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Lamellar carbon nitride membrane for
enhanced ion sieving and water desalination

Yang Wang 1 , Tingting Lian 1, Nadezda V. Tarakina 1, Jiayin Yuan 2 &
Markus Antonietti 1

Membrane-based water treatment processes offer possibility to alleviate the
water scarcity dilemma in energy-efficient and sustainable ways, this has been
exemplified in filtration membranes assembled from two-dimensional (2D)
materials for water desalination purposes. Most representatives however tend
to swell or disintegrate in a hydrated state, making precise ionic or molecular
sieving a tough challenge.Herewe report that the chemically robust 2Dcarbon
nitride can be activated using aluminumpolycations as pillars tomodulate the
interlayer spacing of the conjugated framework, the noncovalent interaction
concomitantly affords a well-interlinked lamellar structure, to be carefully
distinguished from random stacking patterns in conventional carbon nitride
membranes. The conformally packed membrane is characterized by adaptive
subnanochannel and structure integrity to allow excellent swelling resistance,
and breaks permeability-selectivity trade-off limit in forward osmosis due to
progressively regulated transport passage, achieving high salt rejection
(>99.5%) and water flux (6 Lm−2 h−1), along with tunable permeation behavior
that enables water gating in acidic and alkaline environments. These findings
position carbon nitride a rising building block to functionally expand the 2D
membrane library for applications in water desalination and purification
scenarios.

Two-dimensional (2D) materials stacked by atomic-thick layers hold
promise for permselective membrane assemblies to tackle water
scarcity and contamination1–3. The interlayer channels or intralayer
pores of 2D membranes in the subnanometer range constitute the
dominant transport pathways for precise molecular and ionic
sieving4,5, along with intriguing nanofluidic phenomena that are
otherwise absent in their bulk counterparts6. While representative 2D
materials (e.g., graphene oxide, MXene) have been promisingly
explored in water desalination, molecular filtration, and purification7,8,
their rich oxygenated hydrophilic groups dangling on nanosheet
edges or in between adjacent layers render serious swelling in an
uncontrollable manner or even disintegration when thesemembranes
are exposed to aqueous or organic solutions/vapors9,10. This is also
related to the fact that in subnanometer channels, swelling forces and

normal forces due to flow can become enormous11, and only the most
rigid, well-interlinked structures are expected to handle this swelling
stress for subnanometer sieving that requires high accuracy.

Tracing back to the large 2D materials family, polymeric carbon
nitrides (CNs, alsowidely termed asg-C3N4) arepredominantly applied
as semiconductors to catalyze photochemical reactions12,13. In terms of
membrane assembly, the chemically and thermally stable CNs, when
exfoliated into flat sheets, would be ideal layer components to with-
stand interlayer swelling in liquid environments. The emerging pro-
gress has also propelled strategies to be developed for CN membrane
fabrication (either in free standing or substrate-coated form) and its
use in photoelectrochemical and ion diffusion cells, including
microwave-assisted condensation, microcontact printing, chemical
vapor deposition, liquid-based and direct growth, etc14–19. In this way,
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even more relevant to wider applications than cell performance
improvement is the inhomogeneous microstructure and nanos-
tructuregoverned by the interplaybetweenCNand substrate. Inspired
by the liquid exfoliation of typical layered materials, CN membrane
assembly via filtration-assisted coating of as-exfoliated nanosheets
onto porous filter is seemingly plausible, which has been tentatively
explored for filtration and separation purposes with improved
homogeneity at microscale20–22. However, recognized efforts only
include the removal of large-sized dyes, organic pollutants, and
nanoparticles using CNmembranes in ultrafiltration and nanofiltration
processes23,24, occasionally coupled with photocatalytic reactions25,26.
In reverse osmosis and forward osmosis, CNnanosheets only serve as a
modifier or filler that incorporates into thin-film nanocomposite and
thin-film composite membranes27–31. It is then noted that the random
alignment of CNs with its rather interactive tri-s-triazine-based motifs
as building subunits, canhinder foreign intercalants to access and tune
the interlayers. In this context, subnanochannel activation with ela-
borate control to provide transport passage for molecular and ionic
species of interest remains unattainable for CNs to be used in water
desalination membranes with precise sieving ability.

Pristine CNs-texturally similar to graphene and its derivatives-are
also characterized by ~3.2 Å stacking distance or gallery height along the
c-axis32–34, which falls in the range between the size of water (diameter:
2.8 Å) and hydrated salt ions (exemplary diameter: 6.62Å for K+)35. The

CN membranes are theoretically qualified for water transport and to
block unwanted salt species at the subnanometer scale, but experi-
mental results were counterintuitive and evidenced that their permea-
tion behavior substantially deviates from such a perfect transport
passage20. Prevailing explanations are structural defects that create
excess pathways for larger molecules or ions to access21,23, but micro-
structural changes throughout the membrane assembly process have
long been ignored. The exfoliated CNs are indeed rather stiff and flat 2D
sheets36, but their traditionalmembranemicrostructure reflectsmore of
a random restacking behavior, which is not in line with an unperturbed
2D lamellar tectonic unit22,24. The CN nanoflakes are found seriously
wrapped or wrinkled under external pressure (i.e., vacuum filtration)
and fail to realize conformal packing in a tight 2D fashion (Fig. 1a).

In the present contribution, we propose an approach that could
activate and stabilize the transport channels of CNs at the sub-
nanometer level whilst constituting a lamellar membrane structure
(Fig. 1b). The rigid andwell-interlockednanostructure, arising from the
strong but tunable noncovalent interaction between foreign pillaring
agent and CN, is presented with adaptive subnanochannel of <6Å in
width. The conformally packedmembrane is highly stable in water and
shows excellent anti-swelling properties, with minimal fluctuation of
interlayer spacing in dry and hydrated states (5.6–5.9 Å). Unlike the
disordered packing mode of conventional CN membrane with ubi-
quitous structure defects, the regular transport passage of our 2D

ba

Disordered membrane (CN) Pillared membrane (ACN)
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Fig. 1 | Schematic of two membrane configurations for molecular and ionic
permeation. a Disordered membrane (CN) is represented by random stacking
behavior, which allows the concomitant transport of water and ions. b Intercalated
by the Al30 polycations with asymmetric distribution of acidic sites, the pillared
membrane (ACN) with conformal packing mode shows lamellar structure,

accompanied by the formation of expanded interlayer spacing, which allows water
transportbut blocks salt ions. The interactionbetweenAl30 andCN ishighlighted in
the round frame, nitrogen sites in CN are protonated and share hydrogen bonding
with Al30 to interlock the layers.
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lamellar CN membrane allows high water flux (6 Lm−2 h−1), which
concomitantly occurred with high salt rejection (99.5%) in forward
osmosis, breaking permeability-selectivity trade-off limit and out-
performing the widely reported 2D membranes. The membrane
maintains structural integrity inboth acidic and alkaline environments,
upon which smart water gating performance can be achieved with
minimal loss of salt rejection rate.

Results
Subnanochannel activation and conformal packing of CNs
The tri-s-triazine building units are primary motifs interconnected by
secondarynitrogen to constitute the conjugated 2DplaneofCN,which
is further bridged by in-planar hydrogen bonds32,33 (Fig. 1). Previous
endeavors using concentrated acid or base for top-down cleavage of
CNs may facilitate intercalation and render highly dispersed colloidal
suspensions formembrane preparation, but the accompanying partial
chemolysis produces pore defects or one-dimensional derivatives
(quantum dots, nanorods, nanofibers, etc.), thus hindering a wider
deployment at subnanoscale22,29,37. The long-pair electrons on nitrogen
atoms of the framework, along with the -NH groups that bridge adja-
cent motifs and –NH2 groups at edge positions, endow CNs with
abundant Lewis basic sites for further functionalization (Fig. 1b) atmild
conditions. We apply a Keggin cluster polycation
[Al30O8(OH)56(H2O)24]

18+ (abbreviated as Al30) as pillaring agent38 to
interact with the exposed electron-rich, basic sites and intercalate in
between adjacent CN layers. The high-charge Al30, characterized by
the asymmetric distribution of acidic sites39 and highest acidity cen-
tered at the equatorial region (Fig. 1, Supplementary Fig. 1, sites 3 and 4
of bound water, η-H2O), is found to interact with CN at much higher
adsorption energy than the lower acidic [Al13O4(OH)24(H2O)12]

7+ clus-
ter (abbreviated asAl13) despite its smaller size (9 × 9 × 9Å)40 and lower
steric hinderance (Supplementary Figs. 1–11, Supplementary Note 1).

Pristine bulk CN features a characteristic graphitic stacking peak
at 27.5° (002), while the second peak at 13.3° (100) is assigned to in-

plane repeating units (Fig. 2a). Exfoliated CN nanosheets and pillared
Al30-CN composites (abbreviated as ACN) show a dramatically wea-
kened graphitic peak intensity41, which quantifies an efficient exfolia-
tion process following established procedures. A newpeak centered at
~9° is identified and intensified by steadily increasing Al30 amount,
coupled with further attenuation of the pristine stacking peak. This
implies that the pristine interlayer distance (~3.2Å) of CN is sub-
stantially widened to 9.8Å upon Al30 intercalation. Consistently, high-
resolution transmission electron microscope (HR-TEM) images
(Fig. 2b) reveal the thin-layer morphology of ACN with resolvable
fringe separation, which corresponds to an interlayer spacing similar
to that of X-ray diffraction (XRD) result, the ordered stacking mode is
however not observed in conventional CN nanosheets and Al13-CN
ones (Supplementary Fig. 12). Given the thickness of ideal single-
layered CN (3.2 Å), the free spacing of ACN for molecules and ions to
access is calculated as 6.6Å, close to the size of hydrated monovalent
salt ions. Al30 with nominal geometric dimensions of 10 × 10 × 20Å40,
even lying flat in between CN layers with optimal configurations
(Supplementary Fig. 5), is assumed to afford larger free spacing of
~10Å, but the loss of water molecules during the post-drying process
can explain the smaller-than-expected value. The restacked ACN
nanosheets in a powder form already show a lamellar texture (Fig. 2c),
which is easily distinguished from the restacked CN nanosheets with
randomparticle-likemorphology (Supplementary Fig. 9). The negative
charge of CN nanosheets is neutralized and the ACN-3 composite then
carries net positive charge at higher loading amount of the poly-
cationic pillar Al30 (Fig. 2d), which allows electrostatic interaction and
hydrogen bonding with CN (Supplementary Figs. 13–14, Supplemen-
tary Table 1, SupplementaryNote 2). Fourier-transformed infrared (FT-
IR) spectra confirm the coexistence of CN and Al30 in ACN composite,
with progressively decreased intensity of O-H band vibration
(3200–3500 cm−1) at higher temperature (Fig. 2e). The free spacing,
upon partial removal of water molecules42,43, is narrowed from 6.6 Å
(20 °C) down to 6.1 Å (60 °C) and then stabilizes even at 100 °C (inset

Fig. 2 | Structure evolution. a XRD patterns of pristine bulk CN, exfoliated CN
nanosheets and ACN samples. ACN-1, 2, 3, 4 represent the initial mass ratios of Al30
toCN,which are 0.25:1, 1:1, 2:1, and 4:1, respectively.bTEM imageofACN-3 powder,
scale bar: 100nm. Inset: high-resolution TEM image of the marked square in
b (bottom panel, scale bar: 10 nm) and TEM contrast intensity (top panel) of the
rectangle region in bottom panel. c Scanning electron microscope (SEM) image of

ACN-3 powder, scale bar: 5 µm. d Zeta potentials of CN nanosheet and ACN-3 dis-
persions. e FT-IR spectra (inset: XRD patterns) of ACN-3 powder dried at elevated
temperature under vacuum, the vibrations assigned to CN and Al30 are marked by
dashed rectangles and gray ellipses, respectively. Error bars in d represent the
standard deviations of three independent measurements.
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of Fig. 2e). The combined findings collaborate the pillaring effect of
Al30, which activates transport channel at subnanometer scale and
concurrently promotes the conformal packing of CN nanosheets.

Assembly and stability assessment of lamellar ACN membrane
It is then coming with the membrane assembly by vacuum filtration of
the freshly prepared ACN suspension and subsequent in situ washing
to remove excess Al species (Supplementary Fig. 15). The membrane
thickness can be controlled by changing the volume of the filtered
suspension (Supplementary Fig. 16). Cross-sectional scanning electron
microscope (SEM) images show typical layer-by-layer stacking pattern
of ACN membrane, while a random particulate-like morphology is
found for the pristine CN membrane (Fig. 3a–b, Supplementary
Fig. 17), a common result in previous reports whichwasused to explain
the transportation of molecules and ions based on a hypothesized 2D
structure21,30,31. The heterogeneity reflected by thick- and thin-coated
regions can potentially generate cracks when CN membranes are
scaled up. Enabled by polycation pillaring to provide conformal
packing, the lamellar ACNmembrane comes with a flat surface relative
to that of CN, the latter fluctuating substantially with high roughness
(Fig. 3c–d). The heterogenous and homogenous coating behavior also
holds true for thicker CN and ACN membranes (~1500 nm), respec-
tively (Supplementary Fig. 18). Considering the high proportion of
hydroxy/aqua ligands of Al30 retained in ACN after drying at 20 °C, we
then baked these membranes at elevated temperatures (up to 100 °C)
to stabilize the nanostructure of ACN membrane. Similar to the pow-
der form, the free spacing of driedmembranes contracts slightly (6.3 Å
at 20 °C, 5.6Å at 60 °C, and 5.3 Å at 100 °C), i.e., the bound water was
an integral part of the membrane structure. The conformally packed
membrane baked at 60 °C shows excellent swelling resistance when
immersed in water and aqueous salt solutions, as evidenced by the
minimal change of free spacing (Fig. 3e, Supplementary Figs. 19–25,
Supplementary Note 3) in wet or dry state, which fluctuates within a
narrow range of 5.6–5.9 Å. We also observed that 60°-drying enables
the efficient removal of weakly-bonded hydrophilic groups and
switches the membrane surface from hydrophilic to hydrophobic
(Supplementary Fig. 20), leaving some bound water molecules con-
fined in the subnanochannel. The appreciable stability of ACN mem-
brane is also revealed by multiple drying-wetting cycles of the
membrane (Fig. 3e). The exposed groups in ACN, although hydro-
philic, are firmly coordinated with the inorganic cluster surfaces. This

explains the rather rigid structure of the subnanochannels in the final
membranes, where the Al-crosslinking of CN layers finally locks into a
cooperative and homogeneous 2D morphology, as confirmed by the
argon-ion-sputtered X-ray photoelectron spectra with etching depth
up to 200 nm (Supplementary Fig. 24).

Ion sieving and water desalination of CN and ACN membranes
Next, we evaluated the ion permeation behavior through the assem-
bled membranes (supported by a polydopamine-coated polyether
sulfone filter to enhance the adhesion with membranes) in a custo-
mized H-shaped cell equipped with two reservoirs (Supplementary
Fig. 26a). This was firstly exemplified using NaCl as feed solution. The
pristine CN membrane (thickness: 740 nm) shows a high permeation
rate of Na+ up to 1.64molm−2 h−1 (Fig. 4a), which barely follows a
thickness-dependent manner and only decreases to 1.39molm−2 h−1

when the membrane thickness is doubled (Supplementary Fig. 27).
This further verifies the defecteous nature of at least of our own
reference membrane, but we assume this to be general. With increas-
ing Al30 amount, the regular subnanochannels (~5.9Å in wet state) are
gradually activated for ACN membranes with the similar thickness
(720 nm), leading to progressively lowered Na+ (hydrated diameter:
7.2 Å) permeation rate, which decreases to 3.14 × 10−3 molm−2 h−1 in
ACN-3 and stabilizes for ACN-4 (Fig. 4a). Other monovalent and diva-
lent species (K+, Li+, Ca2+, andMg2+ with hydrated diameters of 6.6, 7.6,
8.2, and 8.6 Å, respectively) in CN membranes also possess high per-
meation rates of 1.39–1.93molm−2 h−1 (Fig. 4b), underlying the non-
selective barrier inside the randomly stacked nanostructure and
coupled transport behavior dominated by larger defects. This con-
tradicts also the widely claimed subnanochannel in pristine CN, which
up to now only blocked large-sized dye molecules or nanoparticles in
experimental outputs23,24. Similarly, theAl13-CNmembranes (thickness:
750 nm) also show comparable permeation rates of these ions with
that of CN ones (Supplementary Fig. 28), due to the absence of acti-
vated transport channels.

In comparison, ACN-3 membrane quantifies substantially
decreased permeation rates at levels of 10−3 molm−2 h−1 for K+, Li+ and
of 10−4 molm−2 h−1 for Ca2+ and Mg2+ (Fig. 4b). That is, the ion per-
meation behavior is governed by the size-exclusion effect when the
activated subnanochannel shows narrower free spacing than the
hydrated diameters of these cations (Supplementary Table 2). The
lower permeation rate of divalent species relative to the monovalent

Fig. 3 | Membrane morphology and stability. a, b Cross-sectional SEM images of
a CN and b ACN-3 membrane, scale bar: 1 µm. c, d AFM images of c CN (scale bar:
10 µm)anddACNmembranes (scale bar: 20 µm)with correspondingheight profiles
(inset). e XRD patterns of ACN-3 membranes subjected to drying-wetting cycles,

each drying or wetting event lasts for 24 h. The gray regionmarked in e represents
the free spacing fluctuating within 5.6–5.9 Å in dry or wet state, the broad diffrac-
tion peak centered within 2θ = 16–20° is assigned to the polydopamine-coated
polyether sulfone filter.
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ones is ascribed to the higher dehydration energy barrier44,45. This is
further supported by the temperature-dependent ion permeation
behavior (Supplementary Fig. 29), which follows the Arrhenius equa-
tion, exp(-E/kBT), where E is the energy barrier and kB is the Boltzmann
constant45. The E values of divalent ions (41.8 kJmol−1 for Ca2+ and
44.8 kJmol−1 for Mg2+) are much higher than that of monovalent ones
(11.5, 13.7, and 13.1 kJmol−1 for K+, Na+, and Li+, respectively). As such,
thedivalent species are less likely to enter into the subnanometer-scale
nanochannels and therefore come with exponentially lower permea-
tion rates. The ion rejection performance of ACNmembrane was then
examined with a step closer to the real-world scenario, where we used
synthetic seawater with mixed ions as feed solution and also found a
decrease of their permeation rates by at least 100 times relative to that
of pristine CNmembrane (Supplementary Fig. 30), in the highly saline
environment. The stability of our ACN membrane is then analyzed by
the linear variation of Na+ permeation rate as a function of initial salt
concentrations up to 2M,which readily returns to the initial state upon
abruptly decreasing the salt concentration in the feed compartment
(Supplementary Fig. 31).

Water flux and salt rejection performance were next evaluated in
a similar cell configuration with the feed and draw reservoirs filled
with 0.1M NaCl and 2M sucrose to model a forward osmosis mode
(Supplementary Fig. 26b), an energy-efficient process for water
desalination. The average water flux of pristine CN membrane was
0.74 Lm−2 h−1 (Fig. 4c), comparable to that of graphene oxide but
lower than that of the commercial benchmark (5–10 Lm−2 h−1)45,46. We
found that water permeates through 500 nm-thick CN membrane
with a gradually decreased rate within the permeation period, due to
the presence of a minor amount of pores and defect structure of CN,
which allows concomitant transport of NaCl and sucrose and lowers
the osmotic pressure difference as driving force (inset of Fig. 4c,

Supplementary Fig. 32). This is emphasized, as previous CN-based
membranes were highlighted for their high water flux23,24,29, which,
however, were not cross-tested for semipermeability considerations.
The time-dependent water flux, arising from either materials het-
erogeneity or non-classical fluid transport, is only alleviated in the
thick membrane (1500 nm) with high-tortuosity transport pathways
(Supplementary Figs. 33–34).

Comparatively, our ACN membranes are capable of facilitating
water transport, as evidenced by the steady water flux with prolonged
permeation time (inset of Fig. 4c, Supplementary Figs. 35–36). Note
that both CN and ACN are structurally connected by intraplanar
hydrogen bonds to bridge the tri-s-triazine motifs (Supplementary
Fig. 5); they are less likely to form intralayer pores that can allow water
molecules to fit in properly. These “pores” can only be formed by rigid
covalent C–N bonding of ideally stacked graphitic CN (g-C3N4), which
have not been experimentally available to date33. Although it is see-
mingly possible to apply poly(triazine) imide (PTI) with regular trian-
gular intralayer pores, the synthesized PTI is only presented with small
crystallites rather than nanosheets, largely restricting theirmembrane-
formation ability for separation purposes47–49. In this regard, the evi-
dently enhancedwater permeation of ACNmembrane canbe primarily
ascribed to the regular subnanochannel activated by Al30. Increasing
the amount of Al30 pillar in ACN membranes contributes to elevated
water flux whilst suppressing NaCl permeation, breaking the
permeability-selectivity trade-off (Fig. 4c). At optimized conditions,
the 500nm-thick ACN-3 membrane holds both high water flux of
3.0 Lm−2 h−1 and NaCl rejection rate of 99.4% (Fig. 4d), which can be
well maintained after alternate immersion treatments (Supplementary
Fig. 37). Thewater flux canbe further improved using thinner PES filter
to alleviate internal concentration gradient, without sacrificing the salt
rejection performance (Supplementary Fig. 38). Upon prolonging the

Fig. 4 | Ionpermeationbehavior andwater desalinationperformanceofCN and
ACN membranes. a Permeation rate of Na+ in CN and ACN membranes.
b Permeation rates ofmonovalent (K+, Na+, Li+) and divalent (Ca2+, Mg2+) salt ions in
CN and ACN-3 membranes. cWater flux and NaCl permeation rate in CN and ACN
membranes in forward osmosis, inset: variation of water flux as a function of per-
meation time. d pH-dependent water flux and salt rejection of ACN-3 membranes
with different thickness. e 1H CP/MAS ssNMR spectra of ACN-3 sample after

treatments under different conditions, the signals are roughly grouped into four
subsets50,67: (1) Terminal OH groups (0.1–0.2 ppm), arising from the polymeric
nature of Al30 which contains monomers and oligomers. (2) Bridged µ2-OH groups
(Al-OH-Al) with resonances in 1–3 ppm. (3) Bridged µ3-OH groups ((Al)3-OH) with
resonances in 3–4 ppm. (4) Bound (or adsorbed) water molecules and hydrogen-
bonded OH groups in lower field (4–6 ppm). Error bars in a–d represent the
standard deviations of three independent measurements.
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permeation time up to 72 h, we found that the ACN-3 membrane only
experiences a slight drop of water flux and salt rejection, suggesting
the favorable long-term feasibility that can potentially allow its use in
forward osmosis (Supplementary Fig. 39).

Tunable permeation behavior in ACN membrane
We then adjusted the pH values of the aqueous NaCl solution at the
feed side and found that themembrane ismorepermeable forwater in
an alkaline (pH = 12) than in an acidic (pH = 2) environment, with a
water gating ratio of 2.6 at 320 nm which decreases to 2.3 at 500 and
720nm (Fig. 4d). This is accompanied by the slightly higher permea-
tion rate of NaCl in both cases (pH= 2 and 12). We used 1H cross-
polarization/magic angle spinning solid-state nuclear magnetic reso-
nance (CP/MAS-ssNMR) spectra to probe the microenvironmental
change of ACN nanostructure upon pH adjustment and to explain the
altered permeation behavior (Fig. 4e). In pH = 2 sample, the high-field
(4.8 ppm: hydrogen-bonded OH groups; 4.9 ppm: physically adsorbed
water) signals50–52 are ofmuch narrower line width relative to the other
samples (not deconvoluted here), indicating strong hydrogen bonds
and trapped water53,54 in between adjacent CN layers in an acidic
environment. The specific contribution from the acid proton affords
additional hydrogen bonding with the bridged OH groups and makes
the resonance at 4.8 ppm resolvable. Although the subnanochannel in
our ACN membrane (5.9 Å in the hydrated state) can accommodate
water molecules with smaller size (2.8 Å), the as-formed hydrogen
bonds block the contiguous pathway for the slip flow of water with
high velocity. Besides, the higher proportion of bound water immo-
bilized by the hydrogen bondsmay also occlude the transport channel
of ACN. Increasing pH results in downfield shifting from4.9 ppm to 5.1
ppm (pH = 5.7) and 5.3 ppm (pH = 12), along with the decreased signal
intensity that is more evident in pH = 12 sample. The resonance shift
indicates that the trappedwater gradually evolves into amobile and/or
free state54, accompanied by the broadening of line width arising from
the chemical exchange. Note that the single broad line in the two cases
(pH = 5.7 and 12) does not exclude the absence of hydrogen bonds,
whichmayoverlapwith the lower-field resonanceofmoreactivewater,
which, however, proceeds with a far less pronounced effect in neutral,
and especially, in alkaline conditions, as evidenced from the sub-
stantially attenuated intensity. In this way, water transports through
the subnanochannel with the lower barrier in a neutral environment
and turns to bemuch less tethered in an alkalinemedium, contributing
to enhanced water flux.

Situated in an alkaline environment (pH= 12), the hydration shell of
sodium ions is downsized by the charge shielding effect55, which allows
the partially dehydrated species to partition into and permeate through
ACN layers. Deprotonation of the acidic η-H2O in Al30 at pH= 12 leads to
a less negatively charged ACN (Supplementary Fig. 40) that can interact
with Na+ via electrostatic attraction. They collectively give rise to an
increased NaCl permeation rate in our ACN membrane. The deproto-
nation process is accompanied by partial hydrolysis, as suggested by
the new resonances relating to theOHgroups (2.8 ppmand 1.7 ppm) on
non-framework Al species54,56–58, with higher intensity relative to that of
pH= 2 sample. Although the hydration shell of Na+ in neutral and acidic
conditions are similar55, we notice again a slightly increased NaCl per-
meation rate for ACNmembrane in an acidic environment. In this case,
Al30 can serve as an alkali, and the bridged OH groups accept protons
from acid; the acid-base neutralization causes the cleavage of hydroxyl
bond, upon which the acid-catalyzed partial decomposition of Al30
appears to be possible59. This is reflected by the newly emerged reso-
nances assigned to non-bonded water monomers (1.3 ppm and 0.9
ppm)54,60, stemming from the catalytically decomposedAl30 pairedwith
the formation of water59. The nominal positive charge of Al30 (+18) is
then decreased and the electrostatic repulsion between ACN and Na+ is
alleviated, giving rise to a slightly decreased salt rejection rate. (Sup-
plementary Figs. 40–42, Supplementary Note 4). These variations,

however, comewith onlyminor contributions, as evidenced by the high
rejection rate of NaCl maintaining above 95% (Fig. 4d). Long-term
operation of the ACN-3 membrane in acidic and alkaline environments
for 72 h only results in a decrease of water flux within 10% and salt
rejection within 2.8% (Supplementary Fig. 39), this again signifies the
durability of our pillared membrane. Taken together, the high water
permeability and selectivity outperform the widely reported 2D mem-
branes (Supplementary Fig. 43, Supplementary Table 3), and the tun-
able water permeation behavior in aggressive environments promises a
robust ACN membrane for real-world desalination.

Discussion
We showed that the chemically inert CN, as a recognized challenge for
membrane assembly, can be engineered to afford a real 2D morphol-
ogy with an activated subnanochannel. The conformally packed
membrane fostered by polycation clusters is then presented with a
noncovalent but well-interlocked sandwiched nanostructure to with-
stand swelling in various aqueous environments. Unlike the disordered
packing mode of conventional CN with ubiquitous structure defects,
the regular transport passage of our pillared membrane allows both
high water flux and salt rejection, which also survives in aggressive
conditions and therefore expands its applicability. We envision that
such a stable lamellar structure with a nanoconfinement effect may
qualify its further uses in membrane reactors which integrate separa-
tion and catalytic ability if the semiconductor properties of photoactive
CN are fully exploited to regulate mass and electron transfer pathways.

Methods
Chemicals and reagents
All chemicals were used as received without further purification. Mela-
mine (C3H6N6, 99%) was purchased from Alfa Aesar. Sucrose (C12H22O11,
BioXtra, ≥99.5%), aluminum chloride hexahydrate (AlCl3

.6H2O, 99%),
Ferron (8-hydroxy-7-iodo-5-quinolinesulfonic acid, ≥98.5%),
3-hydroxytyraminehydrochloride (99%), tris-base (C4H11NO3,≥99%), and
concentrated hydrochloride (HCl, 37wt%) were purchased from
Sigma–Aldrich. Sodium hydroxide (NaOH, 98.6%) were purchased from
VWR Chemicals. Silver nitrate (AgNO3, ≥98.5%), sodium chloride (NaCl,
≥99.5%), lithium chloride anhydrous (LiCl, ≥99.5%), potassium chloride
(KCl, ≥99%), calcium chloride dihydrate (CaCl2

.2H2O, ≥99%), magnesium
chloride (MgCl2

.6H2O, 99%), acetone andmethanolwere purchased from
Fischer Chemical. Sodium acetate (CH3COONa), 1,10-phenanthroline
(C12H8N2, 99+%), and hydroxylamine hydrochloride (NH2OH

.HCl) were
purchased from Fluka Analytical. Milli-Q water (conductivity =0.055 µS/
cm, Q3 level) with pH of 5.7 was used throughout the experiments.
Characterizations are listed in Supplementary Methods.

Preparation of polymeric carbon nitride (CN) and CN nanosheet
Melamine (5 g) was loaded into a porcelain crucible covered with a lid,
which was then transferred into a muffle furnace and heated to 550 °C
for 4 h with a ramping rate of 2.3 °C min−1 in air atmosphere, followed
by cooling down to room temperature. The yellow product was
ground into a fine powder and denoted as bulk CN. Then, 200mg CN
was dispersed in 200mL H2O, followed by continuous sonication for
12 h in an ultrasonic bath (Fisherbrand, 90W) with full amplitude. The
resulting suspension was centrifuged at 2375 × g for 10min to remove
large unexfoliated particles, uponwhich the supernatant was collected
and further subjected to 3-day free standing for purification. Finally,
the supernatant was extracted from the precipitate using a pipette and
denoted as CN nanosheet.

Preparation and analyses of Keggin Al13 and Al30
Keggin Al13 and Al30 were synthesized according to established
procedures38. Specifically, 0.6M NaOH solution (80mL) was dropwise
(~1mLmin−1) added into 1.0M AlCl3

.6H2O solution (20mL) under vig-
orous stirring at 60 °C (for Al13) or 95 °C (for Al30) in oil bath. The
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resulting solution was continuously stirred for 12 h and then aged for
24 h at 60 °C (for Al13) or 95 °C (for Al30), upon which colorless solu-
tions were obtained without precipitation. The final [OH]/[Al] molar
ratio in Al13 and Al30 solutions was 2.4, and the concentration of Al was
0.2M. Note that long-term aging may lead to the variation of Al
species61; all the solutions were stored at room temperature for 5 days
prior to further test and use.

To quantitatively determine the relative amounts of Al13 and Al30
solutions, Al-Ferron kinetics based on previous studies were evaluated
in this work with slight modifications62,63. The Ferron reagent for col-
orimetric analysis consisted of three mixed solutions: (1) 500mL
aqueous solution containing 2.85 × 10−3 M Ferron and 2.52 × 10−4 M
1,10-phenanthroline, (2) 200mL 4.3M CH3COONa aqueous solution,
(3) 200mL acidified NH2OH

.HCl aqueous solution (containing 100 g
NH2OH

.HCl and 40mL.L−1 concentrated HCl. The three stocks were
individually vacuum filtrated using a previously washed Nylon mem-
brane filter (pore size: 0.45 µm)before taking them together. Solutions
2 and 3 were mixed prior to the addition of solution 1. The mixed
solutionwas stored in the refrigerator (0–4 °C) in the dark and allowed
for 1-week aging prior to further use.

Standard aluminum solution (0.01M) was prepared by dissolving
the salt AlCl3

.6H2O in a known volume of 5mMHCl, the molar ratio of
HCl/Al was fixed at 0.5 to finally obtain a low pH value of ~2.3, which
efficiently minimized Al hydrolysis. The standard AlCl3, Al13, and Al30
solutions were diluted to 1 × 10−4 M prior to mixing with Ferron
reagent. Specifically, Ferron reagent and aluminum solution with a
fixed molar ratio of 50 was transferred into 10mm path-length quartz
cuvette and placed into the chamber of a Shimadzu UV 2600 spec-
trometer. The kinetics scan was then immediately initiated (within
30 s), and absorbance changeswere recorded at 363 nmwith a reading
frequency of 6min−1.

Preparation of Al30-CN and Al13-CN powder
CN nanosheet supernatant was dropwise (1mLmin−1) added into Al13
or Al30 solution at different [Al13]/[CN] or [Al30]/[CN] mass ratios
(0.25:1, 1:1, 2:1, and 4:1, unless otherwise specified) under vigorous
stirring at 60 °C (for Al13) or 95 °C (for Al30) in oil bath. The resulting
mixture was continuously stirred for 12 h and then aged for 24 h at
60 °C (for Al13-CN) or 95 °C (for Al30-CN). The as-obtained suspension
was centrifuged at 7700× g for 15min to collect the precipitate, which
was then dispersed in water and washed by vacuum filtration, 0.5M
AgNO3 solution was used to detect any residual chloride species in the
filtrate. The sample was finally dried under vacuum at different tem-
peratures (20, 60, and 100 °C) for >15 h. For comparison purposes, the
CN nanosheet was also aged under the same condition (95 °C), which
was then collected by centrifugation and dried for further analysis.

Preparation of CN and Al30-CN membranes

(1) Polydopamine (PDA)-coated polyether sulfone (PES) membrane
filter: Tris-base (0.1M) was dropwise added with 0.1M HCl to
afford basic tris-HCl solution (10mM, pH = 8.5). Dopamine
chloride (2mgmL−1) was dissolved in tris-HCl via gentle stirring
at room temperature. PES (Sterlitech, USA, diameter: 25mm, pore
size: 0.2 µm, thickness: 125 µm) membrane filter was immediately
immersed in the solution and kept for 24 h, upon which PES
surface was coated with PDA. Subsequently, the gray PDA-PES
filters were thoroughly rinsed with water and baked overnight at
60 °C under a vacuum prior to further use. Note that the bare
PDA-PES filter shows no water flux but high salt permeation rate
(3.1molm−2 h−1) when applied in forward osmosis, which was then
considered to exert no impact on the evaluation of membrane
performances.

(2) CN membrane: The CN nanosheet suspension was further cen-
trifuged at 7700 × g for 15min to collect the supernatant, which

was then diluted and vacuum filtrated onto PDA-PES filter. Given
that thinner membrane (thickness < 300 nm) potentially leads to
the formation of pin holes or incompletely covered regions on
PDA-PES filter, CN membranes were prepared with thicknesses of
350, 500, 740, and 1500nm in thiswork (Supplementary Fig. 16a).
The membranes were dried at 60 °C under vacuum at room
temperature for > 15 h, unless otherwise mentioned.

(3) Al30-CN (abbreviated as ACN)membrane: The Al30-CN suspension
(0.25:1, 1:1, 2:1, and 4:1, hereafter referred to ACN-1, ACN-2, ACN-3,
and ACN-4, respectively) after aging was centrifuged at 7700× g
for 15min to collect the supernatant, which was then diluted and
vacuum filtrated onto PDA-PES filter with the desired thickness.
Subsequently, the membrane clamped on the vacuum suction
device was in situ washed with water to remove residual chloride
(examined by 0.5M AgNO3 aqueous solution). The washed ACN
membranes were finally dried under vacuum at varied tempera-
tures (20, 60, and 100 °C) for >15 h (thickness: 320, 500, 720, and
1500 nm, Supplementary Fig. 16b).

Membrane stability test
The ACN membrane dried at 60 °C under a vacuum was immersed in
water for 24h at room temperature, which was then immediately sub-
jected to XRD test after quickly wiping off the liquid drops on the
membrane surface. Subsequently, the membrane was dried again at
60 °C under vacuum for 24h. The drying-wetting process was con-
ducted for three cycles to evaluate the stability of ACN membranes in
water. Note that the membranes dried at 20 °C under vacuum were
soon detached from PDA-PES substrate and disintegrated upon contact
withwater, but themembranes dried at 60 °C and 100 °Cunder vacuum
were rather stable inwater to resist disintegration, even after soaking for
one month. The ACN membrane dried at 60 °C under vacuum was also
immersed in various environments for 24h, including aqueous salt
solutions (0.2M, KCl, NaCl, KCl, CaCl2, and MgCl2), acidic (pH= 2) and
alkaline (pH= 12) solutions, to evaluate its adaptive stability.

Ion permeation tests of membranes
A customized H-shaped cell with two compartments was applied for
ion permeation tests, as shown in Supplementary Fig. 26a. The mem-
brane facing the feed side was sealed in between two hollow silicon
pads with an opening of 1 cm in diameter, which was then clamped
between two compartments to afford a leak-free environment for
reliable permeation tests. The effective membrane area was 0.785 cm2

in this work. The feed and permeate reservoirs were filled with 50mL
aqueous salt solutions (0.2M KCl, NaCl, KCl, CaCl2, or MgCl2, unless
otherwise mentioned) and equivalent water, respectively. During the
permeation test, the two sides were magnetically stirred to minimize
concentration polarization. The concentration variation at permeate
side was monitored by a conductivity meter (MultiLab 540) to calcu-
late the ion permeation rate (P) using the following equations:

λ=ΔC ×Λm ð1Þ

P =ΔC ×V=ðA×ΔtÞ ð2Þ

where λ is the measured ion conductivity at permeate side, Λm is the
molar conductivity, ΔC is the liquid concentration at permeate side, V
is the volumeof solution at permeate side,A is the effectivemembrane
area, and Δt is the permeation time (24 h in this work).

Water flux and salt rejection tests of membranes
Water flux and salt rejection tests were carried out in forward osmosis
mode with a similar H-shaped cell configuration (Supplementary
Fig. 26b). The feed and draw compartments were filled with 0.1MNaCl
solution and 2M sucrose solution, respectively. The osmotic pressure
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generated by 2M sucrose was estimated to be 49 bar (at room tem-
perature) according to van’t Hoff equation:

π = c×R×T ð3Þ

where c is the molarity of the solution, R is the gas constant
(0.08206 L atm mol−1 K−1), T is the Kelvin temperature. The liquids in
both compartments were alsomagnetically stirred during the test. The
water flux (J) can be calculated according to the following equation:

J =ΔV=ðA×ΔtÞ ð4Þ

where ΔV is indicated by the liquid height change over time (Δt) at the
draw side, A is the effective membrane area.

Salt rejection (R) can be calculated based on the following equa-
tion:

R = 1� Cd=Cf ð5Þ

where Cd and Cf denote the salt concentration at the draw and feed
sides, respectively.

The initial pH value of Milli-Q water wasmeasured to be 5.7 in this
work, which was then defined as “neutral”water. For thewater flux and
salt rejection tests of ACN membrane under acidic and alkaline con-
ditions, the pH values of aqueous NaCl solution at the feed side were
adjusted to 2 and 12 by 1MHCl or NaOH solutions, respectively. In this
case, the concentration of Na+ at the draw side was quantitatively
determined by inductively coupled plasma-optical emission spectro-
metry (ICP-OES).

Computational details
Density functional theory (DFT) calculations were carried out using
CP2K quantum chemistry software package64; the nonlocal exchange
and correlation function in Hamiltonian were described by Perdew-
Burke-Ernzerhof (PBE) parametrization based on the generalized gra-
dient approximation (GGA). The van der Waals (vdW) interactions
were taken into account using the DFT-D3 method proposed by
Grimme65. The GTH potential and Molopt basis set (DZVP-MOLOPT-
SR-GTH) were adopted with an energy cutoff of 400 Ry66. In terms of
the geometric configuration optimization, both atomic position and
cell parameters were relaxed, with the maximum force being lower
than 4.5 × 10−4 Ha/bohr. A spin-polarized scheme was employed for all
the calculations. The adsorption energy (Ea) was calculated using the
following equation:

Ea = EðCN+KegginÞ � ECN � EKeggin ð6Þ

where E(CN+Keggin) and ECN are the total energies of the CN nanosheet
(model in Supplementary Fig. 5) with and without adsorbed Keggin
ions, respectively; EKeggin is the energy of adsorbed Keggin ions.

The calculation of Fukui index was performed by the following
equations:

f+ ðrÞ= ρN + 1ðrÞ � ρNðrÞ ð7Þ

f� ðrÞ=ρNðrÞ � ρN�1ðrÞ ð8Þ

Note that some of the studies adopted a perfectly stacked CN
model for DFT calculation, in which the graphitic carbon nitride
comprises an ideal tri-s-triazine-based 2D covalent bond network,
without structural defects. Such a hypothesized model, however, fails
to represent the real structure of CN. Practically, the imperfect 2D CN
framework (termed polymeric carbon nitride) composed of zig-zag

tri-s-triazine-based chains connected via intramolecular hydrogen
bonds can better reveal the in-plane staking mode.

Data availability
All data generated or analyzed during this study are included in this
published article and its supplementary information files.

References
1. Park, H. B., Kamcev, J., Robeson, L. M., Elimelech, M. & Freeman, B.

D. Maximizing the right stuff: the trade-off between membrane
permeability and selectivity. Science 356, eaab0530 (2017).

2. Werber, J. R., Osuji, C. O. & Elimelech, M. Materials for next-
generation desalination and water purification membranes. Nat.
Rev. Mater. 1, 16018 (2016).

3. Shen, J., Liu, G., Han, Y. & Jin, W. Artificial channels for confined
mass transport at the sub-nanometre scale. Nat. Rev. Mater. 6,
294–312 (2021).

4. Yang, Y. et al. Large-area graphene-nanomesh/carbon-nanotube
hybrid membranes for ionic and molecular nanofiltration. Science
364, 1057–1062 (2019).

5. Chen, L. et al. Ion sieving in graphene oxidemembranes via cationic
control of interlayer spacing. Nature 550, 380–383 (2017).

6. Xin, W., Jiang, L. & Wen, L. Two-dimensional nanofluidic mem-
branes toward harvesting salinity gradient power. Acc. Chem. Res.
54, 4154–4165 (2021).

7. Liu, G., Jin, W. & Xu, N. Graphene-based membranes. Chem. Soc.
Rev. 44, 5016–5030 (2015).

8. Karahan, H. E. et al. MXene materials for designing advanced
separation membranes. Adv. Mater. 32, 1906697 (2020).

9. Zheng, S., Tu, Q., Urban, J. J., Li, S. & Mi, B. Swelling of graphene
oxide membranes in aqueous solution: characterization of inter-
layer spacing and insight into water transport mechanisms. ACS
Nano 11, 6440–6450 (2017).

10. Nie, L. et al. Realizing small-flake graphene oxide membranes for
ultrafast size-dependent organic solvent nanofiltration. Sci. Adv. 6,
eaaz9184 (2020).

11. Liu, H., Wang, H. & Zhang, X. Facile fabrication of freestanding
ultrathin reduced graphene oxide membranes for water purifica-
tion. Adv. Mater. 27, 249–254 (2015).

12. Ong, W. J. et al. Graphitic carbon nitride (g-C3N4)-based photo-
catalysts for artificial photosynthesis and environmental remedia-
tion: are we a step closer to achieving sustainability? Chem. Rev.
116, 7159–7329 (2016).

13. Banerjee, T., Podjaski, F., Kröger, J., Biswal, B. P. & Lotsch, B. V.
Polymer photocatalysts for solar-to-chemical energy conversion.
Nat. Rev. Mater. 6, 168–190 (2021).

14. Zhao, T. et al. Ultrafast condensation of carbon nitride on elec-
trodes with exceptional boosted photocurrent and electro-
chemiluminescence. Angew. Chem. Int. Ed. 59, 1139–1143 (2020).

15. Liu, J. et al. Microcontact-printing-assisted access of graphitic car-
bon nitride films with favorable textures toward photoelec-
trochemical application. Adv. Mater. 27, 712–718 (2014).

16. Xiao, K., Giusto, P., Wen, L., Jiang, L. & Antonietti, M. Nanofluidic
ions transport and energy conversion through ultrathin free-
standing polymeric carbon nitride membranes. Angew. Chem. Int.
Ed. 57, 10123–10126 (2018).

17. Xu, J. et al. Liquid-based growth of polymeric carbon nitride layers
and their use in a mesostructured polymer solar cell with Voc

exceeding 1 V. J. Am. Chem. Soc. 136, 13486–13489 (2014).
18. Zhang, J. et al. Laser-drivengrowthof structurally defined transition

metal oxide nanocrystals on carbon nitride photoelectrodes in
milliseconds. Nat. Commun. 12, 3224 (2021).

19. Qin, J. et al. Direct growth of uniform carbon nitride layers with
extended optical absorption towards efficient water-splitting pho-
toanodes. Nat. Commun. 11, 4701 (2020).

Article https://doi.org/10.1038/s41467-022-35120-9

Nature Communications |         (2022) 13:7339 8



20. Wang, Y., Gao, B., Yue, Q. & Wang, Z. Graphitic carbon nitride (g-
C3N4)-based membranes for advanced separation. J. Mater. Chem.
A 8, 19133–19155 (2020).

21. Jia, C. et al. Graphitic carbon nitride films: emerging paradigm for
versatile applications. ACS Appl. Mater. Inter. 12,
53571–53591 (2020).

22. Cui, Y. et al. Emerging graphitic carbon nitride-based membranes
for water purification. Water Res. 200, 117207 (2021).

23. Wang, Y. et al. Water transport with ultralow friction through par-
tially exfoliated g-C3N4 nanosheetmembraneswith self-supporting
spacers. Angew. Chem. Int. Ed. 56, 8974–8980 (2017).

24. Ran, J. et al. Endowing g-C3N4 membranes with superior perme-
ability and stability by using acid spacers.Angew.Chem. Int. Ed. 131,
16615–16620 (2019).

25. Zhao, H. et al. Integration of microfiltration and visible-light-driven
photocatalysis on g-C3N4 nanosheet/reduced graphene oxide
membrane for enhanced water treatment. Appl. Catal. B 194,
134–140 (2016).

26. Zhang, Q. et al. Constructing a visible-light-driven photocatalytic
membrane by g-C3N4 quantum dots and TiO2 nanotube array for
enhanced water treatment. Sci. Rep. 7, 3128 (2017).

27. Chen, J. X. et al. Synthesis and characterization of g-C3N4 nanosheet
modified polyamide nanofiltration membranes with good
permeation and antifouling properties. RSC Adv. 6,
112148–112157 (2016).

28. Wang, Y. Q. et al. Graphene oxidemodified graphitic carbon nitride
as amodifier for thin film composite forward osmosismembrane. J.
Membr. Sci. 475, 281–289 (2015).

29. Gao, X. et al. Highly permeable and antifouling reverse osmosis
membranes with acidified graphitic carbon nitride nanosheets as
nanofillers. J. Mater. Chem. A 5, 19875–19883 (2017).

30. Li, X. et al. A review on graphitic carbon nitride (g-C3N4) based
hybrid membranes for water and wastewater treatment. Sci. Total
Environ. 792, 19133–19155 (2021).

31. Zheng, T. et al. Two-dimensional graphitic carbon nitride for
membrane separation. Chin. J. Chem. Eng. 42, 297–311 (2022).

32. Wang, X. et al. A metal-free polymeric photocatalyst for hydrogen
production from water under visible light. Nat. Mater. 8,
76–80 (2009).

33. Kessler, F. K. et al. Functional carbon nitride materials-design
strategies for electrochemical devices. Nat. Rev. Mater. 2,
17030 (2017).

34. Wang, Y. et al. Graphite phase carbon nitride membrane for
selective permeation. Nat. Commun. 10, 2500 (2019).

35. Gopinadhan, K. et al. Complete steric exclusion of ions and proton
transport through confined monolayer water. Science 363,
145–148 (2019).

36. Zheng, Y., Lin, L., Wang, B. & Wang, X. Graphitic carbon nitride
polymers toward sustainable photoredox catalysis. Angew. Chem.
Int. Ed. 54, 12868–12884 (2015).

37. Lan, H. et al. Hydrogen-bond-mediated self-assembly of carbon-
nitride-based photo-Fenton-like membranes for wastewater treat-
ment. Environ. Sci. Technol. 53, 6981–6988 (2019).

38. Wen, K. et al. Arrangement models of Keggin-Al30 and Keggin-Al13
in the interlayer of montmorillonite and the impacts of pillaring on
surface acidity: a comparative study on catalytic oxidation of
toluene. Langmuir 35, 382–390 (2019).

39. Abeysinghe, S., Unruh, D. K. & Forbes, T. Z. Surface modification of
Al30 Keggin-type polyaluminum molecular clusters. Inorg. Chem.
52, 5991–5999 (2013).

40. Zhu, J. et al. Keggin-Al30 pillared montmorillonite. Micropor.
Mesopor. Mat. 242, 256–263 (2017).

41. Yang, S. et al. Exfoliated graphitic carbon nitride nanosheets as
efficient catalysts for hydrogen evolution under visible light. Adv.
Mater. 25, 2452–2456 (2013).

42. Zhu, J. et al. Superior thermal stability of Keggin-Al30 pillared
montmorillonite: a comparative study with Keggin-Al13 pillared
montmorillonite. Micropor. Mesopor. Mat. 265, 104–111 (2018).

43. Wang, S. et al. A nanohybrid self-assembled fromexfoliated layered
vanadium oxide nanosheets and Keggin Al13 for selective catalytic
oxidation of alcohols. Dalton Trans. 49, 2559–2569 (2020).

44. Joshi, R. K. et al. Precise and ultrafast molecular sieving through
graphene oxide membranes. Science 343, 752–754 (2014).

45. Abraham, J. et al. Tunable sieving of ions using graphene oxide
membranes. Nat. Nanotechnol. 12, 546–550 (2017).

46. Chekli, L. et al. A comprehensive review of hybrid forward osmosis
systems: performance, applications and future prospects. J.
Membr. Sci. 497, 430–449 (2016).

47. Chi, H. Y. et al. Unblocking ion-occluded pore channels in poly(-
triazine imide) framework for proton conduction.Angew. Chem. Int.
Ed. 61, e202207457 (2022).

48. Foglia, F. et al. Aquaporin-like water transport in nanoporous crys-
talline layered carbon nitride. Sci. Adv. 6, eabb6011 (2020).

49. Wang, W. et al. Direct atomic-scale structure and electric field
imaging of triazine-based crystalline carbon nitride. Adv. Mater. 33,
2106359 (2021).

50. Khabibulin, D. F. et al. Surface hydroxyl OH defects of η-Al2O3 and
χ-Al2O3 by solid state NMR, XRD, and DFT calculations. Z. Phys.
Chem. 231, 809–825 (2017).

51. Isobe, T., Watanabe, T., d’Espinose de la Caillerie, J. B., Legrand, A.
P. & Massiot, D. Solid-state 1H and 27Al NMR studies of amorphous
aluminum hydroxides. J. Colloid Interf. Sci. 261, 320–324 (2003).

52. Aramendia,M.A. et al. XRD and 1HMASNMRspectroscopic studyof
mixed oxides obtained by calcination of layered-double hydro-
xides. Mater. Lett. 46, 309–314 (2000).

53. Sideris, P. J., Nielsen, U. G., Gan, Z. & Grey, C. P. Mg/Al ordering in
layered double hydroxides revealed by multinuclear NMR spec-
troscopy. Science 321, 113–117 (2008).

54. Grünberg, B. et al. Hydrogen bonding of water confined in meso-
porous silica MCM-41 and SBA-15 studied by 1H solid-state NMR.
Chem. Eur. J. 10, 5689–5696 (2004).

55. Lu, C. et al. In situ characterization of dehydration during ion
transport in polymeric nanochannels. J. Am. Chem. Soc. 143,
14242–14252 (2021).

56. Fitzgerald, J. J., Piedra, G. P., Dec, S. F., Seger, M. & Maciel, G. E.
Dehydration studies of a high-surface-area alumina (pseudo-boeh-
mite) using solid-state 1H and 27Al NMR. J. Am. Chem. Soc. 119,
7832–7842 (1997).

57. Li, S. et al. Brønsted/Lewis acid synergy in dealuminatedHY zeolite:
a combined solid-state NMR and theoretical calculation study. J.
Am. Chem. Soc. 129, 11161–11171 (2007).

58. Hunger, M., Ernst, S., Steuernagel, S. & Weitkamp, J. High-field 1H
MAS NMR investigations of acidic and non-acidic hydroxyl groups
in zeolites H-Beta, H-ZSM-5, H-ZSM-58 and H-MCM-22. Micropor.
Mat. 6, 349–353 (1996).

59. Chen, Z., Luan, Z., Jia, Z. & Li, X. On the acid-base stability of Keggin
Al13 and Al30 polymers in polyaluminum coagulants. J. Mater. Sci.
44, 3098–3111 (2009).

60. Trebosc, J., Wiench, J. W., Huh, S., Lin, V. S. Y. & Pruski, M. Solid-
state NMR study of MCM-41-type mesoporous silica nanoparticles.
J. Am. Chem. Soc. 127, 3057–3068 (2005).

61. Chen, Z. et al. Evaluation of Al30 polynuclear species in poly-
aluminum solutions as coagulant for water treatment. Chemo-
sphere 64, 912–918 (2006).

62. Jardine, P. M. & Zelazny, L. W. Mononuclear and polynuclear alu-
minum speciation through differential kinetic reactions with ferron.
Soil Sci. Soc. Am. J. 50, 895–900 (1986).

63. Parker, D. R. & Bertsch, P. M. Identification and quantification of the
“Al13” tridecameric polycation using ferron. Environ. Sci. Technol.
26, 908–914 (1992).

Article https://doi.org/10.1038/s41467-022-35120-9

Nature Communications |         (2022) 13:7339 9



64. Kuehne, T. D. et al. CP2K: an electronic structure and molecular
dynamics software package-quickstep: efficient and accurate
electronic structure calculations. J. Chem. Phys. 152,
194103 (2020).

65. Grimme, S., Antony, J., Ehrlich, S. & Krieg, H. A consistent and
accurate ab initio parametrization of density functional dispersion
correction (DFT-D) for the 94 elements H-Pu. J. Chem. Phys. 132,
154104 (2010).

66. VandeVondele, J. & Hutter, J. Gaussian basis sets for accurate cal-
culations on molecular systems in gas and condensed phases. J.
Chem. Phys. 127, 114105 (2007).

67. Taoufik, M. et al. Heteronuclear NMR spectroscopy as a surface-
selective technique: a unique look at the hydroxyl groups of
γ-alumina. Chem. Eur. J. 20, 4038–4046 (2014).

Acknowledgements
Y.W. thanks the Alexander von Humboldt Foundation for a postdoctoral
fellowship. This work was financially supported by the Max Planck
Society.

Author contributions
Y.W. and M.A. conceived the project. Y.W. synthesized the precursors,
fabricated the membranes, and carried out the permeation tests. T.L.
helped in the ion permeation measurement. N.V.T. contributed to
electron microscopy experiments and data processing. J.Y. analyzed
membrane structure andpermeation results. Y.W. andM.A. analyzed the
data and wrote the manuscript with input from all authors. All authors
discussed the results and commented on the manuscript.

Funding
Open Access funding enabled and organized by Projekt DEAL.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-022-35120-9.

Correspondence and requests for materials should be addressed to
Yang Wang or Markus Antonietti.

Peer review information Nature Communications thanks Mostapha
Dakhchoune and the other, anonymous, reviewer(s) for their contribu-
tion to the peer review of this work. Peer reviewer reports are available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2022

Article https://doi.org/10.1038/s41467-022-35120-9

Nature Communications |         (2022) 13:7339 10

https://doi.org/10.1038/s41467-022-35120-9
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Lamellar carbon nitride membrane for enhanced ion sieving and water desalination
	Results
	Subnanochannel activation and conformal packing of CNs
	Assembly and stability assessment of lamellar ACN membrane
	Ion sieving and water desalination of CN and ACN membranes
	Tunable permeation behavior in ACN membrane

	Discussion
	Methods
	Chemicals and reagents
	Preparation of polymeric carbon nitride (CN) and CN nanosheet
	Preparation and analyses of Keggin Al13 and Al30
	Preparation of Al30-CN and Al13-CN powder
	Preparation of CN and Al30-CN membranes
	Membrane stability test
	Ion permeation tests of membranes
	Water flux and salt rejection tests of membranes
	Computational details

	Data availability
	References
	Acknowledgements
	Author contributions
	Funding
	Competing interests
	Additional information




