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Atomically thin graphene membranes with sub-1-nm pores show promise for
ion/molecular separation, osmotic energy generation, and energy storage.
Narrowing the pore size distribution and controlling the surface charge are
essential to achieve these applications. However, nanoporous graphene
membranes fabricated via conventional methods possess a broad pore size
distribution and inadequately regulated surface charge, limiting their appli-
cations. Herein, we present a molecular anchoring approach for scalable
synthesis of nanoporous graphene membranes via a bottom-up technique,
aiming to narrow the pore size distribution without reducing the pore density
while simultaneously adjusting the charge properties of nanopores. By
selecting suitable anchoring molecules, the custom-tailored pore size dis-
tribution and chemical functionality of nanoporous graphene membranes can
be achieved. Leveraging the steric restriction effect, anchoring monomers
selectively traverse larger nanopores to form ion-selective plugs, effectively
repairing these nanopores. The centimeter-scale nanoporous graphene
membrane with an ion-selective plug achieves high separation selectivity
(K*/Na*=20, K*/Mg*'=330). Theoretical simulations indicate that a smaller pore
size, narrow pore size distribution, and positive charge result in a larger energy
barrier difference, leading to ultrahigh metal ion selectivity. Furthermore, in
treating lithium battery leaching solutions, Li*/divalent ions selectivity exceeds
900. These findings provide a way for designing graphene-based membranes.

M Check for updates

Membranes with angstrom-level ion selectivity and ultrahigh ion per- vapor deposition (CVD) graphene, made via the roll-to-roll

meability are desirable for high-efficiency separation applications such
as ion separation, gas separation, organic solvent nanofiltration, and
electrochemical energy conversion and storage'®. The latest
advancements in membranes with pore sizes less than 1 nm have sig-
nificantly enhanced ion sieving performance, sparking considerable
research interest. Among these, commercially produced chemical

technique®®, has positioned atomically thin graphene membranes
with angstrom-sized pores as leading candidates for ion separation
owing to its atomic-scale thickness’, enhanced mechanical integrity'*",
and low flow resistance? to potentially transform the domain of tra-
ditional membrane-based separation technologies. Theoretical and

experimental studies have demonstrated that nanoporous atomically
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thin graphene membranes with uniform pores and a narrow size dis-
tribution outperform existing state-of-the-art liquid-phase membrane
separation processes by orders of magnitude in terms of permeability
and selectivity>"™". Nanopores can be introduced into atomically thin
graphene by direct bottom-up fabrication or top-down post-etching
methods such as plasma'*™", ion bombardment®*?, UV/ozone?* %, and
ion irradiation®***, with the drawback that not only the pore size
distribution is a wide log-normal with long right tails but also the
chemical functionality of the pores is poorly controlled”®. Conse-
quently, the presence of nonselective pores and cracks compromises
the membrane selectivity, causing the experimental performance to
fall short of the theoretical values from the molecular simulation®*>.

To address the separation issues caused by non-selective pores
and cracks, strategies for fabricating highly selective nanoporous
graphene need to be pursued. One approach involves sealing large
pores and cracks via interfacial polymerization (IP; this method is
used to block leakage and then introduce pores via post-treatment)
to mitigate their negative impact and create pores via post-
treatment”***, Additionally, creating an additional layer with A-scale
apertures, such as a polyelectrolyte coating or conjugated micro-
porous polymer, can reduce the rapid, non-selective transport arising
from nanoscale tears, cracks, and large non-selective pores in gra-
phene, thereby increasing selectivity’**°. However, these methods
increase the extra resistance and reduce the pore density, restricting
water and ion transport and diminishing the benefits of using atom-
thick graphene as the selective layer. In addition to steric hindrance,
the control of electrostatic interactions between pores and ions is also
important for improving membrane selectivity because of the differ-
ent interaction energy barriers®*%, However, this aspect is challenging
to achieve and has received less attention from the research commu-
nity of monolayer porous graphene membranes because of their stable
chemical properties.

Herein, we report a molecular anchoring technique that selec-
tively patches large pores to confer ion-sieving properties to mitigate
tailing effects without hindering subnanometer-selective pores.
Moreover, the introduction of positively charged anchors results in a
positive charge on the porous graphene membrane, facilitating the
selective transport of mono-/multivalent cations and breaking the
constraint imposed by the conventional log-normal size distribution.
Unlike the previous IP-sealing methods?*, which completely block
leaks and large pores, we introduce ion-selective plugs that repair leaks
while imparting ion-selective properties. The prepared membrane
exhibited highly efficient and precise mono-/multivalent separation.
Molecular dynamics (MD) simulation calculations revealed that metal
ion transport in graphene channels is associated with pore size dis-
tribution and pore charge-metal ion interactions, both of which con-
tribute to a high barrier for divalent metal ions passing through the
nanoporous graphene membrane and thus high mono-/divalent ion
concentrations and mobility ratios in the membrane. We propose a
strategy to increase the permeability and selectivity of porous gra-
phene membranes, approaching their theoretical limits.

Results

Mechanically reinforced nanoporous graphene membranes

A large-area composite membrane with a mechanically reinforced
nanoporous carbon (NPC) film and atomically thin nanoporous
graphene was synthesized via one-step catalysis of Ni at low tem-
perature, referred to as porous nanocrystalline graphene (PNG) *°
(Fig. 1a and Supplementary Fig. 1). During the preparation of the PNG
membrane, the annealing of the nickel foil, the regulation of flatness
and the verification of the precursor are very important for the
synthesis of the PNG membrane (Supplementary Figs. 2-4, and the
membrane preparation section for details). The NPC film strongly
bonds with the nanoporous graphene®’, facilitating the incorporation
of nanopores into the graphene structure with minimal tear and

facilitating crack-free transfer. NPC films with a pore size of 20 nm
(Fig. 1b and Supplementary Figs. 5a, b) and a thickness of 120 nm
(Fig. 1b and Supplementary Fig. 5c) were formed, as observed via
atomic force microscopy (AFM), scanning electron microscopy (SEM),
and transmission electron microscopy (TEM). A nanoporous graphene
layer is also formed*. Owing to the presence of the NPC layer in PNG, it
is difficult to directly observe the distribution of pores in the graphene
layer, so PNG2 (porous nanocrystalline graphene 2, see the membrane
preparation section), containing only a graphene layer, was prepared
for the observation of graphene pores. The addition of turanose will
only bring about the NPC layer without affecting the formation of the
graphene layer, so the pores of PNG and PNG2 in the graphene layer
are the same®. Aberration-corrected high-resolution transmission
electron microscopy (AC-HRTEM) revealed that nanoporous graphene
has pores of varying sizes (Fig. 1c), with the most concentrated pore
size being 1.3 nm from the statistics of the AC-HRTEM images (Fig. 1d,
Supplementary Figs. 6a, 7 and Supplementary Note 1). Furthermore,
selected-area electron diffraction (SAED) revealed a diffraction ring
characteristic of graphene, confirming the successful synthesis of a
large-area graphene structure (Supplementary Fig. 6b). The Raman
spectrum clearly exhibited D and G peaks, whereas the weaker 2D peak
corresponded to the smaller grain size of nanocrystalline graphene
(Fig. 1e). The D peak in the Raman spectrum, originating from the
breathing of the six-atom ring in the graphene lattice, is activated by
the presence of defects. Consequently, the Ip/l; ratio can be used to
calculate the defect density in graphene®. The calculated defect den-
sity was 4.8 x 10" cm™, closely approximating that of single-layer gra-
phene treated with plasma® or ozone*%*2, The pore size of the PNG was
further determined by assessing the transmembrane conductance of
chloride solutions containing tetramethyl, tetraethyl, tetrapropyl, and
tetrabutyl chloride (Supplementary Fig. 8). The measurements
revealed that the transmembrane mobility of the cations*** (a,)
decreased as the hydration diameter of the cations increased. Using
the hydrodynamic equation (Supplementary Note 2), the average pore
size of the PNG membrane was estimated to be 1.38 nm, which agrees
with the HRTEM results.

To make ion transport unrestricted and improve the mechanical
strength of the membrane, the PNG was suspended on a Kevlar
support*. The three-dimensional structure of Kevlar allows rapid ion
transport and provides greater mechanical strength at the same time
(Fig. 1a—-f and Supplementary Figs. 9 and 10). The resulting suspended
film was mechanically robust, as exemplified by the successful loading
of weight (10 g) on top of the film (Supplementary Fig. 11). To test the
transmission rate of PNG to various substances, a concentration-driven
approach (using 0.1 M solution) was used to test the flux of different
ions and molecules (Supplementary Figs. 12 and 13). The flux was in the
range of 0.6-1.2mol/m*h for different ions (Fig. 1g) and gradually
decreased with increasing ion size. Furthermore, when the flux of
tetracycline with a molecular size of approximately 1.4 nm was tested,
the flux decreased sharply to 0.069 mol/m%h (Fig. 1g, h and Supple-
mentary Fig. 14). On the basis of the flux of different ions and mole-
cules, the Boltzmann equation** can be employed to determine the
pore size distribution of PNG (Supplementary Fig. 15, Supplementary
Note 3), which is consistent with the results obtained from the
hydrodynamic equation and AC-HRTEM. In this process, the PNG
membrane effectively separated NaCl and tetracycline, achieving a
separation ratio exceeding 10 while maintaining high permeability to
NaCl. These results suggest significant potential for the application of
PNG membranes in the field of antibiotic desalination*.

Size-dependent molecularly engineered PNG with tailored pore
size and charge

Although the mechanical strength of nanoporous graphene mem-
branes is reinforced by the NPC film and Kevlar substrate, the large
pore size and obvious tailing effect on the pore size distribution of the
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PNG membrane limit its application in biological K nanochannels and
mono-/divalent ion-selective devices. Karnik” and Zhang® developed a
defect sealing strategy involving interfacial polymerization and the

a

Frequency (%)

Flux (mol'm2-h™)

N
<

Fig. 1| Fabrication and characterization of nanoporous graphene composite
membranes. a Schematic diagram of the membrane structure, including the

nanoporous carbon layer and nanoporous graphene, transferred to a Kevlar sub-
strate for testing. b AFM images of the surface and cross-section of the PNG,

showing the pore size of the NPC and the thickness of the PNG. ¢ AC-HRTEM image
of nanoporous graphene, the yellow circles represent the pores of the nanoporous
graphene and the the yellow hexagon represents the crystal structure of graphene.
d Pore size distribution of nanoporous graphene according to AC-HRTEM images,
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where selective and nonselective pores to K*/Li* are highlighted in green and gray,

creation of selective pores via posttreatment to increase the selectivity
of graphene membranes. The sealed graphene membranes were
completely impermeable to ions such as K" and dye, demonstrating
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respectively. e Raman spectrum of nanoporous graphene. The insets show the
partially enlarged region from 2650 cm™ to 2850 cm™. f SEM image of the Kevlar
three-dimensional structure. g Flux of different ions and molecules for PNG; the
inset shows a photo of the tested membrane, the error bar is the standard deviation
from at least three samples, and the center of each error bar represents the average
data from these samples. h UV-vis spectra of the feed and permeate solutions
consisting of tetracycline dissolved in ethanol. The insets show the molecular
structure of tetracycline.
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great potential for desalination”” and organic solvent nanofiltration
applications. However, the reported interfacial polymerization meth-
ods significantly hinder mass transfer, and the improper selection of
molecular size during interfacial polymerization results in poor
selectivity between similarly sized ions such as K', Li*, and Mg*.
Inspired by the reported interfacial polymerization method, to sim-
plify posttreatment and enhance the selectivity for ions of similar size
at the same time, a size-dependent molecular anchoring strategy was
developed involving the formation of plugs with an ion-selective aro-
matic network to repair nonselective tears and defects larger than the
anchoring molecule, which concurrently introduces positive charges
into the channels (Fig. 2a). Notably, the molecular anchoring in this
case means that the anchoring molecule can only be anchored at
graphene pores larger than its molecular size for reaction to form PA
structures, due to the self-limitation of interfacial polymerization
reaction and the difference of surface tension between water and oil,
we speculate that PA plugs may be formed in the pores or outside of
the pore which close to the oil phase side*. Piperazine (PIP)/poly-
ethylenimine (PEI) and trimesoyl chloride (TMC) were added to the
respective sides of the PNG membrane in two immiscible phases. The
aqueous phase monomer (PIP, PEI) can react with molecules contain-
ing acyl chloride groups in the organic phase, forming ion-selective
aromatic network plugs via interfacial polymerization*® (Supplemen-
tary Fig. 16). Owing to its hydrophobicity and high reactivity with
water, TMC largely remains in the organic phase and does not pass
through large pores or defects into the aqueous phase. Consequently,
only PIP/PEI molecules traverse pores or defects of the PNG membrane
larger than its molecular size to reach the interface, and they subse-
quently react with TMC in the organic phase. Due to the self-limiting
effect of interfacial polymerization®**"*¢, no complete PA layer
structure can be formed*®***°, thereby forming ion-selective plugs that
block all the nonselective leaky nanopores that are larger than the
size of the PIP/PEI*®, owing to the different surface tensions, hydrogen
bonding and m-m interactions between PIP/PEI molecules and
the graphene membrane, the PA structure formed can remain stable at
the graphene membrane pores (Supplementary Fig. 17). Therefore, the
molecular size of the amine monomers (PIP, PEI) is the limiting factor
of the reaction*®*'. Specifically, PIP (Mw =86), with a molecular size
(0.70 nm) between that of the hydrated potassium ion (0.66 nm) and
the hydrated lithium ion (0.76 nm) and featuring amino groups, con-
fers positive charges to the channels™; thus, the reaction can only
occur at pores or defects larger than 0.7 nm (Fig. 2a and Supplemen-
tary Table 1), which is expected to significantly narrow the pore size
distribution and enhance the separation factor between potassium
ions and lithium ions. Similarly, applying PEI (Mw = 600, 1.2 nm) as the
amine anchor selectively blocked pores and defects larger than 1.2 nm.
This demonstrates that specific adjustments in pore size and charge
can be realized by selecting appropriate anchoring molecules (Fig. 2a).
To eliminate the excess TMC hydrolyzed to form carboxyl groups in
the oil phase and the electronegativity near the membrane pores, PIP/
PEI was introduced to the oil phase to eliminate the possible electro-
negativity and strengthen the sealing effect. The unreacted amino
groups on PIP/PEI can make the membrane pores appear positive.
These further form ion-selective plugs at large tears and defects,
reducing ion leakage. After molecular anchoring by PIP/PEI, the
resulting membrane was referred to as MAP-PNG/MAE-PNG (where the
P of MAP means PIP and the E of MAE means PEI).

To confirm the successful modification of the PNG membrane via
size-dependent molecular anchoring technology, we characterized the
changes in the surface functional groups of PNG and MAP-PNG/MAE-
PNG. X-ray photoelectron spectroscopy (XPS) and attenuated total
reflection infrared (ATR-IR) spectroscopy were performed after posi-
tioning the nanoporous graphene facing up (Supplementary Fig. 18).
According to the XPS spectrum of PNG (Supplementary Fig. 19¢), the
proportion of N is relatively small, at approximately 2.8%, which is

caused mainly by the small amount of N in the block copolymer®,
which was confirmed by the C=N and C=N peaks in the fine spectrum of
N 1s (Supplementary Fig. 19a). For MAP-PNG, the content of N on the
membrane surface increased to 5.4% (Supplementary Fig. 19¢, f), and
obvious O=C-NH and -NH, groups were present (Supplementary
Fig. 19a), indicating the successful molecular anchoring of PIP on PNG.
The O=C-NH peaks in the fine N 1s spectrum of MAE-PNG (Supple-
mentary Fig. 19b) also prove that PEI was molecularly anchored. The
anchoring of PIP and PEI on PNG was further confirmed by the ATR-IR
results (Supplementary Fig. 20). The weak -OH peak at
3300-3500 cm™ in the spectra of MAP-PNG and MAE-PNG were
enhanced and sharp, and absorption peaks corresponding to C=0 and
C-N appeared at 1660 cm™ and 1546 cm™, indicating the successful
grafting of amino groups on the membrane surface. The relatively
larger hydrophilic and positive areas of MAP-PNG resulted in lower
water contact angles and greater positive potentials (39.7° and
660 mV, respectively) than those of PNG (75.6° and —170 mV, respec-
tively) and MAE-PNG (64.7° and 370 mV, respectively) (Fig. 2b, Sup-
plementary Fig. 21). The enhanced positive charge facilitates the
selectivity of mono-/multivalent cation separation.

Furthermore, the total N content in MAP-PNG (5.4%) and MAE-
PNG (3.8%) is much lower than that of the complete traditional PA
selective layer (-15%)***® resulting from traditional interfacial poly-
merization, indicating that molecular anchoring only occurs at the
defect area rather than forming a complete layer. The positions for
molecular anchoring are mainly determined by the randomly dis-
tributed larger pores and defects in the PNG, which lead to a nonuni-
form N distribution across the membrane. This was confirmed by
energy dispersive spectroscopy (EDS) mapping (Supplementary
Fig. 22). In addition, compared with that in the MAE-PNG membrane
(3.8%), the relatively higher content of N in the MAP-PNG membrane
(5.5%) indicates that the PIP molecular anchoring reaction occurs in
more locations and areas because the number of defects and pores
larger than 0.7 nm is greater than that of defects and pores larger than
1.2 nm. In addition, atomic force microscope infrared spectroscopy
(AFM-IR) was used to detect the distribution of functional groups on
the membrane surface at the nanoscale (Fig. 2d). The preparation of
the AFM-IR sample is shown in Supplementary Fig. 18. In contrast, the
original PNG membrane (Supplementary Fig. 23a (2)) did not have the
characteristic peak corresponding to the amide bond at 1580 cm™,
whereas the surface of the MAP-PNG (Fig. 3e (2)) and MAE-PNG (Sup-
plementary Fig. 23a (6)) membranes presented an uneven distribution
of the characteristic peak of the amide bond compared with that of the
membrane with the PIP/TMC membrane (Supplementary Fig. 23a (4)),
which presented an even distribution of the characteristic peak of the
amide bond. The uneven distribution indicates that no complete PA
layer is formed in the MAP-PNG and MAE-PNG membranes, but only an
IP plug is formed in the large graphene membrane pores. Six locations
(Fig. 3f and Supplementary Fig. 23b) of the four membranes were
scanned from 1400 cm™ to 1700 cm™. For locations with PA structures,
peaks corresponding to C-N, C-N+N-H, N-H, and C=0 bonds
appeared at 1410 cm™, 1490 cm™, 1580 cm™, and 1660 cm™, respec-
tively. This finding also shows that the PA structure is not evenly dis-
tributed on the surface of the MAP-PNG and MAE-PNG membranes,
indicating that the IP reaction only occurs in the larger pore position.
At the same time, due to the limit of monitoring accuracy and the large
pore density, some PA structures may be close to each other, resulting
in the formation of large discontinuous PA structures (close to 100 nm)
in the characterization process. A relatively large number of defects
and pores normally results in a high molecular diffusion rate across a
nanoporous graphene membrane. To experimentally demonstrate
this, the diffusion rates of PIP and PEI across the PNG membrane were
compared in a concentration-driven cell device. The diffusion rate of
PIP in PNG was approximately 20 times faster than that of PEI (Sup-
plementary Figs. 24 and 25). By testing cross sections of the PNG, MAP-
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PNG and MAE-PNG composite membranes, the thickness of the
membranes did not significantly change after molecular anchoring,
but the surface of the membranes became rougher according to AFM
characterization, which also revealed the uneven distribution of the PA
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structure (Supplementary Figs. 26 and 27). The differences of the AFM-
IR, AFM maps, and EDS data can be attributed to the distinct spatial
resolutions and contrast mechanisms inherent to each characteriza-
tion method.
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Fig. 3 | Performance of nanoporous graphene membranes. a lonic conductance
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diagram of the separation principle by size and charge; b selectivity of PNG, MAP-
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data from these samples; ¢ pore size distribution of PNG and MAP-PNG; inset:
schematic diagram of pore size and charge change; d comparison of the membrane

performance using a single solution reported in the literature, where the gray
background represents K'/M?** (0.1 mol/L KCl and 0.1 mol/L M?) selectivity and the
red background represents K'/Li* (0.1 mol/L KCI and 0.1 mol/L LiCl) selectivity. The
red and gray lines are added to highlight the trade-off between ion conductivity and
ion-ion selectivity. e Transmembrane energy barriers of MAP-PNG for KCl, LiCl,
MgCl,, and AICl;. f Model of MAP-PNG for different ions across the membrane.

g Transmembrane energies of K*, Li*, and Mg?* for MAP-PNG; h initial model state
and after 200 ns of the permeation process; i the number of K*, Li*, and Mg*" ions
that permeated across the MAP-PNG after 500 ps.

The above chemical analyses revealed that the molecular
anchoring reaction is significantly influenced by the size of the amine
monomers and the pores of the PNG. To determine whether anchoring
is sterically governed by the size of the pores and PIP, the Gibbs free
energy of the reaction at different single pore sizes was calculated
(Supplementary Fig. 28). The free energy difference AG was deter-
mined via MD simulations between two specific scenarios: (i) with two
unreacted molecules on opposite sides of a pore and ii) with the
molecules reacting to form new bonds across the pore. The computed
|AG] is close to 0 kcal/mol for pores less than 0.7 nm but increases to
~5 kcal/mol for larger pores (Fig. 2c), indicating that anchoring is
favorable only for pores larger than the monomer.

Molecularly anchored nanoporous graphene membranes for
precise sieving

lon diffusion experiments using MAP-PNG and MAE-PNG vali-
dated the effectiveness of the molecular anchoring strategy. The
voltage and current curves of different ions under electric field-
driven conditions were obtained, and their conductance was
calculated to evaluate their ion separation performance (Fig. 3a
and Supplementary Fig. 29). The selectivity of K'/Li* slightly
increased from 1.5 to 1.7 after the PNG was molecularly anchored
by PEI (1.20 nm), which has a molecular size much larger than that
of hydrated potassium ions (0.66 nm) and hydrated lithium ions
(0.76 nm) (Fig. 3b). This is primarily due to the relatively large
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size of PEI, which cannot block the nonselective pores for K* and
Li* with sizes between 0.76 nm and 1.2 nm. In contrast, modifying
PNG with PIP (0.70 nm), whose molecular size falls between those
of the hydrated potassium ions and hydrated lithium ions, results
in a significantly higher K'/Li" selectivity of 20.8, mainly because
all the nonselective pores for K* and Li* were plugged. This con-
firms that the pore size distribution of PNG can be intentionally
narrowed for specific separation by using proper anchors of the
right size, which aligns with our expectations. In terms of the
separation between Li* and Mg?, the molecular size of PIP
(0.7 nm) is smaller than the hydrated diameters of Li* (0.76 nm)
and Mg? (0.92nm), whereas the molecular size of PEI (1.2 nm)
exceeds the hydrated diameters of Li* (0.76 nm) and Mg*
(0.92nm). Consequently, MAP-PNG and MAE-PNG cannot be
separated through size exclusion alone. However, owing to their
differing positive charges, Li* and Mg?* experience varying elec-
trostatic repulsion with the highly positively charged MAP-PNG
membrane, thus resulting in a separation ratio between Li* and
Mg of 15.9, whereas MAE-PNG, with a relatively low positive
charge (Fig. 2c), leads to a comparatively poor separation ratio of
5.1 (Fig. 3b). In the separation of K* and Mg*, the MAP-PNG
membrane effectively separated K* and Mg* ions through a
synergistic combination of size exclusion and charge effects. This
is due to the relatively high positive charge, as well as the fact
that the molecular size of PIP (0.70nm) is larger than the
hydrated diameter of K* (0.66 nm) but smaller than that of Mg*'
(0.76 nm). As a result, a separation ratio of up to 330 was
achieved (Fig. 3b). Compared with the separation performance
reported in similar fields, MAP-PNG showed superior performance
to other state-of-the-art membranes in terms of mono/mono-
valent (K'/Li*) selectivity and mono/multivalent ion (K'/M?")
separation (Fig. 3d, Supplementary Note 4, Supplementary
Tables 2 and 3). In addition, the Boltzmann equation was used to
fit the conductance curves of various solutes to reveal the pore
size distribution of MAP-PNG. According to the fitting results
(Supplementary Fig. 30), molecular anchoring with PIP sig-
nificantly reduces the tailing effect on the pore size distribution
(Fig. 3c). The pore size of the MAE-PNG was further determined
by assessing the transmembrane conductance of chloride solu-
tions containing tetramethyl, tetraethyl, tetrapropyl, and tetra-
butyl chloride via the same method used for the measurement of
PNG pore size (Supplementary Fig. 31). The average pore size of
the MAE-PNG membrane was estimated to be 1.2 nm, which agrees
with the design results. Furthermore, in an extended K*, Li* and
Mg?" mixture separation experiment spanning 4 days, stable ion
flux and high selectivity were observed (Supplementary Fig. 32),
indicating the robustness of the graphene membrane. The fluxes
of K*, Li*, and Mg* in the PNG membrane are all ~0.1 mol/m?/h
(Supplementary Fig. 32). The mono-/bivalent selectivity is slightly
greater than that of the single salt test. Compared with that of the
PNG membrane, the flux of the MAP-PNG membrane decreased
slightly because of the selective plugging of the nonselective
large pores of the porous graphene. Furthermore, the K'/Mg*
selectivity increased from 330 to more than 600 compared with
the results from the single salt test. In addition, for comparison,
we prepared PIP-TMC and PEI-TMC membranes on Kevlar sub-
strates and tested their performance for ion separation. The
results show that the PIP/PEI-TMC membranes essentially do not
show monovalent/bivalent cation selectivity or monovalent/
monovalent cation selectivity (Supplementary Fig. 33).

To further elucidate the transport mechanism of different
ions in MAP-PNG, the energy barrier of different ions crossing the
membrane and the ion concentration distribution during trans-
membrane transport were investigated via experimental tests and
computational simulation. The linear relationship between

conductance and temperature was obtained according to the
Arrhenius formula for MAP-PNG (Fig. 3e) and MAE-PNG (Supple-
mentary Fig. 34), which can be further calculated to obtain the
activation energy of different ions (Supplementary Note 5). The
significant differences in activation energy for K* (29.6 kJ/mol), Li*
(45.5kJ/mol), Mg** (55.3kJ/mol), and AI** (69.3 kJ/mol) align well
with the selectivity of MAP-PNG for different ions. For the MAE-
PNG membrane, the similar activation energies for K* (21.2 kJ/mol)
and Li* (25.9 kJ/mol) are consistent with its relatively low selec-
tivity for K* and Li*. Compared with those of K* and Li*, the
activation energies of Mg?* (37.8 kJ/mol) and AI** (49.5 kJ/mol) are
greater, confirming their high selectivity for mono-/
multivalent ions.

Moreover, to verify the theoretical accuracy of the experimental
results at the molecular level, MD simulations were used to simulate
the transmembrane processes of different ions. K*, Li*, and Mg* were
placed on top of the graphene layer (Supplementary Fig. 35). The
reacted molecules, which serve as ion-selective plugs, were placed
around pores with diameters larger than 0.7 nm in the porous gra-
phene (Fig. 3f). The energy required for ions to traverse these pores
was calculated on the basis of the difference in energy before and after
permeation. The results (Fig. 3g) reveal an obviously greater energy
barrier for Mg** than for K*, indicating that K* permeates the mem-
brane more easily than does Mg*. This resulted in the significant
selectivity of MAP-PNG for K* over Mg?". Finally, we simulated the ion
concentration distributions of different ions on both sides of the
membrane over time (Fig. 3h and Supplementary Fig. 36). K™ per-
meated through MAP-PNG at a constant rate; regardless of spatial
limitations, Li* permeated less than K*, and Mg?* did not permeate the
membrane at all (Fig. 3i). These findings theoretically confirm that
MAP-PNG can serve as a biological K* nanochannel by conducting K*
much more rapidly than other ions with K’/Na* selectivity up to
approximately 20 and mono-/divalent ion-selective devices by
impeding the transport of most divalent cations.

Practical lithium recovery from spent lithium-ion batteries

To demonstrate the potential for practical application of the MAP-
PNG membrane in the industry, the separation performance of MAP-
PNG was tested via lithium-ion battery leaching solutions. In step 1, a
PNG membrane can effectively remove large molecules to obtain a
high-concentration metal-rich ion solution that contains Li*, Ni*,
Co?, and Mn*" (Fig. 4a). In step 2, as the pore size of MAP-PNG
decreased and a positive charge was introduced, effective separation
of Li and other divalent cations was achieved by the MAP-PNG
membrane. Furthermore, we demonstrated the scalability of the
membrane by preparing a centimeter-level composite membrane
(Fig. 4b) and successfully transferred it to the Kevlar-based mem-
brane to form a composite membrane with good flexibility that can
be bent at will (Fig. 4c and Supplementary Fig. 37), which verified the
scalability and mechanical flexibility of the membrane, and the
superiority of the membrane area was presented along with a com-
parison with reported state-of-the-art membranes (Supplementary
Fig. 38 and Supplementary Table 4). For the filtration of lithium
battery leaching solutions, a simulated battery leaching solution was
prepared®, mainly containing Li*, Co?, Ni*’, Mn*, and SO, ions,
with the pH adjusted to 2 via sulfuric acid due to actual leaching in
industry. Sulfuric acid is usually used to leach the cathode material of
waste lithium-ion batteries. The flux of Li* was 0.021 mol/m?h,
whereas the fluxes of Co*, Ni*, and Mn® were as low as
107° mol/m?/h, as Li"* is different from other divalent cations in terms
of its hydrated radius and charge, resulting in the selectivity of Li* to
divalent ions exceeding 900 (Fig. 4d). Moreover, we also used a
hydrochloric acid system to test the effects of different anions on the
membrane separation performance, and the results revealed that
different anions had little effect on the membrane separation
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Fig. 4 | Scalability and practical application of nanoporous graphene mem-
branes in treating spent lithium-ion battery leaching solutions. a Recovery of
lithium and metal salts from lithium-ion battery leaching solutions via PNG and
MAP-PNG membranes. b The centimeter scale of MAP-PNG, c the flexibility of the
MAP-PNG membrane, d the ion transport rate and selectivity of MAP-PNG in
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treating simulated lithium battery wastewater, the error bar is the standard
deviation from at least three samples, and the center of each error bar represents
the average data from these samples, and e a comparison of the Li’/M*" selectivity
and Li* permeance for MAP-PNG and other membranes. A black line is added to
highlight the trade-off between the ion permeance and ion-ion selectivity.

performance (Supplementary Fig. 39). The rapid transport of Li* and
high selectivity of Li* over divalent ions enable the MAP-PNG mem-
brane to effectively concentrate Li* from the lithium battery leaching
solution, yielding a high-purity Li*-containing solution and facilitat-
ing efficient recovery and reuse of Li". The enriched high-value metal
ions (Co*, Ni*, and Mn*") can also be recovered via further treat-
ment. Furthermore, the successful treatment of lithium battery
leaching solutions demonstrated that the membrane has good acid
resistance, highlighting the application potential of MAP-PNG under
harsh conditions.

In summary, the ion-sieving performance of MAP-PNG sur-
passes that of most reported state-of-the-art ion-sieving mem-
branes (Fig. 4e and Supplementary Table 5), such as covalent
organic frameworks (COFs), metal organic frameworks (MOFs),

2D materials (graphene and MXenes), polymers with intrinsic
microporosity (PIMs), and commercially available polymer mem-
branes and cages. Compared with the state-of-the-art ion-sieving
membrane, MAP-PNG has excellent selectivity for Li*/M?** and
facilitates the flux of lithium ions, which indicates its potential to
overcome the trade-off between selectivity and flux.

Discussion

We demonstrated the efficient fabrication of large-area nanoporous
atomically thin graphene membranes with narrow pore size distribu-
tions and positive charges via a bottom-up molecular anchoring
approach. By choosing an appropriate anchoring monomer, graphene
pores and leaks larger than 0.7 nm could be repaired with ion-selective
plugs, narrowing the pore size distribution with ultrasmall tail
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deviation at the A scale. In addition, anchoring amino groups to
nanopores on graphene during this molecular engineering process
enhances the precise sieving of cations with different valence states.
High monovalent ion flux combined with outstanding ion selectivity in
mono/monovalent (K*/Li* separation factor of 21) and mono/multi-
valent separations (K'/Mg*" separation factor of 330, Li*/divalent ion
separation factor exceeding 900) surpassed the performance of pre-
viously reported materials. Large-area monolayer nanoporous gra-
phene with scalability and mechanical flexibility is excellent for
recovering high-purity lithium from acid lithium battery leaching
liquid, highlighting its promising application in resource recovery. The
molecular engineering approach presented in this work allows for
precise customization of the pore size distribution and charge prop-
erties, which provides a platform technology that enables control over
the pore size and charge density for creating tailored monolayer
nanoporous graphene membranes.

Methods
The detailed methods are described
Information.

in the Supplementary

Chemicals

Poly(styrene)-B-poly(4-vinylpyridine) (PS-b-P4VP) (Mw/Mn =1.08) was
purchased from Polymer Source. p-Turanose, ethylene imine polymer
(PEI), and tetracycline were purchased from Macklin. Ni foil (99.9%,
0.025mm) was purchased from Good Fellow. Piperazine (PIP) and
1,3,5-benzenetricarboxylic acid chloride (TMC) were purchased from
Aladdin. Acetone (AR), isopropanol (AR), dimethyl sulfoxide (DMSO,
AR), N,N-dimethylformamide (DMF, AR), and hexane (AR) were pur-
chased from Sinopharm Chemical Reagent Co., Ltd. FeCl; (98%) was
purchased from J&K Scientific. Kevlar aramid fibers were purchased
from Thread Exchange. All the chemicals were used without further
purification.

Membrane preparation

As shown in Supplementary Fig. 1, a PNG thin film is a type of product
that is formed by pyrolysis in a tube furnace using the former copo-
lymer and turanose as precursors. In brief, the preparation of the film
mainly included annealing the nickel foil, polishing, synthesis of the
casting solution, spin coating and pyrolysis. First, the nickel foil was
annealed in a CO,/H, atmosphere for 2 h. Subsequently, the nickel foil
was polished and washed with acetone and isopropanol; only after
annealing and polishing did the nickel sheet become crystalline, and
the surface became flatter, resulting in the formation of a graphene
membrane (Supplementary Fig. 2). The casting solution was composed
mainly of PS-b-P4VP and turanose and was dissolved in a DMF solution.
Specifically, 0.1 g of PS-b-P4VP and 0.2 g of turanose were dissolved in
2 g of DMF, and ultrasonic treatment was carried out for 90 min. The
casting liquids of PNG and PNG2 (without turanose) were obviously
different in the optical images. The PNG casting solution was a thick
black liquid, whereas the PNG2 casting solution was a transparent
liquid (Supplementary Fig. 3). Then, the solution was heat-treated at
180 °C for 3 h in a reaction kettle, and the casting solution was spin-
coated on the annealed nickel foil (1000 rpm for 30 s and 1500 rpm for
305s). The nickel foil covered with the casting solution was subse-
quently pyrolyzed in a tube furnace at 500 °C for 1 h and then quickly
cooled to room temperature. Thermogravimetric analysis was used to
test the weight loss of the raw material and the PNG film precursor
under the same heating procedure, demonstrating the successful
synthesis of the casting film solution (Supplementary Fig. 4). Then, the
Kevlar layer was spin coated (1000 rpm for 60 s) on the surface of the
PNG film to further increase the mechanical strength of the PNG film
and reduce the introduction of transfer process defects. The resulting
PNG/Ni was floated on a 1M FeCl; bath to etch the Ni foil. Once the
etching was complete, the floating PNG film was rinsed in a 1M HCI

solution and deionized water to remove the residues. Finally, the PNG
was scooped on the as-prepared Kevlar substrate membrane (the
Kevlar bulk fiber was dissolved in DMSO containing KOH and then cast
onto a glass plate, and phase inversion in deionized water was used to
obtain a Kevlar membrane). After air drying, the resulting PNG/Kevlar
composite membrane was mounted on an H-cell device, and degassed
PIP/PEI aqueous solution (0.2wt%) was added to the nanoporous
graphene side for 10 min and then poured out. Next, a TMC solution
(0.15 wt%) in hexane was added to the Kevlar side by a glass dropper to
allow IP for 10 min, and then, a PIP/PEI aqueous solution (0.2 wt%) was
added to the Kevlar side to eliminate the residual TMC. The composite
membrane was subsequently washed five times with deionized water
and ethanol and then air dried for testing and characterization.

Characterization methods

Scanning electron microscopy (SEM) images of the surface and
cross-sections of the PNG films were obtained on a TESCAN MIRA
LMS scanning electron microscope operating at 3 kV. Atomic force
microscopy (AFM) and Kelvin probe force microscopy (KPFM) ima-
ges were recorded on a Bruker Dimension Icon AFM instrument. The
thicknesses of the PNG and substrate were measured via AFM. The
potentials of PNG, MAE-PNG, and MAP-PNG were measured
via KPFM.

Raman spectroscopy—PNG films were transferred without a rein-
forcement layer onto a SiO,/Si wafer for Raman characterization.
Briefly, the Ni substrate was etched in a 1M FeCl; solution, and the
floating PNG film was washed with 1M HCI and water and then rinsed
with a Si wafer. Raman spectra were collected by using a LabRAM
HR800 (A, =532 nm) from the Horiba Jobin Yvon Company.

Attenuated total reflection infrared (ATR-IR) spectroscopy—
changes in the functional groups of the PNG, MAP-PNG and MAE-PNG
films were detected with a Nicolet iSS0R instrument from Thermo
Scientific. X-ray photoelectron spectroscopy (XPS)—the functional
groups of the PNG, MAP-PNG, and MAE-PNG films were detected on a
Thermo Kalpha instrument. For the ATR-IR and XPS analyses, the PNG
membrane was transferred to the PES substrate for molecular
anchoring, the PES was dissolved by NMR, and the nanoporous gra-
phene side was opened (Supplementary Fig. 17).

Transmission electron microscopy (TEM)—nanoporous mem-
branes were directly transferred to a copper grid and imaged. Briefly,
the PNG films were transferred without any reinforcement by (i)
etching the Ni foil in a1 M FeCl; bath; (ii) floating the freestanding PNG
film in a 1M HCI bath for 1 h and then in a deionized water bath for 1h
to remove residues from the etching bath; (iii) fishing the floating film
using a copper TEM grid; (iv) drying at room temperature for at least
12h; and (v) imaging without any cleaning treatment. Aberration-
corrected high-resolution transmission electron microscopy (AC-
HRTEM) images of graphene were obtained with a JEOL JEM ARM200F
instrument. The incident electron beam was monochromated (“rain-
bow” mode illumination) to reduce the effects of chromatic aberra-
tion, and a negative spherical aberration (Cs) of ~20 pm and slight
overfocus was used to give a “bright atom” contrast in the images. An
80 keV incident electron beam was used for all the experiments to
reduce electron radiation damage. The dose rate was maintained at
~2 x10*e” s A2 during imaging, and a slit was used to expose only the
area of the sample being imaged to the electron beam. To obtain a
typical PNG image, the targeted area was exposed to -2x10°e A
during focusing and imaging. Continuous images with a 200 ms
exposure were taken, and the first 5-10 frames (each frame corre-
sponds to a dose of approximately 4 x 10> e"A?) were integrated into
the final image. Owing to the existence of the NPC film, it is difficult to
directly observe the nanoporous graphene structure from the PNG
membrane, so we synthesized a membrane containing only nanopor-
ous graphene, which is referred to as PNG2. The synthesis of PNG2 was
similar to that of PNG, but the main difference lies in the casting
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solution. For the PNG2 casting solution, 0.25 g of PS-b-P4VP was dis-
solved in 2g of DMF, followed by ultrasonic treatment for 90 min
without heat treatment, and the other steps were the same as those
for PNG.

Inductively coupled plasma optical emission spectrometer (ICP-
OES)—the concentration of ions was detected by a Prodigy Plus from
the Leeman Labs Company.

Thermogravimetric analysis (TGA)—the variations in the quality of
the raw materials with temperature were recorded by a Pyris1 TGA
instrument from PerkinElmer Instruments. The heating procedure is
completely consistent with the pyrolysis process. Under a nitrogen
atmosphere, the temperature was increased from room temperature
to 500°C at a rate of 1°C/min, after which the temperature was
maintained for 1h, after which the quality change was recorded.

Concentration-driven single salt transport measurements

For the diffusion test, a bilateral diffusion cell was used, and different
salts were used as solutes. The effective membrane diameter was
8 mm. First, the membrane was installed on the osmotic tank, wetted
with an ethanol/H,O mixture (50 wt%) on both sides of the diffuse cells
for 5 min, and then replaced with deionized water 3 times. Then, 50 ml
of different salt solutions (0.1 M) was added to the feed pool facing the
selective layer, 50 ml of deionized water was added to the permeate
side facing the basement membrane, and the concentration of differ-
ent salts on the permeate side was monitored in real time with a
conductivity meter. All diffusion tests were stabilized for 30 min
before data collection, and the solutions on both sides were stirred at
1500 rpm. The flux of the solute is calculated according to equation®:

@

“©l<
g

where J is the flux, V is the feed volume, dC/dt is the slope of the
osmotic concentration as a function of time, and S is the effective
membrane area.

The selectivity, Sy, of one cation, i, over another, j, was calculated
as:

s, =i 2)

=
Jj
where J; is the flux of cation i.

Mixed-salt transport measurements

For the transport test of mixed salt, the same device used for the single
salt test was used. Then, 50 ml of KCI/LiCl/MgCl, solution (0.1 M) was
added to the feed pool facing the selective layer, 50 ml of deionized
water was added to the permeate side facing the basement membrane,
and the concentrations of different salts on the permeate side were
tested via ICP-OES. The solutions on both sides were stirred at
1500 rpm. The diffusion permeability of the solute was calculated
according to the following equation:
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where C is the solute concentration difference of the permeate side, S
is the effective membrane area, and T is the time of the test.

The selectivity, Sy, of one cation, i, over another, j, was calculated
as:

Sij :% 4)

where J; is the flux of cation i.

Selective ion transport properties by linear sweep
voltammetry (LSV)

The ion transport behavior of the different membranes was monitored
by linear sweep voltammetry (LSV) using an identical ionic strength of
0.1M for all tested single-electrolyte solutions in a laboratory-scale
electrodialysis cell. The electric potential was swept from-1Vto+1V at
a rate of 5mVs™, and the response was recorded. The membrane
device was sandwiched between two reservoirs containing a single-
electrolyte solution. Silver/silver chloride electrodes were separately
fixed in two reservoirs for all /-V measurements™.

For quantitative comparison, the ion selectivity ratios of the metal
ions were calculated as the ratio of the measured conductance of the
membrane for various cations according to the following Eq. (5), taking
into consideration the valence difference:

N
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where ionic conductance (G; and G;) of membranes is the ratio of the
current to the corresponding voltage in an electric drive measured in
0.1 M chloride salt solutions at -1V or +1V, respectively, at the same
concentration; where Z; and Z; are the charge valences of the cations.

Lithium battery leaching solution treatment measurements
For the transport test of the lithium battery leaching solution, the same
device used for the single salt test was used. Then, 50 ml (Li*: 0.3 M;
Co?/Ni**/Mn?*: 0.001 M) of solution was added to the feed pool facing
the selective layer, the pH of the solution was adjusted to 2 by H,SOy,,
50 ml of deionized water was added to the permeate side facing the
basement membrane, and the concentration of different salts on the
permeate side was tested via ICP-OES. The solutions on both sides
were stirred at 1500 rpm. The diffusion permeability of the solute was
calculated according to the following equation:
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where C is the solute concentration difference of the permeate side, S
is the effective membrane area, and T is the time of the test.

The selectivity, Sy, of one cation, i, over another, j, was calculated
as:

S =% @)

where J; is the flux of cation i.

Molecular dynamics (MD) simulations

All the molecular dynamics (MD) simulations were performed via
Materials Studio. In this study, a graphene sheet with a size of
9.85nmx9.85nm in the x-y plane was built. The pores were
created by deleting atoms from random circular areas with var-
ious diameters ranging from 0.3 nm to 3 nm in pristine graphene.
For porous graphene containing several pores with an average
diameter of 0.7 nm, the pore size and distribution were designed
to eliminate the effects of the defect concentration and bound-
aries. Periodic boundary conditions were applied in the x and y
directions, and reflective boundary conditions were applied in the
z direction. Energy minimization was carried out via the steepest
descent algorithm to optimize the geometry of the model, and
structural relaxation was performed under a canonical ensemble
through the Nose-Hoover thermostat. To investigate the reaction
between trimesoyl chloride and piperazine molecules surround-
ing a single pore, the free energy difference AG was calculated in
the MD simulations between two specific scenarios before and
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after the reaction: (i) when the two unreacted molecules were
placed on opposite sides of a pore and ii) when they reacted and
formed new bonds across the pore. A higher |AG| indicates that
such a reaction becomes much faster. To investigate the per-
meation effects of three different metal ions, a solution system
containing 1000 K*, 1000 Li*, and 1000 Mg?*" ions was placed on
top of the graphene layer. The solution system was first equili-
brated under an isothermal-isobaric ensemble at a temperature
of 300K and a pressure of 1atm for 100 ps. The reacted mole-
cules were placed around the hole with a diameter larger than
0.7 nm in the porous graphene, with the reacted site remaining
fixed during the equilibrium process. The whole system, including
the porous graphene, reacted molecules, and metal ions, was
then relaxed under a canonical ensemble at 300 K for 500 ps. In
the permeation simulation, while the reacted molecules were
freed, a constant velocity was applied on the sheet to allow the
metal ions to pass across the porous graphene. The differences in
energy required to pass through the pore were calculated before
and after permeation. The number and type of metal ions were
recorded during this process.

Data availability
The authors declare that the data supporting the findings of this study
are available within the paper and its supplementary information files.
The source data is provided as a source data file Source data are pro-
vided with this paper.
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