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GRAPHICAL ABSTRACT

Functionalized flash graphene membrane
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PUBLIC SUMMARY

= Functionalized flash graphene membrane with turbostratic sheets and nanopores enables fast water transport.
= Narrow interlayer spacing of the membrane ensures the efficient rejection (> 99.9%) of various contaminants.

= Scalable, energy-efficient fabrication suitable for household and on-site water purification.
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Currently, the potentially high permeability of graphene oxide (GO)
membranes is fundamentally limited by their long and tortuous diffusion
channels (Z-channels). To address this dilemma, we introduced a continu-
ous flash Joule heating method to synthesize functionalized flash graphene
(FFG) membranes with turbostratically stacked sheets that formed inter-
connected water transport channels. Meanwhile, the combination of
misaligned nanopores within the sheets and the narrow interlayer spacing
generated numerous thin S-channels, which also accelerated water trans-
port. Thus, the FFG membrane can easily achieve a water permeance (~
9724 L m~2h™" bar™") that was two orders of magnitude higher than that of
conventional GO membranes. The trajectories of water molecules were
tracked by molecular dynamics, confirming that the formed misaligned
nanopores significantly shorten the transport distance of water molecules.
Importantly, this membrane exhibited efficient rejection (> 99.9%) of vari-
ous heavy metal ions, organic molecules, and nano-plastics due to its
narrow interlayer spacing. Overall, this work facilitates the scalability and
economy of FFG membrane fabrication, expanding the demand for on-site
and household water purification in the entire membrane field.

INTRODUCTION

Suitably engineered graphene-based membranes effectively tackle diverse
water dilemmas, owing to their exceptional properties that enable rapid water
transport while achieving selective sieving of ions and molecules.'”
Compared to conventional polymeric and ceramic membranes with broad
pore size distributions and limited tunability, graphene-based membranes
offer atomic-level precision in tailoring pore size and interlayer spacing,
enabling highly efficient separations.”"" It has been established that water
penetration can be easily achieved by creating uniform sub-nanometer pores
in graphene monolayers or by constructing two-dimensional channels
between graphene oxide (GO) nanosheets.'”'* However, the former approach
necessitates the construction of isoporous membranes with pore diameters
of <0.55 nm over lateral dimensions exceeding the micrometer level to
achieve excellent selectivity in actual separation processes."'® Notably,
conventional strategies for fabricating these structures (such as chemical

etching) suffer from harsh, time-consuming processes while simultaneously
struggling to control the spatial stacking behavior of the etched
nanosheets.'*'" In the latter approach, water molecules travel through a Z-
channel across the narrow interlayer spacing, leading to an extended trans-
port distance, which directly results in low permeability.'”*’ Moreover, meth-
ods that increase the interlayer spacing, such as intercalation, lead to a criti-

A promising strategy is to combine the above two approaches to fabricate
highly efficient graphene membranes that ideally possess suitable pore sizes
to maximize permeability while maintaining narrow interlayer spacing for
excellent selectivity. For water molecules, they will not only pass through
these nanopores of each layer, but also permeate through the interlayer
spacing. Notably, pore channels provide faster transport pathways due to the
reduced friction compared to the confined interlayer spacing.”** As a result,
the actual path-length of water molecules (thin S-channel) is less tortuous
than that of stacked GO membranes (Z-channel), which undoubtedly short-
ens their transport distance and enables the membrane to achieve high water
permeance. In theory, larger pores in the membranes are more advanta-
geous for the transport of water molecules within the two-dimensional
nanochannels.”>" Intuitively, however, infinitely increasing the pore size may
lead to the vertical alignment of the pores existing between the upper and
lower layers of the graphene-based membrane. Potentially, solutes will
escape directly from these through-pores (/-channel) without being rejected
by the interlayer spacing, which will greatly compromise the selectivity of the
membrane. Therefore, constructing effective steric hindrance by regulating
appropriate pore remains a key challenge for designing efficient graphene
membranes. Although many current in-pore-formation approaches can
regulate the size of nanopores through the microenvironment there is no
method that can simultaneously promote the formation of graphene struc-
ture and pore structure in-situ on the carbon-containing substrate, which is
essential for the large-scale preparation of porous graphene.

Herein, a loosely stacked functionalized flash graphene (FFG) membrane
with turbostratically arranged sheets was elaborately constructed with the aid
of flash Joule heating (FJH) technology, forming interconnected water trans-
port channels. Meanwhile, the misaligned nanopores within the sheets and
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the interlayer spacing jointly formed numerous thin S-channels, effectively
shortening the water transport pathways, thereby achieving significantly
enhanced water permeance (~ 9724 L m™ h™' bar™") while maintaining high
selectivity (>99.9%). This study broadens the possibilities for synthesizing and
applying advanced functional membranes, contributing to sustainable devel-
opment strategies.

MATERIALS AND METHODS
FJH-induced synthesis of FG with porous structure

Flash graphene (FG) was laboratory-prepared by a flash Joule heating
(FJH) technique involving ultra-high temperature graphitization (> 3000 K)
and electric field exfoliation.”””* To prepare FG with a porous structure, 0.2 g
ofthe obtained porous carbonmaterialwas putintoaquartz tube (tubethickness:
2 mm, inner diameter: 6 mm, length: 45 mm) of laboratory scale devices and
compressed with copper electrodes to obtain a low resistivity (< 2 Q). Then,
the loaded quartz tube was placed in a vacuum desiccator (~0.6 psi) and
operated on the continuous alternating current FJH (AC-FJH) and direct
current FJH (DC-FJH) processes at the desired condition.”” To investigate the
effect of FJH parameters on the pore size structure and graphitization of the
obtained FG materials, different reaction voltages and times were set. The
voltages of the AC-FJH process were set to 100 V and 150 V, respectively,
with discharge time being 6 s. The voltages of the DC-FJH process were set
to 100 V and 150 V, and the discharge times were 10 ms and 30 ms, respec-
tively.

To continuously produce FG materials on a large scale, we also employed
integrated automation equipment to assist.”” Due to differences in electrode
diameters between the laboratory scale device (6 mm) and the integrated
automated equipment (8 mm), the contact cross-sectional area of the
sample increases, leading to a decrease in current density during the FJH
reaction. Therefore, to ensure that the sample receives the same amount of
Joule heating during continuous production, it is necessary to readjust the
discharge voltage of the integrated automated equipment or modify the
sample loading weight to compensate for the amplification effects between
the two devices. Detailly, 0.2 g of porous carbon material was put into a
quartz tube (tube thickness: 3 mm, inner diameter: 10 mm, length: 40 mm)
and then placed vertically on the sample tray. After startup, the equipment
began to run fully automatically. Subsequently, the robot arms gradually
grabbed the loaded quartz tube from the sample tray to the reaction zone and
blanking zone, ending a cycle of the FJH reaction. The discharge parameters
of the AC-FJH process were set to 120 V, 6 s and those of the DC-FJH
process were set to 200 V, 30 ms.

Preparation of FFG membranes

The as-prepared FG substrate, initially as a powder, required an oxidation
treatment of approximately 48 h to form a functionalized membrane material.
This treatment introduced hydrophilic groups, such as hydroxyl and carboxyl
groups, which improved the aqueous dispersibility of the highly crystalline
and intrinsically hydrophobic FG and promoted interlayer hydrogen bonding
during membrane assembly, thereby facilitating the formation of the FFG
membrane. First, 0.5 g of powdered FG was placed in a solution mixed with
sulfuric acid (8 mL), potassium persulfate (1 g) and phosphorus pentoxide (1
g), and stirred at a constant temperature of 353 K for 4.5 h. Then, 300 mL of
DI water was added to the above solution and allowed to stand for about 12
h. After filtration, the solid product was dried at 353 K for 6 h. Further, the
crushed solid product was dissolved in sulfuric acid (40 mL), then potassium
permanganate (4 g) was slowly added, and the mixed solution was contin-
ued to stir for 2 h. The temperature should stabilize below 283 K in an ice
bath. In addition, 50 mL of DI water was slowly added to the solution and
continued stirring for 2 h. During this process, the temperature was controlled
below 293 K using an ice bath. After stirring, 300 mL of DI water was added
to the solution, and hydrogen peroxide (20 mL) was immediately added for
further oxidation, followed by stirring the solution for 12 h. After filtration, the
solid product was washed twice with hydrochloric acid (2 mol L™) and DI
water to remove impurities. Subsequently, the collected sample was diluted
to 200 mL with DI water, and the concentration of the FFG was approxi-
mately 2.5 mg mL™". Finally, the FFG membrane was prepared on the cellu-
lose acetate membrane substrates by simple vacuum filtration using the
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obtained FFG suspension.

Performance test of FFG membranes

The separation performance of FFG membranes was typically evaluated by
filtering different types of ions or molecules, including metal ions, dye
molecules, and microplastic nanoparticles. The initial concentrations of metal
salts and dyes were 50 mg L™ and 10 mg L™, respectively, while that of
microplastics was 1 mg L. These relevant tests were all conducted on a
homemade dead-end filtration device at room temperature. The effective
membrane area for separation was approximately 2 cm?. We also prepared a
large area of FFG membrane was expected to be applied to the actual
scenario of water purification. At the same time, metal ions (5 mg L™' FeCly)
and emerging persistent organic pollutants (10 ug L™' PFOA) were used as
probes to investigate the separation performance of the FFG membrane.

Molecular dynamics (MD) simulations

To verify the feasibility of the nanofiltration performance of FFG membrane
with S-channels, molecular dynamics (MD) simulations were performed to
compare two filtration systems of perfect and defective graphene sheets,
respectively. All MD simulations were performed in the NVT ensemble using
the NAMD 2.14 version with a time step of 1.0 fs.*” The V-rescale tempera-
ture coupling was applied every 20 steps to keep the system at 300 K. The
parameters of graphene were referred to as previous research” ™ and the
rigid TIP3P water model was used for water molecules.* Periodic boundary
conditions were used in all three directions. All parameters were from the
CHARMM force field.”™ The particle-mesh Ewald method with a real space
cutoff of 12 A was used to treat long-range electrostatic interactions and the
same cutoff was applied to the van der Waals interactions.™ Periodic bound-
ary conditions were applied to all three coordinates.

RESULTS AND DISCUSSION
Thin S-channel abundance by nanopores for an ultrafast FFG membrane

In theory, the designed graphene membrane should exhibit a narrow inter-
layer spacing to achieve excellent selectivity and an appropriate pore size to
maximize permeability. Based on this, a "two-wheel drive" strategy was
adopted to instantly convert biomass-derived porous carbon (PC) materials
into FG in situ while inheriting the associated nanopores via FJH technology
(Figure TA & Table ST). After undergoing ultra-high temperature graphitiza-
tion (> 3000 K) and electric field exfoliation in a bottom-up FJH strategy,”"**
PC-1 sample-derived FG with an average stacking number of about 6 layers
was obtained, as confirmed by Raman, X-ray diffraction (XRD), atomic force
microscopy (AFM), scanning transmission electron microscope (STEM), and
high-resolution transmission electron microscopy (HR-TEM) results (Figures
1B—E & S1-S7). Furthermore, the pore structure (< 3 nm) was inherited from
the parent PC-1 sample to the maximum extent (Figures 1D-F, & S8). And
typical PC-1 sample-derived FG had the 1292 m? g™' of BET surface areas
suggested much defective structures, which can be confirmed by the high
sp?/sp? ratio (26.4%) in the X-ray photoelectron spectroscopy (XPS) spec-
trum (Figures S2 & S9). This result indicated that the derived membrane
material enabled the formation of numerous S-channels, facilitating faster
water transport and achieving well-defined selectivity.

After oxidation treatment of the PC-1 sample-derived FG, the nanopore
size of its derived functionalized flash graphene (FFG) was mainly concen-
trated around 3.5 nm (Figure 1G). The PC-1 sample-derived FFG nanosheets
exhibited an average thickness of 1.5 nm, with lateral dimensions primarily
ranging from 0.5 to 2.0 pum, consistent with previous studies (Figures
S10-S11).7" Further, the PC-1 sample-derived FFG membrane was fabri-
cated by a vacuum filtration method (Figure S12). Notably, the above oxida-
tion process introduced functional groups such as hydroxyl, carboxyl, and
epoxy onto the FFG membrane,”*” which unsurprisingly further increased the
defect degree (Figures S13—S15). As shown in Figure S16, the surface of this
FFG membrane exhibited mostly uneven planes, with many distinguishable
wrinkles evenly distributed.” Moreover, the PC-1 sample-derived FFG
membrane (approximately 120 um in thickness) exhibited a loosely stacked
architecture consisting of misoriented graphene nanosheets and inherent
porosity (Figure TH). Meanwhile, the cross-sectional images of this FFG
membrane revealed a distinct two-dimensional lamellar structure, which was
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Figure 1. Thin S-channels constructed from nanopores in a functionalized flash graphene (FFG) membrane (A) Schematic of the flash Joule heating (FJH)-assisted synthesis
process of flash graphene (FG). Porous carbon (PC) was rapidly heated in the reactor for conversion into FG. (B) and (C) High-resolution transmission electron microscopy (HR-
TEM) images of PC-1 sample-derived FG. (D) Scanning transmission electron microscopy (STEM) image of PC-1 sample-derived FG. (E) Raman spectra of PC-1 sample and its
derived FG. The FG had a low-intensity D peak, indicating the absence of considerable defects. The intensity ratio (~ 0.79) of the 2D and G bands demonstrated that the FG
consisted mainly of few-layered graphene structures. (F) Pore size distributions of the PC-1 sample and its derived FG. (G) Pore size distribution (inset: N, adsorption-desorption
isotherms) of the PC-1 sample-derived FFG. After oxidation FJH treatment, the BET surface area of FFG-2 was 1181 m” g~'. (H) Cross-sectional scanning electron microscope
(SEM) images of the PC-1 sample-derived FFG membrane. (I) Cross-sectional TEM images of the PC-1 sample-derived FFG membrane. (J) The structural diagram of the FFG
membrane. (K) The pore size of PC-1 sample-derived FFG membrane obtained through mercury intrusion porosimetry (left) and capillary flow porometer (right) methods, respec-
tively. (L) Comparison of water permeance of the as-synthesized graphene oxide (GO) membrane and PC-1 sample-derived FFG membranes under 1 bar. (M) Relationship
between the BET surface areas of FG samples and the separation performance of their derived membranes (10 mg L™ methylene blue and 50 mg L™' FeCl,; aqueous solutions at
1 bar). The precursors for the synthesis of these membranes were FGs with different pore structures, as detailed in Table S2.

consistent with the in-situ cross-sectional images obtained via focused ion  created voids between adjacent nanosheets, forming interconnected chan-
beam (FIB) milling, thereby contributing to the enhanced selectivity of the FFG  nels that promoted high water permeability (Figures 1J-K).
membrane (Figures 11, S17-S18). This unique morphological arrangement The PC-1 sample-derived FFG membrane also exhibited excellent
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Figure 2. Separation performance of PC-1 sample-derived FFG membranes (A) FFG membrane for the separation of four different metal chloride aqueous solutions with a
constant concentration of 50 mg L™" at 1 bar. (B) FFG membrane for the separation of nano-plastic (polystyrene microspheres, PS) and four different dye aqueous solutions with
a constant concentration of 10 mg L™ at 1 bar. (C) Concentration variations of FeCl; and MB solutions adsorbed by the FFG membrane as a function of adsorption time. Error
bars indicated the standard deviation from three different samples. (D) Comparison of Fe** (blue) and MB (red) rejection and water permeance between FFG membrane in this
work and other state-of-the-art membranes (see more information in Supplementary Table 4). (E) FFG membrane for separation of four different metal chloride aqueous solu-
tions (50 mg L") without additional operating pressure. (F) FFG membrane for separation of PS and four different dye aqueous solutions (10 mg L™") without additional operat-
ing pressure. (G) MB and FeCls rejection stability of the FFG membrane during continuous filtering operation for 360 min without additional operating pressure (10 mg L™' MB and
50 mg L™ FeCl,; aqueous solutions). (H) Photo of the filter cup with a blank membrane (left) or FFG membrane (right) for purifying household drinking water. (I) Separation perfor-
mance of the as-synthesized FFG membrane for actual wastewater containing FeCl; and perfluorooctanoic acid (PFOA) (5 mg L™' FeCl; and 10 pg L™ PFOA aqueous solutions).

hydrophilicity (Figure S19). Compared with the dry state (8.37 A), the inter-
layer spacing of this FFG membrane in pure water and different salt solu-
tions gradually increased within the range of 10.0 A to 12.1 A (Figure S20),
indicating unavoidable swelling similar to conventional GO membranes. In
contrast to traditional GO membranes, water molecules were transported
solely through Z-channels.” The FFG membrane consisted of loosely assem-
bled turbostratic graphene sheets, with inter-sheet voids and interconnected
channels. Meanwhile, the combination of misaligned nanopores within the
sheets and the narrow interlayer spacing generated numerous thin S-chan-
nels (Figure 1J). Consequently, the FFG membranes transported water
molecules through numerous thin S-channels and interconnected channels,
significantly shortening the path-length of water molecules. As shown in
Figure 1L, the water permeance of the PC-1 sample-derived FFG membrane
was approximately 160 times higher than that of the traditional GO
membrane, reaching 9724 L m™2h™" bar™".

Notably, changes in the pore structure and graphitization degree of the
parent porous carbon materials during FJH treatment were dynamic
processes that were influenced mainly by the FJH parameters and their
properties. Generally, increasing energy input in the FJH system favored the
rearrangement of carbon atoms in the parent carbon materials to form FG
while simultaneously accelerating the collapse of the nanopore structure.”
As shown in Figures S21-S29, this regulation reduced the BET surface area
of the obtained FGs. Based on these results, the continuous AC-FJH condi-

tion was set to 100 V for 6 s, and the DC-FJH condition to 150 V for 30 ms.
Furthermore, the parent carbon materials with high sulfur content and BET
surface area were more likely to maintain a relatively high porosity during the
FJH reaction (Figures S30—S33 & Table S1). In summary, the FG with high
BET surface area and well-developed micropores was selected, which facili-
tated the construction of thin S-channels in the membrane, thereby signifi-
cantly enhancing water permeance (Figures 1M, S34 & Table S2).

Evaluation of separation performance of FFG membranes

To explore separation performance of FFG membranes (with FG-1 sample
as precursor, Table S2), various pollutants were chosen as probes, ranging
from ions to nano-particles, including heavy metal chlorides (FeCls, CuCl,,
CrCl,, and CdCl,), organic dyes (methyl blue, methyl orange, methyl red, and
rhodamine B), and nano-plastics (polystyrene). The structures and sizes of
these pollutants were listed in the Table S3. As illustrated in Figures 2A-B &
S35-S36, the FFG membrane exhibited excellent and stable separation effi-
ciency (> 99.9%) for these pollutants. The limited oxygen functional groups
and unique water transport channels of the FFG membrane reduced the
contact between pollutants and the membrane, resulting in minimal adsorp-
tion. This was confirmed by the adsorption process in Figure 2C, which
showed a mere 0.3% of the pollutants were retained via adsorption. Conse-
quently, the separation performance of the FFG membrane did not originate
from a thin, highly ordered layered structure similar to that of GO membranes,
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Figure 3. Theoretical guidance for the synthesis of FFG membranes with S-channels (A) Schematic illustration showed the key strategy used in this work. The interlayer spac-
ing of graphene allowed the permeation of water molecules (H, white; O, blue) but excluded pollutants (yellow spheres). The misaligned nanopores permitted both water
molecules and pollutants to penetrate. For traditional GO membranes, water molecules followed only a Z-channel (purple) to cross the interlayer spacing, resulting in long
distances and slow transport. For the designed FFG membrane, water molecules were transported through nanopore channels, including misaligned pores (thin S-channel, red)
and through-pores (/-channel, blue), which shortened the distance and enabled faster transport. Notably, solutes escaped directly from the /-channel without being rejected by
the interlayer spacing. (B) The structure and size of the sheets on the designed FFG membranes with misaligned nanopores (defect system) and without nanopores (perfect
system). Top and side views of water molecules and ions passed through the defect system in a molecular dynamics (MD) simulation. The snapshots of the water, ions, and
particles passed through nanochannels in (C) perfect and (D) defect systems, respectively. (E) Comparison of the average transport distance of water molecules that permeated
through each graphene layer in defect and perfect systems. (F) The number of water molecules that passed through the perfect system and the defect system changes with
time. The number of water molecules at time (t) is defined as the difference between the total number of water molecules passing through the membrane from the feed side to

the draw side and the opposite direction. (G) The number of Fe™ that passed through the perfect system and the defect system changed with time.

but rather from interlayer channels that run throughout the membrane,
collectively providing effective steric hindrance.””

In addition, benefiting from the distinctive S-channels, the FFG membrane
simultaneously achieved enhanced water permeance and efficient removal of
pollutants (such as nano-plastics), thereby mitigating the trade-off between
permeability and selectivity commonly encountered in conventional GO
membranes.”**** The slightly higher permeance observed for salt solutions
was likely caused by ion-induced adjustments within the FFG nanochannels
(such as subtle channel swelling and reduced interfacial friction), which
together lowered the hydraulic resistance relative to pure water.*™" In addi-
tion, due to the clogging of the pore structure in the FFG membrane by pollu-
tants, the permeance of the membranes to nano-plastics (> 2443 L m™ h™
bar™") and organic dyes (> 1950 L m™ h™' bar™") was lower than that of pure

water.'®

As the operating pressure increased, the linearly augmented water perme-
ance of the FFG membrane confirmed the formed interconnected channels
and thin S-channels (Figure S37A). Moreover, the goodness of fit between the
water permeance and loading mass of FFG membrane was as high as 0.84
(Figure S37B), demonstrating the superiority and structural stability of these
water transport channels. In conclusion, the separation performance of FFG
membranes significantly surpassed that of reported membrane materials
(Figure 2D and Table $4).“**" In addition, the FFG membrane was capable of
filtering pollutants under hydrostatic pressure even without additional operat-
ing pressure (Figures 2E-F, S38 & Video S1), confirming its excellent practi-
cality for sustainable water purification. Remarkably, the FFG membrane
maintained stable rejection performance during the 360 min of filtration for
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Figure 4. Continuous large-scale synthesis of FFG membranes for water purification (A) Schematic of pilot-scale devices for the continuous production of FG. In this work, two
samples were mixed into a batch to facilitate the analysis of the structure and application of FG materials at the pilot-scale. (B) Analysis of Raman spectra showed the D/G and
2D/G intensity ratios (N=3). (C) The BET surface area of each batch of FG materials was measured at the pilot-scale. (D) Digital photos of expanded FFG membranes. (E) Each
batch of FFG membranes for FeCl, separation with a constant concentration of 50 mg L™ at 1 bar. (F) Comparison of properties and performance of different membrane prod-
ucts, including FFG, GO, and porous graphene (PG) membranes. Each product was evaluated in terms of yield, low cost, environmental impact, permeability, rejection, and stabil-
ity. The numbers 1, 2 and 3 indicated low, medium, and high levels, respectively. Detailed calculations were shown in Table S6.

methyl blue and Fe* (Figure 2G). However, the FFG membrane exhibited a
gradual flux decline during prolonged operation, which can be attributed to
the minor fouling effects and concentration polarization (Figure S39).

Moreover, in some remote or underdeveloped areas, where water sources
or transportation pipelines may be contaminated with pollutants (such as
metal ions and organic matter), portable filters can effectively facilitate the
acquisition of purified water without additional operations. For this purpose, a
filter cup incorporating an FFG membrane was designed for household drink-
ing water purification (Figure 2H). As demonstrated in Video S2, the filter cup
can be installed directly onto a faucet, providing 6 L of clean water per day (8
h) under hydrostatic pressure, thereby meeting the drinking water needs of
two individuals. As shown in Figure 21, nearly 1000 mL of polluted water
(containing Fe or perfluorooctanoic acids) was effectively filtered by this
device, resulting in clean water. This portable FFG membrane device exhib-
ited effective interception of pollutants, ranging from ions to molecules, high-
lighting its potential for practical water purification.

FFG membranes with thin S-channels for rapid water transport

Certainly, the path length of water molecules transported through the thin S-
channel, which combined nanopores and interlayer spacing, was shorter than
that of the traditional Z-channel (Figure 3A & Video S3). To verify the separa-
tion mechanism of the FFG membrane with S-channels, the trajectories of
water molecules and ions or particles through the upper and lower layered
stacked nanochannels, including interlayer spacing and nanopores, were

verified by molecular dynamics (MD) simulation. As shown in Figures 3B &
S40, the simulated defect system consisted of four centrally defective
graphene sheets with a pore diameter of approximately 3.0 nm, forming a
two-layer stacked graphene membrane. For comparison, a filtration system
with perfect graphene sheets was also constructed, as illustrated in Figures
S40-S41. Notably, in the perfect system, water molecules only transport
along the Z-channel, resulting in the water layer thickness on the draw side
gradually increasing to about 7 nm at 30 ns (Figure 3C). In the defect system,
water molecules can easily penetrate through multiple nanochannels, primar-
ily the S-channels, leading to a water layer thickness on the draw side
increasing to about 8.5 nm within 30 ns (Figure 3D). Moreover, the actual
path length of water molecules in the defect system (thin S-channel) was
less tortuous than that in the perfect system (Z-channel), effectively shorten-
ing their transport distance (Figure 3E). Consequently, the number of water
molecules permeating each graphene sheet in the defect system was 6.4
times that of the perfect system (Figure 3F), indicating that the FFG
membrane with thin S-channels exhibited superior water permeance. Due to
the narrow interlayer spacing in both systems, Fe** could not pass through
the perfect system within 30 ns, while only two Fe® ions escaped through the
nanopore structure in the defect system (Figure 3G). For larger nano-plastic
particles, modeled by carbon nanotubes, the steric hindrance effect prevented
their penetration through the layer spacing and nanopores. Therefore, it can
be inferred that the addition of a certain degree of defect in the FFG
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membrane can optimize the trade-off between permeability and selectivity.

Notably, the pore size between the upper and lower layers of the FFG
membrane required further investigation to prevent the direct formation of
the /-channel, which could lead to solute escape without being rejected by the
interlayer spacing (Figure S42). Although the MD result indicated that as the
pore size increased, water molecules could easily penetrate the thin S-chan-
nels (Figures S43-S44). However, when the pore diameter was close to the
threshold, solutes (Fe* and CI) escaped from the /-channels, causing the
rejection rate to drop sharply to less than 50% (Figure S43C). In conclusion,
the FFG membrane simultaneously achieves ultrafast water permeance and
complete ion rejection by leveraging pore-enhanced water transport path-
ways and molecular-sieving mechanism in narrow interlayer channels, effec-
tively overcoming the conventional trade-off between permeability and selec-
tivity.

Potential applications of FFG membranes

We have made some forward-looking efforts in many aspects to improve
the practicality of the FFG membrane. Firstly, with the aim of large-scale
production, we completed the development of a pilot-scale device to achieve
the continuous production of FG precursors (Figures 4A & S45).° The FJH
reaction was optimized by regulating the discharge voltage and sample load-
ing weight to accommodate the amplification effect between the laboratory
and pilot-scale devices. The precursor (PC-1) was subjected to similar Joule
heating using laboratory and pilot-scale devices, resulting in a production of
approximately 122293 g h™" m™ electrode for FG (9.6 g h™', Figure S45B &
Table Sb). Fortunately, this continuous production system proved to be very
stable (Figures S46—S48), and the structure of the obtained FG was not
significantly different from that produced by previous laboratory-scale
devices, as confirmed by Raman, BET, and pore size distribution analyses
(Figures 4B—C, S49-S50 & Table S5). Additionally, the practicality and versa-
tility of FFG membrane materials were realized by expanding their applica-
tion scenarios. In remote areas with outdated infrastructure or wilderness
settings, access to purified drinking water is often limited during critical situa-
tions. In response, the FFG membrane filtration device was improved to be
portable, increasing the effective membrane area by about 75 cm? (Figure
4D). Most importantly, this FFG membrane also demonstrated superior water
permeance (~ 7948 L m™ h™' bar™") and excellent rejection (> 99.9%) for
FeCl; (Figure 4E). These results demonstrated the feasibility of large-area
FFG membrane integration without significant loss of separation perfor-
mance.

CONCLUSIONS

In summary, the turbostratically stacked layers of the FFG membrane
formed well-developed interconnected channels and numerous thin S-chan-
nels, significantly shortening water transport pathways and enabling ultrafast
water purification. The combined effects of nanopores and interlaminar
channels enabled the FFG membrane to achieve high permeability without
compromising selectivity, resulting in rapid and efficient removal of molecu-
lar and ionic pollutants during filtration. These properties enabled FFG
membranes to facilitate water purification without additional pressure, high-
lighting their potential for sustainable and energy-efficient water treatment.
Building on the established technology used for producing graphene from
waste biomass, the FFG membrane prepared in this study offers a more cost-
effective and environmentally advantageous alternative to conventional
membranes made from two-dimensional materials (Figure 4F & Table S6).

Given its excellent separation performance, high water permeance, cost-
effective fabrication utilizing waste-derived precursors, as well as low energy
consumption and overall cost, the proposed portable device made from FFG
membranes shows significant promise for water purification in field and
household applications. Given its excellent separation performance, high
water permeance, cost-effective fabrication utilizing waste-derived precur-
sors, as well as satisfactory energy consumption and cost, the proposed
portable device made from FFG membranes shows promise for water purifi-
cation in field and household applications. To facilitate the translation of this
technology from laboratory-scale development to practical applications,
future efforts should focus on scalable membrane manufacturing, long-term
stability and fouling resistance in complex real-water matrices, and life-cycle

and techno-economic assessments to optimize overall costs.

Therefore, beyond the specific FFG membrane developed in this study, the
turbostratic architecture and interconnected transport pathways provide a
rational strategy for optimizing membrane structures to simultaneously
enhance water transport and contaminant rejection. Crucially, the ability of
the FFG membrane to operate efficiently at zero or low applied pressure
provides a promising pathway toward low-energy and decentralized water
purification, offering broad implications for mitigating global water pollution
and addressing water scarcity in resource-limited areas.
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