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ABSTRACT: Controlling the morphological parameters of extended
covalent organic frameworks remains challenging and represents an
important yet often elusive metric of consideration. Typically, carbon
nitride materials possess local ordering but remain largely amorphous in
terms of their long-range order and orientation. This study probes the
synthesis of a crystalline carbon nitride, poly(triazine imide) lithium
bromide which possesses an atomically-precise extended structure, and
demonstrates its exfoliation into a two-dimensional hexagonal sheet-like
morphology. Furthermore, a previously unreported carbon nitride
material, poly(triazine imide) copper bromide, or PTI-CuBr, was
developed through an additional flux-assisted cation-exchange process
and is shown to retain its internal Cu cations during solvothermal
exfoliation. Characterization by dynamic light scattering and high-angle
annular dark-field scanning electron microscopy reveals the morpho-
logical changes and captures the high aspect ratio of the thin carbon nitride sheets with <10 nm thickness while maintaining
hundreds of nm in width. Additional characterization by energy-dispersive spectroscopy and X-ray photoelectron spectroscopy
confirms that the Cu:Br:N molar ratio was maintained within the extended layers throughout the exfoliation process. This top-down
synthesis approach differs from typical methods that isolate thin sheets for subsequent metal−cation coordination and illustrates the
importance of maintaining oxygen-free conditions to minimize copper clustering. Thus, this new approach is demonstrated to
provide a consistent and more homogeneous occupancy of the PTI pore spaces throughout the carbon nitride framework.

1. INTRODUCTION
Carbon nitride materials act as versatile light absorbing
semiconductors for converting photons into photogenerated
charge carriers for use in photocatalytic applications.1 These
materials possess advantageous bandgaps and consist of highly
durable covalent organic frameworks (COF), enabling them to
couple solar absorption with catalytic transformations. This
coupling can be accomplished through two primary
approaches: surface attachment of molecular catalysts or
deposition of metal nanoparticles at specific sites. Both
strategies create electron or hole migration centers to facilitate
the desired catalytic reactivity. Additionally, polymeric carbon
nitrides (PCN) may contain a variety of functional groups that
enable tunable interactions within their bulk structures. Recent
studies have explored the coordination of different cations and
anions within these carbon nitride materials.2−5 This approach
has been most frequently reported for graphitic carbon nitride
(g-CNx) frameworks, which feature a high surface area and
molecular-like sp2 N coordination sites. Within this framework,
the PCN structure functions as an extended ligand system
containing catalytic metal centers. Importantly, these carbon
nitride materials have proven to be effective electrocatalysts for

both reductive and/or oxidative processes to desirable
products such as H2, NH3, reduced carbon products, oxidized
carbon products, and O2.

2,5−9 This versatility makes them
valuable for sustainable energy conversion and environmental
remediation applications.
More recently, crystalline carbon nitrides that can be

synthesized within eutectic salt fluxes have attracted significant
interest. These materials exhibit three-dimensional long-range
crystalline order around polymeric backbones, which is not
typically observed in conventional polymeric carbon nitrides.
This work focuses on poly(triazine imide) lithium bromide
(PTI-LiBr),10,11 which exhibits a covalent organic framework
structure composed of triazine subunits linked by nitrogen
bridges, as illustrated in Figure 1. The framework incorporates
well-ordered Li cations and Br anions throughout the
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crystalline structure. The covalent substructure layer within
PTI-LiBr provides a suitable platform for metal-catalyst
coordination due to its molecularly precise structural ordering
compared to amorphous g-CNx. These properties have
prompted significant efforts aimed at replacing Li cations
with metals such as Fe, Mn, and Cu.6,7,12 Notably, previous
work within the Maggard group found that Cu-coordination in
the PTI pore spaces enabled reduction of CO2 to HCOO− by
the carbon nitride at current densities >50 mA·cm−2.7 The
synthetic procedure utilized a flux-assisted cation-exchange
reaction that introduced Cu cations within the extended
network of PTI-LiCl, thus yielding the new PTI-CuCl.7 It was
found that the complete substitution of the Li sites (2 sites per
PTI pore space) by Cu cations could be achieved with a
relatively low temperature (290 °C) reaction in a KCl/CuCl
flux mixture. However, while thinner particle morphologies
were associated with larger current densities, the exfoliation of
PTI-CuCl to enhance catalyst-site accessibility has not been
reported.
In this study, we aimed to synthetically modify Cu-

containing PTI by exfoliating the crystalline material into
two-dimensional sheets (Figure 1). This exfoliation process
significantly transforms the particle morphology and increases
the surface area of the carbon nitride framework, thereby
exposing a greater number of intralayer Cu-cation sites. This
approach has been previously demonstrated to enhance
photocatalytic performance in g-CNx and PTI-LiCl sys-
tems.13−15 Additionally, we hypothesized that by utilizing the
larger bromide anion during the carbon nitride synthesis, the
increase in interlayer distance between carbon nitride layers
would facilitate its exfoliation. For this purpose, PTI lithium
bromide (PTI-LiBr)10,16,17 was first synthesized and isolated
via a flux-mediated reaction, followed by the substitution of Li
cations for Cu cations within the structure, yielding PTI
copper bromide (PTI-CuBr). Subsequently, a solvothermal
exfoliation method was tested on both PTI-LiBr and PTI-CuBr
for obtaining few-layer carbon nitride sheets that maintain the
crystalline PTI framework.18 This approach is gentler than
acid−based intercalation or framework charging methods,13,15

allowing the coordinated Cu sites to be maintained within the
framework. Thus, this study highlights the critical synthetic
parameters to produce few-layer Cu-containing carbon nitride
sheets and characterization of the morphological trans-

formation, thereby demonstrating a proof-of-concept for
exfoliating crystalline, Cu-containing PTI.

2. EXPERIMENTAL SECTION

2.1. Synthesis of PTI-LiBr
Melamine was ground together with a LiBr (47 mol %) and KBr (53
mol %) eutectic flux at a 1:5 molar ratio of carbon nitride precursor to
salt in ambient conditions with a mortar and pestle. Batches were
made using 0.4 g of melamine as the starting material. The mixture
was then transferred into a 140 °C oven overnight to remove any
absorbed moisture. The mixture was ground to eliminate any large
chunks and redried before quickly transferring to a fused-silica
reaction vessel with ample head space to account for ammonia
evolution (∼45−50 cm3). The vessel was sealed under vacuum before
reacting inside a box furnace. It was heated to 470 °C (7−8 °C/min)
and held at this temperature for 36 h. It was then slowly cooled (2
°C/min) to 320 °C before radiatively cooling to room temperature.
The material was removed from the vessel and washed thoroughly
with DI water and subsequently with acetone to allow for room
temperature drying. Lastly, the product was ground again with a
mortar and pestle.
2.2. Synthesis of PTI-CuBr
In an argon glovebox, the synthesized PTI-LiBr was mixed with
anhydrous CuBr (68 mol %) and KBr (32 mol %) in a mortar pestle
in the presence of excess eutectic flux to facilitate sufficient
substitution of the Li sites with Cu (2:3 atom ratio), until the
mixture appeared homogeneous. The mix was placed into a fused
silica reaction vessel and sealed under vacuum. This was heated at 4−
5 °C/min to 290 °C and was held at this temperature for 48 h before
the furnace was turned off to radiatively cool. The mixture was then
washed thoroughly with DI water before a final wash in acetone for
room temperature drying.
2.3. Exfoliation of PTI-LiBr and PTI-CuBr
For all experiments, a three-neck reaction flask with DMAc was
heated with stirring until the temperature of the flask reached 60 °C,
while ambient air was replaced with N2 gas during this step. After
reaching 60 °C, the carbon nitride material was added (at a 2 mg/mL
ratio of carbon nitride to DMAc solvent) and the reaction mixture
was further heated to 100 °C. Thereafter, both the N2 venting and the
reaction flask were closed to the outside and allowed to react for 48 h.
The heat was then turned off and the mixture was allowed to stir
overnight to cool. Once cooled, the solution was removed for
centrifugation and decanting separation steps.
2.4. Characterization of PTI-LiBr and PTI-CuBr Materials
The product was characterized using powder X-ray diffraction
(PXRD) on a Rigaku R-Axis Spider with CuKα radiation (λ =
1.54056 Å) from a sealed tube X-ray source (40 kV, 36 mA) and a
curved image-plate detector. For simulated powder patterns the
VESTA software19 was used and general parameters for the unit cell
are listed in the Supporting Information. Fourier-transform infrared
spectroscopy (FTIR) was used to collect spectra on a Cary 630
Agilent Spectrometer in the range of 4000−650 cm−1. UV−vis diffuse
reflectance (DR) spectra were collected on a Shimadzu UV-3600
UV−vis-NIR spectrophotometer with an integration sphere range of
250−1000 nm. Pressed BaSO4 disks were used as the reflectance
background.
2.5. Characterization of Exfoliated Materials
Dynamic Light Scattering (DLS) experiments used a Malvern
Zetasizer Nano-ZS and 1 cm glass cuvette. All samples were dispersed
in DMAc (∼2 mL) with 3 scans averaged per sample. The XPS data
was collected on a Kratos Supra+ system with a monochromatic Kα
X-ray source operated at 150 W. A charge neutralizer was used to
prevent charging when necessary and all spectra were corrected to the
C 1s peak at 284.6 eV. Survey and high-resolution scans were
acquired at pass energies of 80 and 20 eV, respectively, and the
analyzed spot size was 300 × 700 μm. High-angle annular dark-field

Figure 1. Structural view of a single layer of PTI-LiBr (or PTI-CuBr)
and a schematic representation of exfoliating bulk crystalline PTI into
a few-layer particle morphology.
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scanning transmission electron microscopy (HAADF-STEM) and
energy-dispersive X-ray spectroscopy (EDS) analyses were performed
using a JEOL NEOARM S/TEM operated at an accelerating voltage
of 200 kV. The microscope was configured with a 6C probe size, a
convergence angle of 27 mrad, and a 40 μm condenser aperture,
providing a probe current of approximately 70 pA. For sample
preparation, carbon nitride materials were suspended in DMAc. The
dispersion was then drop-cast onto a copper TEM grid coated with an
ultrathin carbon film, ensuring minimal sample aggregation and
optimal electron transparency. This protocol facilitated detailed
microstructural and compositional analysis via HAADF STEM and
EDS.

3. RESULTS AND DISCUSSION

3.1. Carbon Nitride Synthesis, Exfoliation, and Dynamic
Light Scattering

The starting carbon nitride material used in this work, PTI-
LiBr, was synthesized via melamine pyrolysis and condensation
in a eutectic flux medium (LiBr/KBr). Here, the PTI
framework is crystallized with Li cations and Br anions,
stabilizing the polymeric framework. X-ray diffraction from this
PTI-LiBr framework showed that the material exhibited a
crystalline structure consistent with the reported orthorhombic
space group,20 with an (002) reflection at 25.3° yielding a
measured d-spacing of 3.51 Å (Figure 2a). This reflection was
representative of the layer-to-layer stacking distance between
the carbon nitride layers. FTIR analysis of the polymeric PTI
backbone indicated that the triazine subunits occur in a two-
dimensional extended network, most notably characterized by
N−H stretches at high wavenumbers (3000−3300 cm−1), the
triazine fingerprint stretching region between 900 and 1700

cm−1, and signals at low wavenumbers representing the out-of-
plane triazine ring bending modes (shown in Figure 2b).
Incorporation of Cu cations into the PTI matrix was

accomplished via a flux-assisted substitution reaction in a
second eutectic flux, CuBr/KBr. This reaction was kept at a
low reaction temperature of 290 °C (24 h) to ensure that the
polymeric backbone remained intact, while the Li cations were
replaced by Cu throughout the substitution. The reaction was
held at this temperature for 48 h to maximize cation exchange.
After cooling, the material was washed and characterized. X-ray
diffraction results revealed that the PTI-CuBr retained the
characteristic diffraction pattern of PTI-LiBr with minor
additional peaks appearing at low intensities (<45°). There
was also a shift in intensity associated with the layer-to-layer
stacking peak at a 2θ value of 25.3° and its neighbor at 24.4°.
This increase in the 25.3° reflection, associated with the layer-
to-layer (002) stacking feature, is consistent with the
introduction of Cu into the coordination sites within each
PTI layer6,7 thereby increasing the intensity associated with
this reflection. The additional minor reflections are not
consistent with any specific CuOx/CuOxHy species

21−23 and
rather indicate changes from the integration of Cu into the
structure. The FTIR spectra from the PTI-CuBr also remained
largely unchanged compared with the PTI-LiBr structure,
possessing stretching regions consistent with the PTI backbone
(Figure 3b). However, like the PXRD analysis there are a few
newly introduced signals that suggest there are small changes
to the bonding environment. Two of these peaks are located at
3515 and 3420 cm−1. This region is associated with either O−
H or N−H bonding interactions. However, the sharpness of
these signals is more representative of N−H bonding24 and
suggests small changes in the chemical environment of the

Figure 2. (a) Experimental powder X-ray diffraction pattern of synthesized PTI-LiBr (in blue) and the theoretical pattern (in red) and (b) FTIR
signal of synthesized PTI-LiBr.

Figure 3. (a) PXRD patterns of synthesized PTI-LiBr (in red) and PTI-CuBr (in blue). (b) FTIR transmittance data from the same two samples in
red and orange, respectively.
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intralayer pore spaces due to the Cu cations. The other
noticeable new signal occurs at 814 cm−1. This signal is sharp
and is consistent with out-of-plane ring bending modes, which
would also be consistent with Cu introduction into the pore
spaces impacting how these modes interact with the frame-
work. Lastly, to confirm the presence of the Cu sites, XPS
analysis was conducted to evaluate the Cu 2p signal and the
overall elemental composition of the obtained product (Figure
S8 and Table S1). The Cu:Br molar ratio was found to be
roughly 2.5:1 (16:6.3), slightly higher than expected. Further,
the Cu 2p XPS signal is representative of mixed Cu+/Cu2+
sites, indicating partial oxidation has occurred. This likely
stems from the extensive washing needed to dissolve the
residual CuBr from the flux-mediated exchange reaction.
Next, the carbon nitride materials were subjected to

exfoliation using a solvothermal procedure in heated
dimethylacetamide (DMAc) solution. Once added to the
solvent, the suspension was stirred for 48 h at 100 °C to
exfoliate the carbon nitride materials. The DMAc solvent acted
as a polar aprotic reaction medium. DMAc possesses both
organic character to interact with the carbon nitride frame-
work, and a strong polarity from the carbonyl portion of the

amide to interact with the coordinated cations. Both aspects
are likely key to the exfoliation of the crystalline carbon nitride
materials. Without any protic character, there are limited
interactions between the solvent and the coordinated ions that
may otherwise act to deionize the carbon nitride sheets.25 The
obtained solutions were then subject to a series of
centrifugation steps to separate the bulk or least exfoliated
portions of the mixture from the more exfoliated and easily
suspended particles (Figure 4a). For PTI-LiBr exfoliation, DLS
analysis of the separated materials resuspended in DMAc
solution (visually shown in Figure 4b) was used to evaluate the
average particle sizes and changes. The diameter of the
particles remaining suspended was observed to decrease with
increased centrifugation speed and time. As shown in Figure
4c, this particle diameter became smaller than 200 nm (average
of ∼180 nm diameter) at the smallest particle size detected.
This shift equated to a decrease from ∼3.0 × 106 nm2 of
surface area per particle for the starting materials to ∼1.1 × 105
nm2 (see Table S5) for the thin sheet-like morphology. To
examine the influence of interlayer spacing on exfoliation
difficulty, the same synthesis procedure was conducted using
PTI-LiCl as the starting material. The Cl ion decreases the

Figure 4. (a) Synthetic exfoliation procedure in heated DMAc followed by centrifugation and decanting, (b) visual image of particle suspensions in
DMAc, and (c) DLS particle size data for the materials separated during each of the centrifugation steps.

Figure 5. (a) Centrifugation and decanting steps after solvothermal exfoliation for PTI-CuBr, (b) visual image of particles suspended in DMAc, and
(c) DLS particle size data for the materials separated from the centrifugation steps.
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interlayer spacing to 3.36 Å, potentially making the material
more challenging to exfoliate as compared to PTI-LiBr. As
anticipated, the exfoliation of PTI-LiCl was less effective, with
DLS showing predominantly larger particles (800−1200 nm
diameter) and only minor amounts of smaller exfoliated
material in the range of ∼500 nm (Figure S2 in Supporting
Information).
The PTI-CuBr material was next subjected to the same

exfoliation procedure. The exfoliated material obtained was
subjected to a set of particle separation steps, with optimized
centrifugation speeds shown in Figure 5a and was subsequently
evaluated by DLS (Figure 5c). The range in particle sizes and
the amount of exfoliated material increased compared to the
prior exfoliation of PTI-LiBr. This is supported by the DLS
analysis of the particle size isolated after each centrifugation
speed, shown in Figures 4 and 5. For example, an average
particle size diameter of ≤260 nm for PTI-LiBr was only
detected in the final supernatant after all centrifugation steps
were conducted, while this same threshold was achieved when
collecting material that settled in solution during the third
centrifugation step at 3000 rpm for 6 min in the PTI-CuBr
sequence. Furthermore, the multistep separation procedure
yielded fractions that could be effectively isolated from solution
(Figure 5) with particle sizes <100 nm. Despite the reduced
particle sizes, material recovery improved dramatically with 2−
20 mg isolated per separation step for the exfoliated PTI-CuBr.
In comparison, only small amounts (<10 mg of total sample)
could be liberated from the smaller particle-size fractions of the
exfoliated PTI-LiBr material remaining after the first
centrifugation and decanting step at 3000 rpm for 2 min.
This enhanced recovery was attributed to both improved
exfoliation efficiency upon Cu coordination and increased bulk
density of the Cu-containing framework. Furthermore, the
exfoliated PTI-CuBr material detected in the final supernatant,
representative of the smallest obtained particles, gave an
average particle size of ∼125 nm detected by DLS. This
equated to a calculated surface area of 4.9 × 104 nm2, which
was an additional order of magnitude smaller than that found
from the exfoliated PTI-LiBr.

3.2. Morphology Characterization of Carbon Nitride
Materials

High-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) was employed to visualize the
morphological changes induced by exfoliation and to probe the
spatial distribution of Cu within the PTI framework. Prior to
exfoliation, both PTI−LiBr and PTI−CuBr samples exhibited
dense, polycrystalline morphologies with well-defined lattice
planes and hexagonal prism-like crystallites. These features are
consistent with the ordered PTI structure and confirm the
retention of long-range crystallinity following synthesis.26−29

Upon solvothermal exfoliation in DMAc, a transformation in
morphology was observed. The exfoliated PTI−LiBr samples
displayed a progressive breakdown into thinner, needle-like
particles with increasing centrifugation steps (Figure 6). After
the third separation step, the sample became notably more
transparent, reflecting a reduction in bulk mass and the
emergence of thinner, needle-like particles each less than 10
nm in thickness and averaging about ∼15.2 nm. A subsequent
fourth separation further decreased the particle thickness to
∼14.6 nm. These morphological features are consistent with
exfoliation of the bulk crystallites into thinner layers that
maintain ∼50−200 nm in width.
Exfoliated PTI−CuBr samples exhibited similar morpho-

logical trends, but with even more pronounced thinning.
HAADF-STEM images showed the presence of thin, hexagonal
flakes with dimensions below 100 nm. Notably, after the
exfoliation processes, bright regions were observed (Figure S4)
that were absent when imaging the unexfoliated PTI-CuBr.
These regions, which appear as localized clusters, were
suspected to be Cu-rich domains. To investigate their nature,
energy-dispersive X-ray spectroscopy (EDS) mapping was
performed in tandem with HAADF-STEM imaging. Elemental
maps confirmed that the bright clusters corresponded to
regions enriched in both Cu and O, suggesting the formation
of CuOx species (Figure S5). These clusters were observed
across the various exfoliation batches/stages but not in the
starting material as the Cu clusters seemed to aggregate during
exfoliation. This is likely due to residual moisture or oxygen in
the DMAc solvent that drives this formation. Electron energy

Figure 6. BF-STEM images of the obtained morphology from PTI-LiBr exfoliation. The particles exhibited characteristic decreases in particle size.
The final isolated product almost solely resembled 2D sheet-like morphologies after the final separation step (drop-cast from the supernatant for
imaging).
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loss spectroscopy (EELS) analysis from the clustered
formations showed O K-edge peaks at 531 and 535.8 eV,
consistent with the Cu spectra of a CuO standard, as shown in
the Supporting Information.30,31

To address the Cu cluster formation, a modified exfoliation
protocol was implemented. The DMAc solvent was dried over
5 Å molecular sieves for 5 days prior to use. Additionally, the
solvent was purged vigorously with N2 along with venting of
the Schlenk line setup prior to solvent heating with minimal
moisture and oxygen exposure. HAADF-STEM imaging of
exfoliated PTI-CuBr prepared under these modified conditions
showed no evidence of Cu clusters. The images revealed thin,
hexagonal, crystallite flakes throughout (Figure 7a). EDS
mapping of these optimized samples further supports the
uniform incorporation of Cu and Br within the exfoliated
sheets. The elemental maps showed a consistent overlap of Cu
and Br signals across the structures, with no localized
segregated regions (Figure 7b). This suggests that the Cu
cations remained coordinated within the PTI pore spaces
during exfoliation, rather than forming separate oxide phases.
With close inspection of isolated thin layer sheets, the
underlying carbon nitride framework was evaluated. Figure
7c shows the clear geometric patterning of the PTI framework
and when compared to the Ama2 space group using a
computational model (Figure S10). The captured alignments
are a precise match with the spacing obtained in the STEM
analysis. Lastly, selected-area electron diffraction (SAED)
demonstrated that the crystallinity of the PTI sheets is
maintained (Figure S8). The pattern shows discrete diffraction
spots arranged in a symmetrical manner consistent with
retention of its crystalline structure.

The elemental content was further confirmed from X-ray
photoelectron spectroscopy (XPS) of the exfoliated materials
isolated from solution. Acetone was used after each
centrifugation step to wash and remove any residual DMAc
solvent before drying overnight. As shown in Table S2, all the
isolated materials showed the expected Cu:Br (∼2:1 molar
ratio) content as well as a consistent ratio of Cu:N (∼1:3
molar ratio), indicating that the Cu coordination within the
extended framework had been maintained. During this
synthesis, the most exfoliated particles remaining in the
supernatant were unable to be isolated as effectively, and
efforts to evaporate or remove the solvent showed elemental
content consistent with dried DMAc (Table S3). However,
EDS obtained during STEM imaging of the dried supernatant
detected Cu, Br, and N consistent with the XPS data for
carbon nitride materials. By retaining the Cu cations within the
exfoliated carbon nitrides, the amount of Cu surface sites
dramatically increased. Using the results from DLS analysis,
combined with the density calculated from the crystal
structure, the surface area per gram of material was tabulated.
As listed in Table S5, the number of particles per gram of the
unexfoliated PTI-LiBr was 9.5 × 1011. After exfoliation, this
significantly increased to 1.3 × 1014 particles per gram, or a
133-fold increase, for the smallest particle sizes. This further
dramatically increased for the exfoliated PTI-CuBr material to
3.2 × 1015 particles per gram, or an ∼337 fold enhancement.
The hexagonal faces of the crystalline carbon nitride
framework, as found by the electron microscopy results, likely
represent the greatest fraction of the increased surface area.

Figure 7. HAADF-STEM imaging. (a) PTI-CuBr and exfoliated PTI-CuBr at each stage of centrifugation separation (high-res and low-res images).
(b) EDS analysis of exfoliated PTI-CuBr showing elemental contributions consistent with Cu and Br evenly distributed throughout the polymeric
flakes. (c) High-resolution image of the PTI-CuBr flake with a magnified inset displaying the crystalline PTI framework.
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4. CONCLUSIONS
A soft exfoliation of Cu-containing PTI materials to produce
two-dimensional carbon nitride nanosheets is demonstrated
with the maintenance of the coordinated Cu-cations in the
intralayer pore spaces of its crystalline structural framework.
This approach combines the flux-assisted synthesis of
crystalline PTI-LiBr to integrate Cu-cations throughout its
structure, followed by a soft solvothermal exfoliation using
anhydrous DMAc solvent. Key achievements include the
development of an effective size separation protocol that
reduced average particle diameters by 80−90% and producing
suspended carbon nitride nanosheets in DMAc. XRD analysis
confirmed near-complete replacement of Li+ ions with Cu+/
Cu2+ cations using a KBr/CuBr eutectic flux, while maintaining
the structural integrity of the PTI framework. The exfoliated
materials achieved a thickness of <10 nm while preserving the
Cu-coordination within the intralayer pore spaces. A critical
parameter was the rigorous exclusion of water and molecular
oxygen from the reaction medium. Without proper solvent
treatment, undesired CuOx species formed during exfoliation.
However, under anhydrous conditions, the exfoliation process
yields well-defined, Cu-containing, PTI nanosheets that
maintain their metal−ligand network structure and dramati-
cally increase the available surface area of the crystalline carbon
nitride material. Thus, these results establish a viable synthetic
route for producing two-dimensional carbon nitride materials
with integrated catalytic sites, offering potential applications in
heterogeneous catalysis and photocatalysis
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