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Polymeric carbon nitride (pCN) has attracted increasing interest as a metal-free photocatalyst because of its
high efficiency in reactive oxygen species (ROS) generation. However, due to poor solubility, compounding
pCN at the molecular level into more advanced nanocomposites remains a challenge. Herein, we report the
dissolution of pCN in polyphosphoric acid (PPA) for the first time and fluid-phase assembly with carbon
nanotubes (CNTs) into a flexible free-standing membrane. Mechanism and generality studies disclosed
that the coordination of the acidity, viscosity, and adsorption energy of the solvents led to the successful
dissolution of pCN. Interestingly, the pCN/CNTs molecular composite membrane exhibited not only
superior mechanical properties and cycling performance as a result of strengthened m—m interfacial
interaction, but also outstanding inactivation of E. coli and S. aureus in sterilization and wound healing
for laboratory mice via photogenerated oxygen radicals. It would open a new era of pCN for biomedical
applications in molecular composite membranes, beyond the traditional solar fuel applications in powders.

Introduction

Reactive oxygen species (ROS), chemical species formed upon
incomplete reduction of oxygen,® mainly include hydroxyl radi-
cals ("OH), superoxide ("0,"), singlet oxygen (*0,), and hydrogen
peroxide (H,0,). These chemical species participate in phenomena
that traverse all biological processes and exert versatile physio-
logical and pathological functions in biological systems. Photo-
catalysis has always been recognized as a useful way to produce
photogenerated ROS, which can act as strong oxidants to destroy
harmful microorganisms’*® and play an essential role in disease
therapy and environmental cleaning. Among them, polymeric
carbon nitride (pCN),"2° a fine biocompatible*** and visible light-
responsive photocatalyst,”>* has been stimulated as a prospective
candidate for photocatalytic bacterial disinfection for biomedical
applications owing to the generation of ROS.***®* Nonetheless,
most applications of pCN are still in the powder state,* and it is
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difficult to utilize the unique characteristics of pCN at the
macroscale, such as the formation of free-standing membranes
that are easy to handle and cycle with no loss of quality. Unfor-
tunately, the particulate properties and insoluble nature®**** of
PCN limit its combination with supplementary materials at the
molecular level for advanced functional nanocomposites. It is
foreseeable that realizing the dissolution of pCN will dramatically
expand its scope of applications.

The dispersion and dissolution of pCN in liquids are exceed-
ingly challenging, compared with those of other semiconductor-
based nanomaterials and polymers, owing to the strong van der
Waals forces between the 2D interlayers. Several pioneering efforts
to exfoliate and disperse CN have been reported.**° For example,
PCN was first discovered to be dissolvable in concentrated sulfuric
acid"* (pK,; = —3.03) and methyl sulfonic acid® (pK, = —1.61,
Table S1f) because of protonation and intercalation. Carbon
nitride derivatives, such as poly(triazine imide) (PTI-LiBr)** and K,
Na-poly(heptazine imide)** (PHI), can be dissolved in dimethyl
sulfoxide (DMSO) or dispersed in water as colloidal nanopatrticles.
For practical nanocomposite applications, pristine pCN dissolu-
tion still suffers from limited solvent types and solubilities.
Moreover, strong oxidizing acids are highly corrosive with
complicated application procedures and/or incompatible with
other processes, which impedes their popularization and scaling
up. Other polar aprotic solvents are mild but only applicable to
derived carbon nitride nanoparticles or oligomers, limiting the
maximal performances.®* Therefore, seeking more general
solvents for pCN and deepening the understanding of the
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solubilization mechanism would be fascinating for the scalable
manufacturing of molecular composites via industrial standard
fluid-phase assembly.

Herein, we report the dissolution of pCN in mild and non-
oxidizing polyphosphoric acid (PPA, pK,; = 0.04-1.80, Table
S1f). A multifactorial mechanism involving the cooperative
absorption energy, acidity, and viscosity of solvents was
discovered for the first time through comprehensive experi-
ments and DFT calculations. This generality was further verified
by the successful dissolution of pCN using more benign task-
specific ionic liquids that met the above criteria. As a result,
free-standing membranes consisting of pCN and carbon nano-
tubes (CNTs)***° were prepared simply by co-dissolution, co-
precipitation, and filtration. Interestingly, the pCN/CNTs
membrane showed superior membrane strength compared to
pristine CNTs and remarkable sterilization and wound healing
effects under visible light. This work provides new insights into
the development of a more universal and environmentally
friendly solvent for the dissolution of pCN at the molecular level
and greatly expands the prospective therapeutic applications of
PCN free-standing membranes.

Results and discussion

Unlike previous super acids, PPA with variable P,Os contents
generally exhibited different milder acidities as well as trans-
normal viscosities,”* resulting in different degrees of dissolution
(Fig. 1a). Among them, PPA with 75% P,05; demonstrated the best
solubility, leading to a clear and transparent solution (Fig. 1b and
S1-31). Moreover, PPA has almost no oxidation activity, so the
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Fig. 1 (a) Equation of mutual transformation between PPA and PA. (b)

Photographs of pCN dissolution in PPA. (c) XRD patterns of pristine
pCN and pCN recovered from PPA (rpCN). Inset: photographs of the
pCN and rpCN powders. XPS Ny (d) and Oy (e) spectra of pCN and
rpCN.

4320 | Chem. Sci., 2023, 14, 4319-4327

View Article Online

Edge Article

potential decomposition of pCN in PPA could be avoided. To
evaluate whether the structure of pCN was altered after dissolu-
tion, pCN was precipitated using methanol as a poor solvent. The
recovered polymeric carbon nitride (denoted as rpCN) was still
yellow (Fig. 1c inset), consistent with the original color of pCN. In
contrast, oligomers of pCN (e.g:, melem and melam)**** are usually
white (Fig. S47). Elemental analysis of pCN (Table S27) exhibited
a similar C/N mole ratio before and after dissolution, indicating
that pCN was not decomposed during dissolution. Notably,
although rpCN preserved the basic structure, a lighter color was
observed, which was often associated with the smaller particle size
and more H mass fraction with respect to pristine pCN, because of
the protonation in PPA.>

X-ray diffraction (XRD) patterns in Fig. 1c and S5t illustrated
that rpCN retained a two-dimensional layered structure for the
conservation of identical 002 diffraction.>® The slight increase in
the peak width could be attributed to the disorder or expansion of
the layered structure CN caused by acid intercalation, and the
decrease in peak intensity was due to the reduction of plane size
and periodic interlayer stacking of CN layers.*” Fourier transform
infrared (FT-IR) spectroscopy and X-ray photoelectron spectros-
copy (XPS) analysis were further performed to gain an in-depth
understanding of the molecular structure. For both pCN and
rpCN, the characteristic FT-IR spectra (Fig. S61) showed no obvious
difference in the wavenumber ranges of 800 (tri-s-triazine ring out-
of-plane bending), 1200-1700 (C-N aromatic heterocycle stretch
vibration), and 2800-3500 (stretching vibration and hydrogen
bond interaction),” respectively. The C;; XPS spectra (Fig. S7at)
displayed the same two obvious main peaks at 288.3 eV and
284.6 €V, belonging to N-C=N of carbon nitride and impurity
carbon contamination.* The typical components of N;4 spectra
could be deconvoluted as four peaks in Fig. 1d, corresponding to
N1 (-C=N-C, tri-s-triazine ring), N2 (N-(C)s, bridging the N atom),
N3 (C-N-H, bonded with the H atom) and N4 (charge effect),”
respectively. The O, spectra (Fig. 1e) and P, spectra (Fig. S7bf)
also confirmed the occurrence of the new P-O peak.®*

The electronic band structures of pCN and rpCN were deter-
mined using UV-vis absorption and fluorescence spectra (Fig. S87).
The UV-vis absorption and maximum PL emission peaks were
preserved, but their blue shifts were noticed due to protonation.*
All of these results rationalized the dissolution rather than tradi-
tional degradation of pCN in PPA as judged by the color and XRD
patterns, indicating that the typical molecular and electronic
structure of pCN were maintained during the dissolution.

Earlier work demonstrated that protonation and intercalation
reactions, resulting in sufficient electrostatic repulsion and
unbundling among the pCN sheets, played an important role in
dissolving pCN in concentrated sulfuric acid.**® In addition, the
calculated adsorption energy (E.qs) values for the sulfonic acid
group-containing solvents supported the fact that methyl sulfonic
acid was the best among them.* Along this line, the mechanism of
PCN dissolution in PPA was further investigated. As shown in
Fig. 2a, blueshifts in the optical absorption edge of the UV solid
diffuse reflectance spectra of pCN indicated that the degree of
protonation gradually increased during dissolution.® It was
accompanied by a smaller 26 value of the XRD 002 peak (Fig. S107),
indicating the possibility of PPA intercalation. More evidence of

© 2023 The Author(s). Published by the Royal Society of Chemistry
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protonation came from the numerical value of the zeta potential
for the rpCN dispersion (Fig. S117), which shifted from negative to
positive surface charges in water.

Generally, the interaction between solvent molecules with
a strong adsorption capacity and carbon nitride is advantageous
for dissolution. For this, density functional theory (DFT)
calculations were also explored.®® As shown in Fig. 2b and S12,
the E,qs values of mono-polyphosphoric acid (P1, —0.79 eV) and
di-polyphosphoric acid (P2, —0.88 eV) were apparently higher
than that for H,O (—0.27 eV). Comparable to methyl sulfonic
acid (—0.84 eV) and concentrated sulfuric acid (—0.73 eV), PPA
had an engineerable and even superior E,qs for the successful
dissolution.®

Interestingly, the pCN dissolved best when the P,O5 content
was approximately 75%. It was found that PPA with a higher
content of P,O5 was sticky and failed to provide sufficient free
protons, owing to the limited diffusion. Meanwhile, PPA with
a lower P,0Os; content was also unfavorable for dispersion
(Fig. S131). This suggested that the viscosity of PPA,*** which is
a generic property of polymeric materials, is also a crucial factor
in the dissolution processes (Fig. 2¢, S147). It was supposed that
an appropriate viscosity (700 mPa s in this work) of PPA would
provide a strong shear force® % at the surface of pCN during
mechanical stirring to frustrate re-bundling and stimulate
dissolution. In this sense, the coordinated acidity (H"), E,qs, and
viscosity (n) were key factors for the practically successful
dissolution of pCN.

To validate the generality, ionic liquids were engineered with
appropriate acidity, E,qs, and viscosity. It was found that the
commercial compound (i.e., BSO;Py'-CF;S0; ") that met the above
criteria could dissolve pCN well (Fig. 2d and S151). The dissolution
mechanism is summarized in Fig. 2e. The dissolution of pCN was
attributed to the following factors: (1) PPA allowed E,4 for disso-
lute pCN; (2) the weak acidity of phosphoric acid protonated pCN,
leading to interlayer repulsion; (3) PPA with an optimized ratio of
P,0; (ca. 75%), that is, a mixture of mono/di-phosphoric acid, had
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Fig. 2 (a) Solid diffuse reflectance spectra of pCN and a mixture of
PCN and PPA paste (600 mg mL™, 75% P,Os, Fig. S91) at different
times. (b) Most stable adsorption structures of the P1 and P2 molecules
on pCN obtained by DFT calculations. (c) Viscosity of PPA with
different P,Os contents. Star indicates the best viscosity for dissolving
pCN. (d) Photographs of pCN dissolved in a task-specific ionic liquid
(BSOzPy*—CF3SO37). (e) Proposed pCN dissolution mechanism.
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a preferred viscosity in providing shear force for delamination
under mechanical agitation. Along this line, numerous solvents for
PCN can be found in the future for task-specific applications,
which should be regarded as a breakthrough in the development
history of pCN.

The mild and effective dissolution of PPA would be beneficial
for the construction of high-performance nanocomposites at
the molecular level. CNTs were selected to reinforce pCN
because of their excellent mechanical properties® and good
dispersibility in PPA (Fig. S161).*” Fig. 3a illustrates the fabri-
cation process of the pCN/CNTs membrane via facile homoge-
neous compounding, co-precipitation in poor solvents, and
filtration. Control experiments, including those with altered
ingredients (pCN and carbon nitride nanosheets), different
preparation steps (with and without PPA compounding), and
various solvents (PPA, HCl, H,SO,, MSA, and water), were also
employed (Fig. S17-22%). It was found that dissolution and
compounding with PPA was the key to the successful prepara-
tion of pCN/CNTs free-standing membranes.®”* The pCN/CNTs
membrane formed by homogeneously compounding in PPA
and co-precipitation was the only one that could be expediently
peeled from the filtration membrane as a flat and complete
surface among all fabricated samples (Fig. 3b and S197%).
Notably, it displayed good flexibility and excellent tailorable
properties, as it could be rolled up and cut into different shapes,
and no damage was observed even when a 180° bend was per-
formed. The thickness of the pCN/CNTs membrane could be
easily regulated by changing the amount of the starting material
(Fig. S237).

The FT-IR spectra, Raman spectra, and XRD patterns of the
membranes were obtained to confirm the successful

— PCN/CNTs membrane
—— PCN+CNTs membrane
— CNTs membrane

S(‘rgln("/uj15 20

Fig. 3 (a) Fabrication process of the pCN/CNTs membrane. (b)
Photographs of the as-prepared free-standing pCN/CNTs membrane,
180° folded profile, and tailored ones of different shapes. (c) Scheme of
pCN and CNTs in the composite membrane. False-colored TEM
images of (d) the CNTs membrane and (e) the pCN/CNTs membrane.
(f) Stress—strain curves of the pCN/CNTs, pCN + CNTs, and CNTs
membranes.
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recombination of pCN and CNTs (Fig. S241).”>”* From the top
surface and cross-sectional morphologies and elemental distribu-
tion (Fig. S20, 25 and 267) measured by scanning electron
microscopy (SEM) and energy dispersive X-ray spectroscopy (EDS),
PCN and CNTs were distributed evenly and densely throughout the
membrane. Transmission electron microscopy (TEM) images
further revealed the microstructure of the CNTs before and after
recombination with pCN (Fig. 3d and e). Owing to the strong -7
interfacial interactions,” pCN covered the surface of the CNTs
bundles closely and connected them (Fig. 3c), which was expected
to improve the mechanical properties. In comparison to conven-
tional polymeric membranes, strong in-plane noncovalent bonds
of the 2D-material-based membranes enhanced the mechanical
strength and chemical stability, which are needed for the
membrane to be utilized under harsh conditions.” As a result, the
tensile test (Fig. 3f and S277) showed that the ultimate strength
and Young's modulus of the pCN/CNTs membrane were better
than those of the control pCN + CNTs and CNTs membranes,
which were filtered using pCN and/or CNTs mixtures without PPA
compounding. The ratio of pCN to CNTs (5 : 1) was regarded as the
optimum one in this work, and the content of pCN affected the
ultimate strength and Young's modulus to some extent (Fig. S277).
Such improved mechanical properties are highly appealing for
practical biomedical applications in consideration of their stability
and durability.””” Moreover, the homogeneous distribution of
PCN on CNTs also favors maximal active site utilization in pho-
tocatalytic sterilization.

Metal-free pCN catalysts with visible light response have
been widely used in environmental remediation and disinfec-
tion.>*”®”® Unfortunately, to achieve a higher effectiveness and
efficiency, three challenges remain: (i) almost all bacteria are
negatively charged,®>** hindering the contact with the negatively
charged pCN; (ii) the specific surface area of pCN powder is
small, leading to fewer reactive sites; (iii) pCN catalysts are
distributed unevenly in the reaction system and it is difficult to
achieve a high recycling efficiency without loss. Interestingly,
the as-prepared pCN/CNTs membrane well addressed these
limitations and demonstrated an improved antibacterial
performance. S. aureus and E. coli were used as the bacteria
sources in this study, since they were represented as Gram-
positive and Gram-negative bacteria, respectively.® The
detailed processes of photocatalytic sterilization are given in
Fig. S29.1 As shown in Fig. 4a-c, the initial bacteria (S. aureus
and E. coli) were almost completely inactivated by the pCN/
CNTs membrane, from a concentration of ~10° CFU mL ™" to
almost zero (0-2 CFU mL™") within 1 or 2 h. Moreover, the
bacteria barely re-grew after photocatalysis (Fig. S30-321). This
performance is comparable to or even better than that of
previously reported metal-modified and heterostructured pCN
or other traditional catalysts (Table S31). More importantly,
after cycling more than 20 times, the integrity of the pCN/CNTs
membrane evaluated by weight was still approximately 95% and
maintained a high activity of up to 90% (Fig. 4d and e), revealing
that it was suitable for repetitive and long-term use. In contrast,
for most powdered catalysts, such as pCN powder, the mass loss
after nine cycles was approximately 40% after nine cycles.
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Fig. 4 Photographs of the bacterial colonies of (a) S. aureus and (b) E.
coli before and after incubation with the pCN/CNTs membrane under
visible light. (c) Sterilization efficiency of E. coli and S. aureus after
incubation with the pCN/CNTs membrane under visible light. (d)
Sterilization performance of the pCN/CNTs membrane in cycling
evaluation. (e) Integrity of the pCN/CNTs membrane and pCN powder
in the cycling test evaluated by weight. (f) EPR spectra of DMPO-"O,~
for the pCN/CNTs membrane under light irradiation and in the dark. (g)
Energy band position of carbon nitride on the pCN/CNTs membrane
with respect to ROS formation potential.

Given the satisfactory sterilization performance of the pCN/
CNTs membrane, its photocatalytic mechanism was studied.
The pCN catalyst on the membrane was evenly distributed,
exposing more active sites. Upon light excitation, O, would be
activated by reduction via photogenerated electrons to ‘O, . As
shown in Fig. 4f, six characteristic peaks for typical DMPO-'O,~
adducts were clearly observed for the irradiated pCN/CNTs
membrane,® in contrast to the silent spectra of the unirradi-
ated sample. In addition, according to trapping experiments
(Fig. S417) under a light source of 400 nm, the efficiency was
distinctly reduced when SOD was added to the reaction solu-
tion. Moreover, the physical adsorption and photothermal
effects® of the pCN/CNTs membrane were considered because
of the large specific surface area of CNTs and the black color of
the membrane. A series of control experiments (Fig. S33-427)
were also undertaken, showing that the sterilization perfor-
mance originated from the generation of ROS*® rather than any
other factors. Moreover, as the water oxidation at pCN was
negligible, direct attack on the bacteria at holes should also
occur.®*® It was worth mentioning that the pCN/CNTs
membrane was positively charged owing to protonation
(Fig. S28t), which was helpful for disinfection performance
because of the electrostatic attraction between the membrane
and bacteria.

The complete photocatalytic sterilization mechanism of the
PCN/CNTs membrane is shown in Fig. 4g and S43,1 and the
proposed elementary steps are briefly described as follows:

02 +e — -027 (1)
.027 + 2H+ +e — H202 [2)
H202 +e” — 'OH + OH™ (3)

© 2023 The Author(s). Published by the Royal Society of Chemistry
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‘0,7, H,0,, "OH, or h" + bacteria — inactivated bacteria (4)

As a proof of concept, we also demonstrated the potential
application of pCN/CNTs membranes in practical sterilization.
Some sewage samples containing S. aureus were collected from
nature. A fully covered sandwich shelter was designed, as shown in
Fig. 5a. Two layers of normal black cloth or pCN/CNTs membranes
of the same size were placed on both sides and a piece of smaller
white cloth was positioned between them. This cladding structure
and the choice of white cloth were used to rule out the factors that
accelerated the degradation of black dye under the effect of sewage
and sunlight and to present vivid evidence of bacterial growth. A
few days later, in a natural environment with sunlight, the white
cloth encapsulated in normal cloth became yellow, indicating the
growth of bacteria, whereas that in the pCN/CNTs membrane was
unchanged. This clearly showed the antibacterial effect of the pCN/
CNTs membrane, which suppressed the growth of bacteria under
natural conditions (Fig. 5b). Inhibition zone experiments showed
the same result that the pCN/CNTs membrane inhibited bacterial
growth (Fig. S447). Therefore, the pCN/CNTs membrane is ex-
pected to find practical applications in smart biomedical sterili-
zation garments or patches.

The flexible pCN/CNTs membrane was further applied to treat
S. aureus-infected skin wounds on laboratory mice (Fig. 5¢ and
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Fig. 5 (a) Sandwich structure of pCN/CNTs or control black cloth
shelters and encapsulated white cloth. (b) Photographs of bacterial
growth on white cloths soaked in sewage containing S. aureus under
natural sunlight. (c) Scheme of the process of antibacterial and wound
healing using the pCN/CNTs membranes for mice. (d) Biocompatibility
evaluation of the pCN/CNTs membrane upon incubation with 4T1
cells by WST-8. (e) Photographs of S. aureus-infected wounds in
laboratory mice treated with the pCN/CNTs membrane and control
gauze at different times. (f) Histologic analysis (H & E, Masson, CD31) of
the S. aureus-infected wounds after treating with the pCN/CNTs
membrane and control gauze for 9 days.

pCN/CNTs membrane
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S457).2%° The in vitro cytotoxicity of the pCN/CNTs membrane was
firstly accessed in 4T1 cells by a 2-(2-methoxy-4-nitrophenyl)-3-(4-
nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium  sodium  salt
(WST-8) assay.” As shown in Fig. 5d, no noticeable adverse effects
were observed in cells after 24 h, indicating the excellent
biocompatibility of the pCN/CNTs membrane. For comparison,
the mice covered with the pCN/CNTs membrane and control gauze
on the wounds walked together under sunlight a few times daily.
The recovery of the wounds was observed, and wound size changes
were tracked to evaluate the therapeutic effects (Fig. 5e, S46-5487).
It was found that S. aureus-infected wounds treated with the pCN/
CNTs membrane under sunlight showed accelerated closure, as
the wound size was smaller than that treated with the general
gauze in the healing process. For an insightful understanding, H &
E, Masson and CD31 staining experiments®>* (Fig. 5f) were
carried out to study the inflammation response, collagen deposi-
tion and neovascularization of the wound healing effect, respec-
tively. Compared to the control general gauze, the wounds treated
with the pCN/CNTs membrane showed minor inflammatory
infiltration, broader collagen disposition and more neo-
vascularization, confirming the positive effect of the pCN/CNTs
membrane on wound healing. As pCN had excellent biocompati-
bility, the proposed pCN/CNTs membrane is promising for
biomedical applications on the body, but generally needs more
strict future evaluation of safety.

Conclusions

In summary, we reported the successful dissolution of pCN in
a new-generation solvent (PPA) and the associated fluid-phase
assembly of a flexible pCN/CNTs membrane. Mechanism studies
disclosed the crucial roles of the coordinated absorption energy,
acidity and viscosity of PPA in the dissolution process. The
universality of this critical finding was further supported by the
discovery of more universal solvents for pCN using task-specific
ionic liquids. As a result, by compounding at the molecular level,
the pCN/CNTs nanocomposite membrane was fabricated via co-
dissolution, co-precipitation, and filtration. Owing to the strong
7 interfacial interactions, pCN intimately covered the surface of
the CNTs bundles and connected them into a flexible membrane
with enhanced mechanical properties, which played a crucial role
in further improving the durability of the membranes in long-term
use. As one of the few non-powder biomedical applications, the
PCN/CNTs membrane exhibited excellent photocatalytic steriliza-
tion and wound healing capacity both in vitro and in vivo. This
study provides a multifactorial insight into dissolving pCN at the
molecular level and a promising prospective for emergent
biomedical applications using non-powdered metal-free photo-
catalysts in membranes.
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