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ABSTRACT: Covalent triazine framework (CTF) nanosheets
featured with uniform intrinsic nanoporosity and excellent stability
are promising building blocks for fast, selective membranes.
However, it remains challenging to produce ultrathin CTF
nanosheets, significantly hindering the development of CTF-
based membranes. Herein, we develop a mild oxidation strategy to
exfoliate CTFs, enabling the preparation of highly permeable
membranes with stacked CTF nanosheets as the selective layers.
The interlamellar spacing of CTF is effectively expanded following
the mechanism of “proton donating−accepting” in which dimethyl
sulfoxide (DMSO) works as a soft oxidant, leading to ultrathin
CTF nanosheets with the assistance of ultrasonication. Further-
more, oxygen-containing functional groups are also introduced onto the CTF nanosheets through mild oxidation, improving surface
hydrophilicity. The CTF nanosheet can be stacked onto porous substrates by vacuum filtration to form composite membranes with
the thickness of the stacked CTF nanosheets down to ∼30 nm. Thus-obtained membranes exhibit impressive dye separation
performances with both high water permeance and high rejection. This work provides not only an efficient method to synthesize
ultrathin CTF nanosheets but also a process to prepare fast but selective membranes for molecular separations.
KEYWORDS: covalent triazine frameworks (CTFs), mild oxidation, two-dimensional (2D) materials, membrane separation,
nanofiltration

1. INTRODUCTION

Covalent triazine frameworks (CTFs) are a distinguished type
of nanoporous framework materials composed of triazine units,
which have attracted ever-increasing attention since they were
first reported in 2008.1 The robust conjugated structures as
well as the porous nature endow CTFs with diverse
characteristics, such as permanent nanoporosity and excellent
thermal and chemical stability.2−5 These advantages allow
CTFs to have promising applications including molecular
recognition,6 energy storage,7−9 catalysis,10−12 separation,13−16

and so on. Typically, CTFs feature a two-dimensional (2D)
configuration, in which the triazine units are covalently linked
to form in-plane 2D sheets, and the sheets are perpendicularly
stacked into laminar structures via the van der Waals
interaction. Owing to the laminar structures, 2D CTFs are
expected to be exfoliated into a few- or even single-layered
nanosheets by top-down strategies. The ultrathin CTF
nanosheets with highly ordered in-plane pores can be
considered as very promising building blocks to construct
advanced membranes for molecular separations. The mem-
branes constructed by stacking ultrathin CTF nanosheets
possess both interlayered channels and their intrinsic in-plane
pores, and these pores exhibit more unique nanofluidic
behaviors, enabling unprecedented separation performances.

In typical top-down strategies, CTF crystal bulks with a well-
defined laminar structure are first required to be synthesized.
To this end, a number of synthetic protocols have been
established, such as ionothermal synthesis,1,17,18 superacid
catalysis,16,19 Schiff-base polycondensation,20 and Friedel−
Crafts reaction.21,22 Unfortunately, CTFs obtained from these
methods usually do not have a laminar structure, and they are
difficult to be exfoliated into ultrathin nanosheets. To tackle
this issue, Xu and co-workers23,24 developed a novel strategy of
interfacial synthesis, in which the monomer dissolved in an
organic solvent and the catalyst itself served as two immiscible
phases so that CTF was formed at the interfaces. In their
strategy, the immiscibility provides abundant dynamic
interfaces, leading to CTFs with distinct laminar structures
following a mechanism of van der Waals epitaxial growth. By
micromechanical cleavage and liquid exfoliation, these laminar
CTFs can be relatively easily disassembled to give a few- or
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even single-layered CTF nanosheets.23,24 However, because
the stable π-conjugation of triazine units is difficult to break via
direct exfoliation of CTF bulks, it is very challenging to
effectively obtain single-layered ultrathin nanosheets.
We noticed that Staudenmaier25 and Hummers26,27 methods

have been extensively used for lamellar graphite to afford
functionalized graphene oxide (GO), and the single-layered
nanosheets can be subsequently obtained after the exfoliation
of GO. The graphite was functionalized by an oxidation
process, in which the strong oxidizing agents (i.e., potassium
permanganate and sulfuric acid) would directly break their
highly conjugated structure to some extent, producing
numerous oxygen-containing functional groups on GO nano-
sheets. These groups not only significantly expended inter-
lamellar spacings of GO nanosheets but also improved surface
hydrophilicity. Hence, thus-obtained GO nanosheets can be
much easily exfoliated into single-layered nanosheets by
sonication treatment compared to the exfoliation of pristine
graphite. Therefore, similar to the oxidation of graphite to
produce GO, CTFs with a highly conjugated structure could
also be oxidized via some suitable strategies. A representative
work was recently reported by Fan and co-workers,28 who
developed an acid−base-driven intercalation reaction to
exfoliate CTF-1 into single- and few-layered nanosheets. It
was found that CTF-1 was reversibly intercalated by the strong
acids, so that the intercalated compounds can interact with
nitronium ions and CTF-1 would be easily exfoliated into
nanosheets. However, these strong oxidizing acids may
potentially affect the chemical and crystalline structures of
CTF nanosheets. Mild and more effective exfoliation strategies
are highly desirable for ultrathin CTF nanosheets.
Herein, we report a one-step strategy to functionalize CTFs

by a mild oxidation approach (Scheme 1), in which the
interlamellar spacing of CTFs can be effectively expanded,
benefitting the generation of single-layered nanosheets after an
ultrasonic exfoliation treatment. Moreover, the mild oxidation
has almost no effect on chemical and crystalline characteristics
of CTF nanosheets. The crystalline CTF bulks with laminar
structures were produced by an interfacial synthesis, and the
oxidation process was triggered by a mechanism of “proton
donating−accepting” using dimethyl sulfoxide (DMSO) as a
soft oxidant. Benefiting from the introduced oxygen-containing
functional groups, the thus-oxidized CTF not only possessed
expanded interlamellar spacing of ∼0.39 nm but also improved
the surface hydrophilicity. The single-layered CTF nanosheets
with a thickness of ∼1.1 nm could be obtained after an
ultrasonication-assisted liquid exfoliation. The ultrathin nano-
sheets were vacuum-filtrated onto porous substrates to
construct the CTF-nanosheet membranes, and thus-prepared

composite membranes exhibited excellent dye separation
performance with both high water permeance and high dye
rejection.

■ 2. EXPERIMENTAL SECTION
2.1. Materials. Unless otherwise indicated, all chemical reagents

are all of analytical grade and used without further purification. 1,4-
Dicyanobenzene (DCB) and trifluoromethanesulfonic acid
(CF3SO3H) were obtained from Tokyo Chemical Industry Co.,
Ltd. Dichloromethane (CH2Cl2), dimethyl sulfoxide (DMSO), N,N-
dimethylformamide (DMF), ethanol, and various dyes were obtained
from Sinopharm Chemical Reagent Co., Ltd. Anodic aluminum oxide
(AAO) substrates with the average pore size of 20 nm were purchased
from Whatman. Deionized water (Wahaha Co., Ltd.) was used
throughout this work.

2.2. Interfacial Synthesis of CTFs. CTFs were synthesized
according to a literature report.24 First, 200 mg of DCB was added
into 20 mL of CH2Cl2 followed by an ultrasonic treatment for 5 min
to obtain a clear monomer solution. Then, 1 mL of CF3SO3H was
introduced into a predried 250 mL round-bottom flask. Subsequently,
the DCB solution was transferred into a drop funnel and added slowly
to the flask at 100 °C for 4 h with vigorous stirring. The reaction was
refluxed and kept for another 2 h until the yellow CTF crystals around
the flask wall no longer generated. After quenching the reaction by
ethanol, the resultant product was collected by filtration, washed with
DMF, and dried under vacuum at 120 °C overnight to afford shining
yellow bulks.

2.3. Mild Oxidation of CTFs. Typically, 100 mg of CTF bulks
and 0.5 mL of CF3SO3H were added into a 150 mL round-bottom
flask in sequence, and then, 50 mL of DMSO was introduced into
those mixtures dropwise to initiate the proton donating−accepting
process. The reaction was stirred and refluxed at 100 °C for 30 h.
After the reaction was terminated by ethanol quenching, the as-
oxidized product was collected by filtration, washed with water, and
further freeze−dried overnight to afford brown bulks.

2.4. Preparation of CTF-Nanosheet Membranes. Prior to
membrane fabrication, the dispersion of oxidized CTF nanosheets was
prepared. A flask charged with 100 mg of oxidized CTF bulks and 250
mL of DMSO was subjected to an ultrasonic treatment (300 W) for
30 min. The mixture was then centrifuged at 8000 rpm for 10 min to
remove the unexfoliated bulks, and the supernatant was collected as
the resultant oxidized CTF-nanosheet dispersion with a concentration
of about 0.064 mg·mL−1. For the comparison, the pristine CTF
nanosheets were also prepared by the same procedure using
unoxidized CTFs.

The oxidized CTF-nanosheet membranes were fabricated by
vacuum filtration of various dosages of oxidized CTF-nanosheet
dispersions onto AAO substrates with different deposition densities of
0.13, 0.19, 0.32, 0.62, and 1.28 mg·cm−2. Considering that the CTF
nanosheets were very thin and highly porous, the relatively low
pressure of 0.1 bar was used to guarantee the effective formation of an
integrated selective layer. As-prepared composite membranes were
dried at room temperature overnight for further use. As a control, the
pristine CTF-nanosheet membranes were constructed by the same

Scheme 1. Schematic Illustration of the Interfacial Synthesis, Mild Oxidation of CTFs, and the CTF-Nanosheet Membranes
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procedure using unoxidized CTF nanosheets at a deposition density
of 0.32 mg·cm−2.
2.5. Characterizations. Fourier transform infrared (FTIR)

spectra were collected in the transmission mode on a Nicolet 8700
infrared spectrometer. Powder X-ray diffraction (XRD) patterns were
recorded on a Rigaku Smart Lab X-ray diffractometer at room
temperature with a Cu Kα radiation (λ = 0.15418 nm). The scanning
range was 5−40° with a scanning rate of 0.02° s−1. Raman spectra
were recorded on a HORIBA LabRAM HR800 spectrometer with a
laser wavelength of 633 nm. Diffuse reflectance spectra (DRS) of the
monomer and different CTFs were carried out on an ultraviolet−
visible−near-infrared (UV−vis−NIR) spectrophotometer (UV-3600,
Shimadzu). Thicknesses of nanosheets were measured by an atomic
force microscope (AFM, XE-100, Park systems) at a noncontact
mode. The samples were prepared by drop-coating nanosheet
dispersions onto silicon wafers. Field emission scanning electron
microscopy (SEM, Hitachi S-4800) was carried out at an accelerating
voltage of 3 kV to observe the surface and cross-sectional
morphologies of the samples. All samples were sputter-coated with
a thin layer of gold under vacuum to enhance their conductivity prior
to SEM examination. Morphologies of CTFs were also observed by a
transmission electron microscope (TEM, Tecnai 12, FEI) and a high-
resolution transmission electron microscope (HRTEM, Tecnai G2
F30 S-Twin, FEI) with the accelerating voltages of 120 and 300 kV,
respectively. Samples were prepared by dropping nanosheet
dispersions onto carbon-coated copper grids. The surface zeta
potentials of membranes were recorded by an electrokinetic analyzer
(SurPASS, Anton Paar GmbH) using a 1 mmol·L−1 KCl aqueous
solution as the background electrolyte solution. Water contact angles
(WCAs) of membranes were measured on a contact angle goniometer
(Drop Meter A100P, MAIST), and three different positions were
measured to obtain the average value. Zeta potentials of various dye
molecules were measured by a Malvern Zetasizer Nano ZS ZEN3600
system, and each sample was tested at least three times to obtain the
average value.
2.6. Separation Performance Evaluation. Membrane separa-

tion performance was tested in a filtration cell (Amicon 8003,
Millipore) under a transmembrane pressure of 1.5 bar at room
temperature. All membranes were first stabilized at the same pressure
for at least 30 min to obtain a steady water permeance. The water
permeance (J, L·m−2·h−1·bar−1) was calculated as follows

= Δ Δ ΔJ V A t P/( )

where ΔV (L) is the volume of the permeate solution, A (m2) is the
effective area of membranes, Δt (h) is the filtration time, and ΔP
(bar) is the applied pressure in the test.

Dye molecules and inorganic salt rejection rates can be calculated
by the following equation

= − ×R C C(1 / ) 100%p f

where Cp and Cf are the concentrations of the permeated and feed
solutions, respectively. The volumes of the feed and permeated
solutions were 4 and 2 mL, respectively. A UV−vis spectropho-
tometer (Nanodrop 2000c, Thermo Fisher Scientific) and a
conductivity meter (S230-K, Mettler-Toledo) were used to determine
the concentrations of dye molecules and inorganic salts, respectively.

3. RESULTS AND DISCUSSION
3.1. Confirmation of the Mild Oxidation. CTFs were

synthesized by a superacid catalyzed interfacial synthesis.
Owing to the immiscibility between the solvent CH2Cl2 and
the catalyst CF3SO3H, the reaction mixture can be transformed
into an emulsion form under drastic stirring, in which
abundant dynamic interfaces could be generated. Therefore,
CTF bulks with distinct laminar structures can be created via
the interface-driven van der Waals epitaxial growth (Figure
S1). To obtain single-layered nanosheets, we oxidized CTF
bulks following a mechanism of proton donating−accepting
using CF3SO3H as a donor and DMSO as an acceptor29

(Figure 1). As shown in Figure 1b, the interaction mechanism
can be described as follows. First, the heterocyclic effect of the
nitrogen atoms in CN bonds of triazine rings enables free
protons around the carbon atoms within the triazine rings.
Afterward, DMSO with a mild oxidability is capable of
accepting the generated free protons around the carbon atoms,
forming the intermediates. Finally, owing to the strong proton-
donating characteristic of CF3SO3H, the thus-donated proton
could bind those intermediates, further breaking the stable
CN bonds, creating oxygen-containing groups as well.

Figure 1. Schematic diagram of the mild oxidation of CTFs. (a) Synthetic scheme of the oxidized CTF (inset shows corresponding appearances of
different CTF bulks). (b) Interaction mechanism of the oxidation process.
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As shown in Figure 2a, after the trimerization reaction, the
stretching vibration peak belonging to the monomer (2230
cm−1) disappeared, and the characteristic vibration peaks
belonging to CTF (1349, 1480, and 1520 cm−1) emerged,
indicating the complete conversion of nitrile groups into
triazine units. After the mild oxidation, the color of oxidized
CTFs changed from shinning yellow (pristine CTFs) to brown
(insets of Figure 1a), and the successful oxidation of triazine
groups can be verified by the appearance of a characteristic
peak of oxygen-containing groups (CO, 1650 cm−1).
Furthermore, the occurrence of oxidation was also confirmed
by the DRS (Figure S2). Compared with that of the monomer,
the maximum absorption wavelength of CTFs was shifted from
ultraviolet to the visible-light region due to the creation of π-
conjugated structures in their backbones. After oxidation, the
maximum absorption wavelength of CTF has a slight blue-
shift, implying that partially disordered domains were
generated. Therefore, the results from FTIR and DRS
demonstrated that the mild oxidation just partially affects the
chemical compositions of CTFs.
To further investigate the effects of mild oxidation on the

crystalline structures of CTFs, XRD was performed. As shown
in Figure 2b, XRD patterns of CTFs before and after oxidation
both exhibit characteristics diffraction peaks, indicative of the
good crystallinities. It is notable that, after oxidation, the
diffraction peak of (001) planes shifted from 26 to 22.9°. This
result implies that the interlamellar spacing of adjacent
crystallographic planes was effectively expanded by the
oxygen-containing groups originating from the oxidation, and
their spaces can be calculated as ∼0.39 nm. Moreover, the in-
plane apertures of CTFs still maintain their original regularity
after the oxidation, as there is no obvious variation of the
corresponding diffraction peaks of (100) planes, thus
suggesting the efficiency of this mild oxidation process. We
also used Raman spectroscopy to further investigate chemical
structure characteristics of those CTFs. As shown in Figure 2c,

the D bands at 1385 cm−1 and G bands at 1575 cm−1 of CTFs
correspond to their atactic and conjugated structures,
respectively. After oxidation, the ID/IG ratio increased from
0.29 to 0.57, evidencing that some amorphous structures were
formed after the oxidation. Nonetheless, the oxidized CTFs
still maintained their crystalline structures as demonstrated in
the XRD pattern. Based on the aforementioned spectroscopy
results, we can conclude that the proton donating−accepting
process leads to the partially oxidized CTFs, without
significantly compromising their original chemical and
crystalline structures. More importantly, the interlamellar
spacing can be effectively expanded by the created oxygen-
containing groups compared to that of pristine CTFs, which is
beneficial for their highly efficient exfoliation toward single-
layered nanosheets.
To analyze the microstructures of the CTFs and their

exfoliated nanosheets, we conducted the AFM, TEM, and
HRTEM tests. According to Xu and co-workers,23,24 the
thickness of single-layered pristine CTF nanosheets is ∼0.9
nm. In consideration of the fact that the interlamellar spacing
can be expanded by the generated oxygen-containing groups,
the thickness of a single-layered oxidized CTF nanosheet
might be slightly increased to ∼1 nm. Interestingly, we
obtained an oxidized, unexfoliated CTF flake (Figure 2d). At
the edge of this flake, a double-deck structure can be observed,
and the thickness of each layer was ∼1 nm. Similarly, a few-
layered unexfoliated CTF flake was also observed in the TEM
image (Figure 2e). As shown in its HRTEM image (inset in
Figure 2e), the interlamellar spacing can be measured to be
∼0.38 nm, which is consistent with that of 0.39 nm from the
XRD result. We further used ultrasonication-assisted liquid
exfoliation to afford the ultrathin CTF nanosheets. As shown in
Figure 2f, a CTF nanosheet with the average thickness of ∼1.1
nm can be obtained, which can be considered as a single-
layered nanosheet. In contrast, the thickness of a nanosheet
exfoliated from the pristine CTF bulk was ∼2.3 nm (Figure

Figure 2. Characteristics of CTFs before and after oxidation. (a) FTIR spectra, (b) XRD patterns, and (c) Raman spectra of the monomer (DCB),
pristine, and oxidized CTFs. (d) AFM image of the oxidized CTF bulk (inset shows its corresponding height profile). (e) TEM image of the
oxidized CTF bulk (inset shows its HRTEM image). (f) AFM image of the exfoliated single-layered CTF nanosheet (inset shows its corresponding
height profile).
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S3). Besides, as shown in AFM images (Figures 2d,f and S3),
the CTF nanosheets have large radial dimensions, which can
be estimated to be on the scale of a few microns. Therefore, we
conclude that the mild oxidation is capable of generating
single-layered CTF nanosheets. It should be highlighted that
though there are some reports on the exfoliation of CTF
nanosheets, the single-layered nanosheets are generally difficult

to obtain.23,24,30 In the current work, single-layered CTF
nanosheets can be effectively obtained, with their chemical and
crystalline characteristics not being significantly affected by the
oxidation. In addition, due to the relatively limited crystallinity
of currently reported CTFs, there still remain some amorphous
structures. Thereby, exfoliating CTFs into plentiful and totally
single-layered CTF nanosheets yet remains challenging.

Figure 3. Microstructures and surface properties of different membranes. (a) Surface and (b) cross-sectional SEM images of oxidized CTF-
nanosheet membranes with the deposition density of 0.32 mg·cm−2. (c) WCAs and (d) zeta potentials of the pristine and oxidized CTF-nanosheet
membranes.

Figure 4. Separation performance of oxidized CTF-nanosheet membranes. (a) Dimensions of Congo red, chrome black T, acid fuchsin, and methyl
orange. (b) Effects of various deposition densities on water permeance and acid fuchsin rejection. (c) Rejection of the oxidized CTF-nanosheet
membranes toward different dyes.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://dx.doi.org/10.1021/acsami.0c03246
ACS Appl. Mater. Interfaces 2020, 12, 18944−18951

18948

http://pubs.acs.org/doi/suppl/10.1021/acsami.0c03246/suppl_file/am0c03246_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c03246/suppl_file/am0c03246_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.0c03246?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c03246?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c03246?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c03246?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c03246?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c03246?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c03246?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c03246?fig=fig4&ref=pdf
www.acsami.org?ref=pdf
https://dx.doi.org/10.1021/acsami.0c03246?ref=pdf


Nonetheless, we have verified that such a mild oxidation
strategy can effectively generate single-layered CTF nano-
sheets, and this mild oxidation strategy is expected to be
further optimized and thus serve as a highly efficient procedure
for the preparation of single-layered CTF nanosheets.
3.2. Microstructures and Surface Properties of

Stacked CTF Nanosheets. After obtaining the ultrathin
CTF nanosheets by mild oxidation, we then use them as
building blocks to construct composite membranes by vacuum
filtration of CTF nanosheets onto porous AAO substrates. As
shown in Figure 3a, a relatively smooth and continuous surface
can be observed after depositing the oxidized CTF nanosheets
onto the substrate at a density of 0.32 mg·cm−2. In its cross-
sectional view (Figure 3b), a selective layer composed of
tightly stacked nanosheets with a very thin thickness of ∼77
nm was formed. To further investigate the flexibility and
controllability of the membrane construction process, we
prepared a series of oxidized CTF-nanosheet membranes with
various deposition densities. As shown in Figure S4, as the
deposition densities varied from 0.13 to 1.28 mg·cm−2, the
thicknesses of the selective layers increased from ∼30 to ∼340
nm accordingly. It is worth noting that the variations of
thicknesses are well proportional to the deposition density
changes, evidencing not only that the membrane construction
process is highly controllable but also the vital role ultrathin
oxidized CTF nanosheets play. Therefore, we thus conclude
that the produced ultrathin nanosheets endow the oxidized
CTF-nanosheet membranes with great advantages, that is,
more tightly stacked selective layers with fine-tunable
thicknesses. This would render oxidized CTF-nanosheet
membranes with precise separation capability for target
molecules, which is essential for high-performance separation
membranes.
To understand the effects of mild oxidation on the

membrane surface properties, we investigated their hydro-
philicity and surface charging characteristic by WCA and zeta
potential tests. As shown in Figure 3c, the WCA of the
oxidized CTF-nanosheet membrane decreases to ∼58°
compared with that of the pristine CTF-nanosheet membrane
(∼85°). This is because abundant oxygen-containing groups
were created on the oxidized CTF nanosheets after oxidation,
leading to the enhanced hydrophilicity. The zeta potential of
the CTF-nanosheet membrane is much lower than that of the
pristine CTF-nanosheet membrane, especially in a neutral
environment. This also can be attributed to the presence of a
large amount of oxygen-containing groups, resulting in
strengthened negative charges. The negatively charged
membrane surfaces are able to repulse the molecules with
the same charging properties, enhancing the membrane
separation performances.
3.3. Separation Performances of CTF-Nanosheet

Membranes. The separation performances were tested
using four kinds of dyes (Congo red, chrome black T, acid
fuchsin, and methyl orange) as the model compounds, and
their dimensions and negatively charged properties are
presented in Figures 4a and S5, respectively.31−33 To
illuminate the structure−performance relationship, we first
investigated the effects of various deposition densities on water
permeance and acid fuchsin rejection. As shown in Figure 4b,
with the deposition densities of oxidized CTF nanosheets
varying from 0.13 to 0.32 mg·cm−2, the rejection of acid
fuchsin sharply increased from 43.3 to 92.4%, while the water
permeance correspondingly decreased from 384.7 to 64.9 L·

m−2·h−1·bar−1. At lower deposition densities, the porous
substrates could not be completely covered by the oxidized
CTF nanosheets. Thus-existing inevitable defects would lead
to the compromised separation performance of a large water
permeance and a low acid fuchsin rejection. As the deposition
density reached 0.32 mg·cm−2, these nonselective defects of
the selective layer could be significantly eliminated, the
separation performance was improved accordingly with a
water permeance of 64.9 L·m−2·h−1·bar−1, and the acid fuchsin
rejection was 92.4%. When the deposition densities further
increased to 0.62 and 1.28 mg·cm−2, the thicknesses of
membranes radically enlarged to 128 and 343 nm, respectively,
which are much thicker than that of the membrane prepared
from the deposition density of 0.32 mg·cm−2. As a
consequence, the large thicknesses would result in a larger
water transport resistance; thus, the water permeances of those
membranes progressively decreased to 1.4 L·m−2·h−1·bar−1,
while the acid fuchsin rejections slightly increased to 97.6%.
Therefore, the separation performance variation tendencies
were in good agreement with those of the membrane
thicknesses changes, demonstrating the highly relevant
relationship between the membrane structure and perform-
ance.
To better understand the structure−performance relation-

ship, we thus investigated the rejection characteristics of the
oxidized CTF-nanosheet membrane using four model
compounds with different molecular weights. As shown in
Figure 4c, the membrane can effectively reject chrome black T
(97.4%), acid fuchsin (92.4%), and Congo red (97.9%).
Because the intrinsic in-plane pore size of CTFs was calculated
to be ∼1.4 nm, molecular sizes larger than that could be
excluded, such as chrome black T (1.55 nm × 0.34 nm × 0.88
nm) and Congo red (2.56 nm × 0.73 nm × 1.13 nm).
Interestingly, the rejection rate of acid fuchsin with a smaller
size (1.17 nm × 1.13 nm × 1.13 nm) than 1.4 nm also
exceeded 90%. This phenomenon might be attributed to the
offset or fully staggered pores originating from the random
stack of CTF nanosheets, resulting in a reduced pore size.34,35

The membranes exhibited a moderate rejection rate of methyl
orange (56.9%). This is mainly because the methyl orange
molecule possesses a much narrower dimension (1.13 nm ×
0.42 nm × 0.61 nm) compared with that of acid fuchsin,
resulting in easier penetration through the membrane. Hence,
the oxidized CTF-nanosheet membranes could effectively
exclude dyes with molecular dimensions larger than ∼1.17 nm.
Moreover, according to the UV−vis spectra of the feed, filtrate,
and retentate presented in Figure S6, the concentrations of the
retentate are much higher than those of the feed. It is clearly
indicated that the dye molecules are primarily rejected by the
membranes instead of being adsorbed. Besides, the negatively
charged membrane surfaces as demonstrated previously may
also participate in the rejection of dye molecules with the same
charge property. Moreover, since the inorganic salt ions have a
much smaller hydrated ionic radius than the intrinsic pores of
CTFs, the CTF-nanosheet membranes exhibited slight salt
rejections (Figure S7), suggesting their potential to be applied
in dye product desalination. On the basis of the facts
mentioned above, the rejection characteristic can be described
as a size-sieving mechanism by the membrane pores. It should
also be noticed that our oxidized CTF-nanosheet membrane
has a much higher methyl orange rejection rate (56.9%) than
that of a similar CTF-nanosheet membrane report in the
literature (∼13%).30 This is mainly because the thicknesses of
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our oxidized CTF nanosheets were much thinner than those in
the literature report (∼4 nm), which would lead to a tightly
stacked active layer featuring less nonselective defects, enabling
high-efficiency and precise molecular separation.
We also conducted the stability test of the oxidized CTF-

nanosheet membrane in a 10 h filtration duration (Figure 5a).
Our membrane exhibited excellent stability with a very stable
Congo red rejection rate and no obvious decline in water
permeance, which can be attributed to the ultrathin nano-
sheets’ tightly stacked structure. To highlight the excellent
separation performance of our membrane, we compared the
water permeances and Congo red as well as acid fuchsin
rejection rates of our membrane with those of other
membranes reported in the literature. As shown in Figure
5b, our membrane features both high water permeance and a
high dye rejection rate, which could be potentially used in a
wide variety of applications including wastewater treatment,
dye product desalination, and pharmaceutical purification.

4. CONCLUSIONS
In summary, we reported a mild oxidation strategy for
exfoliating CTF into ultrathin nanosheets. The oxidation
process was driven by a proton donating−accepting mecha-
nism via the interaction between the proton-donor trifluor-
omethanesulfonic acid and the proton-acceptor dimethyl
sulfoxide. The oxidation enables effective expansion of the
interlamellar spacing of CTF from ∼0.34 to ∼0.39 nm, thus
creating single-layered nanosheets with a thickness of ∼1.1 nm.
Moreover, the surface of thus-oxidized CTF nanosheets
became more hydrophilic and negatively charged on account
of the introduced oxygen-containing functional groups
originating from the oxidation. Stacking nanosheets into
functional membranes was highly controllable, as the
membrane thicknesses can be well tuned from ∼30 to ∼340
nm. Thus-obtained CTF-nanosheet membranes exhibited an
excellent water permeance of ∼64.9 L·m−2·h−1·bar−1 and high
rejection rates toward various dyes. Our work not only
highlights the necessity of mild oxidation for effective creation
of ultrathin CTF nanosheets but also demonstrates the great
potential of CTF nanosheets as building blocks for fast but
tight membranes.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsami.0c03246.

SEM and AFM images of CTF bulk, pristine CTF
nanosheet, and different membranes; DRS information;

variations of the deposition densities on membrane
thicknesses; additional information of dye molecules and
salt ions; UV−vis spectra of the feed, filtrate, and
retentate; detailed information of performance compar-
isons (PDF)

■ AUTHOR INFORMATION
Corresponding Author

Yong Wang − State Key Laboratory of Materials-Oriented
Chemical Engineering, College of Chemical Engineering,
Nanjing Tech University, Nanjing 211816, P. R. China;
orcid.org/0000-0002-8653-514X; Phone: +86-25-8317

2247; Email: yongwang@njtech.edu.cn; Fax: +86-25-8317
2292

Authors
Congcong Yin − State Key Laboratory of Materials-Oriented
Chemical Engineering, College of Chemical Engineering,
Nanjing Tech University, Nanjing 211816, P. R. China

Zhe Zhang − State Key Laboratory of Materials-Oriented
Chemical Engineering, College of Chemical Engineering,
Nanjing Tech University, Nanjing 211816, P. R. China

Jiemei Zhou − State Key Laboratory of Materials-Oriented
Chemical Engineering, College of Chemical Engineering,
Nanjing Tech University, Nanjing 211816, P. R. China

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsami.0c03246

Author Contributions
†C.Y. and Z.Z. contributed equally.
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
This work was financially supported by the National Science
Foundation of China (21825803, 21921006). We are also
grateful to the Program of Excellent Innovation Teams of
Jiangsu Higher Education Institutions and the Project of
Priority Academic Program Development of Jiangsu Higher
Education Institutions (PAPD).

■ REFERENCES
(1) Kuhn, P.; Antonietti, M.; Thomas, A. Porous, Covalent Triazine-
Based Frameworks Prepared by Ionothermal Synthesis. Angew. Chem.,
Int. Ed. 2008, 47, 3450−3453.
(2) Liu, M.; Jiang, K.; Ding, X.; Wang, S.; Zhang, C.; Liu, J.; Zhan,
Z.; Cheng, G.; Li, B.; Chen, H.; Jin, S.; Tan, B. Controlling Monomer

Figure 5. (a) Stability of the oxidized CTF-nanosheet membrane in a 10 h testing duration of Conge red. (b) Performance comparison between
our membrane and other membranes (red code, Congo red; blue code, acid fuchsin).

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://dx.doi.org/10.1021/acsami.0c03246
ACS Appl. Mater. Interfaces 2020, 12, 18944−18951

18950

https://pubs.acs.org/doi/10.1021/acsami.0c03246?goto=supporting-info
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c03246/suppl_file/am0c03246_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yong+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-8653-514X
http://orcid.org/0000-0002-8653-514X
mailto:yongwang@njtech.edu.cn
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Congcong+Yin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zhe+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jiemei+Zhou"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c03246?ref=pdf
https://dx.doi.org/10.1002/anie.200705710
https://dx.doi.org/10.1002/anie.200705710
https://dx.doi.org/10.1002/adma.201807865
https://pubs.acs.org/doi/10.1021/acsami.0c03246?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c03246?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c03246?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c03246?fig=fig5&ref=pdf
www.acsami.org?ref=pdf
https://dx.doi.org/10.1021/acsami.0c03246?ref=pdf


Feeding Rate to Achieve Highly Crystalline Covalent Triazine
Frameworks. Adv. Mater. 2019, 31, No. 1807865.
(3) Liu, M.; Guo, L.; Jin, S.; Tan, B. Covalent Triazine Frameworks:
Synthesis and Applications. J. Mater. Chem. A 2019, 7, 5153−5172.
(4) Chan-Thaw, C.; Villa, A.; Katekomol, P.; Su, D.; Thomas, A.;
Prati, L. Covalent Triazine Framework as Catalytic Support for Liquid
Phase Reaction. Nano Lett. 2010, 10, 537−541.
(5) Zhang, S.; Cheng, G.; Guo, L.; Wang, N.; Tan, B.; Jin, S. Strong
Base Assisted Synthesis of Crystalline Covalent Triazine Framework
with High Hydrophilicity via Benzylamine Monomer for Photo-
catalytic Water Splitting. Angew. Chem., Int. Ed. 2020, 6063−6070.
(6) Wang, H.; Jiang, D.; Huang, D.; Zeng, G.; Xu, P.; Lai, C.; Chen,
M.; Cheng, M.; Zhang, C.; Wang, Z. Covalent Triazine Frameworks
for Carbon Dioxide Capture. J. Mater. Chem. A 2019, 7, 22848−
22870.
(7) Hao, L.; Ning, J.; Luo, B.; Wang, B.; Zhang, Y.; Tang, Z.; Yang,
J.; Thomas, A.; Zhi, L. Structural Evolution of 2D Microporous
Covalent Triazine-Based Framework toward the Study of High-
Performance Supercapacitors. J. Am. Chem. Soc. 2015, 137, 219−225.
(8) Talapaneni, S.; Hwang, T.; Je, S.; Buyukcakir, O.; Choi, J.;
Coskun, A. Elemental-Sulfur-Mediated Facile Synthesis of a Covalent
Triazine Framework for High-Performance Lithium-Sulfur Batteries.
Angew. Chem., Int. Ed. 2016, 55, 3106−3111.
(9) Xu, F.; Yang, S.; Jiang, G.; Ye, Q.; Wei, B.; Wang, H. Fluorinated,
Sulfur-Rich, Covalent Triazine Frameworks for Enhanced Confine-
ment of Polysulfides in Lithium-Sulfur Batteries. ACS Appl. Mater.
Interfaces 2017, 9, 37731−37738.
(10) Palkovits, R.; Antonietti, M.; Kuhn, P.; Thomas, A.; Schuth, F.
Solid Catalysts for the Selective Low-Temperature Oxidation of
Methane to Methanol. Angew. Chem., Int. Ed. 2009, 48, 6909−6912.
(11) Guo, L.; Niu, Y.; Xu, H.; Li, Q.; Razzaque, S.; Huang, Q.; Jin,
S.; Tan, B. Engineering Heteroatoms with Atomic Precision in
Donor−Acceptor Covalent Triazine Frameworks to Boost Photo-
catalytic Hydrogen Production. J. Mater. Chem. A 2018, 6, 19775−
19781.
(12) Puthiaraj, P.; Lee, Y.; Zhang, S.; Ahn, W. Triazine-Based
Covalent Organic Polymers: Design, Synthesis and Applications in
Heterogeneous Catalysis. J. Mater. Chem. A 2016, 4, 16288−16311.
(13) Liang, B.; He, X.; Hou, J.; Li, L.; Tang, Z. Membrane
Separation in Organic Liquid: Technologies, Achievements, and
Opportunities. Adv. Mater. 2019, 31, No. 1806090.
(14) Thankamony, R.; Li, X.; Das, S.; Ostwal, M.; Lai, Z. Porous
Covalent Triazine Piperazine Polymer (CTPP)/PEBAX Mixed Matrix
Membranes for CO2/N2 and CO2/CH4 Separations. J. Membr. Sci.
2019, 591, No. 117348.
(15) Krishnaraj, C.; Jena, H.; Leus, K.; Freeman, H.; Benning, L.;
Van der Voort, P. An Aliphatic Hexene-Covalent Triazine Framework
for Selective Acetylene/Methane and Ethylene/Methane Separation.
J. Mater. Chem. A 2019, 7, 13188−13196.
(16) Zhu, X.; Tian, C.; Mahurin, S.; Chai, S.; Wang, C.; Brown, S.;
Veith, G.; Luo, H.; Liu, H.; Dai, S. A Superacid-Catalyzed Synthesis of
Porous Membranes Based on Triazine Frameworks for CO2

Separation. J. Am. Chem. Soc. 2012, 134, 10478−10484.
(17) Bojdys, M.; Jeromenok, J.; Thomas, A.; Antonietti, M. Rational
Extension of the Family of Layered, Covalent, Triazine-Based
Frameworks with Regular Porosity. Adv. Mater. 2010, 22, 2202−2205.
(18) Katekomol, P.; Roeser, J.; Bojdys, M.; Weber, J.; Thomas, A.
Covalent Triazine Frameworks Prepared from 1,3,5-Tricyanobenzene.
Chem. Mater. 2013, 25, 1542−1548.
(19) Ren, S.; Bojdys, M.; Dawson, R.; Laybourn, A.; Khimyak, Y.;
Adams, D.; Cooper, A. Porous, Fluorescent, Covalent Triazine-Based
Frameworks via Room-Temperature and Microwave-Assisted Syn-
thesis. Adv. Mater. 2012, 24, 2357−2361.
(20) Wang, K.; Yang, L.; Wang, X.; Guo, L.; Cheng, G.; Zhang, C.;
Jin, S.; Tan, B.; Cooper, A. Covalent Triazine Frameworks via a Low-
Temperature Polycondensation Approach. Angew. Chem., Int. Ed.
2017, 56, 14149−14153.

(21) Puthiaraj, P.; Cho, S.; Lee, Y.; Ahn, W. Microporous Covalent
Triazine Polymers: Efficient Friedel−Crafts Synthesis and Adsorp-
tion/Storage of CO2 and CH4. J. Mater. Chem. A 2015, 3, 6792−6797.
(22) Dey, S.; Bhunia, A.; Esquivel, D.; Janiak, C. Covalent Triazine-
Based Frameworks (CTFs) from Triptycene and Fluorene Motifs for
CO2 Adsorption. J. Mater. Chem. A 2016, 4, 6259−6263.
(23) Liu, J.; Zan, W.; Li, K.; Yang, Y.; Bu, F.; Xu, Y. Solution
Synthesis of Semiconducting Two-Dimensional Polymer via Trime-
rization of Carbonitrile. J. Am. Chem. Soc. 2017, 139, 11666−11669.
(24) Liu, J.; Lyu, P.; Zhang, Y.; Nachtigall, P.; Xu, Y. New Layered
Triazine Framework/Exfoliated 2D Polymer with Superior Sodium-
Storage Properties. Adv. Mater. 2018, 30, No. 1705401.
(25) Poh, H. L.; Sanek, F.; Ambrosi, A.; Zhao, G.; Sofer, Z.; Pumera,
M. Graphenes Prepared by Staudenmaier, Hofmann and Hummers
Methods with Consequent Thermal Exfoliation Exhibit Very Different
Electrochemical Properties. Nanoscale 2012, 4, 3515−3522.
(26) Hummers, W. S.; Offeman, R. Preparation of Graphitic Oxide.
J. Am. Chem. Soc. 1958, 80, 1339.
(27) Zhu, Y.; Murali, S.; Cai, W.; Li, X.; Suk, J.; Potts, J.; Ruoff, R.
Graphene and Graphene Oxide: Synthesis, Properties, and
Applications. Adv. Mater. 2010, 22, 3906−3924.
(28) Zhu, Y.; Chen, X.; Cao, Y.; Peng, W.; Li, Y.; Zhang, G.; Zhang,
F.; Fan, X. Reversible Intercalation and Exfoliation of Layered
Covalent Triazine Frameworks for Enhanced Lithium Ion Storage.
Chem. Commun. 2019, 55, 1434−1437.
(29) Tidwell, T. T. Oxidation of Alcohols by Activated Dimethyl-
Sulfoxide and Related Reactions - an Update. Synthesis 1990, 22,
857−870.
(30) Li, G.; Wang, W.; Fang, Q.; Liu, F. Covalent Triazine
Frameworks Membrane with Highly Ordered Skeleton Nanopores for
Robust and Precise Molecule/Ion Separation. J. Membr. Sci. 2020,
595, No. 117525.
(31) Yin, C.; Dong, L.; Wang, Z.; Chen, M.; Wang, Y.; Zhao, Y.
CO2-Responsive Graphene Oxide Nanofiltration Membranes for
Switchable Rejection to Cations and Anions. J. Membr. Sci. 2019, 592,
No. 117374.
(32) Karan, S.; Jiang, Z.; Livingston, A. Sub-10 nm Polyamide
Nanofilms with Ultrafast Solvent Transport for Molecular Separation.
Science 2015, 348, 1347−1351.
(33) Wang, P.; Chen, X.; Jiang, Q.; Addicoat, M.; Huang, N.;
Dalapati, S.; Heine, T.; Huo, F.; Jiang, D. High-Precision Size
Recognition and Separation in Synthetic 1D Nanochannels. Angew.
Chem., Int. Ed. 2019, 58, 15922−15927.
(34) Zhou, W.; Wei, M.; Zhang, X.; Xu, F.; Wang, Y. Fast
Desalination by Multilayered Covalent Organic Framework (COF)
Nanosheets. ACS Appl. Mater. Interfaces 2019, 11, 16847−16854.
(35) Wei, M.; Zhou, W.; Xu, F.; Wang, Y. Nanofluidic Behaviors of
Water and Ions in Covalent Triazine Framework (CTF) Multilayers.
Small 2019, 16, No. 1903879.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://dx.doi.org/10.1021/acsami.0c03246
ACS Appl. Mater. Interfaces 2020, 12, 18944−18951

18951

https://dx.doi.org/10.1002/adma.201807865
https://dx.doi.org/10.1002/adma.201807865
https://dx.doi.org/10.1039/C8TA12442F
https://dx.doi.org/10.1039/C8TA12442F
https://dx.doi.org/10.1021/nl904082k
https://dx.doi.org/10.1021/nl904082k
https://dx.doi.org/10.1002/anie.201914424
https://dx.doi.org/10.1002/anie.201914424
https://dx.doi.org/10.1002/anie.201914424
https://dx.doi.org/10.1002/anie.201914424
https://dx.doi.org/10.1039/C9TA06847C
https://dx.doi.org/10.1039/C9TA06847C
https://dx.doi.org/10.1021/ja508693y
https://dx.doi.org/10.1021/ja508693y
https://dx.doi.org/10.1021/ja508693y
https://dx.doi.org/10.1002/anie.201511553
https://dx.doi.org/10.1002/anie.201511553
https://dx.doi.org/10.1021/acsami.7b10991
https://dx.doi.org/10.1021/acsami.7b10991
https://dx.doi.org/10.1021/acsami.7b10991
https://dx.doi.org/10.1002/anie.200902009
https://dx.doi.org/10.1002/anie.200902009
https://dx.doi.org/10.1039/C8TA07391K
https://dx.doi.org/10.1039/C8TA07391K
https://dx.doi.org/10.1039/C8TA07391K
https://dx.doi.org/10.1039/C6TA06089G
https://dx.doi.org/10.1039/C6TA06089G
https://dx.doi.org/10.1039/C6TA06089G
https://dx.doi.org/10.1002/adma.201806090
https://dx.doi.org/10.1002/adma.201806090
https://dx.doi.org/10.1002/adma.201806090
https://dx.doi.org/10.1016/j.memsci.2019.117348
https://dx.doi.org/10.1016/j.memsci.2019.117348
https://dx.doi.org/10.1016/j.memsci.2019.117348
https://dx.doi.org/10.1039/C8TA11722E
https://dx.doi.org/10.1039/C8TA11722E
https://dx.doi.org/10.1021/ja304879c
https://dx.doi.org/10.1021/ja304879c
https://dx.doi.org/10.1021/ja304879c
https://dx.doi.org/10.1002/adma.200903436
https://dx.doi.org/10.1002/adma.200903436
https://dx.doi.org/10.1002/adma.200903436
https://dx.doi.org/10.1021/cm303751n
https://dx.doi.org/10.1002/adma.201200751
https://dx.doi.org/10.1002/adma.201200751
https://dx.doi.org/10.1002/adma.201200751
https://dx.doi.org/10.1002/anie.201708548
https://dx.doi.org/10.1002/anie.201708548
https://dx.doi.org/10.1039/C5TA00665A
https://dx.doi.org/10.1039/C5TA00665A
https://dx.doi.org/10.1039/C5TA00665A
https://dx.doi.org/10.1039/C6TA00638H
https://dx.doi.org/10.1039/C6TA00638H
https://dx.doi.org/10.1039/C6TA00638H
https://dx.doi.org/10.1021/jacs.7b05025
https://dx.doi.org/10.1021/jacs.7b05025
https://dx.doi.org/10.1021/jacs.7b05025
https://dx.doi.org/10.1002/adma.201705401
https://dx.doi.org/10.1002/adma.201705401
https://dx.doi.org/10.1002/adma.201705401
https://dx.doi.org/10.1039/c2nr30490b
https://dx.doi.org/10.1039/c2nr30490b
https://dx.doi.org/10.1039/c2nr30490b
https://dx.doi.org/10.1021/ja01539a017
https://dx.doi.org/10.1002/adma.201001068
https://dx.doi.org/10.1002/adma.201001068
https://dx.doi.org/10.1039/C8CC10262G
https://dx.doi.org/10.1039/C8CC10262G
https://dx.doi.org/10.1055/s-1990-27036
https://dx.doi.org/10.1055/s-1990-27036
https://dx.doi.org/10.1016/j.memsci.2019.117525
https://dx.doi.org/10.1016/j.memsci.2019.117525
https://dx.doi.org/10.1016/j.memsci.2019.117525
https://dx.doi.org/10.1016/j.memsci.2019.117374
https://dx.doi.org/10.1016/j.memsci.2019.117374
https://dx.doi.org/10.1126/science.aaa5058
https://dx.doi.org/10.1126/science.aaa5058
https://dx.doi.org/10.1002/anie.201909851
https://dx.doi.org/10.1002/anie.201909851
https://dx.doi.org/10.1021/acsami.9b01883
https://dx.doi.org/10.1021/acsami.9b01883
https://dx.doi.org/10.1021/acsami.9b01883
https://dx.doi.org/10.1002/smll.201903879
https://dx.doi.org/10.1002/smll.201903879
www.acsami.org?ref=pdf
https://dx.doi.org/10.1021/acsami.0c03246?ref=pdf

