) normalized to the interfacial
tension between the liquid medium and the solid nucleus (y,,) through
homogeneous nucleation (homo, upper meshed surface) and heterogeneous
nucleation (hetero, bottom surface), asafunction of the critical nucleus
volume and the contact angle with the corresponding interface. The
heterogeneous situation corresponds to two nucleation locations, namely,
thesolid-liquid interface and the air-liquid interface with the contact angles
of Band ¢, respectively. b, Schematicillustration of three possible nucleation
locations, with the highlighted nucleation priority ina container-held solution
system before and after SLIS treatment. ¢, AFM force-distance curves for the
bareand SLIS-treated glass surfaces measured under water. The two insets
zoominontheforce-sensing regions and show the corresponding energy
changes for the approach and withdrawal process, respectively. Scale bars are

density and thickness at the macro scale. And the micro-level homo-
geneity was further confirmed by scanning electron microscopy (SEM;
Fig. 2d,e and Supplementary Fig. 5). Moreover, the freestanding Ag
membrane, just 189 nmin thickness, is of comparable Young’s modulus
(96.3 GPa) to its polycrystalline bulk counterpart® (Fig. 2f and Sup-
plementary Fig. 6). Meanwhile, the excellent flexibility is evidenced
by the absence of fractures in these artificially created wrinkles with
abending radius of several micrometres (Fig. 2d and Supplementary
Fig.7).

Beyond theinitial success, the SLIS technique was further validated
to be universal for the direct synthesis of various inorganic membranes
attheair-liquidinterface (Extended DataFig. 2a), even for those mate-
rials that are conventionally inconceivable, so long as the favourable
reaction conditions for ensuring in-plane continuity were identified
(Supplementary Table1). The present membranelibrary involves 42 ele-
ments (Extended Data Fig. 2b) and five representative membranes for
eachof the eight categories of classic materials (Fig. 2g, Supplementary
Figs. 5-46 and Supplementary Section 2), including elementary sub-
stances, oxides, sulfides, halides, hydroxides, metallates, nonmetallates
and even coordination polymers, based onthe three available types of
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5nm (approach),20 nm (withdraw) and 25 nN (main plot). d, Microstructure
diagrams and PDFs (G(r)) of the PVAAc hydrogel coating under free swelling
and compressive load. Note that the O-O distance in the hydrogel system
results fromasuperimposed contribution from therelatively short O,,~O,,
(Oinwater molecule) and therelatively long O,,—O, (O in the OH group of the
PVAAc network) distance. The pair correlation at about 4.8 A belongs to 0,,~C,
(Cinthe PVAAc network) distance. The observed decreasein O-O distances
when the hydrogel coatingis compressed validates the lower proportion of the
0y-0;contribution, whichis caused by the decreased density of hydrogen
bondsbetween water and the PVAAc network. This confirms an enhancement
inthestructural order degree of the hybrid system consisting of the PVAAc
network and water molecules, namely, the reduced entropy of mixing (AS < 0),
under acompressive loading.

aqueousreaction, thatis, precipitation, hydrolysis and redox reaction.
These inorganic membranes can reach several centimetres in dimen-
sionasdetermined by the vessel size and are uniforminthickness, typi-
cally ranging from tens of nanometres to several micrometres. Some
transitional membranes of low-degree compactness have irregular
through holes. Compared with their brittle bulk counterparts, most
inorganic membranes are sufficiently thinto achieve agood degree of
flexibility. In terms of serving as two-dimensional (2D) mediators for
various energy couplings and/or conversions (Extended Data Fig. 2¢
and Supplementary Table 2), these functional membranes promise
diverse andintriguing applications oriented to the energy flows (Sup-
plementary Section 3), such as opticalfiltering and acoustic damping
(Supplementary Figs. 47 and 48).

Kinematic-controlled membrane growth

The SLIS technique merely enables the constraint of the building
blocks at the air-liquid interface. However, it still lacks the guidance
toestablish their in-plane continuity, which consequently seeks to gain
the insight into the membrane growth mechanism. By exploiting the
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Fig.2|From the pilot Ag membrane to unlocking a colourful membrane
library. a, Digital photos of the completed silver mirror reaction performed
inthe untreated and SLIS-treated vessels. b, Digital photo of the as-prepared Ag
membrane suspended by a varnished wirering. ¢, Sheet resistance mapping at
20 x 20 points on the Ag membrane with the testareaof10 x 10 mm?.d,e, Top
view (d) and side view (e) SEM images of the Ag membrane. Theinsets
respectivelyzoominonatypicalmembrane wrinkleind and the membrane
edgeine.f, Typical experimentalloading curve of the Ag membrane and the
curvefitting to the theoretical equation. Theinset highlights that the curve
betweenload and deflection approaches cubic behaviour at highloads.

g, Optical micrographs of 40 freestanding membranes prepared in the SLIS
system, covering eight categories of materials, that is, elementary substances
(S,Pd, Ag, Ptand Au), oxides (TiO,, MnO,, RuO,, CeO, and WO,), sulfides

size-dependent absorptionand reflection of Ag (ref.?!), we developed a
fast spectroscopic technique (Supplementary Section 4.1and Supple-
mentary Figs.49 and 50) toidentify all the critical structural evolutions
(Fig.3aand Supplementary Fig. 51). A successful membrane formation
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(FeS, CugSs, ZnS, Dy,S;and WS,), halides (SmF;, AgCl, BaCIF;, CuBrand Pbl,),
hydroxides (AI(OH);, FEOOH, Cu(OH),, Cd(OH), and La(OH);), metallates
(Zn(Al0,),, BiVO,, Ag,Cr0O,, CaMoO, and In,SnO;), nonmetallates (CaCO,,
Zn,Si0,, Mg5(PO,),, Cu,SO;and Ag,Se0,) and coordination polymers (KPB,
K-containing Prussian blue; Fe-taa, Fe(111)-polyphenol tannic acid complex;
ZIF-67; Ni-dmg, Ni(11)-dimethylglyoxime complex and Cu-oxa, Cu(11)-oxalic
acid complex). The micrographs were purposefully focused on the wrinkling
membrane areas to highlight their flexibility. The insets are the digital photos
ofthe corresponding membranes suspended on a copper ring with adiameter
of 4 mm. Thesymbolsinthe upper-right cornersindicate thereactiontypes
used to prepare the membrane. Scalebarsarelcm (b),2 mm (c),200 um
(d),5pm (dinset), 10 pm (e), 1 pm (einset) and 200 pm (g).

fromthe floating building blocks depends on two kinematics: Brown-
ian motion? that dominates the initial aggregation and the capillary
attraction, known as the Cheerios effect® that drives the subsequent
self-assembly (Fig. 3b).
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Fig.3|Kinematic-controlled membrane growthin the SLIS system.

a, Time-resolvedreflectance spectraof the solution surface throughout the
Ag membrane formation. The numbered arrows indicate the critical structural
evolutions and provide index support for subsequent characterizations.

b, Schematic of the timeline showing the temporal kinematics of the floating
units (particles or clusters) during membrane growth. ¢, Typical SEM image of
the nascent floating Ag particles collected at 0.93 s afterinitiating the reaction.
Theirdisordered distributionis confirmed by theinset 2D autocorrelation
analysisresult.d, Autocorrelation analyses for the time series of the attraction
betweenthe suspended AFM tip and the air-liquid interface asillustrated in
theinset.Incontrastto blank water, the intensity fluctuation for the reaction
solution collected at 0.93 sindicates the 2D Brownian motion of the floating Ag
particles. e, Multifractal spectra of the solid network and the complementary
through-hole network in the (quasi-)bicontinuous Ag network asillustrated
intheinset pseudo-colour TEMimage. The dashed lines help to visually

At an early stage after the reaction is initiated, numerous Ag
nanoparticles are continuously supplied to the air-liquid interface
(Fig. 3¢c). They are proved to float freely on the aqueous surface with
in-plane Brownian motion by a customized AFM technique (Fig. 3d
and Supplementary Fig. 52). These isolated particles stick together
and create larger particles when random collisions occur. Because the
reduced random mobility increases the collision frequency?, the larger
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Fractal dimension

Coverage factor (%)

identify the dimension f(a) = a.f, Typical high-resolution TEM image of the
polycrystalline Ag network with recognizable four regions as highlighted by
the lower-right schematic. The fast Fourier transformed images are shownin
therespectiveregion-corresponding colours. g, Calculated collision energy
against the sizes of the two mutually attracted Brownian clusters driven by the
Cheerios effect, which respectively composed of n,and n, Ag particles as
illustrated inthe top diagram. h, Time-course coverage factors and fractal
dimensions for different membrane-forming systems (see Supplementary
Video 2), involving various building blocks of discal AgCl, hemispherical BiVO,
and claviform Ag,CrO, particles asshownin the inset SEMimages. The bottom
pseudo-colour microphotographs depict their corresponding (quasi-)
bicontinuous networks, respectively. The arrows indicate the moment when
the Cheerios effect startstowork.Scalebarsare1pm (c), 500 nm (einset),
5nm (f)and 5 pm (hinsets). a.u., arbitrary units.

particles thus act asthe seeds and transforminto 2D Brownian clusters
as time proceeds (Extended Data Fig. 3a). This stage only lasts a few
seconds asindicated by therapid decreaseinthe interfacial reflectance.

The evolution enters the second stage when the Brownian clusters are
large enough, as the attractive capillary force between these solids in
floating state (Extended Data Fig. 4 and Supplementary Figs. 53 and 54)
overwhelms their random Brownian motion®?, Driven by the Cheerios
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Fig.4|General synthetic methodology and extension of complexity for
theSLIS-mediated membrane. a, Phase diagram based on the geometrical
descriptionof the patterned floating Ag solids evolving from different reaction
temperatures (T) and initial concentrations of [Ag(NH,),]* (log,(c)). GT models
for phases, including nodeislands (NI), cliqueislands (CI), open network (ON)
and closed network (CN), are presented in the same colour as that of the
corresponding phase regime. The spheres show the local temperature and
concentration-determined membrane thicknessindicated by the left colour
bar.b, Criterion for the spontaneous formation of Brownian clusters with
specificsize depending on the particle radius and density. The coloured
surface denotes the smallest particlenumberinaBrownian cluster that may
smoothly expand.c, Criterion for the spontaneous aggregation of two
Brownian clusters/particles. The space is spanned by their sizes (n;, n,) and
initial distance (d, right colour bar), which collectively determine a family of

effect, these isolated Brownian clusters mutually attract and move to
connectwith theadjacent ones (Extended DataFig. 3a), until they reach
acritical state of (quasi-)bicontinuous network (Fig. 3e and Extended
Data Fig. 3b). As it satisfies both the 2D matter distribution and the
in-plane geometric continuity, this unique structure denotes the least
criterion in geometry to define a freestanding membrane (Extended
DataFig. 5). The (quasi-)bicontinuous network is isotropic (Extended
Data Fig. 5f-j and Supplementary Video 1) and multifractal (Fig. 3e),
shown by transmission electron microscopy (TEM), confirming that
it derives from combined Brownian motion and the Cheerios effect
rather than asingle dynamic mechanism. Thereafter, with the dynamic
capture of the nascent particles by the network, these meander-shaped
vacant regions are progressively filled and evolved into well-defined
closed through holes (Extended Data Fig. 3b). Their circularity and
geometrical convexity further increase with gradually reduced size
and sharpened size distribution (Extended Data Fig. 3c-e). This process
causes a continuous increase in the interfacial reflectance, until the
holey membrane becomes compact.

Time duration
—_—
i}

N Long
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curved surfaces Q, whereas the reaction temperature 7, the building unit’s
radius rand density p dictate the position of amobilizable dashed plane ¥.
Theregionof Q> Yrepresents the desired spontaneous aggregation. These
intersectinglines, which predict the critical n,and n, for varied cases of

initial distance, are projected to the left plane. Note that, whendis larger than
the capillary length of water A. (around 2.7 mm at room temperature), the
determined curved surface will notintersect the plane.d, Phase diagrambased
onthe density Nand radial growth velocity G of the building blocks. The shaded
regionatthe top-right cornerisnotavailable owingto the practical constraint
of finitereactant supply. The colour bar shows the duration of the feedstocks’
depletion. e, Digital photos of three multiplex membranes derived from simple
Ag membrane, including Ag,S<Ag mixed membrane, CeO,-Agbicontinuous
membrane and FeOOH/Ag stacked membrane, whose structures areillustrated
inthe top-left schematics, respectively. Scalebars,1cm.

The impactful Cheerios-effect-driven collision contributes to the
establishment of the physical connections (Supplementary Section 5.1),
inferred from the plentiful twist boundaries observed in the polycrys-
talline Ag membrane (Fig. 3f, Extended Data Fig. 6 and Supplementary
Figs. 55 and 56). The collision energy for inducing such mechanical
welding®? markedly intensifies as the size difference between the
floating objects increases (Fig. 3g and Supplementary Fig. 57). All these
findings concerning the dynamic membrane growth are consistently
confirmed by the in situ observations on other membrane-forming
systems involving various building blocks (Fig. 3h; see also Supple-
mentary Video 2 and Supplementary Section 5.2), regardless of com-
ponent, size or dimension. Furthermore, experimental quantification
of the kinematic parameters (Supplementary Figs. 58-63) validates
thetheoretical predictionthat, during the capillary-attraction-driven
acceleration process, the smaller unit of an attractive pair is much
more mobile thanthe bigger one (Extended DataFig. 7). Asaresult, the
evolution towards acompact membrane that occurs after the (quasi-)
bicontinuous network can proceed without any kinetic obstacles
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(Supplementary Section 5.3). The outer edge of the network extends
epitaxially by attracting theisolated particles/clusters (Extended Data
Fig.8a-cand Supplementary Video 3). Meanwhile, the open vacancies
inside the network are continuously separated into closed through
holes at the high-curvature locations by the instantaneous capture of
nascent particles (Extended Data Figs. 8d-e and 9 and Supplementary
Video 4). The smooth evolution of the network provides the practical
foundation to continuously adjust the through-hole ratio by simply
controlling the reaction time.

General synthetic methodology

The understanding of the membrane growth process motivates our
investigationinto the synthetic methodology of any unexplored mem-
branes in the complex dynamic system. We experimentally produce
all the possible ultimate Ag patterns that emerge from various initial
reaction conditions (Supplementary Fig. 64). This helpsto constructa
phase diagrambased ongraph theory?* (GT; Fig. 4a), amathematical
method that focuses onthe geometrical connectivity and organization
complexity (Supplementary Section 6). Accordingly, four distinct
regimes depending on reaction concentration and temperature can be
identified, thatis, node islands (NI), clique islands (CI), open network
(ON) and closed network (CN) in GT models (Supplementary Table 3).
Thefirst two are not membrane-forming phases, which correspond to
theisolated particles and Brownian clusters in practice, featuring low
graphdensity and small complexity index. For the other two regimes,
successful membrane formation and adjustable thickness across a
three-order-of-magnitude range can be achieved. Nevertheless, the CN
phase presents a higher complexity index and much smaller thickness
compared with the ON phase.

For the kinematic-controlled membrane growth (Fig. 3b), the recog-
nizable phase boundaries depict the theoretical obstacles during the
dynamic organization of the floating building blocks (Supplementary
Sections 7.1 and 7.2 and Supplementary Figs. 65 and 66). Briefly, the
floating particles maintain isolated and vigorous Brownian motion
whenthey are tiny with low collision probability, thus forming a primi-
tive NI phase. Only when this initial obstacle is surmounted (Fig. 4b) can
these particles organize into growable Brownian clusters. Similarly, the
followingbarrier is whether the clusters’ capillary attractionis strong
enough to compete with their random Brownian motion (Fig. 4c). If
not, these clusters will remain isolated in the Cl phase. If it is, these
clusters, with highkinetic energy accumulating from the capillary force
acceleration, canspontaneously interconnectinto anetwork, forming
the CN phase. Because Brownian motion and the Cheerios effect have
inverse relationships with theincreasing size of the floating solids, there
should be an extreme situation when the initial building blocks are
exceptionally large. They may bypass the Brownian motion stage and
undergo direct self-assembly driven by capillary attraction, resulting
inthe ON phase with low graph density. Further kinematic simulation
provides anintuitive understanding on the dynamic formation of these
GT phases (see Supplementary Video 5).

As the phase boundaries are theoretically determined by the size
and density of the building blocks (Fig. 4b,c and Supplementary
Section 7.3), a qualitative phase diagram can be derived (Fig. 4d and
Supplementary Fig. 67) for these GT phases from the perspective of
reaction kinetics, which underpins a general guidance for preparing
the unexplored inorganic membranes in the SLIS system (Extended
DataFig. 10 and Supplementary Section 8.1). Briefly, for a targeted
inorganic production in a mild aqueous reaction, its corresponding
membrane synthesis cansimply begin with anarbitrary initial concen-
trationand reactiontemperature. By evaluating the GT-phase attributes
of the floating solids after sufficient time has passed, one can accord-
ingly adjust the reaction conditions of a new synthesis. After a repeti-
tion of the prescribed experimental loop (Extended Data Fig.10a), a
well-defined membrane canbe readily obtained, whose thickness and
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through-hole parameters can be further tuned by controlling the build-
ing unit size (Extended Data Fig.10g and Supplementary Fig. 68) and the
terminal reaction time (Extended Data Fig. 3b-e and Supplementary
Section 8.2), respectively.

Conclusion

Different from the IP process, the interfacial inorganic membrane
emerges from a complex particle system, which involves several
dynamics and multibody interactions?**. Under favourable configu-
ration, these chaotic floating building blocks spontaneously evolve
into various elegant and tangible structures. Beyond the presented
membrane library, the work broadens the scope of the traditional
conception of membrane from several perspectives: in composition,
access toany unexplored membrane from the aqueous systemis made
possible by our general synthetic guidance. Moreover, the membrane
variety will further enrich whenthe SLIS strategy is expanded to organic
or melt systems. In structure, the multiplex membranes with diverse
topological structures are proposed in contrast to the simplex ones
(Fig.4e and Supplementary Figs. 69-71). In functionality, the concept
ofthe selective 2D barrier to conventional matter flow is extended to
energy flow. These newly unlocked dimensions of inorganic mem-
brane design act as a catalyst to rejuvenate the mature membrane
technology.
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Methods

Materials and reagents

Partially acetylated poly(vinyl alcohol) (poly(vinyl alcohol-co-vinyl
acetate), PVAAc, 1,750 £ 50, >99.0%) was purchased from Sinopharm
Chemical Reagent Co., Ltd., China. Anhydrous D(+)-glucose (C4H;,0y,
>99.5%), ammonium hydroxide (NH,*H,0, 28-30%), phosphoric acid
(H,PO,, =85 wt%), sodium hydroxide (NaOH, =98.0%), ammonium
fluoride (NH,F, 299.99%), titanium(1v) fluoride (TiF,), aluminium chlo-
ride (AICl;, 99.99%), calcium chloride (CaCl,, 299.9%), manganese(ir)
chloride hydrate (MnCl,*4H,0, >98.0%), iron(i11) chloride (FeCl;,
97%), nickel(11) chloride (NiCl,, 98%), copper(i1) chloride (CuCl,, 99%),
cadmium chloride (CdCl,, 99.99%), barium chloride (BaCl,, 99.9%),
copper(l) bromide (CuBr, 298.0%), sodium iodide (Nal, 299.5%),
gold(imr) chloride trihydrate (HAuCl;+3H,0, 299.9%), ruthenium(1r)
chloride (RuCls), palladium(ir) chloride (PdCl,, 299.9%), chloroplatinic
acid hydrate (H,PtCl -xH,0,>99.9%), potassium hexacyanoferrate(i)
(K;Fe(CN), 299.0%), ammonium iron(im) citrate ((NH,),Fe,C,H
s05), cobalt(i1) acetate tetrahydrate (Co(CH;C00),*4H,0, 299%),
manganese(1) acetate tetrahydrate (Mn(CH;C0OO),*4H,0, 299%),
sodium aluminate (NaAlO,), ammonium metavanadate (NH,VO;,
>99.0%), potassium chromate (K,CrO,, 299.0%), sodium molybdate
(Na,Mo0,, >98%), ammonium tetrathiotungstate ((NH,),WS,, >99.9%),
potassium hydrogen carbonate (KHCO;, 99.7%), sodium metasili-
cate pentahydrate (Na,SiO;°5H,0, >95.0%), sodium sulfite (Na,SO;,
>98.0%), sodium thiosulfate pentahydrate (Na,S,05°5H,0, >99.5%),
ammonium persulfate ((NH,),S,0g, >98.0%), zinc sulfate heptahydrate
(ZnS0,*7H,0, >299.0%), copper(11) sulfate pentahydrate (CuSO,+5H,0,
>98.0%), iron(11) sulfate heptahydrate (FeSO,+7H,0, 299.0%), sodium
phosphate tribasic dodecahydrate (Na,PO,*12H,0, >98%), mag-
nesium nitrate hexahydrate (Mg(NO,),*6H,0, 99%), silver nitrate
(AgNO;, 299.0%), lanthanum (i) nitrate hexahydrate (La(NO,);°6H,0,
99.99%), cerium(rm) nitrate hexahydrate (Ce(NO;);*6H,0, 99.99%),
dysprosium(im) nitrate hydrate (Dy(NO;);°xH,0, 99.9%), samarium(iir)
nitrate hexahydrate (Sm(NO;);*6H,0, 99.9%), lead(11) nitrate (Pb(NO;),,
>99.0%), bismuth(i) nitrate pentahydrate (Bi(NO,),°5H,0, >98.0%),
tungsten powder (W, 99.95%), sodium hypochlorite solution (NaClO,
available chlorine 4.00-4.99%), hypophosphorousacid solution (H,PO,,
50 wt% in H,0), hydrazine hydrate (N,H,*xH,0, 50-60%), L-ascorbic
acid (C4HgOg, 299.0%), tannic acid (C,Hs,0,,), oleamide (C,sH;sNO,
>99%), hexamethylenetetramine (C4H,N,, 299.0%), 2-methylimidazole
(CH,C;H,N,H, 99%) and dimethylglyoxime (CH,C(=NOH)C(=NOH)CH,,
>99.0%) were purchased from Sigma-Aldrich Inc. Hydrogen peroxide
solution (H,0,,30-32%) was purchased from QReC Chemical Co., Ltd.
Hydrochloricacid (HCI, 37%), sulfuric acid (H,SO,, 98%) and nitric acid
(HNO,;, 67-70%) were purchased from Thermo Fisher Scientific Inc.
Deionized water used was prepared from a TKA water-purification
system (Smart-2-Pure).

Pretreatment on the reaction vessel

Without loss of generality, the consumable polystyrene Petri dish
(Thermo Scientific, @ = 35 x 10 mm) was used as the reaction vessel for
membrane synthesis. The inwall of the Petri dish was manually coated
with the PVAAc film of about 1.6 x 102 mg mm, which can rapidly swell
into a hydrogel coat once it makes contact with the aqueous solution.
Briefly, the Petri dish was waggled sufficiently following the addition
of 500 pl of PVAAc aqueous solution (3.5 wt%) to guarantee that all of
itsinwall surface was wetted by the solution. The pretreated Petridish
with PVAAc film coating was then obtained by desiccating it at 70 °C for
2 h, followed by naturally cooling down to room temperature.

Membrane preparation

The Ag membrane was prepared by performing the traditional silver
mirror reaction (see the chemical equation in Supplementary Sec-
tion 2.2) in the SLIS system. Briefly, 1.5 ml of fresh Tollens’ reagent

solution (120 mM), whichwas prepared by adding 60 pl of ammonium
hydroxide solution (28-30 wt%) into 1.44 ml of AgNO; solution, was first
transferredinto a pretreated Petri dish. After asubsequent addition of
1.5 ml of mixed solution containing D(+)-glucose (250 mM) and NaOH
(50 mM), the mixture was left to stand at room temperature for 30 min.
During this period, the reflective Ag membrane gradually formed on
the aqueous solution surface. Finally, the Ag membrane was trans-
ferred onto the surface of the deionized water through a glass sheet.
As a control, the synthesis was carried out in a clean Petri dish with no
surface coating using the same reaction condition. Detailed reactions
and procedures for other membrane syntheses in the SLIS system are
described in Supplementary Section 2.

Membrane transfer, suspend and cut

To separate the floating membrane from the reaction Petri dish, the
solution was first removed using a pipette, followed by adding 8 ml
deionized water to refloat the membrane. The water inside the dish was
further replaced three timesto fully eliminate residual chemicals. The
membrane-held dishwas then gentlyimmersedinalarge tank (usually
aglass container with adiameter of 12 cm and a height of 6 cm) full with
deionized water, enabling the transfer of the cleaned membrane to a
wider aqueous surface. To cut the membrane into the desired dimen-
sions, it was lifted by a hydrophobic acrylic plate, quickly cut with a
razorbladebefore the water completely evaporated and thenreleased
to refloat on the water surface for subsequent transfer. Regardless
of substrate composition or surface topology, these water-floating
membranes can be conveniently transferred to or suspended by a
wide range of substrates, including silicon slice, acrylic plate, glass
slide, copper ring, varnished wire ring and conductive carbon tape in
facing different characterizations. To adapt to the membranes with
varied degrees of hydrophobicity and then prepare the flat membrane
for X-ray diffraction (XRD) characterization, an optional hydrophilic
surface of the hydrophobic acrylic plate was created by exposing it
to 254-nm ultraviolet (UV) light (Novascan PSD-UVT) at room tem-
perature for 15 min. Instead of deionized water, the acetone solution
(about2-10 vol% in deionized water) was used to clean and float those
membranes that were not water resistant.

Structure characterizations

SEM images were acquired on aJEOL JSM-7001F with a15-kV electron
beam equipped with atiltable specimen stage. Energy-dispersive X-ray
spectroscopy data were collected using an Oxford X-max 50 detec-
tor. One side of the small piece of freestanding membrane was fixed
on the conductive carbon tape for cross-sectional SEM observation.
For energy-dispersive X-ray spectroscopy analysis, the membrane was
transferred onto a flat silicon slice, copper foil or conductive carbon
tapeaccordingtoits chemical composition. TEM images were obtained
on aJEM-2100F with a200-kV electron beam and the conductive Ag
membrane was directly supported on a bare copper grid. Fast Fourier
transform (FFT) image processing was performed on DigitalMicro-
graph. The topography image of the membrane that is supported by a
flat silicon slice was obtained on a Bruker JPK NanoWizard Sense AFM
equipped witha AC240-PP tip (OPUS, nominal spring force constant of
2N m™). The corresponding thickness measurement was performed on
the JPKSPAM data-processing software. XRD patterns of membranes
at room temperature were collected on a Bruker D8 ADVANCE at Cu
K, radiation (1=1.54056 A) at a scanning rate of 4° min' with the X-ray
tube voltage of 40 kVand current of 25 mA. The preferred orientation of
the membrane was identified by completely indexing the XRD pattern,
calculating each of the enhancements in the relative intensities com-
pared withthe polycrystalline standard pattern after removing the back-
ground and recognizingthe (h k [) value that corresponds to maximum
enhancement. Fourier-transform infrared spectroscopy spectra were
measured onaIRPrestige-21 spectrophotometer by using a Quest Single-
Reflection ATR Accessory equipped with a standard diamond puck.



Optical, electrical and wettability characterizations

The diffuse reflectance UV-visible-near infrared spectrum was
obtained on a Shimadzu UV-3600 spectrophotometer with the wave-
length range of 250 to 2,500 nm. Room-temperature sheet resistance
of Ag membrane was measured using a Keithley 2602 SourceMeter
equipped withaM3TC four-point probe and a Zolix TSM13-1X-Y mobile
station. The sheet resistance mapping was obtained by performing the
measurements over an area of 10 x 10 mm?following a square 20 x 20
grid. Surface wettability test was performed at room temperature by
placing 5 pl of sessile deionized water droplet on the substrate sur-
face. Onthebasis of the side-view picture shot by an H1600 Industrial
Cameraequipped withS-EYE software, therelevant contact angle was
determined using a specific plugin in ImageJ.

Optical observation of freestanding membranes

After asmall piece of membrane with appropriate size (3 mm < dimen-
sionineachdirection <4 mm)was cut fromawholeone, it was released
torefloat onto deionized water surface and then suspended over a cop-
perring with outer and inner diameters of 4 mmand 2 mm, respectively,
to ensure asingle-layer membrane. The through-hole membrane was
used for optical observation on an Olympus BX53 microscope after
natural drying at room temperature.

Mechanics of the as-prepared freestanding Ag membrane
Oneface of the laser-cut polymethyl methacrylate ring (outer diameter
@ =11 mm, internal diameter 2R =5 mm and thickness 4 =3 mm; Sup-
plementary Fig. 6) was first painted with a thin polydimethylsiloxane
coat (mixture of polydimethylsiloxane base and curing reagentin a
10:1ratio), followed by curing at 80 °C for 2 h. The coated side of the
ring was then used to lift a water-floating Ag membrane with dimen-
sions 12 x 12 mm, which was subsequently dried at 50 °C for 30 min.
The indentation measurement was performed at the centre point of
the membrane on a MultiTest 1-i tensile and compression test system
(Mecmesin) by using a quartz rod (diameter @ =1 mm) with a hemi-
spherical head. Before the measurement, the static electricity on the
polymethyl-methacrylate-ring-suspended membrane and the quartz
rod were fully eliminated using a Milty Zerostat 3. The loading rate
was1mm min™. Therelation between the force Fand the indentation
depth §is given by

3
) )
— ymem et mem_3p| ¥ 2
F=0 nR(Rj E qR(Rj (2)
g=1.05-0.15v-0.16v> (3)

in which Ris the radius of the Ag membrane; £™™ is the membrane
Young modulus and defined as £™™ = Et, with the Young modulus £
and the membrane thickness t; 6™ is the pretension and defined as
™™ = gt, with the residual stress g; and g is a dimensionless constant
that is related to the Poisson’s ratio v of silver (taken here as 0.37)*.
The values of £™™ and 0™ are obtained through curve fitting to the
equation.

Insitureflectance spectra during Ag membrane formation

The acquisition of in situ reflectance spectra was carried outin a
customized optical system as illustrated in Supplementary Fig. 49.
To exclude ambient light, the measurements were performed in a
sealed cuboid box (160 x 100 x 70 mm?®) with all faces painted black.
After a pretreated dish containing 1.5 ml of fresh Tollens’ reagent
solution (120 mM) was placed inside in the central position, an inci-
dentlight beam (visible fibre-coupled UHP-T-LED, Prizmatix) with a
collimator 12 mm in diameter was fixed at 30 mm over the solution
surface and set at a 90° angle from an opposite fibre detector of the

spectrometer (Maya2000, Ocean Optics). To trigger the reaction,
1.5 ml of mixed D(+)-glucose (250 mM) and NaOH (50 mM) solution
prestored in the dropper hanging over the apparatus was instantly
introduced into the system and the in situ reflectance spectra of the
air-liquid interface were consecutively collected through Spectra-
Suite. The spectrain five minutes before triggering the reaction were
collected atarate of 0.2 Hz to estimate the stability of this customized
measurement. The acquisition rates were set at16.7 Hzand 0.032 Hz,
respectively, for the first 60 s and the remaining 29 min when the
reaction was ignited. Critical time nodes were determined by math-
ematically identifying these moments containing extreme points of
therecorded reflectionintensity, whichis abinary function of time and
wavelength.

Brownian motion of the floating silver particles

To determine whether the floating silver particles on the bulk solution
surface have been exposed to the gaseous phase or are still completely
immersed under the air-liquid interface, we developed an indirect
technique based on the collection and analysis of the localized force
signal on an Asylum MFP-3D system equipped with a PPP-CONTPt-50
probe (NANOSENSORS; nominal spring force constant 0.2 Nm™). As
showninSupplementary Fig. 52a-c, the probe was suspended over the
solution with a constant amplitude at which the attraction between
the water surface and the probe can be well detected but out of the
jump-to-contact distance. As well as the intrinsic noise caused by the
fluctuations of water surface, once any floating solid passed through
the space betweenthe solution surface and the probe, it would instantly
diminish the attracting force that the probe measured. Such a distur-
bance D(t) would be well contained in the collected time series of force
F(t) (converted from the amplitude signal) and strongly influence its
autocorrelation result. At the time node of interest 1s after initiating
the silver mirror reaction in the SLIS system, the reaction was termi-
nated by immediately replacing the reaction solution by equivoluminal
deionized water. Besides the deionized water as a blank control, the
aforementioned approach was performed on these particle/solution
systems for100 s with the collection frequency of1,024 Hz. The subse-
quentautocorrelation analysis of the time series F(t) was performed by
using the MATLAB built-in autocorrelation function (ACF) according
to the following:

(F(t)_l'_-) (F(t+1)_l'_—)

ACF(7) =
® z Z?:I (F(t)_lf—)2

t=1+1

4)

in which F is the mean value of the collected time series and tis the
time lag. There is a notable difference between the autocorrelation
results for the cases of blank water surface and the particles-floated
solutionsurface (Supplementary Fig. 52d-f). The latter case presents
oscillatory autocorrelation peaks at different timescales, which were
further confirmed to be anintrinsic signal feature instead of originat-
ing from noise. These oscillatory autocorrelation peaks are derived
from the modulation effect on the detected force by the probe when
these air-exposed particles pass through the space between the solu-
tionsurface and the probe. Evidently, these results confirm that these
silver particles generated from the bulk solution have passed through
theair-liquidinterface and beenexposed to the air. Furthermore, these
floating particles remain in random 2D Brownian motion on the
aqueous surface.

AFM measurements

AFMforce-distance curves obtained from the indentation experiments
were conducted on an Asylum MFP-3D scanning probe microscopy sys-
tem equipped witha PPP-CONTPt-50 probe (NANOSENSORS; nominal
spring force constant of 0.2 N m™). The actual spring force constants
in different situations were calibrated by acquiring force-distance
curvesonastiff glass surface. To obtain the coated substrate, 10 pl of
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PVAAc aqueous solution (3.5 wt%) was applied thoroughly onto the
surface of the bare substrate (area1x 1cm?) at 70 °C in an oven and
then desiccated for 2 h. To measure the surface mechanical proper-
ties of various substrates in the aqueous system, the substrate was
fixed at the bottom of a Petri dish (37 x 7 mm), followed by adding
3 mlof deionized water at room temperature toimmerse it. The probe
was then completely submerged to perform measurement after the
water level was stabilized. All the force curves were recorded under
the same loading and unloading rate of 1.5 pm s™. The displacement
(x)-dependent potential energy change (AE) between x, and x; was
obtained by using the recorded force curve F(x) according to the fol-
lowing equation:

AE= —Ii FOoydx )

Force maps of the interfaces of interest, including the control air-
deionized water interface and the interface between air and the
on-site floating Ag membrane (30 min after igniting the silver
mirror reaction in the SLIS system), were performed over an area of
10 x 10 um? following a square 5 x 5 grid. All the measurements were
conducted at room temperature, the vertical indentation rate was
5ums™and the sampling frequency was 1 kHz. The adhesion force
was determined by the lowest point of the retraction curve. Theinter-
facial stiffness was determined by fitting the slope of the repulsive
part of the approach curve. The rupture distance was calculated as
the difference between the pull-off displacement and the snap-in
displacement.

PDF analysis

One millilitre of deionized water was added onto the PVAAc coat (about
5x102mg mm™) onasquareglass plate (area12 x 12 mm?and thickness
2 mm), followed by standing at room temperature for 15 min. When the
dry PVAAc film fully swelled into the hydrogel coat, the free water was
carefully removed by filter paper to prepare the free-swelling hydrogel
coating. To obtain the compressive-state hydrogel counterpart, another
piece of glass plate was covered on the free-swelling hydrogel coat-
ing, followed by applying a compressive load of 21.6 N on aMecmesin
MultiTest 1-i tensile and compression test system. The transudatory
water was removed by filter paper during 10-min-retained compres-
sive loading. XRD data of the two-state hydrogel coatings supported
by glass substrate was collected on a Bruker D8 ADVANCE at Cu Ko
radiation (A =1.54056 A) with the 26 degree range from 5° to 145° at
ascanning rate of 2° min™. The X-ray tube voltage and current were
40 kV and 40 mA, respectively. The PDF was directly calculated from
the measured total scattering function through Fourier transformation
by using PDFgetX3 (ref. ¥).

Fractal and multifractal analysis

The Minkowski-Bouligand dimension D of a fractal topological struc-
ture was determined through a classic box-counting method, according
to the following equation®:

D= "m—logN(le) (6)

>0 ]og;
inwhich N(¢) is the number of boxes of side length e required to cover
the geometric structure. Dis estimated as the exponent of a power law
representing the fractal dimension of a certain structure. Moreover, the
multifractal spectrum, also known as the singularity spectrum, namely,
the relationship between the Hausdorff dimension fand the average
singularity strength a, was used to identify heterogeneity of the kinetic
process and quantify structural complexity, which was determined
through a previously reported method according to the following
implicit functions of the distorting exponent g (ref. ¥):
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in which P(¢) is the probability (integrated measure) in the ith box of
longitude ¢, namely, a fraction of the amount of pixelsineach box. The
multifractal analyses were performed on both the (quasi-)bicontinuous
solid network and the corresponding gaseous network, which were
extracted from a typical SEM picture in advance through Image].

Insitu observation of the membrane growth

Thegrowth processes of AgCl, BiVO,and Ag,CrO, membranes onaque-
ous surface were recorded using an H1600 Industrial Camera with
the S-EYE software. The experiments were performed in a windshield
box on avibrationisolator. The temperature was controlled by a bot-
tom electronic heating plate. The reaction temperatures were 35 °C,
50 °C and 55 °C for AgCl, BiVO, and Ag,CrO, membrane synthesis,
respectively. A ring light-emitting diode was used in reflection mode
as the lighting source. The vertical focal length was fixed in advance
by focusing on the aqueous surface of 3 ml deionized water held in a
pretreated Petri dish. Afterigniting the reaction by a quick addition of
allthereactantsolution, the kinematic evolution of the floating solids
ontheaqueous surface was simultaneously recoded ataframe rate of
30 frames per second with the resolution 0f 1,920 x 1,080 pixels. All of
thevideo editing was performed in Shotcut. Onthe basis of the particle
imaging velocimetry algorithm, the velocity field was calculated by per-
forming correlation analysis on the positions of the floating particles
between successive video frames using PIVIab written for MATLABS,
The thin-plate spline analysis of differential evolution of the hole was
performed using PAST 4.09.

Data availability

The data that support the findings of this study are available from the
corresponding author onreasonable request. Source dataare provided
with this paper.

Code availability
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energy and performdynamic GT-phase simulation are availablein the
repository at https://github.com/jokerxy624/membrane.
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Extended DataFig.1|Universality of the SLIS strategy for diverse types of
vessel routinely usedin thelab to perform aqueous reactions. The polymer-
based substratesinclude polyethylene (PE) (a), polytetrafluoroethylene (PTFE)
(b), polypropylene (PP) (c), polystyrene (PS) (d) and polyethylene terephthalate
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sessile water droplet onthe substrates, visually showing their relative
hydrophilicity. a;-h;, AFM force-distance curves for bare and PVAAc-coated
substrate surfaces measured in air and under water, respectively. The insets
zoominontheforce-sensingregionsinthe force-distance curve for the bare
substrate-liquid water interface during approach and withdraw processes and
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pathways among these functional membranes presented in the library

(for details, see Supplementary Table 2). The available energy forms are
mechanical, light, thermal, electric, magnetic and chemical energy.
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Extended DataFig. 3| Critical developments of structural evolutionduring
Agmembrane growthinthe SLIS system. a, Voronoi texture-meshed typical
SEMimages of the floating solid collected at4.32,17.1and 53.5 s. Thered dot
indicates the centre of each Brownian cluster. The colour of each cell denotes
the coordination number, asindicated in the right colour bar. The colour

ofthe boundary highlights the connectivity between the adjacentcells, thatis,
blue denotes unconnected cells and yellow denotes connected cells that are
caused by the cross-domain growth of the Brownian cluster. b, Typical SEM
images with pseudo colours of the floating Ag membrane collected at 15, 20.5,
25.5and 30 min. The numbers above theseimages (aandb) help to identify the
corresponding criticalmoments asindicated in Fig. 3a. ¢, Statistical map of the
circularity against the logarithmic area for the through holes extracted from
the typical SEMimagesinb. The top and right plots are the density distributions
along the axes of the through-hole areaand the circularity, respectively.
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000204060810 0 500
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1000 1500

6 min

30 min 25.5 min 20.5 min 15 min

80 90 100

Coverage factor (%)
d, Violin plots to show the statistical changesin the solidity (left) and the
minimum Feret diameter (right) of the through holes after the formation of
the (quasi-)bicontinuous framework. The scatter lineinright plot shows the
corresponding evolution in the coverage factor of the floating Ag membrane.
e, Typicalstructures of the extracted through holes forming at the corresponding
criticalmoments. Starting from the highly connected network structure, the
through holes cangradually evolve into alow-circularity closed-hole structure,
thento ahigh-circularity closed-hole structure and an eventual compact
structure, accompanied by the continuously sharpened size distribution and
increased geometrical convexity. To aid in visual identification, all the scatters,
rugs, lines, violins and the extracted hole structures are respectively coloured
with thesame colours of the corresponding SEMimagesinb. Scale bars are
lpum(a,bande).
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Extended DataFig. 4| Confirmation of the actual position of the as-prepared
floating Ag membrane on the aqueous surface. a-f, 2D maps of the local
adhesion force (a,d), interfacial stiffness (b,e) and rupture distance (c,f) for the
interface between air and the on-site floating Ag membrane (d-f,30 min after
igniting the silver mirror reactionin the SLIS system) in comparison with that
of the air-deionized water interface (a-c). The maps represent the results of
AFMindentation measurements performed at 25 different positionson the
twokinds of interface. The colour-coded plots represent variations of the
parametersofinterestasindicatedintheleft colour bars. g-i, Statistical
variations for the measured adhesion force (g), interfacial stiffness (h) and
rupture distance (i) extracted from the corresponding 2D maps. All the points

Air-water  Air-floating Ag

2 um

are presented inscatters along with a Gauss function fittingline. The
corresponding box plot shows the interquartile range with the marked mean
value (opensquareinside), the median (transverseline inside) and the error bar.
Theair-floating Ag membrane interface presents a well-defined mechanical
characteristic of the typical air-solid interface (Supplementary Fig. 52),
featuringamuch smaller AFM tip-interface adhesion force, anotably
increased interfacial stiffness and asubstantially shorter rupture distance in
comparisonwith that of the air-water interface. These evidences confirm that
theas-prepared Ag membraneis definitely floating on the aqueous surface
withnoliquid-water layer aboveit.
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Extended DataFig. 5|See next page for caption.



Extended DataFig. 5|Structural characterizations of the (quasi-)
bicontinuous Ag membrane. a,b, Digital photo (a) and transmission optical
microscopicimage (b) of the (quasi-)bicontinuous Ag membrane suspended
by avarnished wirering. Under transmission white light, the membrane with
sub-visible-wavelength holes exhibits aselective optical transmittance of
short-wavelengthlight, giving it ablue-violetappearance. The consistent
colourwithout any detectable chromatic aberration demonstrates the large-
scale homogeneity of the (quasi-)bicontinuous structure. c-e, TEM images of
the Agmembrane suspended onthe TEM copper grid obtained under different
magnifications, evidently confirming its multiscale structural homogeneity.
Theinsetineisthe correspondingselected-areaelectrondiffraction pattern,
showing the polycrystalline nature. f, lllustration of the image-processing
procedure for anisotropic analysis of the (quasi-)bicontinuous structureina
typical TEMimage (d). Binary conversion was first performed on theimage
with theempty portions setto transparent. A copy of the processed image
was then stacked on the original one and allowed to undergo a continuous
clockwise rotationaround theimage centre. Through our customized Python
image-processing code, the stacked part of the two square images at a specific
rotation angle of @ was extracted by using their inscribed circle to calculate
the geometric permeability (the ratio of the area of the overlapped through
holesto the whole circle area). g, Rotation angle 8-dependent geometric

permeability of the stacked (quasi-)bicontinuous structure. The step size

of 8is 0.5°. Thereal-time analysis of the geometric permeability with the
corresponding stacked configurationis visually presented in Supplementary
Videol. h, Areadistribution of the projected through holes of the stacked
structure atthe selected rotation angles. The density of the strips represents
the frequency and theright curve shows the result of the frequency statistic.
Thedashedredlineindicates the peak position of each distribution curve,
highlighting the structuralisotropy. i, TEM image of the practical stacked
two-layer (quasi-)bicontinuous Ag membrane (right) compared with the
single-layer counterpart (left). The stacking operation demonstrates asimple
strategy to adjust the through-hole sizes in the membrane by using the (quasi-)
bicontinuous structure.j, Statistical map of the circularity against the
logarithmicarea for the through holesinthe one-layer and two-layer regions
ini. Thetop plotisthe density distribution along the axis of the through-hole
area, showingasubstantial decrease inboth the hole size and the size
dispersion after the stacking operation. The right box charts show the
statistical result of the circularity of the through holes. The capsindicate the
3xinterquartile range. Every box shows 25th-75th percentiles, with the marked
median (transverse line inside) and mean (dotinside). Scale barsare 5 mm
(a@),100 pm (b), 20 um (c), 2 pm (d), 200 nm (e) and 10 pm (i).
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Extended DataFig. 6 | Typical twist boundaries in the (quasi-)bicontinuous
Agmembrane viewed fromadirection parallel to theboundary.a, TEM
image of the overallmembrane network. b, Size distribution of the grainsin the
membrane compared with that of the initial floating particles. Two hundred
well-defined grains distinguished by the diffraction contrast were counted.
Thetwodistributions are nearly identical, evidently confirming that the
membrane is derived from the assembly of the initial isolated particles instead
ofanepitaxial growthbased on the sliver atom deposition. ¢, Magnified
TEMimage of the marked regionina, visually showing the plentiful grain
boundariesinthe membrane network.d,e, High-resolution transmission
electron microscopy image (d) of the marked region with small curvatureinc
andits corresponding pseudo-coloured counterpart (e), which highlights the
three grains (A, Band C) with two visual grain boundaries (60°/[0-11] between
grainsAandB, 60°/[-1-10] between grains Band C). The two dashed squaresin

dmark the well-defined cross-boundary regions (thatis, square 1marks the
boundarybetweengrains Aand B and square 2 marks that between grains B
and C). Theblack arrows indicate the reactive amorphous surface with about
2nmthickness. f~i, FFT images (f,h) and the corresponding Fourier-mask-
filtered (twin-oval pattern, edge smoothed by five pixels) images (g,i) for the
square-marked regionsland2ind, respectively. Thereciprocal vectorsinthe
FFTimage were labelled by using the same colours with their mother grains.
Note the crystalindiceslabelled with ” denote that these lattice planes should
beabsentinthereciprocal space owingtothe crystallographicextinctionrule,
whichareidentifiablein the direct spacein the high-resolution transmission
electron microscopy image obtained under an appropriate Scherzer defocus.
Thewhitelinesingandidepict the twistboundary plane. Scale barsare 500 nm
(a),50 nm(c)and 5nm (d).
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Extended DataFig.7|Variousfactorsthatinfluence the capillary-attraction-
drivenkinematics between two floating particles. a-d, Influence of

the particle size (variable R, is from 10 t0 99.99 um) on the kinematics at
L,=400pum, k=3,p=8,000 kgm>ande=0.05.e-h, Influence of the initial
distance (variableL,is from100t01,000 um) onthe kinematics at R, =20 pm,
k=3,p=8,000 kg m~and e=0.05.i-1, Influence of the diversity factor
(variable k=R,R,isfrom1to10) onthe kinematicsatL,=500 um,R,=40x107¢,

p=8,000kgm=and&s=0.05.a,e,i, Time-dependent distance between the

two floating particles in the capillary-attraction-driven acceleration process.
b.fj, Proportion of the displacement of the smaller particle to the initial
distance when the two particles mutually collide. ¢,d,g,h,k,I, Time-dependent
velocity for smaller particle (v;; ¢,g,k) and bigger particle (v,; d,h,I). Note that
vand v, arein opposite sign, indicating their relative movement under capillary
attraction.
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Extended DataFig. 8| Further evolution of the membrane after the velocity-field analysis (c) (see the dynamic processin Supplementary Video 3).
formation of the bicontinuous 2D network. a, Digital photograph of the The colour shows the local vorticity direction and intensity asindicated in the
aqueous system for AgCl membrane synthesis at the emergence of awhole rightcolourbar.d,e, Digital photographs (d) recording the change of the
(quasi-)bicontinuous network. The marked regions 1and 2 highlight the internal regionin the bicontinuous network after continuous particle trapping
marginal and internal regions of the floating solid network, respectively. in36 sand the time-course spatial distribution of these trapped nascent AgCl
b,c,Representative digital photograph of the marginal region of the (quasi-) particles (e) (seethe whole processin Supplementary Video 4). Scale bars are

bicontinuous AgClnetwork (b) and the corresponding map from the 1cm(a), 500 pm (b) and 200 pm (d).
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Extended DataFig. 9 |Evolution of the through holesin connectivity and
geometry during membrane network growth. a, Sequential microscopic
images (obtained 6,10, 26 and 35 min from the beginning of the reaction)
recording the evolution of the AgCl membrane from the moment of forming
(quasi-)bicontinuous structure (about 6 min). Scale bar,200 pm. b, Connectivity
analysis of seven selected holesin the correspondingimagesina. These
selected regions are coloured and numbered asindicated on theright for the
convenience of observation onthe evolutioninthe hole’s geometry and
connectivity. Note that almostall the holes areinterconnected and impartible
inthe original (quasi-)bicontinuous structure. ¢, Calculated map obtained
fromthe difference setbetween the microscopicimages takenat35and

26 min, showing thelocations of these trapped AgCl nascent particles

during this period. Theimage is coloured blue toimprove the visual contrast.
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Macroscopically, all of the hole boundaries have anearly identical risein
thickness, implying that the new AgCl particles are randomly trapped by
thesolid network and thereislittle possibility of generating new Brownian
clustersinthe holeregion.d, Spatial evolution mapping of arepresentative
hole (no.1) during 26 to 35 min. The length and direction of the black arrows
representatively show the maximumshrinkrate and orientation of the hole at
different boundary regions. The hot colour map highlights the vorticity of the
shrink rate caused by the difference in the shrink orientation. The insetis the
thin-plate spline analysis of differential evolution of the hole to visualize its
shape changesin different areas. e, Distributions of the velocity magnitude
and the tangent velocity along the holeboundaryind. These parameters were
extracted clockwise along the hole boundary from the start pointindicated by
thewhitearrowind.
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Extended DataFig.10|Foolproofsynthetic guidance to an unexplored
inorganic membranein our proposed SLIS system. a, Step-by-step flow
charttoguide the synthesis of aninorganic membrane. b, Summary of the
initial conditions for creating the membranesin the presented library and the
corresponding distributions based on 2D kernel density estimation, offering
experiential choice of theinitial concentration and temperature for different
reaction categories. c-f, Results of the kinematic simulations for the CN (c),
ON (d), NI (e) and CI (f) phases (see the dynamic evolutions in Supplementary
Video5). Note that theseisolated particlesarein grey and turnintoblueonce
they are physically connected. g, 2D kernel density estimation map of the
membrane locationsina customized space, which consists of the terminal
reaction time-to-critical time ratio and the membrane thickness-to-building

unitsize (vertical dimension) ratio. All the datawere derived from the 40 kinds
of membraneinthe presented library. The dot densityisindicated by the
top colour bar. Thebox chart shows the statistical result of the membrane
thickness-to-building unitsize (vertical dimension) ratio. The capsindicate
thel.5xinterquartile range. The diamond box shows 10th-90th percentiles,
withthe marked median (transverse line inside) and mean (dotinside). The
empirical deviation coefficient w, which represents the statistical ratio of
the SLIS-mediated membrane thickness to the building unit size (vertical
dimension), isdetermined tobe between1.06 and 5.94 by the box range. The
detailed description of the general synthesis of an unexplored inorganic
membraneisincludedin Supplementary Section 8.1.
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